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ABSTRACT: The discrepancy between the muon g — 2 measurement and the Standard
Model prediction points to new physics around or below the weak scale. It is tantalizing
to consider the loop effects of a heavy axion (in the general sense, also known as an axion-
like particle) coupling to leptons and photons as an explanation for this discrepancy. We
provide an updated analysis of the necessary couplings, including two-loop contributions,
and find that the new physics operators point to an axion decay constant on the order of
10s of GeV. This poses major problems for such an explanation, as the axion couplings
to leptons and photons must be generated at low scales. We outline some possibilities for
how such couplings can arise, and find that these scenarios predict new charged matter at
or below the weak scale and new scalars can mix with the Higgs boson, raising numerous
phenomenological challenges. These scenarios also all predict additional contributions to
the muon g—2 itself, calling the initial application of the axion effective theory into question.
We conclude that there is little reason to favor an axion explanation of the muon g — 2
measurement relative to other models postulating new weak-scale matter.
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1 Introduction

The magnetic dipole moment of the muon is one of the most precisely measured quantities
in particle physics. The discrepancy between theory and data is severe. The muon g — 2
result, combining data from Brookhaven and Fermilab, is [1-3]

Aay = a, " —aSM = (25.1£5.9) x 10717, (1.1)

where a, = %. Although the Standard Model calculation is fraught with difficulties,
especially in pinning down hadronic contributions, various approaches have converged on
consistent answers, as reviewed in ref. [4]! (also, see the very recent lattice calculation of
the hadronic light-by-light contribution, consistent with earlier estimates [6]). The muon
g — 2 anomaly is one of the most compelling discrepancies between theory and data that
we have, so examination of possible new physics explanations are compelling.

It is useful to put the g — 2 anomaly in the context of other data. Any explanation
of the new physics contribution to the anomalous muon magnetic dipole moment must

"However, see ref. [5] for the BMW collaboration’s most recent lattice computation of the hadronic
vacuum polarization contribution to a,, which disagrees with the data-driven value obtained by the Muon
g — 2 Theory Initiative [4].



contend with the absence of a signal in a variety of other experiments measuring lepton
dipole operators. The latest measurement of the electron g — 2 is [7]:

Aa, = aPXP — ¢SM = (4.8 +3.0) x 10713, (1.2)

e

Naively, in a model with minimal flavor violation, one would expect new physics to con-
tribute?

2
(Ae)est. ~ () Aa, = 5.9 x 107 (1.3)

safely within the range allowed by data. However, stringent constraints arise from mea-
surements of CP- and flavor-violating operators. The current bounds on the CP-violating
electron EDM [8] and muon EDM [9] are:

|de| < 1.1 x 1072 e cm,
d,| < 1.9 x 107" ecm. (1.4)

If the muon dipole operator has an imaginary part, it will produce a muon EDM; for an
O(1) CP-violating phase, we would estimate

(dy)est ~ imu ~ 2.3 x 1072 e, (1.5)
m
safely below the experimental bound by a few orders of magnitude. However, if we naively
rescale this to produce an electron EDM, it would be

Mme

(de)est ~ —=(dy)est = 1.1 x 1072 e cm, (1.6)

m

some five orders of magnitude above the experimental limit! From this, we learn that any
putative explanation of the muon g — 2 anomaly must provide a compelling reason why
either CP violation is suppressed or the new physics couples much more strongly to muons
than to electrons. Charged lepton flavor violation is also highly constrained. The bound
on the rare decay p — ey is [10]:

Br(p — ey) < 4.2 x 10713, (1.7)

If we assume that the muon-electron dipole operator is of the same order as the anomalous
muon magnetic dipole moment itself, we would have
671'262 2 -3
[BI'(/.L — 6’7)](35(’, ~ W (Aau) ~2.0x10 s (18)
Fy

which is ten orders of magnitude above the experimental bound. Hence, we need an extreme
suppression of flavor-violating effects in any model that can explain the g — 2 anomaly.
Although the flavor puzzle at first glance appears to be numerically more severe than the

*Notice that one factor of me/m, here comes from normalization of a.,, and one factor from the
assumption that the dimension-six operator carries the appropriate lepton mass as the chiral symmetry
violating parameter.



CP puzzle, one should keep in mind that it involves a rate, which depends on the square of
the coefficient of a dimension-six operator. In this sense, the two puzzles are comparable.
Furthermore, we might expect that any extension of the Standard Model has approximate
flavor symmetries, to explain the hierarchical quark and lepton masses as well as the pattern
of small mixing angles in the quark sector. On the other hand, CP is badly violated in the
CKM matrix, so the absence of CP phases demands an explanation.

Another puzzle that any new physics explanation of the muon g — 2 discrepancy must
confront is naturalness. One of the largest mysteries of the Standard Model is the elec-
troweak hierarchy: why is the Higgs boson light, when quantum corrections tend to make
scalar masses large? Most new physics explanations of the muon g — 2 discrepancy in-
voke new scalar fields, which compound this problem, or new vector boson fields, which
lead to similar problems if their masses arise from the Higgs mechanism. Although these
new fields may be part of a consistent picture that addresses the hierarchy problem (for
instance, when they are superpartners of Standard Model fields), it is interesting to ask if
there are theories that address the muon g — 2 anomaly that are relatively benign from the
viewpoint of naturalness. New fermion fields can have technically natural small masses, so
vectorlike leptons are one possible explanation (albeit one strongly constrained by data).
Pseudo-Nambu-Goldstone bosons can also have naturally small masses. This leads us to
the possibility of an azion, a light, periodic scalar boson arising from the breaking of an
approximate U(1) symmetry (known as a Peccei-Quinn or PQ symmetry) [11-14], coupling
to the muon as a possible explanation of the g — 2 anomaly. Such an explanation has been
studied in the past, often using an effective field theory (EFT) approach rather than a
complete model [15-21]. We use the word axion in the general sense, sometimes known
as an axion-like particle, rather than assuming that the axion must solve the Strong CP
problem. For a recent review of the phenomenology of such particles, see [22].

In the Standard Model, the dipole operators giving rise to the muon g—2 require a Higgs
insertion to be gauge invariant, taking the form HTLEI’“’ECBW +h.c. or HTTiL6“”ECWIiV+
h.c., with coefficients that are complex in general and hence allow for CP violation. How-
ever, there are also operators like LT&“D”LBW, which do not violate chirality and become
equivalent to the dipole operators only upon using equations of motion, which bring in fac-
tors of the Yukawa matrices. New physics that generates these non-chiral operators is thus
an interesting possibility for contributing to muon g — 2 without a corresponding electric
dipole moment. A vectorlike lepton that mixes with the muon is one possibility. Another
is a derivatively-coupled axion, with an interaction like (0 a)(LG#L). One should still be
wary of flavor off-diagonal couplings, which raise the prospect of dangerous contributions
to u — ey. Nonetheless, we see that axions are interesting candidates to explain the g — 2
anomaly for multiple reasons.

Having advocated for an axion as a promising explanation of the muon g — 2 anomaly,
we will now spend much of the paper arguing that this explanation, in reality, must over-
come severe challenges. In section 2, we provide a brief review of the effective theory of an
axion, and then analyze the parameter space within this effective theory that is compat-
ible with the observed value of the muon g — 2 and unconstrained by other experiments.
Our analysis makes use of new two-loop calculations of Barr-Zee-type diagrams [23] with



derivative operator insertions, presented in appendix A. Importantly, we find that the char-
acteristic mass scale suppressing the axion’s couplings (its decay constant) is < 25 GeV.
This is a relatively low energy, at which we have exhaustive experimental probes of the
Standard Model. Nonrenormalizable operators suppressed by this scale must be completed
with particles whose masses are not much heavier. In section 3, we examine some of
the possible ultraviolet (UV) completions. In particular, derivative couplings of the ax-
ion to leptons suggest either that leptons carry PQ charge, which leads us to DFSZ-like
models [24, 25], or that they mix with new vectorlike leptons that carry PQ charge. UV
completions predict one or more of: a relatively light radial mode of a PQ-charged, SM-
neutral scalar (present in all UV completions), which in some models must mix with the
Higgs boson; new charged fermions at around the weak scale, which might mix with ordi-
nary leptons; and one or more additional, relatively light Higgs doublets. All of these new
particles must evade stringent direct searches. A detailed analysis of constraints on UV
completions is beyond the scope of this paper, but by surveying various ways to generate
the required EFT operators, we show that such models face severe challenges. Further-
more, in every case we find that the new particles and interactions required to complete
the axion EFT lead to additional contributions to the muon g — 2 itself, generally of the
same order as the contributions arising directly from the axion. Many of the ingredients
that UV completions call for could also directly play a role in addressing the muon g — 2
anomaly without needing to reconcile them with experimental constraints on axions. Thus,
we conclude in section 4 that axions, on closer examination, have much dimmer prospects
for explaining the anomaly than one might initially have hoped.

2 Effective theory for the heavy axion g — 2 explanation

One possible explanation for muon g — 2 is to use heavy axion with mass above 30 MeV.
Below this mass, axion couplings to photons are stringently constrained. In this section
we will first review the general structure of the EFT for an axion-like particle, and then
characterize the viable parameter space in which this EFT can lead to the observed g — 2
anomaly. Readers wishing to bypass the theoretical preliminaries and go directly to our
phenomenological effective Lagrangian and analysis of the parameter space can skip to
section 2.3.

2.1 Restrictions imposed by periodicity

We take our axion to be a periodic field, a =2 a+27 f,;, and refer to f, as the decay constant of
the axion. The periodicity imposes an ezact (gauged) discrete shift symmetry on the field,
while also leading to an approzimate continuous shift symmetry in the axion’s interactions.
In this subsection we will first offer general comments on the effective Lagrangian for such
a periodic field; in the next subsection, we will consider additional constraints arising from
the approximate continuous shift symmetry that is needed to keep the axion light. Finally,
we will turn to phenomenological constraints on the resulting EFT. Our starting point will
be somewhat different from that of earlier discussions of the axion EFT in [20, 21, 26,
27], because we begin with only the assumption of periodicity. In particular, it is often



stated that instanton effects break the axion’s continuous shift symmetry to a discrete shift
symmetry, but this is logically inverted; the axion begins its life as a periodic field, which
constrains the form of its interactions with gauge fields. The literature on axion EFTs often
invokes field redefinitions which are incompatible with the axion’s periodicity. However,
when we introduce simplifying assumptions about the form of our model, we will end up
in a setting extremely close to that of the earlier references. (The earlier references also
consider many details, like RG evolution in the axion EFT, that we do not.)

Working below the scale of electroweak symmetry breaking, we can package the charged
lepton fields into Dirac fermion fields ¢ (e, u, or 7), with ¢, = Pr¢ and ¢r = Pr{ denoting
the left- and right-handed Weyl components. The effective Lagrangian containing the
interactions relevant for our analysis takes the form:

Lo > % (Cokoy o + Trkry0r) + 32 (miF e ety + hc.) = V(a)
ne”z
a apy a aQa /J,l/
+ng8 f G G +c 774 f F;,LVF +C’y'y, 47_[_ f3 F;,LVF LN (21)

Here k; and kgr are hermitian matrices, j and k are lepton generation numbers that are
implicitly summed over, F},, is the electromagnetic field strength, Frv — %e””o‘ﬁ F,5, and
G}, is the gluon field strength.? Couplings to quarks could also exist, but will not be
relevant for our analysis and take the same form as the lepton couplings, so we have
suppressed them. The action must be invariant under the gauge transformation a
a + 27 f,, which is highly constraining.* In particular, this is the reason for our choice to
write the scalar alrl;, couplings in the form of a sum over integers n, manifestly respecting
the periodicity. The aFF term in the action is not gauge invariant, but must shift by a
multiple of the periodicity of the QED 6 term in order for exp(iS) to remain invariant. The
conclusion depends on the global structure of the Standard Model gauge group, (SU(3)¢ x
SU(2)r, x U(1)y)/I. If I' = Zg or Z3, then ¢, must be an integer, whereas if I' = Z5 or 1,
then 9¢,, must be an integer [30]. We will assume the former: ¢y, € Z. Similarly, gauge
invariance requires that cgg € Z and that V(a) must be a periodic function with period
27 fq. Notice that derivative couplings like c,4;2 are unconstrained by periodicity, and can
give rise to effective contributions to ¢, when the axion can be treated as massive, via the
equation of motion 8%a = -9,V (a) + -+~ —m2a + - - -

Notice that, because ¢,y and ¢4y are integers, it is technically natural for an axion
to not couple to photons or gluons (except via higher-derivative terms like ¢y,.2). Such
an assumption needs no more explanation than the fact that neutrinos are electrically
neutral or that the electron does not carry color charge. Loops will induce these quantized

3An even more general ansatz would allow the axion to couple to the lepton kinetic terms through a
series of harmonics carrying exp(ina/fo) factors. We will briefly comment on this below.

4In theories of multiple periodic axions, naively integrating out heavier axions sometimes appears to give
an EFT that need not respect shifts of only the light axions. However, physical quantities computed in such
EFTs, in known examples, still respect the requirements of periodicity, and we expect that a sufficiently
careful choice of gauge and field redefinitions can always render the low-energy EFT manifestly periodic.
See, e.g., refs. [28, 29] for recent discussions along these lines. We will discuss related issues in sections 3.2
and 3.3 below.



couplings only when integrating out anomalous chiral fermions. Loops will generically
induce the derivative couplings. For example, the loop-induced axion-photon couplings in
ref. [17] scale as m? in the light axion limit, because they arise from cy4;2.

The above discussion has assumed that the gauge invariance a — a + 27 f, is not
spontaneously broken. An alternative is that V (a) (and analogously, the algf;, couplings)
may not be manifestly periodic, but that periodicity is restored through the phenomenon
of monodromy, with the potential having multiple branches [31]. Our conclusions will only
depend on the axion mass near the minimum of the potential, so the distinction will not
be relevant for our purposes.

Above the weak scale, the axion can couple separately to SU(2)r, and U(1)y, through
aWiWt and aYY couplings with quantized coefficients. However, one linear combination
of these couplings can be removed by an anomalous U(1) lepton-number transformation,
leaving only the combination that becomes c,, in the low-energy EFT as physical [30].
The removable linear combination can have physical effects only in the presence of ex-
plicit lepton-number violating interactions, like Majorana masses of neutrinos, where it
will reappear in phases after the anomalous lepton-number transformation. The couplings
of the axion to the W and Z will generally lead to only highly subdominant effects on the
quantities that we study in the remainder of the paper, so we will ignore them.

2.2 Restrictions imposed by approximate continuous shift symmetry

The general Lagrangian eq. (2.1) is rather too general: on the one hand, it runs immediately
into potential phenomenological problems from flavor and CP violation; on the other, it
provides a much more general set of interactions than are found in typical UV completions.
To some extent, these two considerations point toward the same simplifying assumptions.

One problem is that if multiple axion harmonics appear in the lepton mass terms, this
can lead to CP violation and to substantial contributions to electric dipole moments. For
example, if we have

(me;(] + me;leia/fa> erer, +h.c., arg(me;(]) 7& arg(megl)a (22)

then the relative phase of me.o and m..; will contribute to an electron EDM. We would like
to eliminate these dangerous terms. Fortunately, in many UV completions, only a single
harmonic appears. This is because, when the axion arises as a (pseudo)-Nambu-Goldstone
boson of an approximate PQ symmetry [11-14], only the harmonic n = —PQ({rx) —
PQ(¢. rj) is allowed by the underlying PQ symmetry (at least without further suppression
due to PQ-violating effects). We can argue for this in more general language, based solely
on the structure of the low-energy EFT: if the effective Lagrangian does not respect an
approximate continuous symmetry that acts by shifting a, we would be free to write a
potential with harmonics in a multiplied by arbitrary mass scales of order the cutoff of
the EFT, decoupling the axion entirely. A light axion requires an approximate symme-
try. Nontrivial axion harmonics can appear in the fermion mass terms precisely when the
fermions also transform under this approximate, continuous shift symmetry.

Thus, we assume that there is only a single harmonic in each of the terms in the sum
and it is determined by the PQ charges of the lepton fields. This allows us to remove all



axion couplings from the mass matrix, via field redefinitions of the form

Cri — exp (—iPQ(ka);L) Cri, LRj+ exp <_iPQ(ERj);) (R (2.3)

a a

Because the PQ charges are assumed to be integers, these field redefinitions are compatible
with the axion’s periodicity. This chiral rotation of the lepton field’s phases leads to a shift
in the coupling ¢, via the chiral anomaly. The derivative couplings also shift, acquiring
new contributions arising from the field redefinition within the original lepton kinetic terms:

(kL)jjr = (kL)jj +PQ(lL;)d; 5,
(krR)k g — (kR)kw — PQ(LRE)0k k- (2.4)

Here we have assumed, for simplicity, that the leptons’ kinetic terms were originally diago-
nal. This assumption is not necessary. We could have started with a general lepton kinetic
matrix including axion harmonics, restricted these harmonics to those corresponding to
different PQ charges in off-diagonal terms, and carried out the same field redefinition. The
result is an axion-independent kinetic matrix and a modified set of derivative couplings.
We omit the details to avoid burying the reader in notation. The upshot of this discussion
is that UV completions with a PQ symmetry can offer a good motivation to restrict our
attention to the derivative couplings encoded by k; and kg, and the couplings to gauge
fields, while discarding the Yukawa-like couplings encoded by the mJ* terms in eq. (2.1).
This brings us to an EFT of the form studied in ref. [26], in which the light fermion fields
do not transform under the PQ symmetry and the fermion-axion interactions occur only
through derivative couplings that preserve a continuous shift symmetry.

2.3 Phenomenological restrictions

At this point, we have gone as far as we can using only general properties of axions them-
selves. We expect the axion to couple to gauge fields (with quantized couplings, or through
higher-derivative operators) and to have derivative couplings to fermions. The latter arise
through hermitian matrices k7, and k. These contain diagonal couplings which are real and
flavor-conserving, but also off-diagonal couplings which are complex and flavor-violating.
The latter couplings raise the possibility of severe constraints from precision tests of flavor
and CP violation.

Indeed, there are strong constraints on flavor-violating derivative couplings of the axion
to leptons, which have been studied recently in detail. The combination of an off-diagonal
coupling (kgr)ey or (kr)eu with a flavor conserving coupling like (kr)i, (kL )ii, Cyyy OF Cqg
can induce dangerous rates of charged lepton flavor violation processes like p — ey or
T — pe [18, 19, 32], as well as p — ea [33], which could be probed in the MEG-II
experiment [34]. On the other hand, substantial off-diagonal couplings (kr)eu or (kr)epu
alone can induce muonium-antimuonium oscillations [35].°

Such dominantly off-diagonal couplings were entertained in refs. [18, 19] to explain both the muon g —2
anomaly and a discrepancy between the electron g — 2 measurement [36, 37] and a recent measurement of
the fine structure constant [38]. The latter anomaly is now in doubt given the latest fine structure constant
measurement [7], and in any case, the purported explanation is excluded by muonium oscillations [35].
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Figure 1. Feynman diagrams for contributions to lepton g — 2. The cyan dots represent insertions
of a derivative coupling of the form (2.6). The magenta dot represents an insertion of an aF'F
coupling. Unmarked vertices are ordinary gauge interactions.

In light of the strong experimental constraints on flavor-violating off-diagonal derivative
couplings, we will henceforth assume that k; and ki are diagonal in the lepton mass basis.
Equivalently, the flavor diagonal axion coupling is then®

Ciia a , -
> ; (L"), cii = (kr)ii — (kL)ii- (2.6)

Our focus is not the QCD axion, and the coupling to gluons will not be important for our

phenomenological analysis. Furthermore, as mentioned above, it is technically natural to
set it to zero. Hence, we will neglect cqq as well. (We will also mostly neglect couplings
to quarks, which may exist but do not affect our observables of interest.) We are left with
only the diagonal derivative couplings (2.6) and the couplings to photons. Summarizing,
then, the axion EFT that we will work with in the remainder of the paper has the form

o &
4 f3

Cii aua

2 f,

This EFT can be valid up to energy scales < 47 f,. We emphasize that the truncation to

N a a ~ ~
Lo D (L' y°4;) — V(a) + CWETFWFW + Cyyi2 E, BP0 (2.7)
a

only flavor-conserving couplings is not justified on general EFT grounds in the infrared.
An ultraviolet completion must have some structure, such as flavor symmetries, to explain
the suppression of the flavor-violating off-diagonal couplings. Because our main goal is to
argue that axion explanations of the muon g — 2 anomaly face a variety of challenges in
their UV completion, this only strengthens our main conclusion.

2.4 Parameter space for explaining muon g — 2

In this effective Lagrangian, there are three leading diagrams contributing to the lepton
g — 2, as depicted in figure 1.

5Note that using equation of motion or equivalently with chiral rotations of fermions, this operator could
be rewritten as a combination [17, 21]:

Cii Opa > m; . a a
- LiyF sl = —cii—aliiysli + cii— —
2 /. Y s 7a Y5 i fa

where the dots represent similar terms involving Z boson and terms higher order in a/ fs.

Fu " 4. (2.5)




Schematically, the contributions of these three diagrams to a, are

2
AaM) _ S (2) o SN A (3) ( _ CunCu

1672~ 1673 2 1673

(2.8)

where for diagram (3), ¢;; is the axion coupling to a fermion ¢; with a mass m; running
in the loop. Note that the first diagram always has the wrong-sign contribution to muon
g — 2. The remaining two contributions actually contribute at the same order (due to the
fact that c, always comes with a one-loop factor). They could have the correct sign if
cup and ¢y (or c;;) have opposite signs. Thus to explain the muon g — 2 anomaly, we
need to have at least one of the latter two diagrams to balance against the first one. This
possibility has been discussed in refs. [15-17].

One technical subtlety, which is not fully addressed in the literature, is a direct cal-
culation of diagram (3) with fermions of all possible masses running in the inner loop.”
In refs. [17, 21], the vertex function from the fermion loop with the axion and the two
photons all on mass shell has been computed first and then inserted into diagram (2) to
get an approximated answer for the third diagram. Yet the more proper treatment is as
follows: a) compute the fermion loop contribution to the vertex function with only one
photon on-shell and do not impose the on-shell conditions for the axion and the other
photon; b) insert the vertex function into diagram (2) to get the final answer.® With the
shift-invariant axion-fermion coupling in eq. (2.6), we follow the recipe above and perform
a two-loop calculation for diagram (3). The full results are included in appendix A. In two
interesting limits, we have

2 2
(3) o _ CunCii® My A .
ap” =~ 8m3  f2 In mg ) my, K mg K m; K A,
2 2
. CppCiamy, A ‘
ol fg<1“mg+2 Loy < mg <A, 29)

where A is the UV cutoff scale. Note that in the limit m, < m; < A, the contribution
is from a heavy fermion loop and one would expect that it should decouple. The result
above is from the renormalization of a, due to the axion-fermion couplings at the two-loop
order between m; and A. The formula for diagrams (1) and (2) have been computed in
refs. [16, 17] and we will include them in appendix B.

To be more quantitative, we consider two scenarios below.

« If we only include non-zero c,, and cy, (all three diagrams in figure 1 contribute),
then the parameter space to explain muon g — 2 for my, = 1 and 5 GeV is in figure 2.
Allowing c,, to vary, we show the minimal ¢,/ f, needed to explain the muon g — 2
anomaly as a function of m, in figure 3. The allowed parameter space, consistent

"A calculation of the two-loop contribution to electron g — 2 was carried out in a different operator basis
and then transformed to our basis in ref. [39], which result agrees with ours.

8Ref. [15] did a full two-loop calculation with the operator aliysl, following this strategy but assuming
the fermions in the loop being heavy. We also want to consider the case with a fermion lighter than the
muon, i.e., an electron, running in the loop.
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Figure 2. Allowed regions (red) in the (¢, /fa, ¢yv/fa) plane to explain muon g — 2 at 20 level,
for mg = 1 GeV (left) and m, = 5 GeV (right). We set all the other axion couplings to be zero. The
red band corresponds to cutoff scale A = 1TeV while the blue band corresponds to A = 100 GeV.

with current experimental bounds, is then

Cyy/Cup < 0, mg C (40MeV — 200 GeV)
Ja fa

=1 <100GeV . (2.10)
Cyy

< (10 — 25) GeV,

Cup

o If we only include non-zero c,,, and ce. (contributions from diagram (1) and (3) in
figure 1), the parameter space that is consistent with observed muon and electron

g — 2 values is shown in figure 4. From it, we could see that

mq 2, 2GeV,  ceefcuu <0,

b o

Cup

< 100 GeV, S25GeV for mg =5GeV . (2.11)

Cee

Thus a generic feature for the explanation of axion explanation for g — 2 is that we need
large axion couplings to muons as well as large axion couplings to electrons or to photons.

3 Large axion-fermion couplings

As shown in the previous section, we need very large axion couplings to fermions or photons
to explain the muon g — 2 discrepancy. In this section, we will argue that the models that
generate a large coupling between the axion and SM leptons always contain light charged
particles with masses around or below 100 GeV, and additional scalars that can both affect

the value of g — 2 itself and potentially mix with the Higgs boson.

9See ref. [45] for previous work in the context of axion-like particles as portals to dark sectors, with older

measurements of the electron g — 2.
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Figure 3. Top: minimal ¢,/ f, needed to explain the muon g — 2 anomaly as a function of m,
(upper blue band), varying c,,,. The other colored regions are the current experimental constraints,
taken from figure 29 of ref. [22], as well as the recent bounds from PRIMEX [40] and Belle II [41].
Note that for the LHC bound, which comes from a — 7~ channel, we need to take into account
the contribution of the axion-muon coupling to both the production of axions and their branching
fraction into photons. Bottom: corresponding c,,/fo when ¢,/ f, is minimized. The BaBar con-
straint is a recast of their ete™ — p*u~ 2" bound in [42] using FeynRules [43] and MadGraph [44],
assuming the given ¢, and (for the purposes of obtaining a branching fraction) the minimal ¢,
needed to explain the muon g — 2 anomaly. In practice, the muonic branching fraction is nearly
100% in the entire excluded region. In both panels, we take A = 1 TeV.

Before discussing axion coupling to fermions, we want to comment on the axion-photon
coupling first. A large axion coupling to photons, i.e., fo/|cyy| S (10 - 25) GeV, as is needed
for one possible explanation of muon g — 2 (see figure 3), usually requires charged matter
with masses about O(10 - 25) GeV. Consider the KSVZ type model as an example [46, 47].
In this type, aFF is generated by integrating out heavy charged vector-like fermions with
masses of order f,, assuming that these new fermions have order one charges and PQ
charges. The vector-like fermions could be heavier, e.g., 1 TeV and above, if they have
charges 7 or larger. Yet requiring the Landau pole of U(1)y to be above the Planck scale
~ 10'8 GeV limits the hypercharge of the heavy matter to be < 6 [48]. Another difficulty
is that these highly charged fermions may not decay quickly since they could only couple
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Figure 4. Regions compatible with muon g — 2 data (red) and electron g — 2 (blue) at 20 level, in
the (cup, cee) plane. Left: mq = 1 GeV; right: m, = 5GeV. In the left plot, the black dashed lines
are lower bounds on the axion-lepton couplings, derived from eTe™ — 4y search at BaBar [42]. We
set all the other axion couplings to be zero. In both panels, we take A = 1 TeV.

to SM particles through very high dimensional operators. This may lead to severe collider
and cosmological bounds. For instance, CMS searches have ruled out stable particles with
electric charge +2e through Drell-Yan production up to 890 GeV [49]. Thus we will not
explore this exotic loophole further. One could also consider fermions with large PQ charges
(in units of the PQ charge of the scalar which is responsible for PQ breaking). However,
the coupling between the PQ scalar and the fermions has to be from high-dimensional
operators due to the PQ charges and the masses of the fermions are then exponentially
suppressed. More details could be found in appendix C of ref. [48].

Another class of possibility to generate a large axion-photon coupling is applying the
clockwork mechanism [50-54] to enhance the field range of the lightest axion beyond its
fundamental scale (the PQ breaking scale), in a multiple axion model. It has been used
to generate large couplings of photons to a QCD axion [48, 55].1 Yet in all different
realizations of the clockwork mechanism, light charged matter is still needed with masses
at the fundamental scale, which is about f,/c,~ in our notations; or can lead to dangerous
flavor-violating axion couplings.

3.1 PQ current

We briefly review the basic formalism for PQ currents, which we will use later. The axion,
a, is a Nambu-Goldstone boson (NGB) resulting from the spontaneous breaking of a global
U(1)pq. Let {®,}, {¢s} be a set of scalars and left-handed Weyl fermions with U(1)pq

0The clockwork mechanism has also been used to enhance the couplings of the QCD axion to nucleons
and electrons [56].
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charges {¢s} and {qy}, respectively. Then in general the U(1)pq current is given by:

Je=N"T1 4> T, (3.1)
s f
where J; = —qstblig,j@s, (3.2)
T = —qplTuay . (3.3)
Substituting the parametrization ¢, = %em, where rg and 6, are the radial and

angular modes of &, respectively, we note that:
— 4. 01i0, @, = qur20,0, | (3.4)

Goldstone’s theorem states that <0|JEQ(x)|a(p)> = —ifapue”P*. Thus JEQ contains
faOua. It can only come from those scalars with VEVs (i.e., those whose radial modes
do not annihilate the vacuum: (0|r2|0) = v? # 0). In models without additional U(1)
symmetries under which PQ-charged fields transform, this fixes the linear combination of
fs that corresponds to the axion. Defining the canonically normalized &, phase fields,
as = 0s5vs, we obtain:

Jy = faOpua, (3.5)
faa =) qwsas, (3.6)

3 = Zqzvf . (3.7)
S

In models with multiple U(1) symmetries, one must be more careful. For example, in DFSZ-
type models [24, 25], Higgs fields that carry electroweak charges also carry PQ charge. In
this case, there are two Goldstone bosons in the theory, one which is eaten by the Z, and
one which survives as a light axion. Any linear combination of U(1)y and U(1)pq is a
symmetry of the theory, so there is not a unique candidate choice for J, 5 Q. Instead, one
must take care to identify the light axion as the linear combination of PQ and hypercharge
Goldstone bosons which is orthogonal to the combination eaten by the Z [57].

We are interested in the general properties of models that could generate sizable axion-
lepton interactions. The solution to the muon g — 2 anomaly, as discussed in section 2,
requires sizable couplings between the SM leptons ¢ and the axion, of order

fa

Cii

~ (25 — 100) GeV . (3.8)

There are two possible paths a model could take:
e (is directly charged under U(1)pq, or
 (is PQ-neutral, but coupled to other fields charged under U(1)pq.

After a brief review of fermionic field redefinitions, we devote the rest of this section to
studying each of these possibilities in turn.
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3.2 Shifting Yukawa couplings into derivative couplings

Derivative couplings of leptons to axions, as in eq. (2.7), are generated in models of the
DFSZ type [24, 25], where the Standard Model fermion fields and Higgs bosons carry
charges under a PQ symmetry. The general procedure in such a model is to perform a
chiral rephasing of a fermion field to shift a Yukawa-type coupling to an axion into a
derivative coupling and a coupling of the axion to gauge fields. We start by isolating the
phase 64 of the Higgs field ¢ that gives mass to a fermion:

Yoy > me'¥erp), (3.9)

where 0, is a periodic variable with period 27 by construction. We then carry out the
(well-defined) field redefinition ¢ — e~*4). This has the effect of generating a derivative
coupling:

Yligh 0 > .+ (D) (T ). (3.10)

When 1) carries charge ¢ under a U(1) gauge symmetry, this chiral phase rotation also
produces a term
0¢q2a
4

in the frame where the gauge field is canonically normalized.

F,, F™ (3.11)

After carrying out this field redefinition, one can remove the linear combinations of the
phase fields 6 from the theory that become massive, and rewrite the low-energy effective
Lagrangian in terms of the light axion. This achieves, in a mathematically consistent way,
the same results that are often written in the literature using irrational phase rotations of
the form v — e =% where ¢ ¢ Z, which are ill-defined.

3.3 £ is PQ-charged

To obtain derivative couplings of the leptons to axions in the manner described in subsec-
tion 3.2, we need the phase of the Higgs boson giving mass to the leptons to have overlap
with the light axion state. DFSZ models accomplish this by assuming the existence of
Higgs bosons carrying PQ charge [24, 25]. We will label these Higgs bosons H; and Hs.
These theories also contain a Standard Model singlet field ® charged under the PQ sym-
metry. We assume that there is a scalar potential V (H, Ha, ®) such that all three scalars
get VEVs, and we parametrize the phases of fluctuations around these VEVs as follows:

U1 i1 0
_(v2° _ 4 _ Ve ibe
H1 ( 0 ) 5 H2 (\1}25 8262> y 0] \/ie . (312)

We assume that the potential contains a term of the form H 1 Hoy®T2 + h.c., which ensures
that the PQ charge assignments obey PQ(H;) + PQ(H2) = 2PQ(®), and gives a mass to
one linear combination of the phases, 61 + 62 — 205. Then the usual Standard Model Higgs
VEV is given by vi, = v? + v3. However, because the Higgs fields carry PQ charge, the
axion decay constant f, will also get contributions of order v%w from the Higgs VEVs. For
typical invisible axion models aimed at solving the strong CP problem, this is a non-issue,
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Field | SU(2)r | U(1)y U(l)pQ
H, 2 —3 1
H, 2 3 1
P 1 0 1

Table 1. Scalar sector content: H, is the Higgs doublet that couples to the SM quarks, H; is the
doublet coupling to the SM leptons, and ® is the SM-singlet PQ-charged scalar.

because vg is many orders of magnitude above the electroweak scale, so the Higgs VEVs are
a tiny perturbation on the PQ-breaking scale. For our purposes, however, we immediately
run into a difficulty. Considering the allowed parameter space in eq. (2.10) and eq. (2.11),
we see that we always have least one coupling (to photons or electrons) suppressed by a
scale

fa ~ |c| 25 GeV, (3.13)

for ¢ = ¢y, or cee. That is, we expect f, < vgw. This means that we should somehow
sequester PQ breaking from electroweak breaking, because axion couplings of order 1/vgw
are too small to account for the observed value of g — 2. The value of f, also suggests that
the radial components of the PQ scalars, ps = rs — vs, have masses of order ~ O(20 GeV),
which could also be important for their phenomenology.

One way to achieve the necessary sequestering is to arrange for a hierarchy in the
size of the scalar VEVs, v; > v9,vp. Then the Nambu-Goldstone mode eaten by the Z
boson will be dominantly #;. This leaves two other modes, dominantly contained in 65
and 6g, one combination of which will become the axion. If vo,ve ~ f,, then this can
be consistent with f, < vgw. Because the top quark has a large coupling to electroweak
symmetry breaking, it should couple to H;. We are interested in obtaining significant
lepton couplings to the axion, so we wish the leptons to acquire their mass from Hs. This
is compatible with either a Type II 2HDM, in which H; gives mass to up-type quarks and
Hy gives mass to down-type quarks and leptons, or to a lepton-specific 2HDM, in which
H, gives mass to all quarks and Hs gives mass to leptons. Because the phenomenology of
the model becomes more complicated when the axion interacts significantly with quarks,
we will choose the latter route, in which all axion couplings to quarks will be suppressed by
the small ratio f,/vgw. For clarity, in the remaining discussion we will denote the Higgs
that gives mass to quarks by H, and the Higgs that gives mass to leptons by H;. We
summarize the scalar content of the model in the table 1.

Here we have used the freedom to choose any linear combination of PQ and hypercharge
to assign definite values of 41 for the PQ charges of H; and H,. The important interactions
for our purposes are:

‘/E)(‘Hl’v ‘Hq’, ’(I)‘7 |H1Hq‘) + <)‘ql<I>I—[lI—Iq(I>Jr2 + yquQUC + de;rQDC + yeHlLEC + h-C-) .
(3.14)
One could take, for example, U¢, D¢, and E° to have PQ charge —1, 41, and —1 respectively.
The Z boson eats the linear combination vgﬂq — 01291, and (as noted above) the Aya
term gives a mass to the linear combination 0, + 0, — 205. The light axion mode must
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be orthogonal (in the metric defined by the kinetic terms of the 6 fields) to both of these
combinations [57]. If we define canonically normalized fields &, = v404, & = vi6;, and
£ = vpbe, then one can calculate that the light axion mode is

1 Vg Uy
a=—|vels + 237(%1& + Ulfq) , (3.15)
fa VEw

where f2 = U% + 4vgvl2 / U%W. In particular, assuming that vgw ~ v4 > v, ve, this reduces

t
© 1

—— (vas +2ui§;) + O(vi,0/vEW).
1/0(% + 41)12

As promised, the light axion is independent of the mode coupling to quarks up to corrections
suppressed by the ratio of small VEVs to the large VEV. Of course, at the level that we
are working so far, this axion is massless, so we must also add some explicit PQ-violating

(3.16)

a =

terms to V. If these terms involve only ® and are relatively small, then we expect that
their effects can have little effect on the axion’s couplings to Standard Model fields.

We rewrite the fermion couplings in our preferred form by following the recipe outlined
in subsection 3.2. In this way, we obtain the following derivative couplings of the light axion:

Lo O (8,0)ETTG" EC 4 (8,0,)UT6"U° — (8,0,) D 5+ D°

2 Ug ct = c 2 vl2 ct = c ct = c
= (0,0) BTG B + - (9,0) (UTe"U° - Do D). (3.17)
fa VEw fa VEw

In the second line, the — symbol indicates that we have projected onto only the coupling
of the light axion, dropping the contributions that are related to the other, decoupled
linear combinations of phases. As expected, we obtain a derivative coupling of the axion
to leptons, suppressed by the low scale f, (because v, ~ vgw), while the axion coupling to
quarks is further suppressed by the square of the ratio of small to large VEVs.

Notice that, in the absence of any additional Higgs bosons, these couplings are
generation-independent: all the leptons obtain masses from the Higgs H;, and so all have
the same phase 6; that must be rotated away. Hence, the minimal version of this model pre-
dicts equal couplings to electrons and muons. Models with additional Higgs bosons could
accommodate different couplings, at the cost of adding more possible collider-accessible
particles to the theory.

In addition, the chiral rotations we have performed generate couplings of 6, and 0, to
the photon. They do not generate couplings to the gluons, because the quark fields U¢ and
D¢ were rotated by equal and opposite phases. Taking account of the three generations
and the color and charge factors, we obtain a coupling
6 v + 0] « 6 «

(6% ~ ~ ~
30, +0y)—F F' — — —akF, ,F*" = ——akF,, F*. 3.18
(00 + q)47r v ~ fa VEw A fa47ra v ( )

Again, the — indicates projecting onto the light axion. Here we recognize that indeed,

fa plays the role of an axion decay constant, and the coefficient is an integer — reflecting
that the light axion combination does, in fact, behave as a periodic field in the low-energy
effective theory.
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The model makes a correlated prediction for the axion’s derivative couplings to leptons
and its coupling to gauge fields. In particular, because E° is a left-handed Weyl fermion,
when we compare eq. (3.17) to eq. (2.7) we find that c; has the opposite sign as c.
However, one could always shift the photon coupling, without affecting the derivative
coupling to leptons, by adding additional KSVZ-like fermions, as discussed above.

This model is rife with phenomenological difficulties. Although the DFSZ-like model
can generate axion couplings to leptons of the desired form, it comes with a large number
of additional, correlated predictions that must also be confronted with data. The theory
is a 2HDM, with an additional real scalar singlet from the radial mode of ®. One must
arrange for the VEVs v; and vg to be small, without predicting a light charged Higgs boson
that would have been discovered at LEP. One must also arrange for the Higgses to be close
to the alignment limit in which the couplings are Standard Model-like, which is difficult
when the additional Higgs bosons are so light. Furthermore, the radial mode of ® mixes
with the Higgs boson, predicting exotic signals like h — aa decays.

The phenomenology of 2HDMs in general has been studied extensively (see, e.g., [58]
for a review), and numerous experimental searches have been carried out. The lepton-
specific 2HDM discussed here has also been studied under the name of the Type IV 2HDM
in ref. [59] and the Type III 2HDM in refs. [60, 61] (readers should be careful, as such
terms are not used consistently in the literature). Exotic Higgs decays, and in particular
the h — aa decay with a — 7y or a — (]~ that can arise in this model, have also been
studied extensively (see, e.g., [62-65]). The constraints from the global electroweak fit
could be found in [66].

Aside from these immediate phenomenological problems, even the original motivation
of studying this model is undermined: the axion prediction of the muon g — 2 in this model
is not complete, because the additional Higgs bosons also couple to the muon and alter the
model’s prediction for the muon g — 2. The muon g — 2 in 2HDM models has been studied
extensively (see, e.g., [67-70]), including in the case of lepton-specific 2HDM models [71-
76]. These effects are similar to the model we have discussed, but lack the additional PQ
scalar .

3.4 /£ is PQ-neutral

If the SM leptons ¢ are not charged under the PQ symmetry, they can only develop couplings
to the axion by “inheriting” the PQ charges from other degrees of freedom that are charged
under U(1)pq. The simplest way to realize this is by integrating out heavy vector-like
fermions, which mix with the SM leptons.

To generate couplings of axions to muons and electrons, in both electroweak dou-
blets and singlets, we introduce four pairs of vector-like fermions charged under SU(2)y, x
U(1)y x U(1)pq (one pair for each flavor in one SU(2)y representation):

1 ~ 1 - .
(U (2a _57 1)7 Vi : (2? 57 _1)7 Xi : (]-a 1, 1)5 Xi (]-a —1, _1)7 1=1,2. (319)

In addition, we have a PQ scalar, ®,; and the first two generations of SM leptons with the
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following charge assignments:
1
o, :(1,0,1), L;: (2,—5,0), Ef:(1,1,0), i=1,2. (3.20)
The Lagrangian contains the following mass terms involving the new fermions:

LD Y —ymiXi®Ey — yriL] ®seh; — MixiXi — My ey + hec. (3.21)
=€,
where € is the anti-symmetric 2 x 2 matrix. When the new fermions obtain their masses
dominantly from the vector-like mass terms, i.e., yg;(®s) < M; and yr;(Ps) < A;, the
equations of motion are, at the leading order,

yeiPs By yrLi®sLi
o = YL 3.22
Plugging them into the kinetic terms of x and ), after the PQ breaking, we have
Oua (|ypifa|” ot yrifal® ; ;-
- 21}& ( 7“ ESTGHES + —za Li'e"L; |, (3.23)

where we use the parametrization of @, after PQ breaking: &g = %eia/ fa . Mapping onto

2) . (3.24)

Note that the axion-lepton coupling is always positive in this case. In addition, the vector-

the general axion EFT in eq. (2.7), we have

2

+ yLifa

A;

Cii = 1 yEifa
i1 9 Mz‘

like fermions do not generate c,- since they have opposite PQ charges.

This class of model suffers from several serious problems. First of all, c.. and ¢,
always have the same sign and thus they do not provide an explanation for the muon g — 2
discrepancy, as explained in section 2.4. This could be fixed by adding some extra vector-
like fermions, which do not have opposite charges under U(1)pq, to generate a sizable
axion coupling to photons.'’ Then we could rely on a combination of large axion-photon
coupling and axion-muon coupling to accommodate the observed muon g — 2. Yet to
get large axion couplings, all the vector-like fermions have to be light. More concretely,
assuming ygo = yr2 = y and My = Ay = M for simplicity, we have

Yy 1/(100 GeV)
M < 500 GeV <\/E> ( Cupl fa ) ’ (3.25)

where we use that yf,/v/2 < M, the condition for us to integrate out the heavy fermions,
and choose the Yukawa coupling close to the perturbative unitarity bound +/4mw. These
light charged fermions decay quickly to a plus SM leptons (or W/Z plus leptons if those

1Note that for these vector-like fermions leading to a non-vanishing a F'F' coupling, they could not have
a vector-like mass term such as M xx since they do not have opposite PQ charges. Thus they obtain their
masses entirely from coupling to the PQ scalar.
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channels are kinematically allowed). Axion subsequently decay to ~vy,ete™,utu~, re-
sulting in lepton-rich/photon-rich final states. These are highly constrained by the LHC
searches. For instance, the vector-like heavy leptons decaying to fully leptonic final states
are already ruled out up to 400 GeV using LHC 8 TeV data [77]. More bounds on different
decay channels of vector-like leptons could be found in [78].

Another issue, which also appears in the DFSZ type model in the previous section, is
that these vector-like fermions also lead to a new contribution to the muon g—2 in addition
to the contribution of the axion loop. For instance, setting only ygs to be non-zero and
the other Yukawa couplings to be zero, we have a contribution to muon g — 2 from the loop
involving X2, which is [77]

1 2
OOGeV> , (3.26)

¥~ ~10,2
Aay ~ 11 x 107" yp, ( YR

which is comparable to the contribution of the axion loop when the fermion is light. Very
recent studies of vector-like leptons plus extended Higgs sector for muon g — 2 could be
found in [79, 80].

4 Conclusions

A heavy axion-like particle with couplings to leptons and photons provides a tantalizing
potential solution to the muon g — 2 anomaly. In this article, we implemented a full
two-loop computation of the Barr-Zee-type diagram, which is valid for all possible mass
orderings of the particles in the diagram, and updated the parameter space in the axion
EFT framework which could potentially explain the intriguing muon g — 2 result. As
already noted in studies with the previous BNL measurement, the axion couplings have to
be large to accommodate the discrepancy between the observed value and the Standard
Model prediction for g — 2. We further investigate simple UV completions to generate such
large axion couplings, in particular, large axion-lepton couplings. One generic feature,
which arises in different classes of models, is that new light degrees of freedom with masses
of order a few 10’s to a few 100’s GeV have to be present. They could be charged, or
neutral but mixed with the Higgs boson, and are thus strongly constrained. In addition,
these new states contribute to the muon g — 2 as well, invalidating the use of the axion
EFT alone to study the muon g — 2 anomaly.

Our study suggests that to consider an axion’s contribution to muon g — 2, we have
to consider more complete models specifying the origins of the axion couplings and other
relevant degrees of freedom. Beyond muon g—2, there is a relatively less constrained region
in the axion mass and coupling plane, for a heavy axion with mass around a few times
10 MeV to 10 GeV. We show that the particle physics models behind this region with large
axion couplings are associated with rich phenomenology, which has been probed or could
be probed in near-future searches. A more systematic study is beyond the scope of the
current paper, but could be worthwhile.

Lastly, the muon g — 2 anomaly, the revived long-standing puzzle, could just be among
the first (indirect) signals of new physics near the weak scale. More experimental and
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l+k+q

Figure 5. Diagrams for the vertex function I'* (k, g, m?).

theoretical efforts are needed to unravel the mystery, e.g., more data from future Fermilab
runs and the on-going work at J-PARC [81], as well as more work on understanding the
Standard Model hadronic vacuum polarization contributions to g —2. Given the possibility
of new physics involving the muon, a future high-energy muon collider, which could cover
a plethora of new physics signals [82-94] well beyond those related to muon g — 2 [95-99],
deserves serious consideration when planning the future of particle physics.
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A Full two-loop results

To calculate the Barr-Zee diagram in the third panel of figure 1, we first compute the
contribution of the fermion loop to the three-point vertex function in figure 5 with one
on-shell photon. We do not require the other photon and the axion to be on mass shell.
For the loop calculation, we use Package-X [100]. We only keep the term that is linear in
q, the on-shell photon’s momentum. The vertex function is then given by

m2

ere A2(z,m;) = —+—
),Wh A% (z,m;) wi—2)
(A.1)

where m; is the mass of the fermion running in the loop. The loop integral is ambiguous,

iy 1 A2(a: m)
1—\/“/ k‘ 2 — Clla Myaﬁk / d 9 1
i . g, mi) g B\ Jo RN, my)

shifting by a constant multiple of e’“"mka% when we shift the loop momentum [. This

—90 —



7 Tq 7 Tq
ir(k’Qamg) _I_ ir(k’Qamg)
ke Nk ke N &
> —0 —a—) >
— — — —
p p+k p p—k

Figure 6. Diagrams for muon g — 2, inserting the vertex function il'*(k,q,m?). To obtain the
correct physical answer, we must subtract equivalent diagrams with an insertion of iI'**(k, q, A?)
in the large A limit. The internal loop momenta are taken independent of ¢ because we work in the
soft ¢ limit, which is sufficient for extracting the magnetic dipole moment

ambiguity in linearly divergent Feynman integrals is familiar from the calculation of the
triangle anomaly (see, e.g., ref. [101]). The physically correct answer arises from noticing
that the derivative coupling in eq. (2.6) respects a continuous shift symmetry, and hence
cannot induce an aFF term in the Lagrangian when massive fermions are integrated out.
Indeed, we find that the factor in parentheses in eq. (A.1) approaches a constant, inde-
pendent of k2, in the limit m; — oo. This means that our evaluation of the ambiguous
integral has introduced a regularization artifact that breaks the shift symmetry, and we
must cancel the symmetry-violating effect with a counterterm. One way to accomplish this
is simply to subtract the loop function evaluated in the large mass limit:

Th ok, qymi) = T# (k, q,m7) — " (k, q, A%), (A.2)

where A is a heavy mass regulator that can be taken to infinity at the end of the calculation.

Now we insert this vertex function into the diagrams in figure 6. The final result is

2
CpupCii . T
AQLB) - _ Mgﬂ-?) f—g [H (mq, my,m;) + h(mg, my, A)], (A.3)

where H(mgq,my,m;) is from the diagrams with physical fermions of mass m; and
h(mq, m,, A) is the counterterm contribution, from the subtraction of equivalent diagrams

with large mass A. The loop function H is given by

A? 2(m2 + 2m?)
l— a H B(mi,ma,mu)

1
H as s ) = d
(ma, iy, ) /0 v 2(A% —m2) 3m?

2(A? + 2m? AUA2 — m2 1 2
: 3 2W%)Bﬁnﬁnhuﬁ)+ ( Ma) _ Mo 1y | 2k
m
m

A? m?
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where B is the function denoted DiscB in Package-X, given by

N3, 22, 22 1

2 07 1’ 2

Blag, w1 w2) = e—>0+ / dz 2g2? + (—af — o] + 23)z + 2] — i€’
Ma,b,c) = a® + 62 + ¢ — 2ab — 2ac — 2be. (A.5)

The two DiscB function in eq. (A.4) could be simplified as

Ma m3—4m31 (,/mg —4’mz+ma)
n )

B(m2 Mg, My,) =

w ma 2my,
ALJAZ — 4m? JAZ —4m?2 + A
B(m2,my, A) = “In . . (A.6)
o TR m2 2m
0 ©

The other function h is given by

A? 4 2 2
h(ma)mu7A) — ln () ma ln (Tna> + ma + 5

m2 a 6my, m? 3m? 2
2
+ma, /m2 — 4m?(m? + 2m2) . (1 /mZ — 4m2 + ma> AT
6m, 4m?2 ’ '

where we ignore higher-order terms of order O(1/A?) or higher. This is approximately
h ~ ln( ) + 2 in the limit mq > m,,.

B One-loop results

In this appendix, we collect the one-loop results for diagram (1) and (2) in figure 1. These
have been computed in refs. [17, 19]. We have checked the computations and our results
are given by

2 2 2
AaD — _ (z), z="a
1672 f2 T m2’
N2 €1 Comy O A2
Aafp) = e (m <mZ —hg@:)), B.1)
a 12

where the loop functions are given by

hi(z) =142z +2(1 — ) Inz + 2x(z — 3)

)

W1, (fo)
x—4

5 g2 T+ 2 _4)ln<\/:f+\/m—4> ‘
2

ho(x) = —f—l-—lnx—g— 3

o+ (B.2)

Note that our he(x) differs from that in refs. [17, 19] by a constant. This is because we
use the same regularization scheme as in the two-loop calculation in appendix A, which
is different from the regularization scheme in the references. In other words, the different
constant could be absorbed by a redefinition of the cutoff A.
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