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ABSTRACT: The Standard Model Effective Field Theory (SMEFT) offers a powerful the-
oretical framework for parameterizing the low-energy effects of heavy new particles with
masses far above the scale of electroweak symmetry breaking. Additional light degrees of
freedom extend the effective theory. We show that light new particles that are weakly
coupled to the SM via non-renormalizable interactions induce non-zero Wilson coefficients
in the SMEFT Lagrangian via renormalization-group evolution. For the well-motivated
example of axions and axion-like particles (ALPs) interacting with the SM via classically
shift-invariant dimension-5 interactions, we calculate how these interactions contribute to
the one-loop renormalization of the dimension-6 SMEFT operators, and how this running
sources additional contributions to the Wilson coefficients on top of those expected from
heavy new states. As an application, we study the ALP contributions to the magnetic
dipole moment of the top quark and comment on implications of electroweak precision
constraints on ALP couplings.
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1 Introduction

The absence of a discovery of new particles at the LHC suggests that additional degrees

of freedom not contained in the Standard Model (SM) of particle physics have masses far

above the scale of electroweak symmetry breaking. Existing hints of departures from the

SM, indicated for instance by recent data on semileptonic decays of B mesons [1] and the

anomalous magnetic moment of the muon [2], are in line with this expectation. Assuming

that the theory above the electroweak scale respects the full SM gauge symmetry and that
the Higgs is an SU(2), doublet, the Standard Model Effective Field Theory (SMEFT) [3]
provides a systematic approach for describing the virtual effects of heavy new particles on

low-energy precision measurements (for a review, see [4]).



On the other hand, there remains the possibility of the existence of light new particles
interacting very weakly with the SM, for instance because these interactions are mediated
by higher-dimensional operators. A prominent example are axions and axion-like particles,
to which we will collectively refer as ALPs in this work. The existence of such particles is
theoretically well motivated because of their potential relevance for solving the strong CP
problem [5-7]. More generally, ALPs are gauge-singlet pseudoscalar particles, which arise
in many theories beyond the SM as pseudo Nambu-Goldstone bosons of a global symmetry
spontaneously broken in the ultra-violet (UV) theory, and are thus naturally lighter than
other new states whose masses may be out of reach of current direct searches. While
the QCD axion is the original example of such a particle, ALPs with a variety of masses
and couplings can arise also more generally, for example in theories which address the
flavor [8, 9] and hierarchy [10-14] problems. Here we remain agnostic about the underlying
theory and study a general effective field theory, to which explicit models can be matched.
Since the ALP couplings to SM fields are constrained by a shift symmetry, these interactions
first appear at the level of dimension-5 operators in the effective theory.

The existence of a light ALP extends the SMEFT, because operators can now be built
out of SM fields and the ALP field. The most general effective Lagrangian above the
electroweak scale can then be written in the form

1 m2
Lot = Lsn + 5 (Opa)(0*a) — 7“ a® + LsvsaLp + LSMEFT , (1.1)

where the last two terms consist of higher-dimensional operators starting at dimension-5
order. By definition the term Lgyvgrpr consists of operators not containing the ALP field.
We will refer to these operators as “SMEFT operators”, although of course the theory we
are working in is not the pure SMEFT, but rather the effective theory whose degrees of
freedom are the SM fields plus the ALP. Like any other new particle not contained in
the SM, an ALP can be searched for either directly or indirectly. Direct searches using
particle-physics detectors aim at detecting ALPs produced in a collider experiment by
reconstructing them in various possible decay modes [15-26]. Our focus in this work is on
indirect searches, which look for hints of the effects of virtual ALP exchange on precision
measurements. As long as the scale f suppressing the ALP couplings to the SM is not
excessively large,! this opens up new, complementary ways to search for the effects of
an ALP and place bounds on its couplings to the SM. An advantage is that, contrary
to direct searches, indirect probes are independent of the way in which the ALP decays,
and if it is long- or short-lived. Prominent examples of such precision observables are the
anomalous magnetic moment of the muon and the electron [20, 21, 31-33], electroweak
precision observables [21], and various rates for flavor-changing decays of kaons, B-mesons
and charged leptons [34-42]. It has been observed in several of these studies that the
one-loop contributions to such quantities arising from virtual ALP exchange can be ultra-
violet (UV) divergent, but a consistent treatment of these divergences has so far not been
presented in the literature.

LOtherwise one needs to resort to cosmological and astrophysical bounds, see e.g. [27-30].



The renormalization-group (RG) evolution of the dimension-5 ALP couplings in the
effective Lagrangian Lgy4arp has recently been studied in [43, 44]. Here we point out the
important fact that the existence of an ALP with couplings to the SM necessarily induces
non-zero Wilson coefficients of the dimension-6 SMEFT operators contained in LsverT,
which produce effects across a wide variety of observables. In general, there are three types
of such effects:

e Matching contributions at the scale A = 47 f of global symmetry breaking arise from
integrating out heavy new particles contained in the UV completion of the ALP
model. Examples are heavy vector-like fermions with different Peccei-Quinn charges,
by which the ALP interacts with SM gauge bosons. These matching contributions are
model dependent, and they can only be calculated within a specific UV completion.

e Loop diagrams involving virtual exchange of the ALP are generally divergent and
induce inhomogeneous source terms in the RG equations for the Wilson coefficients
of the SMEFT operators.

o At low energies, the time-ordered product with two insertions of the ALP effective
Lagrangian Lsniarp yields non-zero contributions to scattering amplitudes describ-
ing processes involving SM particles only. These contributions can be systematically
calculated in the effective theory described by (1.1) as long as the ALP mass or the
characteristic scale of the observable are in the realm of perturbative QCD.

Of these three contributions, the second one is parametrically enhanced by large logarithms
arising from the evolution from the high scale A to low energies.? For example, a contri-
bution of this sort underlies ALP explanations for the deviation of the muon anomalous
magnetic moment from its SM prediction [21, 31, 33|, for which divergent diagrams in-
volving the ALP-photon coupling induce large logarithms in the coefficients of SMEFT
dipole operators.

In this work, we calculate for the first time the full set of ALP-induced terms in the
RG equations for the Wilson coefficients of the dimension-6 SMEFT operators in (1.1)
above the electroweak scale. Irrespective of its mass, which can even be much smaller than
the weak scale, the presence of an ALP generates inhomogeneous source terms in the RG
equations, which we write in the form

d S.
m iSMEFT _ ,YJSiMEFT CJSMEFT _ W (for 11 < 4rf). (1.2)
Here 'ySMEFT is the anomalous-dimension matrix of the dimension-6 SMEFT operators in

the Warsaw basis [45] (the transpose matrix governs the evolution of the Wilson coeffi-
cients), which has been calculated at one-loop order in [46-49]. The ALP source terms are
denoted by S;, and the overall suppression scale is set by the “ALP decay constant” f. The
presence of these source terms generates non-zero SMEFT Wilson coeflicients irrespective

2Tt is important to keep in mind that the other two contributions must also exist, if only to cancel the
renormalization-scheme dependence of the second contribution.



of the existence of any other source of new physics. We find that almost the entire set of
Wilson coefficients is sourced by ALP effects at one-loop order. As an important applica-
tion of our results, we present a study of the chromo-magnetic moment of the top quark
and briefly comment on constraints from electroweak precision observables.

In our calculations we adopt the notations and conventions introduced in [45], with
one exception: we define the covariant derivative in the fundamental representation of the
gauge group as Dy, = 0, —igsG, T* — iggWi%I — 191 YB,,, where T® are the Gell-Mann
matrices, o/ the Pauli matrices and ) the hypercharge generator. While this agrees with
most textbooks on quantum field theory, it corresponds to a different sign convention for
the three gauge couplings compared with [45, 49]. While the Warsaw basis defines the
standard choice of the SMEFT operators, it is convenient for many applications to redefine
the operators containing field-strength tensors by absorbing powers of the gauge couplings
into the operators (see e.g. [46]). In this way, odd powers of the gauge couplings g; and
mixed terms involving g;g; with ¢ # j can be avoided in the RG equations (1.2). In
appendix A we introduce such a basis of redefined operators { Q) } and present our results
for the corresponding source terms {5 }.

In section 2 we briefly review the effective Lagrangian describing the interactions of
ALPs with SM particles at dimension-5 order, following closely the presentation in [43]. In
section 3 we explain our method for calculating the ALP contributions to the RG equations
of the SMEFT operators. Our results for the complete list of ALP source terms S; in (1.2),
obtained at one-loop order in perturbation theory, are reported in section 4. In section 5
we briefly discuss two applications of our results, before concluding in section 6.

2 ALP couplings to the SM

An ALP provides a paradigmatic example of a new light particle, which interacts weakly
with the SM via effective interactions suppressed by a large scale f > m,. Concretely, we
consider a gauge-singlet, pseudoscalar resonance a, whose couplings to SM fields are pro-
tected by an approximate (classical) shift symmetry, possibly broken softly by the presence
of an explicit mass term m, in (1.1). This mass parameter is absent for the QCD axion. At
dimension-5 order, the most general effective Lagrangian for such a particle can be written
in the form [50]

D= a v,a 1 v, DUy
LET ALP = Z?G“” G 4 ey 2 4 7 W Sl 4 e 2L 4 f w B
_ (2.1)
— Z YECFYYF
F
Here GZV, WI and By, are the field-strength tensors of SU(3)., SU(2), and U(1)y, while

as = g2/ (47r) as = g3/(4m) and a1 = ¢?/(47) denote the corresponding coupling parame-
ters. BW = € “VO‘BBaﬁ ete. (with €923 = 1) are the dual field-strength tensors. The sum
in the last term extends over the chiral fermion multiplets of the SM (F' = @, L, u, d,e).
The quantities cr are hermitian matrices in generation space. For the couplings of a to
the SU(2);, and U(1)y gauge fields, the additional terms arising from a constant shift



a — a + ¢ of the ALP field can be removed by field redefinitions. For the coupling to glu-
ons, instead, the continuous shift symmetry is broken by instanton effects to the discrete
subgroup a — a+nwf/cqq with integer n [6, 7]. In this process, the ALP receives a small
mass even if the Lagrangian parameter m, in (1.1) vanishes [51-53].

Above we have indicated the suppression of the dimension-5 operators with the ALP
decay constant f, which is related to the relevant new-physics scale by A = 4rf. This is
the characteristic scale of global (Peccei-Quinn) symmetry breaking, which we assume to
be far above the electroweak scale. Higher-order interactions of ALPs with SM particles
also exist, an important example being the dimension-6 operator (9,a)(9"a)H'H, which
mediates a coupling to the Higgs boson. However, this operator is suppressed by 1/f2, and
hence it can only have an impact on the RG evolution of SMEFT operators of dimension 7
and higher.

Since our effective theory respects the SM gauge invariance and only contains the SM
particles and the ALP as degrees of freedom, it would need to be modified in scenarios
with a new-physics sector between the electroweak scale and the scale of global symmetry
breaking (v < Myp < 4w f). Even in this case, the effective Lagrangian (2.1) offers a
model-independent description of the physics below the intermediate scale Myp.

Note the important fact that the effective Lagrangian (2.1) does not contain a coupling
of the ALP to the Higgs field. The renormalizable portal interaction a? H'H is forbidden
by the shift symmetry, while a possible shift-symmetric dimension-5 coupling of d*a to
the Higgs current is redundant and can be removed by field redefinitions [50]. The free
parameters of the model are the ALP mass m,, the three ALP couplings cyy to gauge
fields (with V = G, W, B), and the 5 times 9 parameters of the hermitian matrices cp.?
It is well known that the derivative ALP couplings to fermions are only defined modulo
the generators of exact global symmetries of the SM [50], which are baryon number B and
the lepton numbers L., L, and L. for each flavor (since the neutrinos are massless in the
SM). It follows that four model parameters are redundant and can be chosen at will. For
example, one can choose (cr),; = 0 for i = 1,2,3 and Tr(cg) = 0, or one can arrange that
either ey = 0 or cgp = 0 (but not both) in addition with three constraints imposed on
the ALP-fermion couplings. The model thus contains 1+ 3 + 45 — 4 = 45 free parameters,
most of them related to the flavor sector.

The form of the effective Lagrangian (2.1) is the one in which the shift symmetry is
most explicit. However, for our purposes it will be useful to consider an alternative but
equivalent form, in which the ALP couplings to fermions are of a non-derivative type [43].
Integrating by parts in the last term in (2.1) and using the SM equations of motion (EOMs)
along with the equation for the axial anomaly leads to (with H; = €ij H )

D=5/ @ ~a Apva @ vl i, I a Pu
ESM—i—ALP = Caa ? ij GM + Cww ? ij WH» + Cgg ? B, B*
a

f

where the three Yukawa-type matrices ,§7f (with f = u,d, e) are related to the SM Yukawa

- o - (2.2)
(QHYuuR L QHY,dg+LHY, e+ h.c.) ,

3The scale f can be absorbed into the ALP couplings and hence does not add a new parameter.



matrices and the five hermitian matrices cg by
Y, = i(Yyeu — cQYa), ?d =i(Yyeq—cqoYa), Y, = i(Yece —crYe). (2.3)

Note the important fact that the ALP-boson couplings in (2.1) are also affected by the
field redefinitions. One finds

I 1
Coa= %‘:_ -CGG+2Tr(Cd+Cu—2CQ):| = %EGG;
as [ 1 Qg
ag [ a1
CBB:ﬁ CBB+Tr[NC(ygcd+y§cu—2yécQ)+y§ce—2y%cLH5471ch3,

where the traces are over generation indices, N, = 3 is the number of colors, and ), = %,
Vi = —%, Yo = %, Y. = —1and Y, = —% denote the hypercharge quantum numbers
of the SM quarks and leptons. Note that the couplings Cyy and Y} in the effective
Lagrangian (2.2) are invariant under the redundancies mentioned above, i.e. the values of
these parameters do not change under the field redefinitions corresponding to the generators
of B, L., L, and L.

If the Lagrangian (2.2) were taken as the defining effective Lagrangian of the ALP
model, there would be no apparent reason for the complex matrices 37f to have any par-
ticular structure. The model would then be characterized by the ALP mass parameter
mg, the three ALP-boson couplings Cyv, and three generic complex matrices containing
3 times 18 parameters, making for a total of 1 4+ 3 4+ 54 = 58 free parameters, 13 more
than in the effective Lagrangian (2.1). It is the shift symmetry encoded in the effective
ALP Lagrangian (2.1) that gives rise to the hierarchical structure of the matrices ?f, which
results from the appearance of the SM Yukawa matrices in (2.3). This feature distinguishes
an ALP from a generic pseudoscalar boson a.

Our definitions of the ALP couplings in (2.1) are such that the parameters cyy and
cr are expected to be of O(1) when one applies the counting rules of naive dimensional
analysis [54-56]. These rules imply, in particular, that the ALP-boson couplings cyy should
be accompanied by a loop factor [21]. This is natural in QCD axion models, because the
0 parameter, which is dynamically set to zero by a shift of the axion field in the Peccei-
Quinn mechanism [5], couples to the topological quantity g= Gy, G*@_ In the literature
on ALPs, on the other hand, the couplings to gauge bosons are often defined as in (2.2),
without factoring out one-loop suppression factors, and the parameters Cyy are treated
as phenomenological parameters. In our analysis we will be agnostic about the relative
size of the various coupling parameters in (2.2) and perform all calculations consistently to
one-loop order in the ALP interactions. This is in the spirit of the Warsaw basis, where one
avoids including loop factors in the definitions of the operators and making assumptions
about the relative size of Wilson coefficients.

In recent work, a detailed study of the RG evolution of the ALP couplings to SM
particles in the effective ALP Lagrangians (2.1) and (2.2) from the new-physics scale A down
to low energies has been performed [43, 44]. We summarize the one-loop RG equations in



appendix B. In addition to the effects considered in these works, loop diagrams containing
ALPs as virtual particles require dimension-6 (and higher) operators built out of SM fields
as counterterms. The presence of an ALP, even if it is very light, thus generates non-zero
Wilson coefficients of many of the operators in the SMEFT. In this paper we present a
systematic study of these effects at one-loop order.

3 Green’s functions requiring SMEFT counterterms

In order to calculate the ALP source terms in (1.2) from the effective Lagrangian (2.2), we
study the UV divergences of all relevant amputated, connected Green’s functions involv-
ing a virtual ALP exchange, whose counterterms correspond to local dimension-6 SMEFT
operators. We work consistently at one-loop order and in a general covariant gauge. All
results shown below are gauge independent. To confine the analysis to one-particle irre-
ducible (1PI) diagrams, we work with a basis of SMEFT operators that is complete without
using the EOMs for the SM fields (this is sometimes called a Green’s basis [57]). After
identifying the relevant counterterms in this basis, we project the results onto the War-
saw basis by eliminating the redundant operators. Following [45], we differentiate between
purely bosonic operators, operators containing a single fermion current, and four-fermion
operators. Table 1 summarizes which of the operators in the extended basis are contained
in the Warsaw basis, and which of these operators are generated by ALP exchange either
directly (via one-loop diagrams) or indirectly after using the EOMs. In each case we refer
to the relevant figure for some representative Feynman diagrams.

For a given Green’s function, we express the sum over Feynman diagrams in the form

> DM = iA (3.1)

where the coefficient of the UV 1/e pole, with € = (4—d)/2 being the dimensional regulator,
is expressed in terms of matrix elements of operators in the extended basis. In order to
remove these poles in the process of renormalization, the SMEFT operators are required as
counterterms. This, in turn, implies that the ALP couplings appear as source terms in the
RG evolution equations for the SMEFT Wilson coefficients, as shown in (1.2). We prefer
to perform our calculations using the second form of the effective ALP Lagrangian shown
in (2.2) rather than the original form (2.1), which is completely equivalent. The reason is
that in (2.2) the ALP-fermion couplings always involve a Higgs field. It can then easily be
seen without explicit calculation that there do not exist one-loop Feynman diagrams with
ALP exchange that would require operators in the classes X H2D?, H?D*, 42X D, ¢?D?
and 12 H D? as counterterms.

3.1 Purely bosonic operators

We begin by considering SMEFT operators built out of field-strength tensors X (normal or
dual), Higgs doublets H and covariant derivatives D. The Warsaw basis contains operators
in the classes X3, X?H?, H% and H*D?, whereas all operators in the classes X2D?, X H?>D?
and H?D* are redundant and can be reduced to the operators of the Warsaw basis using
the EOMs.



Operator class Warsaw basis Way of generation Feynman graphs
Purely bosonic

X3 yes direct — Figure 1
X2D? no direct Figure 1
X2H? yes direct — Figure 2

XH?D? no —

HS yes — EOM Figure 1
H*D? yes — EOM Figure 1
H?D* no —

Single fermion current
W2 XD no —
2 D3 no —
VX H yes direct — Figure 3
W2 H? yes direct EOM Figures 4, 1, 5
V2 H?D yes direct EOM Figures 5, 1
W2 HD? no —
4-fermion operators
(LL)(LL) yes — EOM Figure 1
(RR)(RR) yes — EOM Figure 1
(LL)(RR) yes direct EOM Figures 6, 1
(LR)(RL) yes direct — Figure 6
(LR)(LR) yes direct — Figure 6
B-violating yes — —

Table 1. Summary of the different classes of dimension-6 operators in the extended SMEFT basis.
X represents a field-strength tensor (normal or dual), H a Higgs field, ¢ a chiral fermion, and D
a covariant derivative. Operators contained in the Warsaw basis are shown on white background,
while redundant operators are highlighted in blue. The third and fourth columns show which
operators are generated by one-loop ALP exchange, either directly or via the EOMs. The last
column refers to the figures showing the relevant Feynman diagrams. When more than one figure
is listed, the first number refers to the figure showing the direct contributions.

Classes X2 and X2D?2. The extended basis contains two types of operators in these
classes: the Weinberg operators @y and Q‘~/ containing three gauge fields (with V' =
G,W), and operators containing two gauge fields and two covariant derivatives. The latter
operators are redundant and can be eliminated using the EOMs, but they must be kept
in the extended operator basis. Those involving gluons fields can be defined as @(;71 =
(D,G)* (DPG*)* and Qo = (DPG ) (Dy G¥*)®. Here and below, operators Q; are
contained in the Warsaw basis, while redundant operators in the extended basis are denoted



Figure 1. Representative one-loop Feynman diagrams with ALP exchange (red dashed line), which
require operators in the classes X* and X2D? as counterterms. The 2-point functions (first graph)
exist for all three types of gauge bosons, while the 3-point functions (last two graphs) require non-
abelian vertices involving three gauge bosons.

by @Z The Bianchi identity implies the relation
20:Qc + Qa1 — 2Qc2 =0, (3.2)

which can be used to eliminate @GJ from the extended basis. We are thus left with
the operators R
Qa2 = (DPGpu)* (D GH)",
Qwa = (D*W,,)" (D, Wer)! | (3.3)
Qpa = (D" By) (DuB).
Analogous operators, in which one of the two field-strength tensors is replaced by a dual
tensor, are not needed as counterterms in our analysis.

At one-loop order, the 1PI Feynman diagrams with a virtual ALP exchange, which
require operators in the classes X3 and X2D? as counterterms, are shown in figure 1. Here
and below, a red dashed line represents an ALP propagator, while red dots mark the 1/ f-
suppressed ALP-SM vertices. In order to determine the coefficients of the counterterms
we study both the three-boson and two-boson Green’s functions with off-shell external
momenta. The three-boson amplitudes only exist for the non-abelian gauge fields. Starting
with the gluon case, we find that both the 3-gluon and the 2-gluon amplitude can be written

in the form
2

Alag(9)) =~ [19.(Qa) + 5 (Qoa) — 202 (G2, G + inite, (3.)

where the matrix element of Qg requires three external gluons to be non-zero. In a com-
pletely analogous way, we find that

2
A(WW (W) = —CWTW [4g2<QW> + g (Qwa) — 2m2 (W1, W’“’J)} + finite, -
2 3.5
A(BB) = —% E (Ops) — 2m? (BWBW)] + finite.

In all three cases, the presence of the contributions proportional to the ALP mass parameter
m? leads to a wave-function renormalization of the gauge fields, which affects the scale
evolution of the running couplings as(p), ae(p) and aq(p). This will be discussed in detail
in section 4.1.

Classes X2H? and X H?2D?. At one-loop order, the 1PI Feynman diagrams with a
virtual ALP exchange, which require operators in class X?H? as counterterms, are shown
in figure 2. The vertices connecting Higgs and gauge bosons exist only for SU(2); and



Figure 2. Representative one-loop Feynman diagrams with ALP exchange (red dashed line), which
require operators in the class X2H? as counterterms. Higgs doublets are represented by thick dotted
lines, with the arrow indicating the hypercharge flow.

U(1)y gauge fields. We find that the UV divergences of the corresponding amplitudes
(with all particles incoming) can be written in the form

2
AWWH*H) = CVZW 95 (Quw) + finite,,

2
A(BBH*H) = Chp 92 (Qup) + finite (3.6)
€
Cww C
A(WBH*H) = M 29192 (Quwa) + finite.

Operators in the class X H?D? are not generated by ALP exchange at one-loop order.

Classes H®, H*D? and H2D*. The operators in the classes H% and H*D? are not
generated directly via one-loop diagrams involving ALP exchange, but they are generated
indirectly when the redundant operators are eliminated using the EOMs. The relevant
relations are derived in section 3.4. Operators in the class H2D* are not generated by
ALP exchange at one-loop order.

3.2 Operators containing a single fermion current

Classes 92X D and 2D3. These operators are not generated by ALP exchange at
one-loop order.

Class 192X H. The operators in this class are generated by the one-loop Feynman graphs
shown in figure 3. We find that the UV divergences of these diagrams can be expressed as

A(L;e, WH) = 22 (Y2),, Cww [(Qew)],, + finite,

2¢

A(Lye; BH) = 2 (V. + Vo) (Yo),, O [(Qep)],, + finite,

AQur gH*) = 292 (%) Coa [(Quo)],, + finite,

A(Qu, WH*) = %2 (Ya),, Cww [(Quw)] , + finite,

A(Q}u, BH*) = i’% Vo + V) (E)pr Cpp [(Qus)],, + finite, (3.7)
A(@pd-gH) = 2% (¥),, Coc [(Quc)],, + finite,

€

AQydWH) = 22 (V) Covw [(Quw)],, + fnite.
A(Qpd, BH) = % (Vo + Vi) (?d)pr CBa [<QdB>]pr + finite,,

where p,r = 1,2, 3 are generation indices.

~10 -



Figure 3. Representative one-loop Feynman diagrams with ALP exchange (red dashed line), which
require operators in the class 12X H as counterterms. Thick (thin) solid lines represent left-handed
fermion doublets (right-handed fermion singlets). If the right-handed fermion is an up-type quark,
the arrows on the Higgs lines need to be reversed.

// \\ // \\ // \\
/ \ / \ / \
.L: .\.: .L: .\.: .(: L:
d i Q d i Q uw P Q fu ioQ d i Q u i Q
A Y A Y A Y A A Y

Figure 4. Representative one-loop Feynman diagrams with ALP exchange (red dashed line), which
require operators in the class 12 H?> as counterterms. Graphs involving both Y, and Yy, such as
the third one, vanish after summing over the permutations of the Higgs fields.

Classes ¥?H?3, 1p2H?D and y?HD?. Operators in the class ¥»>?H? are generated by
the one-loop Feynman graphs shown in figure 4. We do not show a diagram analogous to
the first one involving leptons. We find that the UV divergences of these diagrams can be
expressed as

1 ~ —~
A(Lyer H'HH) = - (YeY.'Ye) . [(Qen)],, + finite,

A(QEuy HYH'H) = % (Va¥]Y),, [(Qu)] , + finite, (3.8)

1 — .
A(Qpd, H'HH) = - (YY) Yq),,. [(Qan)],, + finite.

There exist diagrams such as the third one shown in the figure, which are proportional to
structures like (?u Y, ?d)m. However, we find that such graphs give vanishing contributions
after summing over the permutations of the two incoming (or outgoing) Higgs bosons.

For the operators in the class ¥?>H2D, which are generated by the one-loop Feynman
graphs shown in figure 5, it is necessary to define the redundant operators

QW) = HUH (L,ipL). (@), = Hlo'H(L,Po'L).

[@He}pr = H'H (¢, zﬁer) ,

o) —HH@G,F). [0, -HlHG B0,
Qi = HH (i Pu),  [Qnal,, = HH (&,iPd,),
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Figure 5. Representative one-loop Feynman diagrams with ALP exchange (red dashed line), which
require operators in the class 92 H?2D as counterterms. Analogous graphs exist in the lepton sector.

which are not part of the Warsaw basis. They will later be eliminated using the EOMs.
We find that the UV divergences of these diagrams can be expressed as

AL L) = o (D), ((QU],, + Q5] ~ QD] — QD] ) + finite,

Aleyer HH) = 1 (Vo) ([(@u], + [(Quo)],, ) +finite,

A(QZQTH*HPé(Z?J)W([<Q(U>] — (@5, + Q] — (@), ) +finite,
+81 @”ﬁ)m (LQEN],, + 1@, ~ QN ~[@],.) (3.10)

A(U;UTH*H) p'r( QHu QHu>] r) +finite,
A(dsd, H*H) = YT Y, W( (Qua),, + [(Qua)],, )+ﬁnite,
A(uyd, HH) = (YJr Yd)pr[ QHud ] +finite.

Operators in class wQH D? are not generated by ALP exchange at one-loop order.

3.3 Four-fermion operators

At one-loop order, ALP exchange between four fermions gives rise to the diagrams shown
in figure 6. Since the ALP coupling to fermions changes chirality, each diagram contains
two left-handed and two right-handed fermions. Four-fermion operators containing only
left-handed or only right-handed fields are therefore not generated directly in our model
at one-loop order. Nevertheless, as we will show later, almost all four-fermion operators in
the Warsaw basis are generated at one-loop order when the contributions from the EOMs
are taken into account.

Using Fierz identities for some of the operators and color structures, we find that the
amplitudes corresponding to the diagrams shown in figure 6 can be written as

ALheres L) = g (Vo) (V). [(@uc)], + finite,
l =\ & 1

AQpuruy Q) = == (Ya),, (V) ([<Qg§2>]w + 5w [<Qgg>]ptsr) + finite,
1 1

A @0) =~ (Y2) (V1) 1 (L@ ]+ v (@), ) + e,

~12 -



Q" T Q 7 u ' Q

Figure 6. Representative one-loop Feynman diagrams with ALP exchange (red dashed line), which
require operators in the class 1* as counterterms. Analogous graphs exist in the lepton sector.

ALy d2Q0) = (%), (V) [(Queag)],, o + fimite
1 —~ —
A@pdr Qur) = - (Ya),,, (Ya)  [(Qquga)] g + fimite

1 — —
ALper Qiur) = == (¥e),, (V) , [(Qiey)] .,y + finite. (3.11)

3.4 Elimination of redundant operators

In the next step, we must decompose the redundant operators @Z into SMEFT operators
in the Warsaw basis, using the EOMs for the SM fields. We find that the relevant relations
for the purely bosonic operators defined in (3.3) are

N _ _ 2
QG2§9§ (QWMT‘IQjLﬂ'yuT“u—Fd*yMTad) (3.12)

1 1
|: ( [Q ]p’/‘rp [Q‘(]?‘})]prrp) B W [Q‘(I}I)]pprr [Quu]prrp c [Quu]pprr

45 1Quil ey~ g [Qu] g +2 (@), 421Q 0, 4210,

~ <= — —
Qwa ™ (HUD,{HJFQWUIQJFLWUIL)

INSNESE

[ (111 03 Qu 3@+ (04, 10,
+2[(Ya),, [Qua) , +(Ya),,, [Qan] , +(Yo),, [Qen] , +hoc.]

+2[Ql(3)]ppTr+2[Qll]per [Qul,ppyt [Qé?}pm],

(3.13)

and

~

2
Q2247 (yH HT iﬁuHJr > Vr 1/_JF’YM/1F>
I3

=gi [y?{ (4Qup+Qun)
+2Du (Ve [Qin],, + Ve [
+V1[Qu],,, + V5 [Q]
+2VrV0 Q]
+2Y0 Ve [Qqe]
+2Ve Vo [Qeu]

}pp—i—ye [QHe]pp+yu [QHu}mﬁ—yd (QHa) pp)
oo TYVE (Qeel Vi [Quul , + Y [Qad]
oprr T2V Ve (Que]. 42V V0 [Quu] oprr T2V V4 [Qud]
+2Y0Vu [QW ]pprr+2y62 Vi [qu ]
+2Ve Vi [Qed] . +2VuVi [Q

pprr

pprr pprr

pprr pprr

(3.14)

pprr pprr ] pprr | °
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They are in agreement with corresponding relations derived in [57]. In relation (3.13),

m?; is the Higgs mass parameter and \ the scalar self-coupling as defined via the scalar

potential [45]

2
V= % (H'H) —my HH. (3.15)

The relevant relations for the operators containing a single fermion current defined
in (3.9) read

QYN = (Y2, [Qen] .+ (Y), [,

Q9N = (Y2, [Qen] . + (Y), [,

@Quel , = (Ye),, [Qen],, + (YD), (@),

Q)= (Ya),, [Qan],, + (V) [Qua)  + (Y]),, [QLy],, + (¥),, [QLy],, . (3.16)
QD)= (Ya),, [Qan],, — (V) [Qual , + (Y)),, [Qhy],. — (¥),, [QLal,, -
[@Hu]m = (Ya),, [Qual,, + (YJ), [Qlﬂ]psa

(@l = (Ya),, [Qar],, + (Y)),, [Qh4],,

4 Derivation of the source terms

With the exception of the CP-violating bosonic operators as well as the baryon-number
violating four-fermion operators, which do not arise in our model because the ALP neither
has CP-violating couplings to gauge fields nor couplings that violate baryon number, almost
all of the 59 SMEFT operators in the Warsaw basis are sourced by ALP exchange at
one-loop order. There are only three special cases: the bosonic operator QQgg and the
four-fermion operators Qt(]i)qd and Ql(g);
Below we list our results for the ALP source terms in the RG equations (1.2) for the

,, Teceive source terms starting at two-loop order.

Wilson coeflicients of the dimension-6 SMEFT Lagrangian in the various operator classes of
the Warsaw basis. Before doing so, we consider ALP effects on the evolution equations for
the SM coupling parameters, i.e., the couplings of the renormalizable (D = 4) operators.

4.1 Renormalizable operators

The effective Lagrangian (1.1) contains two dimensionful parameters besides the scale f:
the Higgs mass parameter m%{ and the ALP mass parameter m2. One-loop diagrams with
a virtual ALP exchange can therefore generate divergent terms proportional to m%l /f?
or m2/f?, which require the dimension-4 operators of the SM as counterterms. We have
seen two occurrences of this phenomenon: the contributions proportional to m2 in (3.4)
and (3.5), and the term proportional to m?% in (3.13). A careful inspection of the UV-
divergent Green’s functions requiring SM counterterms shows that these are indeed the
only such terms generated at one-loop order in the ALP model.

The divergent contributions proportional to m?2 in (3.4) and (3.5) are absorbed by a
wave-function renormalization of the gauge fields. The corresponding contributions to the
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Z factors defined by G}, , = Z(l;/2 G, etc. are

sm? O3 sm2 Oy
TnfE e T e e 0 BT g

These Z factors enter in the relation between the bare and the renormalized gauge cou-

(4.1)

plings, and consequently the presence of the ALP leaves an imprint on the S-functions
of the SM gauge couplings. For the case of the running QCD coupling, as = as(u), the
relation is a9 = ,u2€ Zo, 05 with Z,, = qug Zq 2 ZGI. The wave-function renormalization
factor Z, of the quark fields and the vertex renormalization factor Zz,, do not receive ALP
contributions at one-loop order. The fact that the bare coupling a g is scale independent

implies the relation

1 das 1 dZ,, . s 8mi C%i.

- — —9¢— ——_ s th 7. =27°M _ a 4.2

as dinp ‘ Zo, dlnp’ b o G (4nf)? e (42)
In evaluating the derivative of Z,, one uses that das/dlnp = —2eas + ... and
dCés/dlnpu = —2eC%, + ... up to higher-order corrections. The latter relation fol-

lows from the fact that the bare coupling C o in the effective Lagrangian (2.2) has mass
dimension [Cga,o) = €. Taking the limit € — 0 after the derivatives have been computed,
and defining das/dInp = —2a,6%) ({oy}), and similarly for the other gauge couplings,

we obtain
2
89 ({as}) = Bu({ei}) + uw526%0’
2
P ({ai}) = BGa({ei}) + MWAQO%W, (4.3)
2
aih) = Baaid) + o7 5 Chs.

The notation {«a;} indicates a dependence on all coupling parameters in the SM, which
enters starting at two-loop order.

The divergent contribution proportional to m? in (3.13) is absorbed by the renor-
malization of the quartic scalar coupling A\. The renormalization factor Z,, defined by

Ao = 1% Zy (), receives a contribution

895 my Chw

02\ = =+ 4.4

AT B (Arf)? e (44)

This generates an additive, ALP-induced contribution to the RG evolution equation for
the renormalized coupling A(u), such that
d\ 1693 m?%

I == (an f)? C%y + SM contribution . (4.5)

4.2 Source terms of purely bosonic operators

We now turn our attention to the derivation of the ALP source terms in the RG evolution
equation (1.2). The dimension-5 operators in the effective ALP Lagrangian LgniarLp
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in (1.1) give rise to UV-divergent Green’s functions, which require the dimension-6 SMEFT
operators @); as counterterms. More specifically, the bare Wilson coefficients C; o in the
dimension-6 SMEFT Lagrangian

L&mrT = Z Ci0 Qi (4.6)

must contain divergent contributions, which cancel the 1/e poles of the ALP contributions.
Consider the contribution proportional to the Weinberg operator Q¢ in the 3-gluon ampli-
tude (3.4) as an example. In order to cancel the corresponding 1/€ pole, the bare Wilson
coefficient Cg o must contain the contribution

495 L,
CG,OBWC%G<6+1HW+...>, (47)

where M? is a characteristic mass scale in the UV theory, and the combination of 1/e
and In p? is generic for one-loop integrals in dimensional regularization. When the Wilson
coefficient is renormalized, the 1/e pole term is removed, but the scale-dependent term

remains. It follows that

89s
dln g Ce(p) 2 ﬁ Cée - (4.8)

In this way, the ALP source terms for the various Wilson coefficients can be derived from
the coefficients of the 1/e poles in the expressions for the various divergent Green’s functions
considered in section 3.

Class X3. From the results for the 1/e poles in the two- and three-point gauge-boson
amplitudes shown in (3.4) and (3.5), we obtain the ALP source terms
Sq =8¢:Céc, S5=0,

5 (4.9)

Class X2H?2. From the results for the 1/¢ poles in the amplitudes connecting two Higgs
bosons and two gauge fields shown in (3.6), we obtain the ALP source terms

Spa =0, S, =0,
Suw = =295 Ciyw Sy =0, (4.10)
Syp=—2¢:C%p, Sy5=0,

Suws = —49192 Cww CBB, Syivg =0

Here and in (4.9), the source terms for the CP-odd operators (marked with a tilde) vanish at
one-loop order, because the ALP does not have any CP-violating couplings to gauge bosons.

Classes H® and H*D?. The operators in these classes do not receive any direct contri-
butions from one-loop diagrams with ALP exchange, but they are generated via contribu-
tions from the EOMs due to the operators Qw2 and @ p 2, see relations (3.13) and (3.14).
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We find .
Su =3 A5 Chrw

8
Sut =295 Ciyw + 591 Vi Ch (4.11)
32
SHD = gg% Vi Chp .-

4.3 Source terms of single fermion-current operators

The Wilson coefficients of these operators are matrices in generation space. We present our
results for the corresponding source term using a matrix notation with boldface symbols.

Class 92X H. From the results for the 1/¢ poles in the amplitudes connecting two
fermions to a Higgs field and a gauge field shown in (3.7), we obtain the ALP source terms
Sew = —ig2 Ye Cww
Sep = —2ig1 (V1 + Ve) Y. Cpp
Sua = —4ig, ¥, Caq,
Suw = —iga Yoy Cwyw
Sup = —2ig1 (Vo + Vu) Yu Ci3,
Sic = —4igs Ya Coa ,

(4.12)

Saw = —1g2 Ya Cww ,
Sap = —2ig1 Vo + Vi) YaCpp.
Class 9p2H3. The source terms for the operators in this class receive direct contributions,

as shown in (3.8), as well as contributions from EOMs, from the relations given in (3.13)
and (3.16). We find

— e 1= 1. —— 4
Sen = 2V Y Ye = S XYY, - SV YIYo + S 3 Gy Yo,

- e 1= 1., v~ 4
suH=—2YuYJYu—§YuYJYu—§YUYJYU+§g§C§VWn, (4.13)

— i~ 1= 1.~~~ 4
San = —2Y Y[ Ya — S Ya¥[ Yo~ Ya¥[ Y+ 5 03 Clow Ya.

Class ¥2H?2D. The source terms for the operators in this class receive direct contribu-
tions, as shown in (3.10), as well as contributions from EOMs, from the relations given
in (3.13) and (3.14). We find

1~ -~ 16
S’gl)zzierjﬁ’?g%yHyLC%Bl?
l——~. 4
S = LYY+ Rt
l—.~ 16
SHez—iY;TEJr?g%yHyeC%Bl’
1/~~~ — 16
Siy = 3 (Ya¥id = YY) + 5 01 Yu Yo COhp 1.
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1
S8 = 1(YYMLYYT)JF 93 C%w 1,
1

16
SHu 5YTY +§glyHyucBB1
Spa= ——YJYd 16 g1 VuYiCip1,
SHua =Y, Y. (4.14)

4.4 Source terms of four-fermion operators

The Wilson coeflicients of these operators are 4-index tensors in generation space, and we
therefore present our results for the corresponding source term in component notation.
The direct contributions to the source terms are derived from the four-fermion amplitudes
collected in (3.11). In addition, there are several indirect contributions from the EOM
relations in (3.12), (3.13) and (3.14). The source terms for operators in the classes (LL)(LL)
and (RR)(RR) are entirely due to these EOM relations.

Class (LL)(LL). For the source terms of the purely left-handed four-fermion operators
we obtain

[S”} prst

2 2
[S(gfll)}prst =3 gg C%G <5pt581“ AT 5pr(55t> + = 91 yQ CBB 5pr65t ,

2 8
= g g% C{%VW (25pt687" - 5pr65t) + = g% y[2, C%B 6p7”5$t )

2
[S(g)h”st 3 gs CGG OptOsr + 5 92 CWW Opr Ost 5 (4.15)
[Sl(ql)}prst -9 gl yLyQ CBB 5pr Ost ,
3 4
[Sl(q)}prst 2 C'WW 5pr 5st

Class (RR)(RR). For the source terms of the purely right-handed four-fermion opera-
tors we obtain

[See]prst =3 gl y2 CBB 6pr63t y

4 1 8
[S“u]prst = 3 gs CGG <5pt Osr — N, 5p'r 531&) + 3 g% yg C%B 5pr dst
1

[Saal st = %93 Céa <5pt58r TN O Opr O ) +3 8 9t Vi Ch Opr st »

Sl oy = 5 63 Ve Chin i (4.16)
(Seal o = E VeV Oy by,

[S’l(/,ld)]p'rst = 16 9% VuYa Ch prbst »

v prst = 136 5 C2G OprOst -
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Class (LL)(RR). For the source terms of the mixed-chirality four-fermion operators in
this class we obtain

~ ~ 16
[Ste] g = (Ye) ,, (Y, + 3 B VLYV O3 6pr st
16
[Slu}prst = ? g% Vi Vu C%B 5pr53t s
16
[Sta] gy = 3 91 VLY Chp 6pr st »
16
[Sqe}prst = ? g% yde CJQBB 5prdst )
N L 16, 2 (4.17)
[Squ }prst = Fc (Yu)pt (Yu )Sr + ? 91 yQyu CBB 5p7”68t )

-~ -~ 16
[Slgi)}prst =2 (Yu)pt (YJ)ST + ? 93 C%G 51”" Ost »

1 = ~ 16
3 =\ = 16

Classes (LR)(RL) and (LR)(LR). For the source terms of the mixed-chirality four-
fermion operators in these classes we obtain

~0, (4.18)

Class B-violating. The B-violating operators Qauq, @qqu, Qqqq and Qgyy are not gener-
ated in the ALP model, because the model does not contain any B-violating interactions.

4.5 Structure of the source terms

It is instructive to study the structure of the various ALP source terms in more detail.
For the bosonic ALP couplings Cyy with V = G, W, B, we have presented in (2.4) the
relations which link them with the couplings in the underlying shift-symmetric ALP La-
grangian (2.1). Note that, besides the three original ALP-boson couplings cyy, also the
diagonal elements of all ALP-fermion couplings enter in these relations. In other words,
even in so-called gauge-phobic models, in which some or all of the original ALP-boson cou-
plings are assumed to vanish, the couplings Cyy in the ALP source terms are nevertheless
non-zero as soon as the ALP has at least some couplings to the SM fermions.

The fermionic ALP couplings in the source terms are encoded in the complex matrices
,}7f with f = u,d, e defined in (2.3). They inherit the hierarchies of the SM Yukawa matrices
Y, which multiply the hermitian matrices cr in the original Lagrangian (2.1). We can
simplify the structure of the matrices ?f by choosing a convenient basis of the fermion
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fields. Without loss of generality, we work in the basis where the up-sector and lepton-
sector Yukawa matrices are diagonal, while the down-sector Yukawa matrix is given by Y; =
VYddlag with Yddlag = diag(ya, Ys, yp), where V' denotes the CKM matrix. Following [21,
43], we denote the ALP-fermion couplings in this basis by ky = cg, kg = cr, and kf = ¢y
for f = u,d,e. Moreover, we define kp = VTcQV. With these definitions, the matrices
k; specify the ALP-fermion couplings in the mass basis of the SM fermions. From (2.3), it
the follows that

The diagonal elements of these matrices are given by

-1 [i;e] i = Ceiei yei ’

where we have defined [21]
Cfifi = [kf]u - [kF]u (4.21)

Further simplifications arise if one makes assumptions about the flavor structure of
the ALP-fermion couplings in (2.1). For example, assuming minimal flavor violation
(MFV) [58], and neglecting contributions quadratic in the Yukawa couplings of the light
SM fermions (f # t), one finds that the matrices ¢, and ¢ are diagonal but in general have
non-universal 33 entries, whereas ¢y, ¢. and ¢y, are proportional to the unit matrix [43].
The unitarity of the CKM matrix then implies that

[kD]n = [kU]u + |th|2 ([kU}ggg - [kU]ll) ’
[kD]QQ = [kU]QQ + ’V%S|2 ([kU]gg, - [kU]u) ) (4'22)
[kD]gg = [kU]gg - (1 - |th|2> ([kU]gg - [kU]ll) :

In the Wolfenstein parameterization of the CKM matrix one has [Vig|? ~ AS, [Vig|? ~ A
and (1 — |th|2) ~ A, where A ~ 0.2. It follows that we can replace [kU]u = [kD]n' to very

good approximation. Under the MFV hypothesis, the relations (4.19) then simplify to

. MFV
—1 [Yu] = Cuju; Yu; (Sij s

ij
. \%
-t [Y:i] ij = Cd;d; Vuidj Yd; » (423)

. v TMFV
— [Y;] i = Ceje; Ye; 5ij .

In matrix notation, these relations imply —iva'fMF Vo~ diag(cy, f1, Cfafas Cafs) Yy for all three
cases (f = u,d,e).
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5 Sample applications

The results obtained in this paper form the basis of a systematic analysis of the effects
of virtual ALP exchange on precision measurements. They also explain the origin of the
logarithmic divergences observed in some previous studies of ALP-induced loop corrections
to the anomalous magnetic moment of the muon [20, 21, 31-33] and electroweak precision
observables [21], and they provide a framework in which such logarithms can be resummed
by solving the RG evolution equations (1.2). Many of the dimension-6 operators which
receive contributions from ALP-induced RG evolution effects are strongly constrained, for
example by measurements of electroweak precision observables and of the properties of the
Higgs boson, the top quark and the gauge bosons at the LHC (see [59] for a comprehensive
global analysis and an exhaustive list of references to earlier SMEFT fits). This implies
that areas of the ALP parameter space which may still be unconstrained by direct searches
can be probed indirectly, using constraints on dimension-6 SMEFT operators implied by
precision studies. We now briefly illustrate the usefulness of our approach with two ex-
amples, leaving a more comprehensive analysis to future work. For the purposes of this
discussion we assume that the ALP mass is light, of order the electroweak scale or lighter.
In this first exploration we neglect the matching contributions to the SMEFT Wilson co-
efficients from heavy new states at the UV scale A = 4xnf, which can only be assessed
within a concrete UV completion of the effective Lagrangian (1.1). We also omit one-loop
contributions to the observables arising from the low-energy matrix elements in the effec-
tive theory. As explained earlier, the effects from RG evolution which we calculate are
enhanced over these two contributions by a large logarithm. Our calculations have shown
that the same ALP couplings appear in the source terms for many different dimension-6
operators, so it is likely that more powerful constraints than the ones we discuss below can
be derived from a global analysis of precision observables.

5.1 Chromo-magnetic moment of the top quark

The chromo-magnetic and chromo-electric dipole moments of the top quark, ji; and dy, are
two important precision observables probing new physics above the electroweak scale [60—
62]. They can be defined in terms of the effective Lagrangian [61]

=g (ErTer e s P gomasge % g g e (5.1)

ttg — 9s \ VY m 2my o uv 2my o s pv |- :

The overall sign on the right-hand side has been chosen so as to be consistent with our def-
inition of the covariant derivative. Matching this expression with the dimension-6 SMEFT
Lagrangian at lowest order, we find
33 ;o ytvz

ReC y dt
s uc gs

N thQ
He =

ImC3, (5.2)

u

where all quantities are evaluated at the scale y = m;. The Wilson coefficient C’S% =
[Cuglss is defined in the up-quark mass basis (see section 4.5). Neglecting contributions
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proportional to electroweak gauge couplings and light-quark Yukawa couplings, one finds
that this coefficient obeys the RG equation [48, 49]

d 55 S <15at B 17a5>0
dinpg “C 7 (4nf)? 8t 12«

94? w(Co+iCg) + 25 (Cuic +iCg)

(5.3)

where S23, = [Suclss, and oy = y?/(47). In the same approximation, the RG equations
for the other Wilson coefficients entering this relation read

d Sa 15as

e ¢ T T OO
d 15
dlnp G~ 4r Ca- (5.4)
d 3ay  Tag Js yt )
- =|—- C Re
dlnuCHG ( 2 2 ) HG + 472 CuGa
d Jap  Tas 9sYt
—C =5 — 5= mC33,
dlnpy HG (277 277) HG 472
The relevant ALP source terms,
Sut = 4gsyren Caa Sc =895 Céq » (5.5)

obtained from (4.9), (4.12) and (4.20), are both real-valued. It follows that Cx, Cp,5 and
%mCS?C’; vanish in the ALP model, and the RG equations simply to

d G533 1500 17a . 9a 9sYt
—— ReC3? uG — ) ReC3? T C
dlng T (drf)2 ( 8 127r) eCuc + 7 An2 THE
d Sa 150
_ 5.6
dlnp ¢ (4 f)? + 47 e, (5.6)
d . 3at Ta 9sYt
dlnuCHG_<27r 27T)CHG+4 ReCut

Solving these coupled equations would provide solutions for the Wilson coefficients in which
the large logarithms of the ratio 47 f /m; are resummed in leading logarithmic approxima-
tion. For our purposes, however, it will be sufficient to obtain a rough approximation
by keeping only the lowest-order logarithmic term for each ALP coupling and neglecting
contributions proportional to extra factors of a; In(47f/my). Taking into account the RG
equation for the coefficient ¢ that follows from (B.3), we find

. 8mf drf  2bas g o, o ATf

SAMNVETE jeuCae 0 - 5 g e
1TeV 7?2 (5.7)

(5.87cu Coq —5.50CE) - 1078 [f} :

as well as Jt ~ 0. The ALP couplings ¢+ and Cgg are defined at the scale A = 47 f. Note
that the term proportional to CZ, contains an extra factor of as In(47 f /m;) compared with
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the first one, since it arises via the mixing of C3%, with the coefficient Cz. The numerical
result shown in the second line has been obtained using m; = my(m;) = 163.4 GeV and
as = ag(my) = 0.1084, and taking f = 1TeV in the argument of the logarithms. Which
one of the two contributions dominates depends on the relative size of the coefficients cy
and Cgg. The CMS collaboration has recently performed two independent measurements
of the chromo-magnetic dipole moment of the top quark, finding —0.014 < f; < 0.004 at
95% confidence level [63], and ji; = —0.024 70513 10-516 [64). Applying the (stronger) first
bound to the ALP model, we find under the approximations described above

1TeV

2
~0.68 < (eu Caoa — 0.94C3¢) % [ } <238  (95% CL). (5.8)

With the current sensitivity, the measurements of the top-quark chromo-magnetic moment
probe the ALP couplings ¢/ f and Cgg/f at the level of roughly O(TeV™1).

5.2 Example of a Z-pole constraint

As a second example, we consider the constraint on the flavor-conserving part of the Wilson
coefficient of the dimension-6 SMEFT operator Qg;. Focussing on light quark flavors, and
assuming flavor universality in the first two generations, one defines

3 3 3
CJ(LI) = [Cl(ﬁlt)z]n = [Cé’;

q =

loo - (5.9)

The coefficient C’S}I is tightly constrained by Z-pole measurements [65-69]. When marginal-
izing over all the other SMEFT coefficients in order to obtain the most conservative bound,
the global analysis presented in [59] yields

—0.11TeV 2 < Of) <0.012TeV2  (95% CL). (5.10)

Neglecting again contributions proportional to electroweak gauge couplings and light-quark
Yukawa couplings, the RG equations for the coefficients [CS;]“ with i # 3 are found to
be [48, 49]
(3)
d 3) [SH ] 3ay (3) 3ay 3 3
[CHq]ii = et o [CHq]n‘ T oo ([chq)}m?)s. + [C‘gq)]33ii>

dln (Arf)? 2w 27 (5.11)
ot 1 1 3 3
Ar <[C¢§q)]i33z‘ + [Cfgq)]SiiS - [Céq)]i?,Si o [Cfgq)]gns) :
From (4.14), we find for the relevant ALP source terms
3 493
[51(1131]“ = 72 CXQ/VW ) (5.12)

where again we have set the light-quark Yukawa couplings to zero. The source terms for
the remaining operators in (5.11) are obtained from (4.15) and read (for i = 1,2)

_ 2%

[Séz)]iisza = fgz)]%ii -3 C'I%VWv
(1) (1) 29? 2 5.13
[Sqq ]7;332‘ = [Sqq ]3ii3 -3 Caa s (5.13)
292
3 3 s ~2
[Séq)]mz‘ = [Séq)]:’,z‘z‘g -3 Céa -
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They are indeed flavor universal with respect to the first two generations. We observe
that the sum of all source terms (proportional to CZ) for the Wilson coefficients in the
second line of (5.11) vanishes. The source terms for the last two coefficients in the first
line are proportional to C’%VW and thus yield a higher-order logarithmic correction to the
contributions from the source term in (5.12), which we neglect. We thus find

o} Cirw n 4dr f

CZ
— ~ —0.0177 22V 5.14
3msin?6, f2 my ’ (5.14)

(3)
CHq ~ 12

where the numerical value in the last step has been obtained using a(myz) = (127.95)7},
sin? 6, = 0.2312 and setting f = 1TeV in the argument of the logarithms. The lower
bound in (5.10) implies the limit

1TeV

[Cww| x [ ] <250  (95% CL). (5.15)
For ALPs in the mass range between 10 MeV and 10 GeV, and assuming that the ALP-
photon coupling arises only from the ALP coupling to SU(2); gauge bosons (i.e. that
Cpp = 0), one finds that this bound is of the same order of magnitude as the strongest
constraints on the ALP-photon coupling obtained from LEP-2 [18, 70] and Belle-II data [71]
(see also [21]). With a future high-luminosity lepton collider such as the FCC-ee, the
bound (5.15) could be improved significantly [24].

Clearly, using the marginalized bound (5.10) on a single operator as a proxy for a full
fit is a very crude approach, especially given that we expect effects from Cyyy in several
operators which enter into the same observables used in the fit. It is likely that a full
analysis will lead to a significantly stronger bound on Cyyy and allow for more robust
statements also in the case where several ALP couplings are non-zero. Performing such a
global analysis is beyond the scope of the current work but is an interesting direction for
future study.

6 Conclusions

While the Standard Model Effective Field Theory (SMEFT) is commonly used to describe
the effects of new particles, which are too heavy to be produced as on-shell resonances in
current high-energy physics experiments, we have shown that light new particles that are
weakly coupled to the SM via non-renormalizable interactions necessarily induce non-zero
Wilson coefficients in the SMEFT Lagrangian via renormalization-group evolution. The
reason is that loop diagrams involving a virtual exchange of such a light particle contain
UV divergences, which require higher-dimensional SMEFT operators (operators built out
of SM fields only) as counterterms.

For the well-motivated example of axions and axion-like particles (ALPs) interacting
with the SM via dimension-5 interactions, we have computed the one-loop divergences
of all Green’s functions with virtual ALP exchange. We have expressed the results in
terms of the matrix elements of dimension-6 SMEFT operators, carefully accounting for
the contributions of redundant operators, which are eliminated using the equations of
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motion. In this way, we have derived the complete set of ALP source terms in the one-
loop renormalization-group equations of the Wilson coefficients of the dimension-6 SMEFT
operators in the Warsaw basis, finding that almost all of these operators are sourced at
one-loop order in ALP interactions. Our results explain the origin of the UV divergences
observed in previous one-loop calculations of virtual ALP contributions to the anomalous
magnetic moment of the muon and to electroweak precision observables. More generally,
they capture in a model-independent way all possible UV divergences of ALP-induced
transitions between SM particles that can arise at one-loop order. Moreover, our formalism
provides a convenient tool for resumming the large logarithmic corrections remaining once
these UV divergences have been renormalized.

As two important applications of our method, we have studied the ALP contributions
to the chromo-magnetic dipole moment of the top quark and to electroweak precision tests
performed at the Z pole, finding that these observables provide interesting constraints
on the ALP couplings to gauge bosons and top quarks if the ALP decay constant lies in
the TeV region, and hence the scale A = 4xf is of order 10 TeV. A more comprehensive
analysis of virtual ALP effects based on a global fit to precision data is left for future work.
More generally, our formalism offers a model-independent framework for studying virtual
ALP effects on a large variety of precision measurements, thus opening up new, indirect
ways to search for ALPs and place bounds on their couplings to the SM. This approach is
complementary to direct searches and independent of the way in which the ALP decays.
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A ALP source terms in an alternative operator basis

In order to avoid odd powers of the gauge couplings ¢g; and mixed terms involving g;g;
with ¢ # j in the RG evolution equations (1.2), it is useful to redefine the operators in
the Warsaw basis containing field-strength tensors by absorbing appropriate powers of the
gauge couplings. This is particularly convenient, because in background-field gauge the
combinations g,G,, g2W,, and g1 B,, are not renormalized [72]. We denote the redefined
operators by @) and their source terms by S.. All operators not listed here are defined as
in the Warsaw basis.

Class X3. We introduce new operators

/ b . ,b ,
QG — gsfa cGuyaGup GPMC,

(A1)
Q/V[/ = go EIJK WuV’I Wyp,J Wpu,K ,
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and similarly for the operators Q/a and Q/ﬁ/ . The non-vanishing source terms for the new
operators are given by

SIG - SCég,
Siy = 8C%yw . (4.2)
Class X2H?2. We introduce new operators
QZLIG = gg HTH GZV GHe )
/ _ 277t 1 uv, I
=g H'HW, WH"*
QHW 92 % (A3)

Qup =9 H'H B, B"

/

3 : / / /
and similarly for the operators QH@’ QHﬁ/’ QHE and QHVT/B'

terms for the new operators are given by

The non-vanishing source

Sip = —2Chp, (A4)
S}'IWB - —4CWW CBB .

Class 92X H. We introduce new operators

Qlw = g2 I_/pHUMV W er
Qup =1 LyHo" By e,

Qe = 9sQpH " Gy
Q;W = QQQpFIUWWW Up

, = (A.5)
QuB =01 QpHU Bp,l/ Uy
Q:iG =Js QpHUHV Guu d, s
QZIW = gngHO'MVWMV d?“ 5
Q&B = a1 QpHO‘IWB;w d, y
where W, = Wiy%l and G, = G}, T Their source terms are given by
= —2iY, Cww ,
Sip=—2i(VL+Ye)Y.Cpp,
S;G = —42‘2 Caa,
= —2iY, Cww ,
“ 5 (A.6)

S p=—2Yo+Vu)YuChB,
Sl = —4iYyCaq,
Shw = —2iYy Cww

Sip=-2i (Yo + Vi) Y,Cpp.
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B RG evolution of ALP couplings

A detailed study of the RG evolution of the ALP couplings to SM particles in the effective
ALP Lagrangians (2.1) and (2.3) has been performed in [43, 44]. In order to meaningfully
derive the one-loop approximations to the RG equations, one needs to make an assumption
about the relative size of the ALP-boson and ALP-fermion couplings. We find it convenient
to distinguish the scenarios of i) a “natural ALP”, whose couplings respect the counting
rules of naive dimensional analysis (see section 2), and ii) a “gauge-philic ALP”, whose
couplings to gauge fields are parametrically enhanced by approximately a one-loop factor.
Such an enhancement could arise, for example, from a parametrically large number Ny > 1
of new heavy fermions, by which the ALP couples to gauge fields. More specifically,
we assume

Natural ALP: |CV\/‘ ~ ’CF|, |CVV| < ’CF|7 (B 1)

Gauge-philic ALP: levi| > ler], ICvy| ~ |er|. '
Gauge-philic ALP. When translated to the notation used in (2.2), and under the as-
sumption that the ALP couplings Cyy and Y} in this effective Lagrangian are of the same
order, the one-loop evolution equations for the ALP-boson couplings derived in [43] take
the form

d B (3) Qs
dln 1 Caa = —B o Caa,
d
dnp Cww = 5 — CWW , (B.2)
d 1)

_a _ g™
dlnMCBB By o CBB .,

where B((]i) are the one-loop coefficients of the S-functions of the three gauge groups, which
above the electroweak scale are given by 6((]3) =1, 6(()2) = %9 and B(()l) = —%. The one-loop
evolution equations for the ALP-fermion couplings read

d = 1
Y, =
dln 1672 {

2
6as (3)
+1Y, C Cao+ —
v

2V, Y, Y, + = > Y, Y]y, - ngYjE —2Y,Y]Y, - 'ﬁleTYu]

3a2 2 Gy 4 3o <y2 n J’Q) CBB]

1 T
v, (3a50<3)+1’w20§>+ g T )_Y

2 F A 187 1672) " Tuge2
Ty Y= g [PV Yot S Ya¥IYa - DY IYa - 2% Y - Vvl
Y [6:8 0(3) Coo + = 3a2 C( )CWW + @ (yd +yQ) CBB:|
Tl R g >+Yd£
_E(ifgg>+ll56i1 _éﬂ) Ys% (B.3)
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where C’}N) = N;]Q L denotes the eigenvalue of the quadratic Casimir operator in the fun-
damental representation of SU(V), and

T =Te[N (Y] Yy + Y] Y,) + YIY.],
} o - (B.4)
T =Te[N(Y]Yy - YVV,) + YIY.].

Note that we treat the SM Yukawa couplings as O(1) quantities, even though in practice
their entries are highly hierarchical.

Natural ALP. In this case the ALP-boson couplings Cyy are one-loop suppressed, and
hence we prefer to work with the coupling parameters ¢y defined in (2.4). Then the
one-loop evolution equations for the ALP-boson couplings take the form

d T -
faq = —— Tr (Y, Y + YY)
dnp 60 =~ (V¥ + YaYy),
oy = —— Tr[N (?YT—l—?dYT)—i-?Yq (B.5)
dlnp 3272 AT d crel” '
d i - - -
i i B8 = "5 Tr[Ne (V2 + Y2) Vo Y + Ne (M + D3) YaY] + (02 + W) V.Y

The one-loop evolution equations for the ALP-fermion couplings read

d — 1 [~ 5 ~ 3 — — —~
R T [QYuYJYu +35 Y, Y]y, — 5 Y Y)Y, - 2Y,Y]Y, - YdeTYu]
< [(3as 3)  3a2 @2  17a; T ) T
-y, c hancNs) - )-Y,—
“ ( or F + g F + 487 1672 Y82’
d — 1 [~ 5 ~ 3 — — —~
Vi1 2VY[Ya+ SV Yo - VYV - 2VX Y - VY)Y
<5 3043 3) 3&2 (2) 50&1 T > T‘
- C hincN) =1 Y, —
d ( o F * Ar F + 487 1672 dgn2’
d — 1 [~ 5 —
< (3a2 2 1501 T ) T
~Y. (=2 - ) +Y, . B.6
6(477 P e T 16n2) T 82 (B.6)
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