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Abstract

We show that, in addition to the counting of canonical dimensions, a counting of loop
orders is necessary to fully specify the power counting of Standard Model Effective Field
Theory (SMEFT). Using concrete examples, we demonstrate that considering the canon-
ical dimensions of operators alone may lead to inconsistent results. The counting of
both, canonical dimensions and loop orders, establishes a clear hierarchy of the terms
in SMEFT. In practice, this serves to identify, and focus on, the potentially dominating
effects in any given high-energy process in a meaningful way. Additionally, this will lead
to a consistent limitation of free parameters in SMEFT applications.
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1 Introduction

The Standard Model (SM) of particle physics can be viewed as the low-energy approximation
of a more fundamental theory at higher energies that is yet to be discovered. The success
of the SM and the absence of new resonances in the experiments at the Large Hadron Col-
lider (LHC) indicate a mass gap separating the new physics from the electroweak scale. The
bottom-up construction of an effective field theory (EFT) based on the SM particle content
and symmetries (SMEFT) is, therefore, a well-motivated and widely adopted framework for a
model-independent description of new-physics effects [1-6]. Generally speaking, such effects
are encoded in operators of canonical dimension higher than four in the EFT Lagrangian.

Including or omitting any specific operator in a bottom-up EFT calculation has to rely
on a clear power-counting prescription. The power counting rests on (generic) assumptions
about the underlying physics at shorter distances. The assumptions, and the resulting power
counting, are not unique, but this is unavoidable. Necessarily, a choice has to be made to fix
this power counting in a consistent way. This holds in particular for SMEFT.

Commonly SMEFT is organized in terms of the canonical dimension of operators. The
coefficient of an operator of canonical dimension d scales as A*~¢ with a new-physics scale A,
leading to increasing suppression with increasing operator dimension.

We will argue that a power counting for SMEFT based on canonical dimensions alone is in-
complete. It needs to be supplemented by specifying whether SM fields are weakly or strongly
coupled to the new-physics sector. This assumption is effectively described by a counting of
loop orders. Keeping track of loop counting not only provides a consistent treatment of higher-
dimensional operators in a given process; it also leads to a systematic combination of SMEFT
corrections with calculations in perturbation theory. We are not suggesting that SMEFT with
a power counting based on canonical dimensions (with order one operator coefficients) is in-
consistent as an EFT under perturbative renormalization. Rather, we point out that SMEFT
organized in such a way would fail to match a large class of weakly coupled UV models and,
in any case, would still call for a reasoning to assign a power-counting size to the coefficients.

The basic rules of power counting on which we rely are by no means new. However, their
implications are not always consistently applied, and they are often not spelled out explicitly.
We will review the organizing principle of SMEFT, emphasizing in particular the role of loop
counting. The relevance and use of the latter will be demonstrated with concrete examples
and calculations.

The fact that canonical dimensions alone do not provide the full information needed for
the power counting of SMEFT is already illustrated by the Higgs-mass operator ¢'¢ in the
SM Lagrangian. Carrying a canonical dimension of two, it would appear, at face value, to be
dominant over the remaining SM terms of dimension four, which is certainly not the case. We
will see how the missing information can be provided by loop counting.

This paper is organized as follows. In Sec. 2 we introduce the toy scenario of a heavy
scalar coupled to top quarks t and discuss the process eTe~ — tf within an EFT where the
heavy scalar is integrated out. Using this top-down example, we demonstrate how a magnetic-
moment type operator m, to,,t F*” and a four-fermion operator tt tt contribute at the same
order in the EFT, even though the former enters the scattering amplitude at tree level, but the
latter only at one loop. We show that loop counting explains and clarifies this observation,
and generalize the discussion to a bottom-up EFT treatment. In Sec. 3 we address the issues
highlighted in Sec. 2 within the general context of SMEFT. We review the SMEFT power
counting, emphasizing the need to include the counting of loop orders, conveniently expressed
using the notion of chiral dimensions d,, in addition to canonical dimensions d.. The general
counting scheme is illustrated with the example of Higgs production in gluon fusion gg — h,
which nicely displays the combined role of canonical dimensions and loop orders in the SMEFT
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expansion. In Sec. 4 we return to the topic treated with a toy model in Sec. 2, generalizing it
to the more realistic case of SMEFT, analyzing uti — tt via gluon exchange within a decoupling
Two-Higgs Doublet Model (2HDM) as the UV completion. We finally conclude in Sec. 5.

2 Toy model analysis of ete™ — tt

We consider a toy model with an electron v of mass m, ~ 0 and a heavy fermion t of mass m,
both coupled to electromagnetism. In addition to this “standard” physics, we introduce a real
scalar field S with mass M, which has renormalizable self-interactions and a Yukawa coupling
to the “top-quark” t.! The Lagrangian reads

L =P —m ) + i —m)t — %FWF‘“’

b A _
—83— 8% gits, 1)

1 1
+=(38)* — =M?8? —
2 2 3! 41

where

. 2
D, =0, +ieqsA,, g.=-1, q,= 3 F,,=0,A,—0,A,. (2)

The first line of (1) is quantum electrodynamics with two different fermions. The “non-
standard” physics of the scalar in the second line is assumed to be governed by a scale M,
which is taken to be much larger than m and the typical energies (/s ~ few times m) acces-
sible in experiment. We allow b ~ M and take the dimensionless couplings in (1) of order
unity, unless specified otherwise. The heavy scalar S modifies the dynamics of the top quark
and leads at energies of order 4/s to “new-physics” effects, suppressed by powers of s/M?2.

As an example, we take the process e~ (k;)et(ky) — t(p1)t(p,). To lowest order, within
the model of eq. (1), the amplitude for this process arises from s-channel photon exchange,
shown in Fig. 1 (a). It is given by

'62% _ _
Ao = _lq_z (ko )y ulky) a(p)r*v(ps), (3

where ¢ = p; + p, = ky + ko, s = g*. We are interested in the leading corrections to this
amplitude from the heavy sector in the second line of (1). In terms of the t-quark vertex
function

M =yH 46T, 4)

the amplitude can be written as

2
© 2 ka0 (pa), ©)
q

A= ALO +06A=—i
where 6T* contains the effect of S-boson exchange on the t¢-photon vertex.

2.1 Full theory

We first determine ST* in the full theory (1) up to order g2. The relevant diagram is displayed
in Fig. 1 (b). Fig. 1 (c) is used to fix the necessary counterterm. With on-shell renormalization
of the t-quark and expanding to first order in 1/M?, we obtain

2 1 70/1
STH = _12712 = K% + g +h1(2)) >yt + (lnr + % +h2(2)) iO‘”qvm] . (®

1A similar model has also been considered e.g. in [7].
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Figure 1: eTe™ — tf in a toy model. (a): Lowest-order amplitude. (b), (c): Leading
corrections from S-scalar exchange (mass M) in the full theory. (d), (e): Contri-
butions needed to reproduce the 1/M? corrections of the full theory within the EFT.
The black dots represent local operators of dimension 6. They contribute at tree level
(Q, Q3 in (d)) and at one loop (Q; in (e)). See text for further explanation.

Here we have defined

m2 e
"M P 7
and (x=1—x)

! 11 1

1(2)—f dx2xx In(1— 4xxz—m)—( +6—)h2(z)+9 (8)
0

1—14
hz(z)—f dx In(1 —4xxz—in)=-2+ 1——1n i )

Tz

The second expression for h,(z) is immediately applicable in the Euclidean region z < 0. For
z > 0 it holds with the prescription z — z +in.

2.2 Top-down EFT

The result for 6T* in (6) can be reproduced within a low-energy effective field theory of the
heavy sector. The EFT takes the form of the first line in (1), supplemented by local operators
of dimension 6,

1
ALe=15 Z GiQi, (10
i

when we neglect higher orders in 1/M?2. Here we assume that the heavy sector is known.
The EFT can then be constructed by explicitly integrating out the scalar S. This scenario is
commonly refered to as a top-down EFT. The relevant operators are given by

Q, =tttt, Q= 9,F" ty,t, Qs =mto,,t F*”. (1D

4
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Q; arises when the scalar S is integrated out (removed as a propagating degree of freedom
from the theory) at tree level with C; = g2/2. Q, and Qs are generated at one loop and
correspond to local terms in (6). The coefficients C; are found by matching the full-theory
result for 6T* to its EFT counterpart. The matching condition reads

: : Cy . Cs
—ieq, 6T" = —1eqt<‘5Fg1 + W(—l)qzy“ + W(—Z)a“qum, (12)
equating the full-theory vertex function on the left with its EFT representation on the right.
The latter consists of the one-loop contribution from Q; in Fig. 1 (e)

2

2C 2
STH =1 ! 11nm—+h1(2) "+ I+ hy(z) |io"qm | (13)
3 u2 u?

Q" 16m2 M2

and the tree-level contributions from Q, and Q3 in Fig. 1 (d). We have renormalized the vertex
function in (13) using MS subtraction. Condition (12) then implies

2 2 2 2 2
g g 1. u” 4 g 1. u 7
C1:— C2=—eqt—n(—ln—+—), C3=eqt@(§ln—2+ﬁ). (14)

Together with (4) and (5), egs. (12) — (14) reproduce the leading 1/M 2 corrections to the
ete” — tt amplitude within the EFT.
Let us summarize a few relevant aspects of this result.

i) As is well known, the EFT formulation achieves a factorization of large (~ M) and small
(~ m) scales. Contributions from large scales are encoded in the Wilson coefficients
(14), from small scales in the matrix elements of local operators, as seen in (13). The two
regions are separated by a renormalization scale u, which cancels in the full amplitude.

ii) Within our approximation, operator Q; mixes into Q, and Q5 under renormalization.
The corresponding renormalization-group functions can be read off from (14):

dc; 4

pi=16n’—— = By =—5€q.Cy, B3 = 2eq,Cy. (15)
dlnu 3

The coefficients of the local operators Q,, Q3 also provide the one-loop counterterms

necessary to renormalize the UV divergences originally contained in (13).

iii) Using the equations of motion, operator Q, may be eliminated in favour of the 4-fermion
operator

Q, =—ey " ty,t +eq Lty tty,t, (16)
which gives an equivalent contribution to the eTe™ — tf amplitude.

iv) The one-loop contributions from Q; in (13) are essential to reconstruct the complete
1/M? corrections within the EFT, including the non-local terms expressed by the (com-
plex) functions h;(z) and h,(z). Such terms cannot arise from the local operators Q,
and Q.

v) We note that all three operators yield corrections of the same order to the amplitude,
~ g2/16m2M?. This is the case even though Q; contributes only at one-loop, whereas
Q- and Q5 contribute at tree level, as illustrated in Fig. 1 (d) and (e). The distinction is
clearly not captured by the canonical dimension of these operators, which is six in each
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case. To make the difference explicit, it is instead necessary to employ chiral dimensions
d,,, which count loop orders.? We have

d}([CIQlj =4, d;([CZQZ] = dx[CSQB:l =6. 17)

Q and Q3 enter (10) with two units of d,,, or one loop order, higher than Q;. A one-loop
insertion of Q; thus contributes at the same loop order as Q, and Q5 at tree level.

2.3 Bottom-up EFT

We next imagine a scenario in which the standard physics at energy scales ~ m is still described
by the first line in (1), but we do not know the physics of the heavy sector, assumed to reside at
M > m. To order 1/M? this physics is given by an effective Lagrangian of the form (10), where
the Q; represent a basis of dimension-6 operators, with coefficients C; treated as unknown
parameters. This scenario is the analogue of SMEFT, applied to our toy model. In the present
case, using the field content v, t and A, and the U(1) gauge symmetry, the operators Q; may
be chosen as follows.
First, there are several (hermitian) 4-fermion operators, which can be written as

Qs = tt Yy, Qsp = itt 1/_’}’51!’ s Qg3 = ityst Y, Qg4 = E}’sﬁl_’)/sw , (18)

Qu1 =Etrhey v, Qua =trt Yy, s,
Qus = tr'ystyyd,  Qua=tr'ystyursy, (19)
QTl =toht QI_JUWUJ > QTZ =ito""t 11130-,1“)}/5’4) > (20)
and, with n =t¢, ¥,
Qus1 =1MN1N, Qys2 = 1NN NYsN, Qusa =NYsMNYsN, (21)
Q1 =10r"nnr,m,  Quuz2=0r"nny,rsn. (22)

Fierz identities have been used to remove redundant structures.
There are no independent operators of dimension 6 built only from F,,, and derivatives.
Finally, operators with a fermion bilinear and F,,, are (assuming CP conservation)

Qir = mfo‘uvtF‘“’, QT/JF = mell_JUMﬂ/J FHY. (23)

In the model of Sec. 2.2, only three operators from this basis were generated: Q; = Q,s1,
Q3 =Qr and Q, = —eQy; +2/3eQ,y1.

In the bottom-up version of the EFT we are interested in parametrizing the leading correc-
tions (in 1/M?) to the ete™ — tt amplitude (3). Let us use (10) and assume a power counting
based just on canonical dimensions. This amounts to taking all coefficients C; = O(1).® The
dominant corrections to A;, would then become (v = v(k5,), etc.)

SA= ﬁ Gl = ﬁ@yuu aohy 2ie%cw + ﬁ@yuu Gy Cyy + ... (24)
1

2Loop orders can be conveniently counted by assigning chiral dimensions d, to fields and weak couplings:
d, = 0 for bosons, and d, =1 for each derivative, fermion bilinear and weak coupling. The total chiral dimension
of a term is then related to its loop order L through d, = 2L + 2, see [8] and Sec. 3.2.

3They may be smaller, or even zero, in reality, but they are not arbitrary. In particular, they must be small
compared to M2 /m?, otherwise the term C;Q;/M? ~ Q;/m? would be of the same order as the leading, dimension-
4 Lagrangian, spoiling the EFT expansion.
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where (Q;) denotes the matrix element of Q;. Here we show Cy; as representative for the
terms from all the 4-fermion operators of the type (¢ ...4)(f...t) that contribute at tree
level. On the other hand, 4-top-quark operators such as Q,g; = tt tt will contribute to 5A at
one-loop order. Assuming C,g; = O(1), this implies 6A,5; ~ 1/16m2M?, which appears to be
subleading with respect to the terms ~ 1/M 2 in (24). This would leave the latter terms as the
dominant corrections in the bottom-up EFT.

However, the example in Sec. 2.2 shows that such an approximation would be inconsistent.
In fact, the tree-level terms in (24) are unable to reproduce the leading corrections (6) of the
model with the heavy scalar in (1), because the nonlocal terms encoded in h; 5(z) from the
one-loop matrix element of tt tt are absent.

Clearly, information on the loop counting is missing in the consideration above. This in-
formation is necessary to tell us that e.g. Q,r and Q,s; do in general contribute to A at the
same order, in both 1/1672 and 1/M?, even though Q,; enters at tree level and Q,g; at one
loop. Canonical dimensions alone cannot provide this information, as discussed at the end of
Sec. 2.2.

We emphasize the following points:

i) Although the model in (1) is only a specific realization of the heavy-sector physics, it
serves as a strict counterexample to the validity of only counting canonical dimensions:
Since the bottom-up EFT is constructed in the most general, model-independent way, it
must be able to reproduce any concrete model of the physics at scale M, to a given order
in the EFT approximation.

ii) While the scalar-exchange model in (1) is only a specific scenario, its implications are
generic: Any heavy boson coupled to the top quark will, in general, have the effect of
inducing 4-top interactions at tree level and Q,r at one loop.

iii) The systematic connection between 4-top operators and Q, is independent of the cou-
pling strength: In the example of (14), with tt tt = Q; and Q,r = Q5 the ratio of coef-
ficients is C3/C; = O(1/16m2), independent of g. For weak coupling, g ~ 1, the coeffi-
cient of the magnetic-moment operator is loop suppressed, C; = O(1/1672). C; = O(1)
is possible, but only at the price of strong coupling g ~ 4. In this case the 4-fermion
coefficient would also become strong C; = O(1672).

We can be more specific about the strong-coupling case. Here we assume that the top-
quark is strongly coupled to the new physics at scale M. In full generality, the top-quark
vertex function tT*t from (4) can be expressed in the standard way as

io"”
I = Gy (g7) +
2m
with form factors G, ,. To lowest order, G; = 1, G, = 0. The leading new-physics effects
are described by expanding the form factors to first order in 1/M?2. This can be accomplished
within a bottom-up EFT, which we may write as

Gy(q?), (25)

1 - _ _
ALe=15 [CiEtEt +Cy8,F* Ey,t + Camio,, t F* +...]. (26)

Here the ellipsis denotes the remaining contributions from the 4-fermion operators in the full
basis. One then finds

2 2
q C2 Cl 1 m
Gi()=1+—=|=2—-——|-In—+h +...1], 2
@) Mz[eqt 8ﬂ2(3 e 1(2)) } @7
2 2
2y m 4C3 C1 m
G,(q )__W |:e—qt+4?(lnm+hz(2))+:| (28)

7
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We note that C, 3 have to come with at least a factor of e that is necessarily associated with F*”
in Q, 3. In contrast to (14), no weak couplings are associated with C; if the top quark is strongly
coupled. Hence, the chiral dimension is 2 for the first term in (26), and 4 for the second and
third. C, 5 then have a loop suppression relative to C; and all coefficients contribute at the same
order in (27) and (28). A similar consideration applies to the remaining terms in (26). Four-
top operators (t...t)(t...t) contribute in analogy to Q;. Finally, the physical amplitude for
ete™ — tf also receives contributions from operators of the type (¢ ...4)(Z...t), in addition
to the photon-exchange amplitude with the form-factor term tT'#t from (25), (27) and (28).

3 SMEFT

Any bottom-up EFT of unknown physics at short distances has to be defined by specifying
a) its low-energy degrees of freedom (particle content),
b) the relevant local and global symmetries,
c) its power counting.

The power counting rests on general assumptions about the underlying dynamics, whose de-
tails are necessarily left undetermined. The assumptions concern, in particular, the existence
of a mass gap between the known particles and the scale of the new dynamics, and whether
these particles are weakly or strongly coupled to the new sector. The power counting is needed
to define a hierarchy among the new-physics corrections. It then allows for a systematic ap-
proximation scheme based on a consistent expansion and truncation.

Quite generally, any relativistic quantum EFT is governed by expansions in both, inverse
powers of a large mass scale A, and the number of loops. In the case of SMEFT, the corre-
sponding expansion parameters can be taken as

2
% and ﬁ , (29)
with E the energy scale of a given process and 1/1672 the loop factor in four dimensions.
Typically, E will be a few times the electroweak scale v = 246 GeV.

Usually in writing the SMEFT Lagrangian, only the expansion in 1/A is made explicit.
Including terms up to order 1/A2, and assuming baryon- and lepton-number conservation,
the Lagrangian can be written as

C.
Lsyerr = Lov + Z A—;Qi , (30)
;

where Lgy; is the SM Lagrangian (terms of dimension 4), Q; are operators of dimension 6
[1,2] and C; are dimensionless coefficients. This EFT is defined with the particle content and
the gauge symmetry of the SM, the baryon- and lepton-number conservation assumed here,
and possibly further simplifying (symmetry) assumptions about the flavour structure in the
dimension-6 terms with fermions.

We will now consider the power counting of SMEFT in more detail.

3.1 Example: Higgs production in gluon fusion

We start by considering the case of Higgs-boson production through gluon fusion, one of the
most important processes in Higgs physics at the LHC. The lowest-order amplitude in SM
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Figure 2: Higgs production through gluon fusion. (a): SM amplitude to lowest order
(two diagrams with opposite fermion flow in the loop are understood). (b) — (g):
Sample diagrams with insertions of dimension-6 operators (black dots) in SMEFT.
(1) - (3): Examples of radiative corrections to the diagrams shown before.

perturbation theory is shown in Fig. 2 (a). We are interested in the corrections to this process
of order 1/A? in SMEFT. As illustrated in Fig. 2 (b) - (g), dimension-6 operators of almost all
the classes defined in the Warsaw basis [2] do contribute to the process gg — h. In particular
(in the notation of [2])

(b): Que=¢"¢G,,G*"

(©): Qu=0¢"¢qued
d): Qu=qo" T*udGa,

(e): Qu=tyyuiy*u,... (4 - fermion operators with top)
(f): Q,=(¢"¢), Quu=9¢"o0¢"¢
(8): Q¢=fYGGIPGH 31

A central question is: Which of these effects need to be included in a systematic treatment of
the 1/ A? corrections? We see that the contributions in Fig. 2 (b) - (g) arise from diagrams
with zero, one and two loops. This already suggests that loop counting should play a role in
organizing the corrections in SMEFT. The counting of loops becomes unavoidable when we
consider that, in practice, any amplitude, whether in the pure SM or in SMEFT, is computed
in perturbation theory, which is an expansion in loop orders (equivalent to an expansion in
powers of weak couplings). In fact, as illustrated in Fig. 2 (1) — (3), the perturbative expansion
and the EFT expansion have to be combined in a certain way, consistent with the adopted
power-counting rules.
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The key to answering the above question therefore has to be based on a consideration of
loop counting in SMEFT. Before we enter a discussion of this topic, we add a few remarks on
trying to apply SMEFT without a systematic counting of loops.

* Suppose that, in order to be completely general, we want to take into account all possible
effects from dimension-6 operators, as shown in Fig. 2 (b) — (g). To justify this despite
the different loop orders, we think of the coefficients C; as arbitrary (dimensionless)
numbers. However, such an approach would not be consistent: If arbitrary coefficients
are allowed, there is no reason why e.g. some dimension-8 operator with a very large
coefficient could not yield equally important effects as the dimension-6 corrections in
Fig. 2. In this case the EFT treatment would break down. Specific power-counting
assumptions about the C; are thus unavoidable.

* The most obvious choice of power counting would seem to be the one solely based
on the canonical dimensions of the operators Q; in (30). The terms of dimension 6
are suppressed by two powers of the new-physics scale A, with coefficients taken to be
C; = O(1). Based on the explicit loop factors, diagram 2 (e) could therefore be neglected
as subleading with respect to 2 (d). However, as we have demonstrated in Sec. 2, such
a truncation would fail to correctly account for generic new-physics effects in the top
sector. Specifically, the impact of any heavy resonance (weakly or strongly) coupled to
top quarks would not be properly described by an EFT treatment that is supposed to
be model-independent. Similarly, a strict application of C; = O(1) would tell us that
Fig. 2 (b) alone gives the leading correction for gg — h in the SMEFT because it is the
only tree-level contribution at dimension 6. This is again in contradiction with typical
scenarios of new physics [9,10]. We conclude that the simple assignment C; = O(1) for
all coefficients in (30) is likewise not adequate as a consistent scheme to organize SMEFT.
The missing ingredient is loop counting. The latter is part of a general power-counting
prescription, to which we turn next.

3.2 Power counting

In this section we review the general power-counting rules for a relativistic EFT, which we can
use for a systematic formulation of SMEFT. As stated at the beginning of Sec. 3 and illustrated
with the example in 3.1, we need to count both powers of E2/A? and loop factors 1/1672 in
general.

A convenient way to do this is to employ the canonical dimensions as well as the chiral
dimensions of the terms in the EFT Lagrangian. This has been discussed in [11] and shown to
be equivalent to well-known results on power counting in the literature [8,12-14].

We consider a general relativistic EFT of scalars ¢, gauge fields A and fermions v and
assume that the theory has a cut-off scale A (the scale of new physics). The EFT is valid at
energies sufficiently below A. Let us define an energy scale f,

A

=0 (32)
We can view this as a reference scale, at which the EFT is a valid description of the relevant
physics (f < A). For energies E = f the parameter of the energy expansion, E2/A?, becomes
f2/A% = 1/16m2, identical to a loop factor. We emphasize that the low-energy expansion
is governed by E2/A?, with E the actual energy of the process. This parameter is of course
independent of the loop factor and E may be several times larger or smaller than f. Introducing
a reference energy f simply amounts to a bookkeeping device, which treats the expansions
in E2/A? and 1/167? nominally on the same footing. The convenience of this will become
apparent below.

10
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Consider a general term in the EFT Lagrangian, schematically

Ne No ANaqyNy Ni (33)

It is composed of a number of fields ¢, A and v, derivatives d, and some factors of weak
couplings, generically denoted by .

The task of power counting is to estimate the size of the coefficient in front of (33). For
this purpose both the canonical and the chiral dimension of (33), d. and d,, are needed:
The Lagrangian has canonical dimension 4, so the coefficient contains a factor f*~9. Factors
of 1/167? are counted by the loop order L = (d, —2)/2 (from the definition of d,). The
coefficient is therefore given by

fAde
c(d.,d,) = W. (34)
By inspection of (33), the values of d. and d, are (see footnote 2)
d, :Np+N¢+NA+%N¢, (35)
d,=N,+ %Nw +N,. (36)

We remark that the result (34) for the coefficient holds in general and independently of
whether the EFT has a weakly or strongly coupled UV completion. However, the interpretation
of f is different in the two cases. For a weakly coupled UV completion f is just the reference
scale f = A/4m, derived from A. In the case of strongly coupled UV physics, on the other hand,
f corresponds to a dynamical scale with its own physical meaning. For example, in chiral
perturbation theory for pions in QCD, f = f is the pion decay constant. Here f is related to
the QCD resonance scale A through the NDA relation A = 47nf [13], in correspondence with
(32).

In the following, we will mostly focus on the application of (34) to SMEFT. It is then
convenient to rewrite the coefficient (34) as

1 1 (dx—dc)/2+1
)= 135 (16,) | ©7

Obviously, both d. and d, are required to obtain the power-counting estimate of a general
operator coefficient. Powers of 1/A are simply dictated by the canonical dimension of the
operator. Additionally, explicit loop factors are instead counted by

2+dy—d. 24N, —Ng

5 5 , (38)

where we used (35) and (36), and introduced Ny = Ny, + Ny + Ny, the total number of field
factors in the operator. Thus, the loop factors are given by the difference of chiral and canonical
dimension or, equivalently, the difference between the numbers of weak couplings and fields.

Some examples may serve to illustrate how (37) works. For instance, all terms in the SM
Lagrangian (including u?¢’¢) have d. = 4 and d, = 2. Their coefficients are C(4,2) = 1 by
power counting, as has to be the case. We note that this assigns, in particular, a consistent
power-counting size for the Higgs-mass operator in the SM Lagrangian. As mentioned in
the Introduction, considering that ¢ ¢ has d. = 2 is insufficient in this regard. We have to
associate ¢ ¢ with a weak coupling carrying d,, = 2 to specify it as a leading-order term. Then
its coefficient becomes C(2,2) = A%2/167% = f 5 < A?, rather than the cutoff A%, which would
be inconsistent. As another example, a term like g2v) 1) has a coefficient C(4,4) = 1/16m2,
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in agreement with its appearance as a self-energy counterterm for fermion 1) at one loop.
Further examples can easily be constructed.
When we deal with SMEFT corrections of dimension 6, (37) specializes to

1 1 \(@=9/2
C6.d)= (16n2) . (39)

In order to determine the coefficient in (34), we need information about the number of
weak couplings N, associated with the operator in (33). Otherwise the power counting is
incomplete. This is also evident from the fact that a SMEFT-like expansion and chiral pertur-
bation theory have a different power counting, although formula (34) is valid for both.

To find N, in (33), and therefore dx in (34), the power-counting prescription has to in-
clude a generic statement as to whether a field is weakly or strongly coupled to the heavy
sector.* Different scenarios may be considered, but the corresponding assumptions should be
formulated explicitly. In the following section, we will address this point and outline several
possibilities.

3.3 Loop counting in SMEFT

We consider a generic extension of the SM by new physics at a scale A > v, which is weakly
coupled to the SM fields and approximated by a Lagrangian that is renormalizable (in the
traditional sense) at scale A. Weak coupling implies that the typical mass scale of heavy par-
ticles coincides with A. We take this as the standard scenario for SMEFT, which emerges at
electroweak scales upon integrating out the large scale A.

It is conceivable that the assumption of weak coupling to the new physics is not fulfilled.
However, this will have to be reflected in a modified power counting. For instance, if the
Higgs sector is strongly coupled to the new physics, such as in composite-Higgs scenarios
with a characteristic scale f, the electroweak-scale EFT will, in general, take the form of an
electroweak chiral Lagrangian [8, 16-28]. When this EFT is explicitly expanded in v/f, a
SILH-type [29] version of SMEFT is obtained [30]. In any case, the power counting of the EFT
will be affected.

We now focus on the case of SMEFT under the assumption of weak coupling to the new-
physics sector. This will, in part, amount to a review of results already obtained in [31] from an
analysis of the weak-coupling case in SMEFT. We present it here using the convenient notion
of chiral dimensions. A general discussion including operators of dimension 8 has been given
in [32].

We assume that the UV completion of the SM at a scale A is given by a renormalizable
theory of bosons (scalars or gauge-fields) and fermions. The fields include the fermions f and
the bosons b of the SM, as well as new, heavy fermions F and bosons B, with mass of order A.
The key assumption now is that f and b are weakly coupled to F and B, that is with coupling
strength of order unity. It is immaterial whether there exist nonrenormalizable interactions of
F and B suppressed by scales parametrically still larger than A.

Denoting a generic fermion (boson) by ¥ = f, F ( = b, B), only a limited number of
renormalizable interactions exist at scale A, schematically ¥¥j3, 33, B4, and 20 . Listing

“The exactly solvable model discussed in [15] gives an example of a heavy sector that may be either weakly
or strongly coupled. Both cases are governed by the power-counting rules described here and illustrate their
application.
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the terms that couple light fields f, b to heavy fields F, B we have

U¥pB: ffB fFb Ffb fFB FfB FFb [k]

B3: b%B bB? [Ku]
B4 b*B  b’B2 bB® (k2] (40)
B29B: bdbB BIBD [k]

In square brackets, we show for the terms in each line the factor of generic weak couplings
k. For the triple-boson terms u indicates the mass scale required by dimensional analysis.
This parameter may be a heavy or a light scale. From (40) we read off the number of weak
couplings associated to fields and currents as building blocks of composite operators. We use
the notation A ~ k™ if a building block A comes with (at least) n powers of weak couplings.
We see that

b~«k, b?~k, bob~«k, b3 ~ k2. (41)

For fermion bilinears, only scalar or vector currents can appear in the renormalizable vertices
in (40) and hence may come with a single weak coupling. Therefore

fTf~x for T=1,71" folf ~ k2. (42)

We next write down the different classes of dimension-6 operators in SMEFT, following the
notation of [2]. Supplementing the operators with the minimum number of weak coupling
factors, according to the considerations above, we find

kH(@T9), k(e De),  k*Teyey,  k*¢DeYy,  KPyY).  (43)

For the first term, a minimum of four weak couplings is required, e.g. two factors of k2,
one for each b® part, or else three xs from three b? terms coupled to heavy scalars, times
another x from the coupling of those three heavy fields. The assignment of weak couplings to
the remaining four operators is obvious. Finally, the operator classes with SM field strength
factors read
XX, kATe XXM, kMo, X g (44)

Here the first operator comes with three gauge couplings, connecting the gauge fields to the
heavy sector that has been integrated out. Similarly, the second operator has two gauge cou-
plings associated to the two field strengths, two more weak couplings are needed to connect
the ¢ ¢ part. In the third operator, x? comes with the fermionic tensor current, and one «
each from X*” and ¢.

The chiral dimension of the SMEFT operators can now be read off immediately: d, = 4
for all terms in (43) and dx = 6 for the terms in (44). Using the power-counting formula (39),
this implies coefficients of order 1/A? for the operators in (43) and of order 1/167m2A? for
those in (44). In short, assuming weak coupling to the heavy sector, the SMEFT operators of
the Warsaw basis with gauge field strength factors carry an extra loop suppression [2,31].

This loop-counting hierarchy among the operator coefficients fits naturally with the or-
ganization of SMEFT corrections in terms of both canonical and chiral dimensions. As an
example, let us again consider Higgs production in gluon fusion discussed in Sec. 3.1. Com-
bining the power-counting size of the operator coefficients, 1/A? for the coefficients of (43)
and 1/1672A? for the coefficients of (44), with the explicit loop factor from the diagram topol-
ogy, we find a clear ordering of the contributions to gg — h shown in Fig. 2 (a) - (g):

1
1672

(@, —— (b)), !

16722 Ten2ynz - (D@0,

1
DY :(g). (45)
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The dominant contribution is the SM amplitude, Fig. 2 (a). It comes with a loop factor but is
unsuppressed in 1/A. The remaining terms in (45) are SMEFT corrections from the dimension-
6 Lagrangian. They all carry a factor of 1/A? but enter, effectively, at different loop orders.
Note that (b) and (c) enter at the same order, even though the former is a tree and the latter a
loop diagram. Similarly, (d) — (f) have the same power-counting size, despite their different
topology. On the other hand, (e) and (g) have the same (two-loop) topology, but count at
different orders. We also remark that the magnetic-moment type vertex correction in Fig. 2 (d)
and the 4-fermion contribution in (e) entering at the same order is in accordance with the
detailed discussion in Sec. 2 and Sec. 4 below.

The systematic power counting by canonical and chiral dimensions, illustrated in (45),
provides us with a consistent truncation scheme of the SMEFT expansion. For instance, if we
aim for the leading new-physics effects, only the corrections of the same order as (b) and (c)
need to be retained. Those are of order 1/A? relative to the SM term in (a). All others, (d) —
(g), are higher order in the loop counting and can be dropped. We emphasize that all issues
concerning the treatment of the various SMEFT contributions to gg — h mentioned in Sec.
3.1 are resolved in the present scheme. A more detailed description of the leading effects will
be given in Sec. 3.4 below.

Finally, radiative corrections, e.g. those shown in Fig. 2 (1) — (3), may be incorporated to
any desired accuracy if needed, consistently with the counting scheme discussed above.

There are many more processes and observables in high-energy collider physics to which
the above power counting can be applied. It will be of use, in particular, to put the focus
on the potentially leading SMEFT effects. In practice, the consistent truncation of corrections
will also help to reduce the number of free parameters in a SMEFT analysis in a meaningful
way. Examples for possible applications can be found in the literature. Recent studies of
single-Higgs production in SMEFT include [33-37]. Higgs-boson pair production at NLO and
beyond has been investigated in [38-46]. In [43] the systematic loop counting for SMEFT has
already been discussed for this particular application. A study of top-quark pair production
via gluon fusion in SMEFT, following the power counting discussed here, can be found in [47].
The pattern of SMEFT effects in gg — h or h — gg is similar in h — yy decay. The latter
process has been treated for instance in [48-50]. Detailed calculations of Zh production in pp
collisions including SMEFT corrections have recently appeared in [51,52].

3.4 Amplitude for gg — h with leading dim-6 corrections in SMEFT

In the previous section, we have identified the dimension-6 contributions in Fig. 2 (b) and
(c) as the leading SMEFT corrections to Higgs-boson production in gluon fusion. To be more
specific, we spell out in the following the gg — h amplitude with these corrections included.
In the Warsaw basis [2], the terms relevant to the process gg — h read

B Lyarsan = 247 $I(H'9) + (47D, ) (D)

Curt i Cuc .4
+( X§¢T¢qL¢tR+hC)+AL2G¢‘¢G1:;VGA’MV

(46)

Expanding the Higgs doublet in eq. (46) around its vacuum expectation value and applying
a field redefinition for the physical Higgs boson

V2 n2 B 1
h_>h+FCH,kin h+7+w , where CH,kin =CHD_ZCHD’ 47

the Higgs kinetic term acquires its canonical form (up to O (A_4) terms).
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The Lagrangian for anomalous Higgs couplings relevant to Higgs boson production in gluon
fusion can in general be parametrised by [43]

— h_ s h A ~AUY
ALy, =—m, Ct; tt+ gcggh; Gqu . (48)

Comparing the coefficients of the corresponding terms in the Lagrangians (46) and (48)
leads to the following relations between the Higgs couplings ¢, and c,,., and the SMEFT coef-
ficients in the Warsaw basis:

v? v v? 81

Ct:1+ECH’kin_F\/_2—rntCuHE]-+5cf’ nghzﬁa_

Che - (49)

S

In the Warsaw basis, three dimension-6 operators contribute to the coefficient 5. . Note
that both ¢, and ¢4 are invariant under QCD renormalization. This is not the case for the
SMEFT coefficients C,; and Cyg [53-55]. We also remark that Cy y;,,, C,y and Cyg have
chiral dimension d, = 2, 3 and 4, respectively (Sec 3.3). In their usual definition, they are
thus not homogeneous in d,,. On the other hand, d, = 2 for both 6., and ¢y, assuming
weakly-coupled SMEFT power counting.

For the consistency of the present treatment, amplitudes should be expanded through order
v?/A? and higher orders omitted. Indeed, for a typical value of A = 3TeV, v?/A? ~ 7-1073.
This is a small parameter, even neglecting possible further suppression from coupling factors.
Fit results for 6., and c,,, that are compatible with zero, but still allow for deviations at the
10 - 20% level, likely suggest that data are not yet sensitive to new-physics effects, rather than
requiring the inclusion of dimension-8 operators.

The amplitude for the process g(p;, 1) + g(p,, v) — h(p3) can be decomposed as

Mup = Oup Eu(Pl)ev(Pz)MW B
aS

M‘uv = ]:1 TPW . (50)
8mv
Here A, B are colour indices, €,, €, are the gluon polarization vectors, and
v M
v = guv_ P1P2 (51)
P1° D2
The form factor F; is given by the expression [56-59]
Fi1= 2512{(1 +0. )T [1+(Q—7)f(t)]+ ngh} , (52)
where 7, =4 mf /S12, S12 =2p1 " Py = m% for on-shell Higgs boson production and
L9 1
1 arcsin Wers fort,>1,
flr)= _5312C12 = ‘ 2
1 1+4/1-7, .
_Z[l ——lTE] , fort, <1,
1—4/1-7,
d*k 1
Ci2 = J inZ (12— 2 2_ 2 2_m2]’ (53)
L (k _mt)[(k+p1) _mt][(k+p1 +p2) _mt]

At relative order v?/A?, in addition to the effects considered so far, the amplitude for
gg — h alsoreceives corrections from the operators le) and Qlll221 [2]. These operators modify

the muon decay rate, from which the Fermi constant G is extracted in order to determine v in
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(50). Defining Gpoq = 1/(+/2v?) and denoting by Gy the Fermi constant measured from muon
decay, we may write [50,60]

Gro = Gp (1—265), (54)
with
2
— Y (B ®3) i
266= "5 (c& +c,—cihy) (55)

in the notation of [2]. Here the numerical subscripts are generation indices. This correction
to (50) from new physics in the first two lepton generations is numerically small. Electroweak
fits constrain 25 to be safely below the percent level [61]. Neglecting it leaves 6., and cggp,
as the relevant corrections to gg — h at leading order in SMEFT.

4 Example for SMEFT in a UV model:
uiut — tt via gluon exchange in the 2HDM

In the following section we generalize the EFT features illustrated with the toy model of Sec.
2 to a more complete scenario in the context of the full SM. For this purpose, we employ
a Two-Higgs-Doublet model (2HDM) [62-64] as the UV completion of SMEFT. In contrast
to the SM, this model features not one, but two independent scalar SU(2) doublets ®; and
®,. Interpreting the 2HDM as an adequate UV extension of the SM, it should be possible to
match the former to the latter at the electroweak scale in terms of higher dimensional SMEFT
operators.

The potential of the 2HDM is given by the most general expression allowed by symmetries

V(®,8,) = m2, &6, +m2,66, —[m2,86, +h.c]+ %Al (@10, + %Az (2]@,)’
+ 25 (2191) (2522) + 24 (]2,) (#301)
+ {%% (@10,)" +[ A6 (]0,) + A, (250,)] (210,) + h.c.} : (56)

Imposing CP-invariance, we take the coefficients m%z, As, Ag and A, to be real. Without loss of
generality, we allow both doublets to pick up a vacuum expectation value v; > 0 (i = 1,2) in
the lower component

N
®, = ( 1 to ) , (57)
- [vi +pi + ;]

where ¢ is a complex scalar (¢, being its hermitian conjugate) and p; and 7); are real scalars.
We identify the physical states by diagonalizing the mass matrices and find that out of in total
eight scalar degrees of freedom, three are Goldstone modes (G* and G) which subsequently
become the longitudinal degrees of freedom of the W* and Z bosons. In addition, there are
two massive neutral scalars h and H, a massive pseudoscalar A and a massive charged scalar
H* with masses my,, my, m, and myz=, respectively. In terms of these states, the doublets are

given by
cgGt—sgH"
¥, =( ) P F ) , (58)

7 [v1 +coeH —sgh+icgG— isﬁA]

® S/jG+ +C/3H+ (59)
2= . . >
% [vz +seH +cgh+ispG + lcﬁA]
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where the shorthand notations c,, = cos ¢ and s, = sin¢ have been introduced. The mixing
angle f is defined via tan 3 = v,/v;. Explicit expressions for the non-vanishing masses as well
as for v;, v, and the mixing angle a in terms of the parameters in (56) can be found in [63].
For the sake of our following arguments, we choose a general type-II Yukawa sector given by
the Lagrangian [62]

Ly =—q4;®Ydz —q; 2, Y,up +h.c., (60)

where &, = ioc,®;. The Yukawa-coupling matrices Y; and Y, act in flavour space and g,
dr and up are the usual left- and right-handed quark fields with flavour indices suppressed.
Throughout the discussion, we neglect effects of the CKM-matrix. Choosing the couplings be-
tween the scalar sector and the fermions in this manner has the advantage of being particularly
transparent in the so-called decoupling limit (see (63) below).

Rotating the scalar doublets by the angle 3, we can shift the vacuum expectation value to only
one doublet. This rotated basis is known as the Higgs basis in the literature [65]. The rotated
doublets H; and H, have the explicit form

G+
H, = ( 1 | ) , (61)
Wi [v + cp—oH +sp_oh + lG]
H+
Hy, = ( 1 . ) , (62)
7 [_Sﬁ—aH + Cﬁ—ah + LA:I

where v = 4/v? 4+ v2 = 246 GeV can be identified as the electroweak scale.
It is possible to choose the parameters in such a way that the physical masses follow the hier-
archy pattern [63]

2 2 2 2 2
my < My, my, My, >~ mg, (63)

where mg > v. An explicit expression for mg in terms of  and the parameters in the potential
is given in [63]. The decoupling limit mentioned above implies taking ss_, — 1 and cg_, — 0.
In this limit, the couplings of h become identical to those of the SM Higgs, which suggests
interpreting H, as the SM Higgs doublet. The remaining doublet H, then only contains heavy
fields and can be integrated out to obtain a low-energy theory at the electroweak scale v.
Its effects are then entirely encoded in the Wilson coefficients of higher dimensional local
operators (SMEFT).

4.1 Top-down EFT for uui — tt

Similar to the toy model of Sec. 2, we analyze the process u(k;)i(ky) — t(p;)t(py) via s-
channel gluon exchange. The relevant diagrams are the same as in the toy model in Fig. 1
with the internal photon replaced by a gluon. We take only the top quark as massive, which
implies that Y, = +/2m, csc 3 /v is the only non-vanishing Yukawa coupling matrix element and
that the heavy states couple exclusively to third-generation quarks. Defining g = m, cot 3 /v,
the relevant interaction Lagrangian is given by

Line = gtt H + gtiyst A+ v2gtzb, H" +h.c., (64)

where t and b are the Dirac fields of the top- and bottom quarks with tg,;, = P/, t, etc. and
Py, the right- or left-handed projector, respectively. With the notation of Sec. 2, the correction
to the amplitude can be written as

2
.85 _
5A= zq—zv(kz)mf‘u(kl)u(pl)ér“TAv(pz), (65)
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where T4 = A4/2 are the generators of SU(3) with A* the Gell-Mann matnces and g, is the QCD
coupling constant. Here and in the following, we strictly work at order gs and subsequently
drop terms of higher order without further comments.

In the full theory, the relevant diagrams are displayed in Fig. 1 (b) and (c), where the dashed
line corresponds to either H, A or H*. Summing up all three contributions, we end up with

2 2
g 1 , 2 2 q° 2m)\ ,
STH = = Mo 4+ Z—Zhn 4+i== Lp
1672 g[m”a i (9 3 mz 3 JITOR
2
2. m? 8
—| SIn— 4+ = +2hy(2) |¢*y* |, (66)
3 mg 9

where on-shell renormalization of the top quark has been employed as in [66] and we ex-
panded to first order in 1/ mg. Pure gauge terms proportional to g* have been dropped since
they do not contribute to physical processes.

Expression (66) can be reproduced by an effective field theory specified by the Lagrangian

4
t loop __ Ci
Lepr = £e}§‘e + Eeff Zl m_gQi > (67)
1=
where <
Eé}if — trqrqrtr (68)

S

arises, with C; = 2g2, when the heavy fields are integrated out at tree level and

C, _ G Ca
Loyt = —D“GA JERTAYte+ 5 DG ET Yt + —Sm G ET ot 2
S S

is generated at one loop, where wa is the gluonic field strength tensor and q; the left-

handed third-generation quark doublet. The loop diagram associated with Eg}‘}e is displayed
in Fig. 1 (e) and gives

C 5 1. ¢? 1. m;
oty =—2 | 2— L +il | @yp— (L4 m@) ||, @0
1 ‘uz 3 ,U,Z

16n2m§ 9 3 3

and the tree-contributions from EZOOP in Fig. 1 (d) read
1|C Cs 2C
51—‘52 P [_quZ),up + _q - _24m lo-‘qui| . (71)
& Lmg ms Mg

Performing the matching procedure reveals that the coefficients are given by

2 2 2
88 (2, u” 8 88 1
C; =2g2, Cz:cs:‘ﬁ(‘lnp+§)’ q:—@i. (72)
S

As in Sec. 2.2, the dependence on u cancels when both contributions are added and the full
result is restored.

Note that the four local operators in (67) — (69) can be matched to the Warsaw basis [2] by
virtue of Fierz identities and the equations of motion for the gluons. Dropping terms that do
not contribute to the process at hand, the relevant expressions are given by (here the upper
indices display generation labels)
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(Q(s)3333 N Q(1)3333) , 73)
N (8)1133 Q331 4 1Q3113 . iQ1133 . iQ3311 (74)
Q2 &8s uu 4 Cuu 19 “uu 19 Cuu ’

1 1 1 1
(8)3311 (8)1133 , ~ 1331 _ - ~1133 , ~~(3)1331 ;, — ~(1)1331
3 — & (Q Q + 4Quu 12Q u + Qqq + Qqq

1 1 1 1
_ (11133 , L 43113 _ 3311 4 1 (3)3113 | L ~(1)3113 _ (1)3311
Qqq + Quu 12Quu + SQqq + 8Qqq 12Qqq ) , (75)

«/_ m,

Q,— (Q *33 (76)

Note that in the Warsaw basis, the operators Q, and Q5 introduce an extra factor of g,. This
has to be so, as treating the four-fermion operators introduced in this manner on the same
footing as Q; would spoil the underlying systematic expansion in g,. This is analoguous to
(16) in the toy model. It is now straightforward to identify the relevant Wilson coefficients of
the Warsaw basis operators to order gs2 for the process at hand. The explicit expressions are
given below.

4.2 Bottom-up SMEFT calculation

Without referring to the UV model, we would have started with a new-physics scale A and the
complete set of Warsaw basis operators that are relevant for the process under consideration.
We have to distinguish between four-fermion contributions entering at tree or one-loop level,
respectively. The tree contribution is given by the plain four-fermion vertex (here v = o(k,),

u=u(ky), it = ii(p;) and v = v(p,))

i
6 Airee =13 (2 (cmzs 4 M) gy pyuayPro

—2(chsL 4 ¢ ) gy P vyt Pyu
+2C0M B35y, Pruily Pro — 2C D" by, Pruiiy Pru
+ My, Pruiiy* Pro + C3 M by, Pruiiy* Py
— C{¥ by, PrviiyH Pru — O By, Protiy* Pru

+ COMB 5T Ay PLua Ty Pro + CE¥3 M 5Ty, Prua T4y Pro
— CEO 5Ty PLoa Ty Pru— CEP135 TAYMPRvﬂTAy“PLu) , (77)

whereas the one-loop contribution yields (Fig. 1 (e))

1 .
Th00p = ~Temanz (@ 1" F1(d) +m,ic"7q,Fa(q™), (78)

with

1 q_z _) ((C(8)3333 + C(8)3333) Py + (C(8)3333 + 8C(3)3333) PL)
3 u 3

5
9
1 m% (8)3333 (1)3333 (3)3333 3333
glnﬁ+h 1(z) | (CE833%3 4 4 (3333 4 (303333) py 1 4¢3 py )
4
5 (

(C(1)3333 + 3C(3)3333) P, + 63333PR)
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1
— 1)3333 8)3333
Fy=2 (cgu) — gcéu) ) . (79)

In addition, the chromomagnetic operator enters at tree-level as before (Fig. 1 (d)). Its
contribution is given by

2
5T = — /v
gsA\?

ioh’q, (C:33P, + C23py) . (80)
N

Note that we have implicitly assumed the new-physics sector to couple to the
third particle generation only as we neglected generation mixing four-fermion op-
erators in the one-loop contribution. For a comparison to the previous section,
it is advantageous to rewrite the four-fermion tree contribution by virtue of Fierz
identities like v(ky)y Pro(po)u(p)y*Prulk;) = —v(ky)y Prulky)u(pi)y*Pro(py) and
2beT£1 = 5ad5bc - 5ab5cd/3'

Comparing (77) — (80) with the top-down results in Sec. 4.1 reveals that when identifying
A with mg, the non-vanishing SMEFT Wilson coefficients are given by

C®3333 _ 613 — g2, (81)
1
1331 _ 53113 _ 1133 _ 3311 _ ~(8)3311 _ £ ~(8)1133 _ o ~(3)1331
20,3 =2C31P = —6C, P = —6C oM = (9% = Ecqu) =8C.
— (33113 _ __19~(1)1133 _ _19~(1)3311 _ o~(1)1331 _ q~(1)3113
=8Cy, =-12C,, =—12C,, =8Cy, =8Cy,
2.2 2
&8 (2. u 8
=— —-In—+—-|, 82
1672 (3 mZ 9 (82)
C33 = *33 — _&g’my 1
uG uG 16720 1/5
The u-dependence matches the known results for the renormalization-group equations in
SMEFT [53-55].

(83)

5 Conclusions

The effective field-theory approach to physics beyond the Standard Model requires a minimal
set of assumptions about the relation between the low-energy and high-energy regimes, which
is contained in the EFT power counting rules. While the Lagrangian of non-linear EFTs such
as chiral perturbation theory is systematically ordered based on a loop expansion, the power
counting in effective theories such as SMEFT is organized in terms of canonical dimensions.

We have discussed specific examples to show that a power counting scheme relying on
canonical dimensions alone may lead to inconsistencies within the perturbative expansion.
Starting with a toy model involving a heavy scalar singlet, we have illustrated our arguments
by an explicit calculation, comparing both bottom-up and top-down EFT with the full theory.
Furthermore, we deployed the power counting in combination with loop counting in SMEFT
in detail. We applied it to Higgs production in gluon fusion as well as an example within a
two-Higgs-doublet model. Our formal considerations as well as the examples clearly suggest
that a consistent treatment should include the counting of loop orders, conveniently described
by chiral dimensions, along with the counting of canonical dimensions in SMEFT. Variations of
the counting scheme we propose can, of course, be constructed, but the approximations and
counting rules should always be explicitly specified. For example, the SMEFT may be replaced
by HEFT, which follows a different power counting. In addition, further assumptions, such
as minimal flavour violation, can be used to organize the flavour sector, which however is a
separate topic and beyond the scope of our paper.
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