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Relevance of one-loop SMEFT matching in the 2HDM
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The two-Higgs doublet model (2HDM) is a well understood alternative to the Standard Model of particle
physics. If the new particles included in the 2HDM are at an energy scale much greater than the weak scale,
the theory can be matched to the Standard Model effective field theory (SMEFT). We compute for the first
time the complete one-loop matching at dimension-6. We compare its numerical impact with that of tree-
level matching at dimension-8 by performing a global fit to single Higgs and precision electroweak
measurements, and we emphasize the importance of comparing one-loop SMEFT results with corre-
sponding one-loop results in the full 2HDM model. In the SMEFT, we consider the relative importance of
both one-loop matching and the inclusion of renormalization group evolution. Our results demonstrate the

necessity of studying the impact of various expansions to quantify the uncertainties of the SMEFT

matching.
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I. INTRODUCTION

Since the observation at the LHC of a light Higgs boson
with properties approximately those predicted by the
Standard Model (SM), much of the focus has turned to
searches for new physics at higher energy scales. These
studies follow a two pronged approach: one either searches
directly for heavy new particles that are typically predicted
in extensions of the SM, or uses an effective field theory
(EFT) framework to look for weak scale manifestations of
the new physics. Here we follow the second alternative,
resorting to the Standard Model effective field theory
(SMEFT) (for reviews, see Refs. [1,2]). The SMEFT
contains an infinite tower of higher-dimensional SU(3), x
SU(2), x U(1)y invariant operators,'
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where Lg) is the renormalizable SM Lagrangian, A is the
scale of some conjectured ultraviolet (UV) complete model
and the C; are usually known as Wilson coefficients (WCs).
In any given model of UV physics, the WCs can be
calculated in terms of the model parameters.

The goal of the SMEFT program is to experimentally
observe a pattern of nonzero WCs, and thus infer features
of the physics at the high scale. It is then of paramount
importance to investigate how well the WCs can replicate
the UV physics at low energy scales. A usual strategy is to
flip the problem upside down, by starting from a particular
UV model, and by performing the matching between that
model and the SMEFT [3-8]. Although a tree-level
matching with dimension-6 operators is the obvious first
step, it is clear that there are scenarios where this is
insufficient [9—16]. Improvements have been made either
in the direction of increasing the dimension [17-20], or in
the direction of one-loop matching [5,6,21-24]. The com-
plexity of the matching procedure and interpretation of data
increases with each of these improvements. A relevant
question is then: which of these directions is necessary to
quickly approach the UV model using the SMEFT
approach?

We address this question by considering the two-Higgs
doublet model (2HDM) [25] with a softly broken Z,
symmetry. This model is an excellent test case, since the
tree-level matching to the SMEFT up to dimension-8 is
known [18], and the phenomenological consequences of
the full 2HDM model are well studied [26,27]. The
matching procedure of a UV model like the 2HDM to
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the SMEFT mainly follows two approaches: diagrammatic
and functional methods.” The diagrammatic approach
involves the computation of amplitudes in the UV and in
the EFT, and solving for WCs in terms of the new physics
couplings. The functional methods proceed with the
computation of effective action formulas, defined by the
covariant derivatives and the new physics interactions. Both
methods involve lengthy and cumbersome mathematics,
where automatization can help immensely. Currently, there
are four packages that facilitate automated SMEFT match-
ing: MATCHINGTOOLS [31], CODEX [32], MATCHMAKEREFT
[33] and MATCHETE [34].

In this work, we perform the complete one-loop match-
ing of the 2HDM to the SMEFT with dimension-6
operators, using the packages MATCHMAKEREFT and
MATCHETE. We create an implementation of the 2HDM
for these software packages, and check that their results
agree. The results of these two codes have been checked to
agree in many other scenarios, including Higgs singlet
model [6], vectorlike lepton extension of the SM [34], type-
IIT seesaw model [24] and a lepto-quark model [35]. We
also use MATCHETE to calculate the tree-level dimension-8
WCs, by exploiting the capacity of this software to create
and solve effective action terms [36] at arbitrary mass-
dimension, without additional inputs from the users. The
WCs which are generated at tree-level (both dimension-6
and dimension-8) and which are relevant for this study fully
agree with those of Ref. [18].

Here, we are interested in using the 2HDM to test the
quality of SMEFT matchings. Specifically, we compare
the numerical importance of one-loop matching with
dimension-6 operators, on the one hand, and tree-level
matching with dimension-8 operators, on the other. This we
do by examining both precision electroweak and single
Higgs measurements. It is of particular importance to
compare the SMEFT one-loop matched results to predic-
tions for observables in the full 2HDM that are also
computed to one-loop [37,38]. A similar study performed
for a Higgs singlet model found that the effects of the one-
loop dimension-6 matching in that case were small [39].

The paper is organized as follows. In Sec. II, we briefly
summarize the 2HDM in order to set notation, and we discuss
the constraints on the parameters of the model. Section III is
devoted to the matching between the 2HDM and the SMEFT;
we discuss how decoupling can be used to perform a
consistent expansion, and present details of both the tree-
level matching up to dimension-8 operators and the one-loop
matching. We present our numerical results in Sec. IV,
discussing fits for electroweak precision observables
(EWPOs) first, and to Higgs signal strengths afterward.
We compare numerical results obtained using various
SMEFT and loop expansions. Section V contains some

’In recent studies, the on-shell amplitude methods are also
being developed, see Refs. [28-30].

conclusions along with a discussion of future directions for
study. Some appendices complement the main text:
Appendix A contains formulas in the 2HDM, Appendix B
contains the one-loop matching results relevant for our
analyses, and Appendix C provides details on the fits.
Details of our 2HDM implementation of MATCHMAKEREFT
and MATCHETE can be found in the auxiliary material [40].

I1. 2HDM

A. The model

For this review of the 2HDM, we follow Ref. [18]
closely (for more details, cf. Refs. [26,27,41]). The model
contains a second scalar doublet ®, along with the SM
scalar doublet @, with real vacuum expectation values
(vevs) v,/+/2 and v, /+/2, respectively. A softly broken Z,
symmetry is imposed on the potential, under which the
scalar doublets transform as ®;, — ®; and ®, —» —D,. Itis
convenient to rotate the fields to the Higgs basis, with
doublets H; and H,:

()= (5 D)o
H 2 i) Vi C Vi (1)2 ’

where we introduced the short notation s, = sinx,
cy,=cosx, and tanf = v,/v;. This implies that, in
the Higgs basis, only H; has a vev, v/v/2, with v =
v} + v3 = 246 GeV.

We focus on two terms of the Lagrangian, Loppy D
Ly —V (representing the Yukawa terms and the potential,
respectively), and we write them both in the Higgs basis.
The Z, symmetry is extended to the fermions in order to
avoid flavor changing neutral currents at tree-level. There
are four possibilities for such an extension, leading to four
types of 2HDM: type-I, type-II, type-L and type-F. We
write Ly as:

Ly=-Y,g Hug—Y,q.Hdg — Y, Heg

nuYu - 73 Nat g _
— H —-——qg;H,d
tanﬁqL 2UR tanﬂQL 20R

neYe
— IH H.c., 3
wan pHeg +H.c (3)

where H; = ic,H! and where we suppress generation
indices on the left-handed SU(2), doublets ¢; and [,
and on the right-handed SU(2), singlets ug, dg and eg. The
Yukawa matrices are related to the fermion mass matrices
via Y, = V2M ¢/v, where f represents any type of fer-
mion: up-type (#) and down-type (d) quarks and charged
leptons (e). Here, M represents a 3 x 3 matrix in flavor
space, whose singular values are the masses m, of the
fermions of type f. Finally, the parameters 7, specify the
type of 2HDM and are given in Table I.
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TABLE L. Values of the parameter 7, for the different types of
2HDM models and for the different types of charged fermions.
Type-1 Type-11 Type-L Type-F
N 1 1 1 1
N4 1 —tan? 3 1 —tan®f
e 1 —tan? B —tan? 1
As for the potential, we write it as:
V =Y,HH, +Y,H,H, + (Y;H H, + H.c.)
Z V4 L
+ 71 (H{H,)+ 72 (HyH,)?
+ Z3(H{H,)(H}H,) + Z4(H{H,)(H3H)
Zs
RS IAREACEATHS
+ Z;(HYH,)(HH,) + Hc} (4)

The parameters Y3, Zs, Zg, Z; are in general complex,
whereas the remaining ones are real. In this paper, we
assume the particular case in which Y3, Zs, Zs, Z7 only
take real values.” This implies CP conservation at the tree-
level in the scalar sector, in which case the doublets can be
written as

G+
H, = ,
! <¢i§(v+h‘l{+lG0)>

H+
H, = . , 5
’ <¢%(h§+m)> ®)
where il Bl Gy and A are real fields and G*, H' are

complex fields. The mass matrix for 4l and A%l can be
diagonalized with a mixing angle «,

G)=C 2 )Ga) o
H) \cpa —Spa) \W)
where h and H are the neutral scalar mass states, with /&

being the 125 GeV scalar that is observed at the LHC. We
assume 0<f—a<n, so that sz, =/1—cj,>0.

Finally, defining the masses of h, H, A and H' to be
my,, my, my, and my+, respectively, we take the following
parameters as independent:

C/}—avﬁv /U7mfamh7Y27mH’mA’mH+' (7)

3This assumption is usually understood as defining a model,
known as the real 2HDM. Reference [42] argues that the real
2HDM might not be a fully consistent theory.

Expressions for Y| and Y3, along with the Z; parameters of
Eq. (4), are given in Appendix A in terms of the parameters
of Eq. (7).

B. Constraints on the parameters

The 2HDM is limited by a number of theoretical
constraints which all push the allowed parameters toward
the alignment limit, cos(f — a) = 0. These constraints do
not involve the fermion couplings (at tree-level) and so
apply to all the types of 2HDMs studied here. The limits
from perturbativity require that the scalar quartic couplings
be less than 4z, while perturbative unitarity of the 2 — 2
scalar scattering processes in the high energy limit requires
that the eigenvectors of the scattering matrix be less than 8z
[43]. Finally, there is the requirement that the potential be
bounded from below [44], which is essentially the require-
ment that the quartic couplings be positive. These con-
straints, taken together, imply that there is very little
allowed parameter space away from the cos(f —a) — 0
limit (as will be seen later explicitly in Fig. 4).

There are significant experimental constraints on the
scalar sector of the 2HDM coming from B meson decays.
For types-1, L and F, the charged Higgs contribution to
b — sy requires tanf > 1.2, while for type-II it requires
mg+ > 600 GeV for all values of tanf [45]. The type-II
model has the further restriction from B — p*yu~ that, for
my+ ~ 1 TeV, we must have tanf < 25.

III. MATCHING

In this section, we discuss the matching between the
SMEFT and the 2HDM.* We start by briefly discussing the
procedure in Sec. III A, focusing on the notion of decou-
pling, and we establish our conventions in Sec. III B. We
then present the matching equations: in Sec. III C for the
tree-level matching, and in Sec. III D (and Appendix B) for
the one-loop matching. Finally, we describe in Sec. Il E
relations between quantities in the SMEFT.

A. Matching with decoupling

To obtain the matching (at both tree-level and one-loop),
one starts with the 2HDM before spontaneous symmetry
breaking (SSB). The dimensionful parameter Y5, as defined
in the Higgs basis, is assumed to be very large. The heavy
degrees of freedom are then integrated out, leading to an
effective Lagrangian corresponding to an expansion in
inverse powers of Y,. This parameter is thus identified
with the SMEFT mass scale squared A, and the matching
equations establish a relation between the SMEFT coef-
ficients and the parameters of Egs. (3) and (4). Note that
this assumes that Y, is the only large parameter.

4Concerning the matching between an EFT and the 2HDM,
cf. Refs. [4,10,46-54].
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It is then convenient to rewrite the matching equations in
terms of the parameters of Eq. (7). To that end, one needs to
specify how each one of those parameters scale. This can be
done resorting to the notion of the decoupling limit of the
2HDM [27,51,53-57], which takes the mass states H, A
and H™ to be heavy. This is a reasonable scenario, as the
EFT will in general not be applicable if at least one of those
states is light [48]. Moreover, it is only when these non-SM
states decouple that the SM can be approximated by an
EFT. As we mentioned, the decoupling limit establishes a
scaling for the parameters of Eq. (7); we follow Ref. [51] to
characterize that limit as:

Y, = A2, m3 = A? + Am3,
m = A> + Am3, m2. = AN+ Am?,., (8a)
AZ> 2, mﬁNO(Uz),

Ami, Am3, Am?, ~O(v?), ¢z, ~O(v?/A?), (8b)
where the Am? parameters (Am3;, Am} and Am?,,) are real,
and where the symbol ~ denotes scaling. As in Ref. [51], we
find it convenient to introduce an auxiliary dimensionless
parameter £. This is a small quantity that we use to organize
the expansion, such that v?/A? ~ cs_, ~ O(£), which we
implement in our codes by the replacements

1

P - % ’ Cﬁ—a - gc/f—w (9)
with all other parameters being of O(&°). Therefore, when
writing the matching relations between the SMEFT coef-
ficients and the parameters of Eq. (7), instead of taking into
account simply the heavy scale A, we take into account both
A and cj_,, by performing an expansion in powers of &. Note
that the expansion is only formally consistent if c4_, is small
(i.e. close to the alignment limit, cz_, = 0).

B. Conventions

We write the SMEFT Lagrangian matched to the
2HDM as:

LRS! = Loy + L+ Lg + Ly + O(A). (10)

where EM, E[ﬁl] and Lg represent the set of terms containing
dimension-6 operators generated via tree-level matching,
the set containing dimension-6 operators generated via one-
loop matching and the set containing dimension-8 oper-
ators generated via tree-level matching, respectively.” We

>We do not consider dimension-8 operators generated via one-
loop matching [58,59].

follow the Warsaw basis conventions [60] for dimension-6
operators and those of Murphy [13] for dimension-8
operators. We also use the superscripts [7] and [/] for the
SMEFT coefficients of dimension-6 operators of the
Warsaw basis which are generated in both the tree-level
and the one-loop matchings6; if O, is one such operator,
we have:

c.o, o, o,
ﬁlsnle/f]‘i:tﬁi:) A2 = A2 + A2 (11)

In this way, cﬁﬂ (C;[Cl]) represents the component of the
dimension-6 SMEFT coefficient generated via tree-level

(one-loop) matching and is included in L',g] (ﬁ[é]). We present

£[6t] and Lg in Sec. III C, leaving L’g] to Section III D.

Besides the parameters of Eq. (7) [subject to Eq. (8a)],
we take as our input parameters my, my, and Gp
(representing the W-boson mass, the Z-boson mass and
the Fermi constant, respectively), and give all results in
terms of these parameters. We define ¢ as the SMEFT
Higgs doublet. In our results, we consider terms up to
O(&%). We assume loop factors to be of the same order as
O(¢), which means we consistently neglect loop generated
terms which are O(£?).

By default, we write the WCs and the fermion operators
in a generation-independent way. Whenever it is relevant to
specify generations, we do it by writing them in a subscript,
separated from any previous subscript by a comma. In the
tree-level matching, we do not write the contributions from
operators with leptons (which are trivially obtained from
those with down-type quarks), and also omit the contri-
butions from 4-fermion operators (which are not relevant
for our analyses). As for the loop matching, the operators

0;531) = (¢"iD )1 7'y"1.) and Oy = (Ipy,lL)(ILy"1L)
are generated, and contribute to the relation between G
and the SMEFT vev.” We assume flavor universality in the
generations involved; accordingly, we define operators with
bold subscripts such that:

C((;ZU(‘IJ’TZ'D ;14¢)(ZL,ITI}'”ZL,1)
+ Cf/?z),zz (¢+iD;I4¢)(7L,2717/ML.2)

=2C5) (¢"iD L) (1, 7'y41,), (12)

*We use superscripts [#] and [/] instead of the conventional (0)
and (1) to prevent any potential confusion with the names of the
SMEFT WCs.

'0, is also generated via tree-level matching, but it is
neglected there as it multiplies masses of light leptons. This is
not the case in the loop matching, so that we keep the operator in
that case. The 7’s represent Pauli matrices.

075022-4



RELEVANCE OF ONE-LOOP SMEFT MATCHING IN THE 2HDM

PHYS. REV. D 109, 075022 (2024)

and

Ciiooi(Ipavule2)(I2y¥1 ) + Hee.
= Cll,1221(7L,1YulL,2)(zL.27/ylL,l)
+ Crona(lpov 1) (Ipay¥ls)

=2Cy(ILy, ) (Iy*ly). (13)

where in the last equalities we take only a single choice of
generation indices and do not sum over them.

C. Tree-level matching

The tree-level matching relations up to dimension-8
SMEFT operators were obtained in Ref. [18]. However, that
|

reference considered the case Amj, = Amj = Am?,, = 0.
Here we consider the general case where these parameters

can be nonzero. The dimension-6 Lagrangian, Em, of
Eq. (10) is [18]:

C[f]

5 (@) + {

E[ét] e (¢ ¢)QLMR¢

]
+ ﬁ (b" )G drp + H.c.} +4F,  (14)

where 4F represents 4-fermion operators.®
equations are

The matching

C[f]
_A‘g = 2G}cj_,A? 4 8GEch_ (Amj; — m}), (15a)
1
C 2 Cp Chpaiy(V2G )32 2
up 3/2 p-a p—ally F 2, A
= (V2G)2 A2+ M oam2, 3 15b
A2 \/E(\/— F) tanﬂnumu \/EAZ |:Cﬁ—(x anﬁ( mH mh):| ( )
[1]
Cy 2 Cp Cpayg(V2Gp)/? 21
):—— 2 3/2 ﬂ(l — ﬁ(l d Az d 2A 2_ 2 . 1
A2 \/E(\/_GF) tanﬂﬂdmd NTE Chq +tanﬁ( my; —3my) (15¢)

where m/ represents the mass of fermion of type f (recall
Sec. I A). We see that, besides the 4-fermion operators,
only 2 kinds of dimension-6 operators are generated, O,
and Oy. In particular, the dimension-6 SMEFT matched at
tree-level with the 2HDM has no information about the
2HDM interaction between the Higgs and gauge bosons.
As for the Yukawa interactions, the coefficients of Oy, are
proportional to m  and depend on the type of 2HDM via the
parameters 77,. We also note that, even though the WCs of
Eq. (15) are generated immediately at O(&!), they have
O(&%) corrections [which can be seen by comparing the
|

|
expressions of that equation with Egs. (8) and (9)]; this
happens in such a way that it is only at O(£?) that the Am?
corrections show up. Finally, the WCs of Eq. (15) are
computed at the scale A. Renormalization group evolution
(RGE) can be used to evolve the coefficients to the weak
scale [61-63]. As mentioned above, we consistently work
to O(£?), and assume that loop factors are equivalent to an
additional factor of O(¢). This means that only the RGE of
the O(&') terms of Eq. (15) are included (in Fig. 4, we will
demonstrate that this effect is numerically small).
The dimension-8 Lagrangian, Lg, of Eq. (10) is [18]:

C 8 . C(16) C ~ (l) 32 ~
Ly =5 (@' 0 + -5 (0'9)(D,) (D) + { WL (B P arund + —5 (D) (D" D)y und
) (5)
Cq144f)3D2 + 7 qug’ D? N4 T
+ =0 (D)7 (D)) [aunt' B + 57 (Du) Pl[dLunD @] + Coap ('8 Trnep
(1) 2)
S (D) (D) ardrep +—5 (D, ) 7 (D)) d'§
)
qd¢’D* ;4 _ u
+ T(¢ D,¢)(q.drD"¢$) +H.c. ¢ + 4F, (16)

¥ As discussed above, we omit the contributions from operators with leptons in the tree-level matching; they are trivially obtained from

those with down-type quarks.
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with:
C s
2 =23 (VEG)(m] - Ay, (172)
(1)
Cl
0 — (V3G (170)
Cqu¢5 \/Zc/}—at’nu(\/EGF)S/2
X A?
My
C/J'—aAz + tanﬂ (ZAm%'l - 3m%) ’ (17C)
(1)
Cqu¢3D2 _ 3\/§cﬁ—(1mu(\/§GF)3/2”” (17d)
AP tan SAZ ’
2)
Cqu(/;3D2 _ \/Ecﬁ—amu(ﬁcf’)yzn” (176)
A4 tan SA? ’
(5)
Courp: _ 2V2¢5 o, (V2G ), (17f)

A tan SA2

Cyaps _ \/Ecﬂ—amd(\/iGF)S/ ’

A* A2
Ma
o\ i (28my = 3md) | (17g)
(1)
qu(/ﬁD2 _ 3\/§cﬂ—amd(\/§GF)3/ Na (17h)
A* tan SA? ’

s

(7] C
+5 (@107 + 7 (' 9)D(4'9) +

2)
qu¢3D2 _ \/Ecﬂ—amd<\/§GF)3/2nd (171)
A4 tan A2 ’
(5)
qu(/)3D2 _ Zﬁcﬂ—amd(\/iGF)3/2nd (17)
A? tan SA> ' :

Note that the number of dimension-8 operators which are
generated at tree-level and which are relevant for our analyses
is not very large. Information about the 2HDM interactions
between the Higgs and gauge bosons appears via the operator

0;6) As in the case of dimension-6 operators, the only Am?
corrections that contribute are those of Am?,.

D. One-loop matching

The complete one-loop matching between the 2HDM
and the SMEFT with dimension-6 operators is presented
here for the first time. Partial results were already derived in
Ref. [64]; we checked that our results are consistent with
those of that reference. We use the codes MATCHMAKEREFT
and MATCHETE. Both software packages yield their results
in the Green’s basis of Ref. [33] (up to integration by parts
and Fierz relations), such that the comparison can be easily
done in this basis. We confirm that the results agree.
MATCHMAKEREFT also provides the results in the Warsaw
basis [60] (which is the basis we follow in this paper to
write the operators of dimension-6). The full results (in
both bases) are contained in the auxiliary files [40]. Here,
we show only the operators in the Warsaw basis that
contribute to electroweak precision observables at LO in
the SMEFT [65], as well as to the leading contributions to
Higgs production and decay’:

B pWa W+ (), B"”+CXWB (@)W

2 (' D" p)* (6" D)

u _ ¢ : ~ Coe (4.5 1\
+ B (D ><uRyﬂuR>+ﬁ<¢*mﬂ¢><dﬁw+A—";<¢'zDﬂ¢><eRweR>

C<1> c®

+ = ($1iD, ) @11 L) + 2 (¢'iD L) @17 rq1)

(1) 3)

C © _ C © _ Cy - _
+%(¢T1Dy¢)(1LYﬂZL) +%(¢T1DL¢)(ZLTIYML) JFA*Izl(lLYMlL)(lLY”lL)

U

7] U]
cl, . clhy L cl L
{ (¢ ¢)QLMR¢ + (¢ $)qLdre + 5 (@ P)lLerd + HC} (18)

?As usual, we omit generation indices, and we follow Eq. (11) by including the superscript [/] in those dimension-6 WCs that are also

generated via tree-level matching.
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The one-loop matching contributions to these coefficients
are presented in Appendix B.

E. SMEFT relations

Now that all the terms in Eq. (10) have been specified,
there are only two tasks required to perform calculations
in the SMEFT (more specifically, in the SMEFT matched to
the 2HDM): to write the relevant dependent parameters in
terms of the independent ones, and to ensure that the fields
are canonically normalized. These two tasks were already
described in detail in Ref. [18], but considering only tree-
level matching. Here we extend that discussion to include
loop-generated SMEFT dimension-6 operators. Note that
we only include the SMEFT operators which are relevant to
our analyses, and which were discussed in Secs. III C
and I D.

o 2¢y) - ¢y

The relevant dependent parameters are those occurring in
our calculations, namely g,, vy and Y. Here, g, is the
SU(2) gauge coupling occurring in £L3ached " while vy is the
vev contained in the SMEFT Higgs doublet,

Gy
’= (%(Uﬁ-héJriGoE))’ (o)

with &5, Go5 and G7 being the SMEFT Higgs field, and
neutral and charged would-be Goldstone bosons, respec-
tively. We determine g, and vy from muon decay and from
the expression for the mass of the W-boson in £Tidched We
find [18,66]:

v +
T (V2GR)' P 2N (V2G)

and

8(v2G )2\

m(Cy —2C5))  my(CY) = 8(CY))? +4Cg) €y = (Cu)?)

[16(Cy)? = 12C5) Cy +3(C)? — cfﬁ?] (20)

G = p L 2my (V2Gp)'/? +

vr A2 (V2Gp)'/?

Finally, Y is determined from the fermion mass in L3ehe!,

4AH(V2GR)?

For the up-type quarks, we find [18,66]":

—8(Cy)? +ac)cu—(Cu)l}. (22)

1
Y, = V2M,(V2G) 2 + —————[Coy + V2M(V2G )2 (Cy — 2C1)
(V2Gy) 2A2(ﬂGF)[ " (V2Gp)'2(Cy —2Cy; )]
1 (3) (1)

+ 2C, 45 +8CY)Coy — 4CyCoy + V2M,(V2G ) VV2[C
8A4(ﬁGF)2{ i gL (V200 1y

Concerning the second task referred to above, i does not have a canonically normalized kinetic term. To fix this, we
define the Higgs field & with canonically normalized kinetic term, such that:

2

v
hg = h{l +ﬁ(4c¢D — Cyp) +

which can be rewritten using Eq. (20) as:

1 1 (1
hs=h{l+——(4Cy — C _—____[-4C
’ { +4\/§GFA2< 40~ Cyp) +64G%A4[ #

IV. NUMERICAL RESULTS

In this section, we present our numerical results. We start
by discussing fits to EWPOs in Sec. IV A, after which we
present fits to Higgs observables in Sec. IV B. Our fits are

"The expressions for Y, and Y, are found trivially from
Eq. (22).

4

v
Toxa B(Cyp = 4Cyn)? = 405,,?}}, (23)

(4Cym = Cyp) (1245 = 3Cyp + 16CY) — 8Cy)] } (24)

|

performed not only in the context of the full 2HDM, but
also in that of the SMEFT matched to the 2HDM. This
allows us to compare both these approaches with the
experimental results. More relevant for our purposes, it
also allows us to compare the two approaches with one
another, and thus investigate the quality with which the
different SMEFT truncations replicate the full 2HDM
results.
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A. Electroweak precision observables

The observables related to precision electroweak data
that we consider (defined, e.g., in Ref. [67]) are

my, FW’ FZ’ Op,s Re’ AFB.Z’ va RL‘?AFB,b’AFB,C’Ab’ A(,"AE‘
(25)

To study the numerical effects for the SMEFT matched to
the full 2HDM, we start by using the experimental results
and the most accurately available SM predictions for the
observables of Eq. (25) that are given in Table III of
Ref. [68]. We then determine the allowed deviations from
the SM predictions in the SMEFT, using the 2HDM
matched results of Sec. III and calculating observables
to leading order (LO) in the SMEFT.

There are ten dimension-6 operators (defined in
Ref. [60]) contributing to the observables of Eq. (25) at
leading order [65]:

1 3 1 3
Cut- Cyws Cy Cpes Cpus Cgar Cpa- Cl Cil €yl (26)

When we consider the particular case of the SMEFT
matched to the 2HDM, we see from Sec. III that none of
the dimension-6 operators generated via tree-level matching
[Eq. (14)] coincide with those of Eq. (26).ll Moreover, one
can also show that none of the dimension-8 operators
generated via tree-level matching [Eq. (16)] contribute to
EWPOs at the leading order. We conclude that there is no
contribution to the EWPOs at leading order if we restrict
ourselves to the operators of the SMEFT generated via tree-
level matching from the 2HDM.

The situation changes when loop matching is considered.
In this case, as can be seen in Eq. (18), all of the dimension-
6 operators in Eq. (26) are generated, so we expect
electroweak precision data to constrain the parameters of
the underlying model. By considering the expressions for
the corresponding WCs (Appendix B), however, an imme-
diate observation is that none of WCs in Eq. (26) depend on
cos(f# — a). While they do depend on tan 3, we will see that
the primary dependence is on the Am?.

To compare the SMEFT matched to the 2HDM fits with
the limits from EWPO obtained in the full 2HDM, it is
sufficient to compute the limits in the full model using the
oblique parameters S, 7 and U [69]. Figure 1 shows fits to
the EWPOs of Eq. (25) in the full 2HDM and in the
SMEFT matched to the 2HDM (with loop-matching). The
left panel considers the alignment limit, cos(f — a) = 0,
and shows an excellent agreement between the full 2HDM
results and the results for the SMEFT matched to the
2HDM. The right panel shows cos(ff — @) on the horizontal

"Recall that we neglect C;; generated via tree-level matching,
since its contribution to EWPOs is suppressed by a small lepton
mass.

axis. Here, it is again clear that the SMEFT matched to the
2HDM accurately replicates the full 2HDM around the
alignment limit. Away from this limit, however, the full
2HDM result changes considerably, whereas the SMEFT
matched to the 2HDM does not [as it does not depend on
cos(ff — a)]. Finally, both panels show that the SMEFT
with one-loop matching provides an excellent description
of the full 2HDM in the regions allowed by the theoretical
constraints, and for cos(f —a) < 0.2.

In sum, the EWPOs in the 2HDM constitute an example
where the SMEFT matched with one-loop dimension-6
operators is clearly more able to accurately replicate the
full model than the SMEFT matched with tree-level
dimension-8 operators. In fact, whereas the latter do not
give a contribution to EWPOs, the former do. On the other
hand, this nonzero contribution has no dependence on
cos(ff — a). This implies that it is adequate for small values
of that parameter only, which turn out to be the values
preferred by the theoretical constraints.

B. Higgs observables

We now turn to Higgs observables. We focus on the
Higgs signal strengths measured by ATLAS and CMS. This
includes the combined measurements at /s = 7 and 8 TeV
[70], as well as the recent ATLAS and CMS combinations
aty/s = 13 TeV [71,72]. Details on the fits can be found in
Appendix C.

We start by recapping the results of Ref. [18]. Ignoring
for now the indirect effects of the Higgs self-coupling, the
only dimension-6 WCs generated via tree-level matching
that are relevant for Higgs observables are Cy, (recall
Eq. (14) above). In particular, there is no WC contributing
to the Higgs couplings to gauge bosons. Now, considering
the first term of the rhs of Eqgs. (15b) and (15c¢), as well as
Table I, it is clear that in the type-I 2HDM, all contributions
to Cspy at O(&') scale as 1/tanp. The dimension-8
operators, however, include information about Higgs-gauge
couplings and O(£?) corrections to the C,, both of which
are independent of tan . Matching up to dimension-8 is
thus necessary in the type-I 2HDM to accurately approxi-
mate the full 2HDM for large values of tan f5. In contrast, in
the other types of 2HDM, there is always at least one type
of fermion f for which Cy,, at O(&") is not suppressed with
tan /3, so that matching with dimension-8 operators can be
neglected in those cases. On the other hand, Ref. [18]
showed that type-F could accommodate, besides a central
region centered around cos(ff —a) =0, also a disjoint
region centered around cos(f — a) ~ 0.2 and large values
of tan f, usually known as the wrong-sign region.

In what follows, we compute the 95% confidence level (CL)
limits for Higgs observables, both in the full 2HDM and in
the SMEFT matched to the 2HDM. In the full 2HDM,
we calculate the observables both at LO and at one-loop
(NLO). More specifically, we approximate the NLO
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Comparison of constraints on the 2HDM from electroweak precision observables in the full 2HDM (via a fit to the oblique

parameters S, 7 and U) and in the SMEFT matched to the 2HDM (with loop matching). The region satisfying the theoretical constraints

outlined in Sec. II B is shaded gray.

results [37,38,73-76] by considering the case near the align-
ment limit (analytic expressions used to obtain our NLO
curves, reproduced from Ref. [73], are given in Appendix A).
We have not considered uncertainties in the full 2HDM
calculation due to possible resummation of the logarithms
or uncertainties in the SMEFT due to the truncation of the
expansion. In the SMEFT matched to the 2HDM, we consider
three types of contributions: d%%, d™ and d\*". The first two
consider only the operators generated via tree-level matching,
such that d (d%) includes only O(&!) [O(£)] effects,
while dlﬁmp considers only the contributions generated via one-
loop matching at O(&'). Note that at O(£%) we include 1/A*
terms arising from the squared amplitude in our calculation of
the signal strengths, which compete with the dimension-8
contributions at the same order.

We now turn to the results of Fig. 2, considering first
type-1 (upper left panel). Let us start by discussing the
results without NLO effects, both in the 2HDM (dotted
lines) and in the SMEFT matched to the 2HDM (dashed
lines).12 These results agree with those of Ref. [77]. They
present slight differences when compared to those of
Ref. [18] (due to the inclusion of new LHC data), but
the pattern described above is observed, namely: while the
tree-level matching restricted to dimension-6 operators
(dashed blue) does not replicate the LO type-I 2HDM
(dotted black) for tan # > 1, the inclusion of dimension-8
effects (dashed red) corrects that deﬁciency.13 The

We do not show the theoretically allowed regions in
these plots, but note that unitarity and perturbativity require
that cos(ff — ) be close to the alignment limit.

The curve of the tree-level matched to the dimension-8
operators is essentially on top of the 2HDM LO curve, for the
whole range of tan g displayed.

inclusion of NLO effects in the full 2HDM fits (solid
black) becomes relevant for tan f = 2, allowing a consid-
erably more restricted range of values of cos(f — a) for
larger values of tan f§ than the LO result. Interestingly, even
if restricted to dimension-6 operators, the SMEFT matched
to the 2HDM at one-loop (solid blue) captures the essence
of that behavior. This effect is discussed in detail below.
Note that adding the dimension-8 tree-level matching to the
loop matching with dimension-6 operators does not sig-
nificantly change the latter."*

As for the three remaining panels of Fig. 2, we again
confirm what was found in Ref. [18]: if the region centered
around cos(ff — a) ~ 0 is considered at LO, the tree-level
matching with dimension-6 operators is enough to replicate
the 2HDM result. In fact, the tree-level matching with
dimension-6 operators (dashed blue) cannot be distin-
guished from the tree-level matching with dimension-8
operators (dashed red), nor from the LO 2HDM curve
(dotted black). The plots show that the inclusion of loop
effects leads to no significant changes either in the full
2HDM results, or in the SMEFT ones." Again as in
Ref. [18], type-L is the only type admitting a wrong-sign
region, and only when O(&?) effects are included. With this
inclusion, and ignoring NLO effects, the SMEFT (dashed
red) reproduces quite well the 2HDM (dotted black). On the

"“NLO effects in the full 2HDM fits introduce a new effect: a
lower bound for tan  ~ 0.15. We checked that the SMEFT loop
matching also introduces a lower bound, although for lower
values of tan f (not visible in the plot).

SThe panels for models other than the type-I case show that
the loop effects in the SMEFT matching (solid blue and red
curves) introduce some kinks not present in the full 2HDM NLO
curves.
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FIG. 2. Comparison of the constraints from Higgs precision observables on the 2HDM with the constraints set by a fit to the SMEFT
coefficients. The dotted and solid black lines show the constraints in the exact model with the Higgs coupling modifiers evaluated at LO and
NLO, respectively (see Appendix A for details). The red and blue lines show the SMEFT result with and without the inclusion of the dimension-
eight operators (d§°). The solid red and blue lines include the contributions to the dimension-six operators generated at one-loop in the SMEFT
matching (démp), while the dashed ones do not. In all four panels, the additional heavy states are assumed to be degenerate and equal to the
matching scale, A. Note that the EFT expansion is only formally consistent if c4_, is small (i.e., close to the alignment limit, c¢s_, = 0).

other hand, the wrong-sign region vanishes from both the
2HDM and the SMEFT descriptions if loop effects (solid
lines) are included.'

We now discuss the effects observed in the loop
matching effects of type-I. These can be explained by
the Cy, WCs, plotted in the upper half of Fig. 3. In the tree-
level matching of type-I, and as discussed above, they tend

'In Ref. [78], which uses the full one-loop predictions for the
Higgs signal strengths, the wrong sign region is allowed in the
type-L and type-F models (assuming slightly smaller heavy
Higgs masses). We attribute this difference to our use of the
approximate expressions in Eq. (A3).

to zero at large values of tanf. However, in the loop
matching and for cos(f — a) # 0, this behavior is reversed,
and the WCs start to grow for tanff 2 5.1 Note that, even
though the sign of Cy,, is the same as that of cos(f — a) for

"This effect can be attributed to the parameters Z, and Z; of
the potential. From Egqs. (A2), these are the only ones that
introduce a dependence on tanf. Those parameters are not
generated in the tree-level matching (up to dimension-8), as they
multiply at least three powers of the heavy doublet. This is not the
case in the loop matching, where the parameters do contribute,
and thus introduce dependences on tan f that turn out to be highly
relevant for large values of that parameter.
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FIG. 3.

Plots of the WCs C,y, Cppy, and Cy vs. tan f, that are generated in the type-I 2HDM at tree-level (dashed lines) and one-loop

(solid lines), for various values of the alignment parameter, cos(f — ).

tanf <5, it always becomes positive for tanf = 5. In
Fig. 3, we also show C,, although its contributions to
Higgs observables are not included in Fig. 2. Like C,4 and
Cyy» it acquires large values (in modulus) for large tan
with loop matching only.

Given the relevance of type-lI for understanding the
accuracy of the SMEFT matching to the 2HDM, we
explore different features of the type-I model in Fig. 4.
We define Am?* = Amj; = Amj = Amy .. In the upper left
panel, we consider just the full 2HDM results (not the
SMEFT), and investigate both regions of parameter space
allowed by theoretical constraints, as well as the depend-
ence on Am?. It is clear that the allowed regions are
extremely constrained, and forced to be very close to both
cos(f—a) =0 and tanf = 1."® On the other hand, the
2HDM curves do not depend significantly on Am?. The
upper right panel considers again the dependence on Am?,
but now using SMEFT matching to the 2HDM. With tree-
level matching, larger values of Am? push the curves
upward in tan . With loop matching, there is little differ-
ence between Am? =0 and Am? = (200 GeV)?, but a
significant difference for Am? = (500 GeV)2. It is clear
that the dimension-6 tree level curves (dotted) cannot
reproduce the full model results, since they do not include

BRor Am? = 0, the allowed region is so small that we do not
show it.

information from the Higgs couplings to vector bosons.
When the loop effects are included (solid), there is a
coupling of the Higgs to vector bosons which grows with
tanf and so the generic shape of the full 2HDM is
recovered by the SMEFT fit. It is important to note that
loop effects in both the full 2HDM and the SMEFT are
necessary for this agreement. In the region allowed by
theoretical constraints in the full model, cos(f — a) ~ 0,
there is excellent agreement between the full 2HDM and
the SMEFT fit.

Still in Fig. 4, the lower left panel explores both a
dependence on the scale A, as well as the inclusion of C,
effects (which allow us to indirectly determine the Higgs
self-interactions from single Higgs production [79,80])."
As expected, larger values of A push the results closer to the
alignment limit. The inclusion of C, effects restricts the
results even further. Finally, the lower right panel of Fig. 4
investigates the role of renormalization group evolving the
dimension-6 operators between the scales A and m,. The
plot shows that, without loop matching, the RGEs play a
very little role (when compared to the dashed blue curve of
the upper left panel of Fig. 2), and have a very small
dependence on the scale. On the other hand, when loop
matching effects are included, the effects of including the
RGE:s are similar to those of changing A by a TeV.

For details on the inclusion of C, effects, see Ref. [18].
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FIG. 4. Additional plots showing the constraints from Higgs measurements at the LHC on the fits to the type-I 2HDM. The upper left
panel shows the constraints on the exact model (using the NLO predictions, with the heavy Higgs states separated from the matching
scale by various values of Am?) and compares these constraints to the theoretically allowed regions described in the text. The LO
prediction for the exact model (which does not depend on the mass splitting) is shown as a dashed black curve for comparison. In the
upper right panel, we show the same curves, now evaluated using the SMEFT matching at dimension-6 at tree-level (dashed) and one-
loop (solid). In the lower left panel, we show the effects of including indirect information from single Higgs production on the Higgs self
coupling (Cy) for different values of the matching scale. The lower right panel illustrates the effects of including RGE of the WCs
generated at tree-level in the 2HDM, and compares these to the effects of the full contributions generated at one-loop. Note that the EFT
expansion is only formally consistent if ¢;_, is small (i.e., close to the alignment limit, cz_, = 0).

V. CONCLUSIONS

We have performed for the first time the complete
one-loop matching of the 2HDM to the SMEFT with
dimension-6 operators. This generates numerous operators
not present with the tree-level matching. We derived our
result using the software MATCHMAKEREFT and MATCHETE.
We obtained agreement in our results between them, which
provides a nontrivial check of both software packages.
Aucxiliary files accompanying this paper include detailed

results of the matching.

We demonstrated how the notion of decoupling allowed us

to perform a consistent expansion in terms of more physical
parameters. This led us to compare the one-loop matching
with dimension-6 operators to the tree-level matching with
dimension-8 operators derived in Ref. [18]. We did this by
performing fits to both EWPOs and to Higgs observables. In
the case of EWPOs, while none of the dimension-8 operators
generated at tree-level contribute, the dimension-6 loop-
generated operators do, thus clearly showing the need for

the latter type of matching. In the fits to Higgs observables,
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we studied the four types of 2HDM and showed that, for
type-11, type-L, and type-F, the inclusion of higher order
effects is not significant, as both the full model 2HDM
description and the SMEFT matching to the 2HDM are
barely affected by it.

In type-I, by contrast, the 2HDM results for larger tan
evaluated at NLO are quite different from those evaluated at
LO. We showed that the SMEFT matched with loop-
generated dimension-6 operators captures most of the
physics, and so provides an overall adequate replication
of the full model results. We identified the Warsaw basis
operators C,, and Cy, as mainly responsible for this
phenomenon, as their values at large tan # become quite
large with one-loop matching only. We investigated how
the results depend on the heavy scale A, on the difference
between the heavy masses and A, and on the RGE effects.
In all cases, we found significant effects in the region of
larger tan f.

We note that the difference in the full model between LO
and NLO results shows that, in the SMEFT approach, the
results obtained with one-loop matching and dimension-6
operators should not be directly compared to those obtained
with tree-level matching and dimension-8 operators.
Current LHC experimental fits to the 2HDM are performed
using tree level predictions, and should be updated to
include the NLO 2HDM results. Our analysis also shows
that, when one requires a separation of scales that allows an
EFT description, the 2HDM has a very small region of
parameter space allowed by theoretical constraints. In
particular, the regions where the nontrivial SMEFT trun-
cations (both at tree-level with dimension-8 operators and
at one-loop with dimension-6 operators) become relevant
are excluded. On the other hand, matching at one-loop level
has been performed in a singlet extension of the SM, only
to conclude that it is not relevant in such a simple extension.
Both conclusions lead us to suggest an investigation of loop
matching in richer UV models, where such matching can
play a more decisive role, would be of interest.

Furthermore, although we presented the complete one-
loop matching between the 2HDM and the SMEFT with
dimension-6 operators, our work represents only a first step
toward a complete NLO analysis. Indeed, our analysis
includes only approximate expressions of the full NLO
2HDM, and does not contain one-loop correction to the
observables computed in the SMEFT. These shortcomings
motivate future studies that might ascertain the importance
of those corrections.

The auxiliary files for this project can be accessed
at Ref. [81].
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APPENDIX A: MORE DETAILS ON THE 2HDM

From the minimization of the potential,

Z
Y3 = ——6U2.

- (A1)

Y, = —— %,
1 271

Expressing the Z; parameters of Eq. (4) in terms of the
parameters of Eq. (7),
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2
Z3 - ?(m%-[+ - YZ)’
Cha(mi, — miy) + m3 + mjy — 2mi,.
Z4 = 2 s
v
Ch_o(mj, = mpy) — my + my,
ZS = 2 ,
v
7 _ Cp-aSp-alimy — mp)
6 — D) s
v
1
Zy = 21]2t/2j [—36‘2_0[[/}(1/2} - 1)(1’)1]21 - m%-])

- s/;_(,,c/;_g,(l‘?f - 4t[2f +1)(m3 — m3),

+ 15(15 = 1) (m;, = 2my; 4-2Y5)]. (A2)
The effects of the 2HDM on measurements of the 125 GeV
Higgs boson production and decay processes can be con-
veniently parameterized by the so-called “x-framework”,
where the Higgs couplings to other SM particles are rescaled
by Higgs coupling modifiers, k¢, ky (V = W, Z), such that
the SM prediction is recovered when x = 1.

The one-loop (NLO) corrections to the scaling of the Higgs
couplings in the 2HDM can be approximated by including
contributions which grow with m; and the heavy scalar
masses. Working near the decoupling limit, we have [73]
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11 [m M? m2. M? m? M?
Ry = Spg— o [T (22 e (M) M P
VT 61602 {1}2 < m%,) 2 m2,. v? m>;
K, = Ky + MuCp-a _ 1 1 W%m% mftz + m% + m7t2 4 112 mimlz
TV ang 3an’f16a’ | o> \mf  omi. m] Corm?, |
”dc/}—a MuNa 1 4m% Mz m12 mt2
Kp = Ky + - 1 ———+ 1+1o
b V" tang  an?pl6n? o2 mi.  mi. gm%ﬁ
_Lmgmp 1 (m mp mp
3v*an’f 16> \m3;  mi. m3)’
NeCpe
ke =Ky nﬁﬁ“, (A3)

where

M? =Y, —Y, —2Y; tan 28, (A4)

is the scale that describes the soft-breaking of the Z,
symmetry. We emphasize again that these are not the
complete expressions for the loop corrections to the Higgs
couplings, only the leading terms in an expansion in
x=n/2-(f—a) < 1. In particular, we keep only the
x-independent one-loop corrections. See Ref. [73] for more
details.

The results are:

Cyw _ my Gy

|
APPENDIX B: ONE-LOOP MATCHING RESULTS

In this appendix, we present the matching expressions
for the SMEFT coefficients of Eq. (18). As discussed in
Sec. III A, because these coefficients are loop generated, we
expand them only to O(&'). We recall [Eq. (11)] that, for
operators that are not generated at tree-level, we write the
coefficients as C; (without superscript [/]). For operators
that are generated at tree-level, Cy and Cjy, we give the

l

one-loop contributions, C P and C%, here, which must be

added to the dimension-6 tree-level contributions,Cz] and
C][flp of Eq. (15) to obtain the full results. As always, the
generation indices are suppressed.

AT T 06202 (Am3 + Am3, 4+ 2Am2,.), (Bla)
Cyp G>
Aiz = 96E§A2 (m — my)(Am; + Am3, + 2Am?2,.), (B1b)
C G2mym m}
pws _ Gpmymz W
N = 482N 1- m—%(Ami + Am}, — 2Am3,., ), (Blc)
]
C (V2Gp)3cotp [ 45
A—"; = —W {— 5> c3_ A\ (cos(2) + cos(6f3))sec® + 2(10(Am§ + Am§, + 2AmS,. )
= 5[Am} + Amj, — 2(Am3 + Am3;)Am2,. + 2Am}, Jmj, + 2mimd, )tan’p
+ 15¢5_,A* tan f[mj (=5 + 2 cos(4p) )sec*p + 6Amy (=1 + sec’f + sec*p) — 2(Amj + 2Am7,. )tan*f]
— 90cs_oN*(—2Am3; + m})*tan?f(tan®(B) — 1)} (B1d)
oo _ ___Ob(L5(am2 — Am)? + 20(Am3 + An)Am, +2(45¢2, A + dmdy — 2m e+ m Bl
A2 28022A2 [=5(Amy — Amy)* + 20(Amy + Amg)Amy,, + 2( Chpog!\" + dmy, — 2mymz + m7)], (Ble)
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Cop  Gr
A2 6072A2

ol
u¢ m (fGF>5/2
A* T /2480m°A2
- 2Am%1,(Am12LI+ - 1871um%)] —30cp_4 cotﬁAz(ZnuAmﬁ —6(1+1n,)Am% + 411,4Am%1+ - mi(Sr]d +4n,)

[=5Am},Am?,. + 5Am},. + 5Am5(Am}, — Am?,.) + my, — 2m,m% + m3), (BI1f)

{ 10[Amg 4 (1 =36n,) Amy; = 2Am3 Amg, . +2Amy,. —9n,my — (30 +63n,)c;_,A*

-

3
+ 3mj, + 13n,m5) — 4mjy, + 10cot’p { (6nuAm?‘1 + 3 (U Tn) N (41 = na) Amiymiy = na(na + 4’7u)md)

+9(=4n, Amy; -+ nngmy)my; + O my = 2 (=3Am3 +9Amy; + 3Amy,. )my —2(6nn, + 31 — ng)myms;, — 6n3mi‘,]
+ 150, ¢ N (=Tgm + 3nzme; )cot’ f — 90n,c5_, Atcot*p

+90cs_o A tan(B)[-2Am3, +mj + (1 +n,)cs_oA* tan(B)] } (Blg)

(1]
Cd m \/EG 5/2
A—Z‘l) = % {IO[Amfl + (1 = 36n,)Amy; — 2Am3 Amg, + 2Am},. — (30 + 63n,4)c;_,A* = I m;
— 2Am}, (Am?,. — 18nym3)] — 4my, — 30cs_ A cot f(2n,Am3 — 6(1 + ng) Am3; + 4ngAm?,. + 13n,m3 + 3m;,
— (4n4 + 3n,)m?) + 10cot?B[36n,Am7; + 9(1 + 7nd)c§_a/\4 + ngmiy, — 6nim3(—=Am; + Am?,. + m?)
— 18ngAmiy (mng + 2my) = 6(gy + 4, )mi + (60, (41g = n,) Ay + 205 = 60,0 = 3n3)mG + g, mi)my)
+ 15n4¢p-aN* (3ngmg — Tiami; )eot® f — 90n ¢ Atcot's

+90cy_ A2 tan B(=2Am2, + m2 + (1 + 1) cp_oA? tan(ﬂ))}, (B1h)

C[elﬁ]ﬁ — me(\/zGF>5/2
A* V/22407° A2
= 3mj (=1 + tan’p) + 2n,(Am3 + 2Am3,.)) — 10Am7,(Am?,. — 18m3(—1 4 tan?$)n,cot?3)

+15¢5_ A*(=3n.cot’f + 3tan’B(1 +n,) + 3(1 + T, )cot’f — (10 + 217,))

+ 45m}n,cot’f — 45min, + 5Am, ((1 —36n,) + 36n,cot’p)}, (B1i)

(5AmY — 10Am3 Am,, + 10Am?,. = 2ml, — 15¢,_yA? cot f(6Am% (=1 + tan’f — ,)

Cou G2 .
/fg = W;Ag [—12(my, — m3)* 4 {Snzmi(—=63m;; 4 10my, — 10m3) — 45mym3(n3 — 6nan, — 6173) yeot?],  (Blj)

C, G2

Azd — WJI;AZ [6(m%, —m%)? + {5;7 m§(63md +22m3, — 22m%) + 45mdm (- 617d 61,14 + 1) Ycot?], (B1k)

C¢e G% 2 2 2 2

A2 = 360m2A2 (6(m3 —m%)? + 35n2m32(3m2 — 2m3, + 2m%)cot*), (B11)

Cf/1> G2

Azq = m{ (m3y, — m3)* + 5cot fl63mymy — Tngme (9my, + Smiy, — Sm3) 4+ 1955m3 (m3, — m3)]}. (B1m)

cy Gk

Azq = 36071 2A2 (5 COtzﬂ[ ( dmd - 677d77umdm + nu L) + (ndmd + ’75 5) ] - 3m4\t)l/)7 (Bln)
(1)

C G2
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AT = g0z By + Smen: (3mg — mfy Jeor’f], (B1p)
4 0

A2 12072A2°

APPENDIX C: HIGGS OBSERVABLES TO O(€*)

Here we summarize the dependence of the Higgs signal
strengths on the various WCs generated in the 2HDM. We
include the dependence on coefficients up to O(&?),
generated at tree-level, as well as those generated at one-
loop at O(&!). We emphasize that these expressions do not
include the most general dependence on the SMEFT
coefficients, regardless of flavor ansatz, as we omit any
operators that are not generated in the 2HDM, which are
irrelevant for our analysis.

We consider the signal strengths for Higgs production in
gluon-gluon fusion (ggF), vector boson-fusion (VBF),
associated production with a W or Z boson (Wh and
Zh), and fth production. We neglect any SMEFT deviations
in the single-top (th) production mode, which is often
measured together with 77k production, and assume that the
fth contribution is dominant. The signal strengths for Higgs

. _ - SMEFT SM
production are defined as pi,r0q = Oprod / apmd, where O prod

is the SM value. When multiple production channels are
combined into a single measurement, we take the signal
strength to be the average of the two channels, weighted by
their relative SM predictions from Ref. [82]. We indicate

|

8 TeVor 13 TeV for the signal strengths that depend on the
collider energy.

The signal strengths of the decays shown are the same
ratio with the partial widths evaluated in the SMEFT and in
the SM. We consider Higgs decays to bb, WW*(—=£vtv),
99, T, ZZ*(—>47), yy, Zy and utu~. For all the decays
involving either on- or off-shell Z and W’s, we neglect any
effective operators appearing in the Z, W — ff vertex, so
that, e.8., Un—ar = Mot e-vo = Ph—et6-q5 = Mizz+- The
signal strengths for the individual decay modes can be
combined with the known, SM branching ratios (BRs) for
the Higgs to get the signal strength for the total width,

(C1)

Hlp = Z/‘h—vf x BR(h = X)gu,
X

which can then be used to predict the individual BRs in the
SMEFT. We take the predictions for the SM branching
ratios from Ref. [82].

In computing the coefficients below, we use
Gr=1.1663787x 1075 GeV~2, m;=91.1876GeV, my, =
80.379 GeV, m; =125.0 GeV, m, =173 GeV, m;, =
4.18 GeV and m, = 1.776 GeV. We keep only the masses
of the third generation fermions, and set the first and second
generation masses to zero. The WCs are given in units of
TeV~2 for the dimension-six operators, and TeV~™ for
those at dimension-eight. The signal strengths for 7 — 47
are taken from Ref. [83] to account for the effects of
experimental efficiencies, while the others are computed
analytically at leading order.

1. Production

fggr = 1 +0.249C 15 33 + 0.121C 7 — 0.129C, 35 — 0.0606C5)

~ 0.0606C;,, + 0.0606C; — 0.0303C,p,

+0.0540(Cp33)> = 0.0182C 1 33,33 + 0.00421(Coig33)? + 0.0151C g5 33 — 0.00784C 1, 5 33, (C2a)

R = 1-0370C) || —0.344CY) + 0.113C i + 0.0825C, — 0.0533C 4y + 0.0238C 5 — 0.0148C,, 1,

+0.0112CY) || = 0.0106C ;) + 0.00353C 511 — 0.00304C 5 + 0.000392c;‘2, (C2b)
RV =1 0.423C5) || = 0.347C5) ||+ 0.1005C 4 + 0.0826Cy — 0.0670C gy — 0.02955C 5,11 — 0.0150C

+0.0126C 53y — 0.0107C5 + 0.00893C}) || + 0.00313C 1 + 0.000490cf;3, (C2¢)
UV =1+ 1.819C) || + 0.8775C 4y + 0.1214C 4 + 0.0602C;; — 0.0309C 5, — 7.916 x 10—6cf;6> (C2d)
BT = 14 1.950CY) || +0.887Cy + 0.1217C, + 0.0606Cy — 0.0303C,, — 4326 x 107°CY, (C2e)
ST = 14 1.716CY) || + 0.721C y + 0.426C 5, 11 + 0.314C 5 — 0.173CY) || = 0.142C 1, +0.121Cy15

+0.0865C 5 + 0.06045Cy, + 0.0375C,p — 3.515 x 10—6cf;6>, (C2f)
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AT = 1 4 1716CS) | +0.721C y + 0.426C,, 1y — 0.173CY)
+0.0375Cp + 0.314C 5 + 0.06045C; — 3.515 x 107°CLy).

—0.142C g1 + 0.121C,5; + 0.0865C

fin = 1+ 0.121C 0 = 0.122C, 33 — 0.0606CLy) 1, — 0.0606C, + 0.0606C; — 0.0303C,y, — 0.00740C 1, 55 33

+0.00372(Cy33)>.

Hpops = 1 = 5.050C 535 + 0.121C,y = 0.121CYy) — 0.0303C,ypp + 0.0606Cy. +6.376(C iy 33)> = 0.306C 15 33.

Pnowwe = 1+ 0.1202C, 4 0.0935C, — 0.0895C, — 0.0297C,, + 0.000507C",)

¢q.11
(C2g)
(C2h)
2. Decays
(C3a)
w, (C3b)

Piogg = 1 +0.249C 533 = 0.129C 5 33 + 0.1225C, 15 + 0.0613Cy — 0.0306C 5y + 0.054(C 5 33) — 0.0182C 133 Cop 33

+0.0042C2, 33 = 0.0078C 1533 + 0.0151C 5 33.

3)

Miorre = 1= 11.88C 33 + 0.121Cy0 = 0.121CY; + 0.0606Cy — 0.0303C,ypp + 35.29(Cg33)> = 0.720C 15 3.

3)

(C3c¢)

(C3d)

Hiezze = 14 0.296C 5 = 0.296C s — 0.234C5) = 0.197C,5 + 0.181Cy + 0.119Cy5 + 0.126Cly) | — 0.101Cy; 1,

+0.005C,p,

Moy = 1 = 40.15C 5 + 22.30C gy — 13.08C — 0.364CY5),

+0.0345C 33,

Hiazy = 1 = 15.47C 5 + 14.58C — 11.04C 5 — 0.182C5) + 0.1215C,1; — 0.121C +0.0177C")
+0.0177C,,11 + 0.0909Cy + 0.00721C, 33 + 0.00184C) + 0.000437C ., 55,

3)

(C3e)

—0.242Cp + 0.182Cy + 0.121Cy
(C3f)

3
b —0.0177Cy) |

(C3g)

Mgty = 1=199.79C 1 5> +0.121Cyy — 0.121CY) +0.0606C — 0.0303C s +9978.95(Co20)? = 12.11C, 5 55. (C3h)
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