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1 Introduction

The study of fundamental symmetries of Nature is central to the development of the
Standard Model as well as its possible extensions. In particular, the basic structure of the
Standard Model (SM) is built from the gauge symmetry groups SU(3). x SU(2)r x U(1)y,
while the three generations of SM fermions admit a residual U(1)p x U(1), global symmetry
after accounting for arbitrary Yukawa interactions and massive neutrinos. While the role of
the SM gauge symmetries is well-understood as conserved current interactions among SM
matter fields (albeit spontaneously broken in the case of the electroweak symmetry), the
global symmetries have no corresponding low-energy mediators and are in fact expected to
be violated individually because of their anomalous nature. In contrast, the Peccei-Quinn
symmetry [1, 2] is also an anomalous global symmetry that is spontaneously broken at a
high scale f,, leading to a very light axion degree of freedom [3-8] that is responsible for
the resolution of the strong CP problem. Given that the non-observation of the electric
dipole moment of the neutron strongly constrains the anomalous theta term GG of the



SM, with 6 = 6 + arg det My, to be 0 < 10710 [9-11], experimental searches for axions are
highly motivated.

From this viewpoint, we want to consider the interplay between gauged anomalous
global symmetries of the SM and the Peccei-Quinn (PQ) symmetry, with a particular
focus on the distinction between the corresponding Z’ and axion degrees of freedom of the
two symmetries, respectively. For concreteness, we will gauge SM baryon number, which
necessarily requires the addition of new electroweak-charged fermions called anomalons to
cancel the SU(2)? x U(1)p and U(1)} x U(1)p anomalies [12-20]. To connect to axion
physics, we will also add two SU(2); Higgs doublets and two U(1)p Higgs fields with
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model-like couplings [7, 8]. In this way, the
usual SM gauge singlet in DFSZ axion models is now the remnant pseudo-Nambu Goldstone
boson from U(1)p symmetry breaking and is orthogonal to the Goldstone eaten by the Z’
vector boson, enabling us to explore the nontrivial dynamics of these Goldstone fields. One
key motivation for studying the gauged baryon number extension of the Standard Model is
to divorce the global baryon number anomaly of the SM quarks from the WW and BB
couplings of the axion in DFSZ constructions. A second key motivation is studying the
interplay of axion and Z’ interactions arising from the orthogonality of the PQ and U(1)p
symmetries. Recent work has also emphasized how chiral U(1) extensions of the Standard
Model can alleviate the axion quality problem [21], but implementing this in the U(1)p
symmetry context will be addressed in future work.

Furthermore, we are focused on the effective description of axions and axion-like particles
in the presence of new U(1) gauge symmetries. While the SM effective field theory (EFT) of
axions and axion-like particles (ALPs) has been extensively discussed recently [22-37], the
study of anomalous PQ breaking and the corresponding assumptions on the effective field
theory are crucially important. As an example, models featuring nontrivial completions of
the quantum chromodynamics (QCD) gauge symmetry can shift the viable axion mass range
into the electroweak scale and heavier [38-41], marking a new regime for axion effective
field theory.

Our top-down approach to axion+Z’ effective field theory from a gauged baryon
number and DFSZ axion model predicts specific patterns of couplings of the axion and
Z'" degrees of freedom to the SM fermions and gauge bosons. We will show that these
patterns are a direct result of the ultraviolet (UV) requirement of anomaly cancellation, the
one-loop trace condition to eliminate cut-off scale dependent kinetic mixing [20], and the
requirement for the charges of the new matter fields to allow decays into SM fields in the
early universe, avoiding new color- or EM-charged stable relics. We will also emphasize the
new collider observables that result from our work, which include decays such as a — hZ
and Z' — ah signatures.

The outline of our paper is as follows. In section 2, we present the gauged baryon
model augmented by the DFSZ-like axion scalar sector. We will emphasize the role of the
anomalon sector in determining the absence of chiral anomalies and log-divergent kinetic
mixing, as well as the origin of the Peccei-Quinn symmetry from the scalar potential.
In section 3 we present a general calculation of EFT operators in an axion interaction basis
focusing on the operators mediating axion-vector-vector couplings and axion-vector-Higgs



couplings. Our calculations are presented in section 4 as generic loop functions that allow
for flavor-changing vertices of the intermediate fermions. We discuss the phenomenological
aspects of our model in section 5 and highlight the new discovery and search channels
involving the Z’ and axion particles at colliders. We conclude in section 6.

2 DFSZ axion with gauged baryon number

To analyze the structure of the anomalous Peccei-Quinn symmetry in U(1)’-gauge symmetry
extensions of the Standard Model, we study a DFSZ-scalar extension to a gauged baryon
number model. Our gauged baryon number model is adapted from refs. [18, 20], where
the new fermion content is chosen to cancel the SU(2)? x U(1) and U(1)% x U(1)p chiral
anomalies arising from the SM quarks. Furthermore, the U(1)p charges of these anomalons
also satisfy the trace condition that naturally suppresses kinetic mixing between the Z’ and
the SM Z and photon [20].

The field content is shown in table 1, where the anomalon fields are L, L'y, E}, Ef,
N}, and Np, which have the indicated SM and U(1)p gauge charges designed to cancel the
U(1)p gauge anomalies and satisfy the trace orthogonality condition for kinetic mixing [20].
The H, and Hy SU(2) Higgs doublets are adopted to implement the DFSZ model given
their couplings to the SM quarks, but instead of one SM gauge singlet scalar to define the
Peccei-Quinn symmetry in the scalar potential, we include two SM gauge singlet scalar
fields since one Goldstone mode is eaten by the Z’ gauge boson. Hence, the ®4 and ®p
baryonic Higgs fields provide both the axion degree of freedom in a DFSZ-like manner as
well as the longitudinal mode of the Z’ boson, in addition to breaking the chiral symmetry
of the U(1)p gauge symmetry and giving the primary source of mass to the anomalon fields.
After assigning the Z4 discrete charges to the fields and writing down the complete set of
allowed Yukawa terms, we enjoy the accidental PQ symmetry displayed in table 1.

Our scalar Lagrangian is given by

Lecatar O |DpHu|? + |DyHy|* + | D@4 + | D, @5
— V([HuP, | Hal, |04, |®5[2) = Aap (HLT e Hi® 4 + hic.) (2.1)

where A\ 4p uniquely determines the accidental PQ symmetry. We remark that other choices
of the discrete symmetry can permit more terms in the scalar potential that explicitly
break this prescribed PQ symmetry, but this will be discussed in a separate publication [42].
The accidental PQ charges from table 1 are also realized in the corresponding Yukawa
Lagrangian, which has the form

EYukawa O - yszlLHuugg - yllj‘jQZLHddi‘g - yéjiinegg
— y Lr®pL}, — ysE1®pER — ynN1®pNp
— 1 Ly HyEy — yo Ly Ha By, — ys Ly HuNp — ya Ly H, N}, + h.c.. (2.2)



SUB)c SU(2), U(l)y | U)p | Za | U(l)pq

¢ 3 2 1/6 1/3 | +1 Xg
uly 3 1 2/3 1/3 | —i Xo-Xu
diy 3 1 -1/3 | 1/3 | +1 Xo-Xa
Ly 1 2 —1/2 0 +1 X,
et 1 1 -1 0 +1 Xr-X4
H, 1 2 —1/2 0 +i X,
Hy 1 2 1/2 0 +1 Xy
L 1 2 —~1/2 | -1 | +1 X/
Ly 1 2 ~1/2 2 +i X'-Xp
E 1 1 —1 2 +i || X-X4-Xp
E 1 1 —1 -1 | +1 X'-X4
Ny 1 1 0 2 +1 || X'-X,-Xp
N, 1 1 0 —1 | —i X'-X,
Py 1 1 0 -3 | -1 —Xa
dp 1 1 0 3 +i —Xp

Table 1. Field content for a DFSZ-like model with gauged baryon number. In addition to the
SM fermions we have two Higgs doublets H, and H; for EWSB, two Higgs fields ® 4 and ®p for
breaking baryon number and heavy anomalon fields which cancel gauge anomalies. Besides the SM
charges, we assign baryon number and a Z, charge. The PQ charge results as global symmetry of
the Lagrangian.

Here, the first line reflects the type-II two Higgs doublet Yukawa interactions of the DFSZ
model, while the remaining terms are the standard anomalon Yukawa terms arising in
gauged baryon number models [17-20]. We assume all of the scalar fields will acquire
vacuum expectation values (vevs) from the V(| H,|?, |Hy|?, |®4|?, |®p|?) scalar potential,
and we will focus on the Goldstone bosons from the corresponding complex scalar fields.

In order to analyze the axion and Z’' phenomenology, we now make use of the scalar
Lagrangian in eq. (2.1) to define the Goldstone basis of the angular fields and their
interactions to the radial fields. The Yukawa Lagrangian in eq. (2.2) gives us the mass basis
of the anomalons and their couplings to scalars. We will also present the scalar and fermion
couplings to gauge bosons, where we include an effective one-loop induced kinetic mixing of
the form

ckin—mix D) %BHVK'“V, (2.3)

leading to a shift in the neutral current gauge fields, and K, denotes the additional gauge
boson before diagonalization and canonical normalization.



2.1 Scalar sector
To define the Goldstone basis of the angular fields, we parameterize the complex fields via
1 . Vy +h 1 i 0
H = —¢imot/vu| Yu v Hy = ——eimac /v ’
V2 < 0 ) SNV vq + ha

UA+hA iaA/'UA UB+hB ia /’U
AT A, , dp = BB iap/vs 2.4
7% B 7 (2.4)

Here, v; denote the vevs of the scalar fields, h; are the radial modes, and a; and m; are

Py =

angular modes, while o denote the Pauli matrices as generators of SU(2);,. We define

Ay = TrfL, ag = —7r3 as neutral angular modes of H, and Hy. The vevs which spontaneously

break SU(2);, x U(1)y and U(1)p are v = (/v2 4+ v3 and v/ = y/v} + v%, respectively, with
tan 8 = v, /vg and tan 8’ = v /vp.

Since the PQ symmetry is orthogonal to the gauge U(1) symmetries, we have the
relations

0= )Y YiXp;, 0= BXpw], Xi= > X (2.5)
{H:} {®:} {H;, @i}

Together with the requirement of X = X, + Xg = X4 + Xp to keep the Ayp term PQ
invariant, the PQ charges of the scalar fields evaluate to

X,=Xcos’B, X;=Xsin?B, Xa=Xcos’p', Xp=Xsin?pg'. (2.6)

Consequently, the PQ symmetry is spontaneously broken by the effective scale v,, where
ve = V2 sin? Bcos? B+ v2sin? B cos? ', with tan~y = vsin Bcos 3/ (v’ sin ' cos ). The
PQ charge normalization X is then fixed by the axion decay constant f, = Xwv,.

To identify the axion a, the heavy SU(2) pseudoscalar Ay, and the two Goldstones Gy,
G g for the longitudinal Z and Z’ bosons, we perform the following orthogonal transforma-

tion,
a CBS~y S35y —CgICy —SCy \ [ Gy
Ag CBCy SBC~y CBISy  SB/Sy aq (2.7)
Gy —s3 ¢ 0 0 as |’ '
GB 0 0 —Sp! Cp/ ap

where the Gg and Gp Goldstones are easily identified as aligning with the Higgs basis of
each sector. We remark that for v < v/, v & 0, we reproduce the invisible axion of the
DFSZ model which is dominantly composed of ay and ap SM gauge singlets. We can
also reproduce the Weinberg-Wilczek model [3, 4] by considering the other limit, v > v/,
v R T/2.

The heavy pseudoscalar Ay gets a mass from the A4p term given by

777,2 = LAB 702 .
Ao 2 SﬂC@Sﬁ/CB/

A mass for the axion is only induced by instanton effects, which are quantified by the

(2.8)

topological susceptibility x [43],

22 _ Mymq
X_maa’ XQCD_(

2 42
—_ . 2.9
My + 7nd)2m7rfTr (2.9)



For an ALP, x remains a free parameter, while a vanilla QCD axion has x = xqcp, although
recent studies have demonstrated that y can be enhanced by non-QCD sources and still
preserve the axion solution to the strong CP problem [38-41]. As long as A4p is sufficiently
large, the basis rotation in eq. (2.7) coincides with the mass basis of a and Ay.

For the C'P even Higgs bosons, we perform the orthogonal transformation to the Higgs
basis in the alignment limit, giving

h sg cg 0 0 hy

Hy _|e—s3 0 0 hq (2.10)
h/ - 0 0 3[3/ Cﬁ’ hA ' ‘
H} 0 0 cg —sp hp

We will assume that the Higgs basis is aligned with the mass basis and neglect further scalar
mixing, since our focus is the phenomenology of the light axion and Z’ boson. Large devi-
ations from the alignment limit are also strongly constrained by Higgs observables [44, 45].

2.2 Fermion sector

In this section, we calculate the anomalon masses and couplings to the axion and other
scalars. From eq. (2.2), the masses of the anomalons arise from the vevs vpg, v, and vy,
where we parameterize the Yukawa couplings by yr = |yi| expidg. After accounting for
rephasing freedom, we have two complex phases signifying C'P violation which we shift into
the Yukawa terms with H, and Hy,

Lanom O — [yr| Lr®pLy, — lypl|EL®pER — |yi|e”2 Ly HiER — |yzle™ ™ Ly HyEY,
— |yn| N, @ Ny — |ys|e®4 L Hy N — |ysle " L'y H,N} +h.c., (2.11)

where the physical complex phases d15 and d34 are given by

0 — 2+ 6L — g 03 — 04+ 0 — On

012 = 5 ;O34 = 2 (2.12)
The induced mass parameters are
myp = @c ' m @c ' my = Mc '
et T e va e
mi = @clgcﬁv, mg = @01205’[1, ms = @63485’0, my = MC;)ASB’U, (2.13)
V2 V2 V2 V2

where c¢15 = cosdio and ¢34 = cos 34 reflect the impact of the CP violating phases. We
introduce the shorthand

m; — m;
after which the mass mixing matrix becomes
., = my, mia(1 4+ Av2)(1+it12) )\ [ €y
L D — (e E 2.15
anom (BL L) <m12(1 . Alg)(l o ’itlg) mg Eﬁ% ( )

- mp, m3a(1 + Azg)(1 +itsa) | (Vg
— h.c..
(72 ~%) <m34(1 — As)(1 — itsq) my I



For v' >> v, the off-diagonal terms are at least suppressed by v/v,. The A1y and Agy
terms are also suppressed by the difference in the Yukawa couplings, which is generally
negligible unless the couplings are hierarchical, and so we will assume A1y = Agy = 0 for
the remainder of this work.

The CP violation is encoded via the tangent of the C'P violating phases and will cause
mixing between the axion a with the SM Higgs h. Since we are aligned in the Higgs basis,
we will set t15 = t34 = 0 and leave a study of small deviations inducing mixing between a
and h to future work.

After these simplifying assumptions, we can now rotate the symmetric mass matrices

of the anomalons in eq. (2.15) using ar and ay mixing angles defined via
E1\ [ cosag sinag) (¢ N1\ [ cosan sinay) [V (2.16)
Ey] \—sinag cosag)\E')’ No]  \—sinay cosay ) \N") " '
The masses of E1, Fo, N1 and Ny are given by

2 miy 2 m3,
ME,, = MLE 1F ALE+WL%E y MN,, = MLN 1F ALN+m%N , (217)

using the shorthand in eq. (2.14).
We now evaluate the couplings of the axion field a and the SM Higgs field h to the

anomalons. The couplings to the axion are at order 1/f,

a

Eanom, a 2 iXB‘}T cos(2aE)(mE1E1'y5E1 — mE2E275E2)
a
. a . mg, +Mm _ _
+ ZXBJT sin(20p) — 22 (Eyy5 By + EavsEr)
a

. a . =
+ ZXBJT COS(2O¢N)(’I7’LN1N1’75N1 — mN2N275N2)
a

+ z'XBﬁ Sm@amw
fa 2

+ Z.dei Sin(2aE)W(E1E2 — EgEl)
a

+ iXui Sin(gaN)w(
Ja 2

(N1795No + NoysNy)

NiNy — NoNy) . (2.18)

Here, we see that the terms proportional to X p are the canonical axial couplings proportional
to fermion masses, while the remaining terms proportional to Xy or X, scale as the difference
of fermion masses and arise generically in flavor violating axion models, as we will discuss
in subsection 3.1.

Separately, the interactions of the SM Higgs h to the anomalons are

mp, —mg, h _ _ _ _
Lanom, h D sin(2aE)%Z(COS(ME)(&E#EQEQ—sin(zaE)(ElEl—EQEz))
. le_mN2 h N7 T . 7 T
+sin(2ay) 5 ;(COS(QO&]V)(NlNQ—I—NQNl)—SIH(QOzN)<N1N1—N2N2)).
(2.19)



At dimension 5 we also get a mixed operator

. . m mg, h a

»Canom, a, h 2 ZXd SlIl(QCYE)%;T(ElEQ — EQEl)
a

)le my, h a

2 v fa

In the case with C'P violation, the linear Higgs interactions would mix with the linear axion

+ iXu sin(2aN (N1N2 — NgNl) (2.20)

interactions proportional to X, and X,;. The last two terms are due to the fact that the
interactions of the axion proportional to X, and X  are induced by the Higgs doublets and
are needed for a complete set of operators at order 1/f,.

2.3 Gauge sector

Finally, we discuss the Z and Z’ interactions, which necessarily includes kinetic mixing
effects from eq. (2.3). The effective kinetic mixing parameter eqg is determined by calculating
the one-loop contribution to the two point interaction between the hypercharge gauge field
B,, and baryon number gauge field K, giving

Ceff Ny mgff i
£5 LB, K+ T, K, (2.21)

where meg corresponds to a possible mass mixing. The mass mixing vanishes if all fermions
in the loop are vector-like under one of the U(1) gauge symmetries [20]. The divergence in
the two-point loop diagram is cancelled after imposing the trace condition on the mediator
fermions,

STNy(YI Bl +Y B =0, (2.22)

f

where Ny denotes the multiplicity factor of fermion f. In the unbroken phase of electroweak
symmetry, we can consider the SM fermions to be massless, such that the only remaining
contribution comes from the anomalons. For m%, m2E > p? the effective kinetic mixing
parameter reads

2 2
_gvgp4 fnf ff my
Eeff = (4m)23 Z (Yva+YABA)<3 +ln<p >+O< >>

fe{L',E' N'} mf

egg 1 2(10 m% 2 p?
e [l In 2 ). 2.2
o (47r)23<3 +n(p ) O\ (22

The large logarithm in eq¢ cancels roughly the loop factor such that the dominant parametric

dependence is given by €qq ~ ech;Vl. In the following we will see that we get new interactions
proportional to €qg.

We recall from ref. [46] that kinetic mixing is removed by shifting the gauge fields into
a diagonal and canonically normalized basis, using the replacement rule

M7 epsw 27 O(e), (2.24)
» K m%, —m% ¢
2
mz 2
KH = ZL — €eﬂ‘SWmZH + O(Eeﬁ'> y (225)



to shift to the mass basis. Assuming mg > mzgsm, the corresponding masses are

2 2

S

mZ:mZ,SM<1+6 —W ZM_ | O(et )) (2.26)
2 mZSM mK

[0 (mi — clymZ su)

2 p)
2 myi —myzgy

My = Mg (1 + + O(egﬁ)> , (2.27)

with sy, ey being sine and cosine of the weak angle 0. We see that the mass correction
only appears at order e%; and is hence typically negligible.

We apply the shifts in the gauge bosons in eq. (2.24) and eq. (2.25) and obtain for the
scalar Lagrangian

scalar

p 1 1 1 1
L= 5 5 Ouhd" ho+ 5.0, Hod" Ho+ 50,0 0" '+ 5.0, Hyd" Hi —V (h, Ho, ', Hy)

1 1 m? 1 m3 A}
— 12 _ 14 _ 0 2 0“0
_|_1 € ((h+v)2+H2) Z,,— €ofiS L%IZ’ IV —€ogs L%'Zw
8 s, c2y 0 pooe Wm2Z,—mQZ i ¢ WmQZ,—mQZ
9 ' / mZZ m m2Z m
+2 ((h +v ) H ) ZH_EQHSWWZM Z —EeﬁSWWZ
m% ,
_swcw Ho Z 6eff&()’WmQZ/—mZZ Zu (378“(1—1—078“140)
mZZ 2
+6g9pHy | Z,,—€cisw —5——5Zu (c,ya“a—s,ya“Ao)+(’)<eeﬁ> , (2.28)
mZ_mzl

where G is absorbed by ZSM, Gp by K, and Ag is the only angular mode which gets a
mass from the term proportional to Aap as defined in eq. (2.8).

Finally, we discuss the gauge interactions of the anomalons. Following ref. [46], the
current interactions of the neutral gauge bosons are given at O(eq) by!

2
€ m
Loange D €A, T W, Jit +h. Z Jh — ——Z g
gauge - €Audg + \/— W( w T h.c. ) + <$WCW 7 — €effSWYB m2Z — mZZ/ B
A n n € my, ©
+ 1 gBJB + €eff€JQ — eeffcw m2Z mZJ (2.29)

n contrast to refs. [17, 20], our convention for gp in this work uses £ = %gBZL(cTy“q), and thus our gp
is half the value used in refs. [17, 20].



with the gauge currents given by

J(S D) _(EI'YMEI + Eg”y”Eg), (2.30)
J‘TVM D (CECNE17“N1 + CESNEl’y“NQ + SECNEQ’YuNl + SESNEQ’YMNQ) , (2.31)
1 _ _ _ _
Jg D) 2((28124/ — C%)El’qul + (28%/[/ - S%)EQ’}/“EQ — SECE(El’)/MEQ + EQ’)/MEl))

1 . _ _ _
+ 5(6?\7]\[1’)/“]\71 + S?VNQ")/MNQ + SNCN(Nl’y“NQ + NQ’)/MNl)) , (232)
1 - _ _ _

Jg D §(E17“E1 + Eyy' By + N1y* Ny + Nay# Na)

+ f(cos(2aE)(E1fy“’y5E1 — Eg'y”%Eg) + Sin(2aE)(E1fy“’y5E2 + E27“75E1))

W W

+ f(cos(QOzN)(ley“'yg)Nl — ]\_fg'y“’y5N2) + sin(QaN)(]\_fl'y“’yg,Ng + N27“75N1)) .
(2.33)

[\)

There are two limiting cases: a; — 0 corresponds to minimal mixing, while o; — 7/4
describes maximal mixing. In the minimal mixing case, we recover flavor-conserving axion
and Z' couplings, while in the maximal mixing case, the axion, Z and Z’ bosons all change
the flavor of the anomalons. This will be further discussed in subsection 3.1. Another
feature is given by the fact that the anomalons give rise to new contributions to the Higgs
decay to two gauge bosons which are not excluded [19].

3 Flavor dependent basis transformations of axion and Z’ EFT operators

In this section, we construct the low energy effective field theory of the axion and Z’ boson
at energy scales well below the anomalon masses. We are particularly interested in the
general structure of flavor-conserving and flavor-violating axion interactions and how they
manifest when the mediator fermions are integrated out. For this purpose, we consider
a chiral transformation of the fermion fields which accounts for possible flavor-violating
effects. The chiral transformation is also relevant for understanding the basis invariance of
flavor-conserving and flavor-violating axion interactions. We represent the general axion
interaction basis in a form where the axion appears in the Yukawa and gauge interactions
of the fermions. We include a dimension 5 commutator interaction for the axion coupling to
fermions and a gauge boson, which only appears when the PQ and the gauge currents are
flavor-violating. This commutator plays a crucial role in maintaining the basis invariance of
the effective coupling between the axion, Higgs boson, and a gauge boson. Apart from the
commutator interaction, our basis is equivalent to the commonly used operator set from
ref. [47].

3.1 General axion interaction basis

Our primary goal in this subsection is constructing a complete basis set of operators for
axion interactions appropriate for characterizing flavor conserving and flavor violating axion
interactions. We begin by writing the fermions in eq. (2.16) as a vector ¢ with a diagonal
mass matrix M¥. Correspondingly, from eq. (2.18), we identify the terms proportional to

~10 -



X p with the anti-commutator {M¢, Xfﬁ}, where Xﬁ is the so-called axial PQ charge matrix,
and we identify the terms proportional to X4 and X, with the commutator [Mw, Xl‘b/] for
the vector-like PQ charge matrix X‘% For the E anomalons, the axial and vector-like PQ
charge matrices are Xﬁ = XpCg and Xg = X4Cg, while the N anomalons have equivalent
expressions Xg = XpCx and Xg = X,Cy, where

Cp— 1(005(20@) sin(2ap) ))7 Cy — 1<cos(2aN) sin(2ayy) ) ' (3.1)

2 \sin(2ag) —cos(2ap 2 \sin(2ay) — cos(2ay)

We remark that the diagonal entries of X@ do not contribute to the commutator with MY
but are chosen such that XQ{} commutes with Xﬁ.

Including the interactions with the scalar fields ¢x in the Higgs basis, we can write the
Yukawa interaction Lagrangian at order 1/f, as

VK +OK

Loy — K‘HZSKwY W—i gUKJréf)Kw{Y XU 1/1— a
b, Yuk ;( A5 5

P P
o &t wYK,Xvw) ,

(3.2)

where the Yukawa matrices Y% are defined in the mass basis of the fermions via MY =
YK Y%UK /+/2. This structure is equivalent to the first-order approximation of an expo-
nential interaction,

Lo vk = ”K+¢K¢e (X0 — X%5) 2 )Y exp( —i(XY 4+ X¥v5)— )1 (3.3)
v ; Xp< AT fa) Xp< AT fa>

We note that the ordering of X}Z} and Xﬁ in the exponent is free since both matrices
commute.

In order to identify all possible axion interactions which originate from the most general
fermion Lagrangian, we now include the covariant derivatives of the fermions. The general
Lagrangian describing all terms which involve 1) is then given by

Ly D iy 9
— ; UK ¢K¢exp<'(Xw Xﬁ%)fa)Y’}b( eXp( (Xw + XA75)fa)¢

+ 3 g AN QY + QY)Y (3.4)
I

Here, I denotes the gauge group and AfL = AL“T}I the corresponding gauge bosons. The
gauge interactions of the fermions are defined by a vector-like and an axial charge matrix,
Q}pv and Q?A, which would include the CKM matrix in the case of SU(2);, gauge bosons.

We have now specified all of the axion couplings at dimension 4 and dimension 5
defined by our model. At one-loop, these couplings will induce axion interactions with
gauge bosons at the same order in 1/f,. Moreover, following Fujikawa’s derivation [48] of
the Adler-Bell-Jackiw U(1) chiral anomaly, axial phase rotations of the fermions will also
cause shifts in the axion couplings to gauge bosons.
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Since eq. (3.2) encodes the entire flavor structure of the axion coupling to fermions, we
can perform the chiral transformation

Y — exp( (XY + XA%)f )w, Y — pexp (—i(Xw X;‘;%)f ) (3.5)
for each type of fermion to generate a set of operators at order 1/ f, which is closed under

chiral fermion transformations. This transformation removes the axion couplings from the
Yukawa interactions and shifts them into the gauge interactions and a derivative interaction,

Ly — ipy" O — %ﬁ‘awv“(Xﬁ + XY y5)
_ ¢ _
— MYy — ; 7§¢Y%w
+ Zgﬂ/_}A,I[Y“ eXP< (XY + XG75) 7 )(QIV +Q747) eXP( (XY +X%75) 7 7 >¢

fa ZA a1 (“Zgj’ Fp, B (3.6)

The anomalous coupling to gauge bosons in the last row is determined by Fujikawa’s
method [48]. It is proportional to the anomaly coefficient Apq; given by

Apqrs = > T(Ru) (X3 Q¥ —- X7 Q%Q%,)
4,5,k
=23 T(Ru)(XP(QFQY, + QFQ%) + XJ(QFQ%, + k%)), (37
igk

where T'(Ryy) is the Dynkin index given by tr {TI‘%T}%} = T(R)0% [33] with R;; denoting
the representation of fermion f under gauge group I. In case of a U(1) gauge symmetry, it
simply counts the multiplicity.

We now focus on the third line of eq. (3.6) with exponential factors in the gauge boson
couplings to axions. At leading order in 1/f,, these interactions are

,Cw’gauge%Zg[@ZA (Q "‘Q],{YS @ZJ‘H*ZQIT/)A Q[v+Q1A'Y57X +XA75]¢
I
(3.8)

We see that the axial transformation from eq. (3.5) induces a current which contains the
commutator of the gauge charge matrix and the PQ charge matrix, defined by

JG%Q] Z¢T17 ij+Q[A’75aX +XA’75]1/}

— Z DT (QF, + QFvs) (X1 + X y5)0; + hec. . (3.9)
1,5,k

We note the current is only non-vanishing if both charge matrices are not flavor-conserving.
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Using our results from this section, we now have the general axion interaction basis at
order 1/ f, including possible flavor-violation effects,

H(CY+CY s o+ & LGP, Cl Tt & L (MY, CY st

2 fa 2 fa
;;2¢K Y¢’C 2faZ¢K¢{Yw’CKA}75¢

aua -
Ew,axion o - ;

grgJ I
_**Zgﬂ/’A +Q1A’757 jv+CjA'Y5 Y+ — ZCIJ 4 QFIﬂVF;7MV'
2fa I a IJ ( 7T)

(3.10)

This Lagrangian now describes a closed set of operators under chiral fermion transformations.
We remark the first term of the third line is a new dimension-5 operator which couples
the axion and a gauge boson to a fermion current that only appears for flavor-changing
fermion interactions. We will see in subsection 4.2 that all of these terms are necessary as
a basis invariant description of the effective axion coupling to a gauge boson and a scalar
boson. In particular, the closure of the operator basis in eq. (3.10) can be seen by noting
that a further general axial transformation from eq. (3.5) shifts the Lagrangian couplings
in eq. (3.10) via

P P P p P »
Civia = Crva +2Xy 45 Coppa = Coppn = 2Xy 4

% P P P P P
Crvia = Crvia = 2Xy a5 Crya = Cryju —2Xy 4
CéJH03IJ+APQ[J. (3.11)

Having established the framework for axion interactions closed under axial transformations,
we now apply our result to the fermions, vectors and scalars from our model.

3.2 Axion and Z’ EFT Lagrangian

Having established the required complete set of operators, we now construct the explicit
axion and Z’ EFT Lagrangian for our model. Our EFT is generated by integrating out the
chiral U(1)p anomalon content, while the SM fields, axion, and Z’ boson remain dynamical.

For the SM fermions, we apply the basis transformation from eq. (3.5) such that the
axion interacts via the canonical derivative coupling

_Oua a,a
Laeriv = >y (XY +XY75)¢ = =& Jbq, sm - (3.12)
fa hESM fa

Separately, integrating out the anomalons generates the following effective axion and Z’
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Lagrangian at order 1/ fg,

1 m2 2 oua /
Laxion D+ 5(8/1@)(8“@) — 7@ f J PQ,SM CZhh’Z 8“@ — CZ/thuaua
2 2
SM off\ € v SM eff € 1 Y
—F Z,F“ Z VF
+(C T ) Am)? fo " (027+CZ7>3W0W( ™2 fa "
e? 1 gpe a
Z VZ#V Z/ F,UJJ
+ (e )—2 g +(cP + oo )(47T) T
gB O o S gBe 1 a,_, v
17! 17! Z Zl”’ ! ! - Z Zl"’
* (8 + OFz) (i . (O O e e
2
gL m SM_9s A ~a Aauv
+( Wi+ Gl ) e 7, WiV O i 7, O

As mentioned previously, we neglected the effects from the heavy Higgses, h/, Hy, H}, and
Ay. The current J* W/ denotes the W boson current coupling without leptons. We note
that the last term is generic for DFSZ models, since the couplings to the W bosons do not
generally commute with the PQ charges assigned to the respective weak isospin components
in the quark and lepton sectors.

4 Explicit calculation of axion Wilson coefficients

We have built a complete set of axion and Z' EFT operators in eq. (3.13) generated after
integrating out the anomalons. We remark that we can also generate a Wess-Zumino term
following the analysis of ref. [19]. We calculate the matching conditions for the Wilson
coefficients of each set of operators. We emphasize that the final observables that are
derived in this section for the Lagrangian in eq. (3.13) are basis independent in regards to
chiral transformations of anomalons by construction.

4.1 Loop-induced axion coupling to gauge bosons

We begin with the axion coupling to two gauge bosons, C‘fo for gauge bosons A and A/,
where the operator is given by

v C e’
Lo ceﬂ“(gfj;’ J?FIWFf; - éf (9;7{;2; B (9, Ap, — 0,A1,)(0aAss — O5AJa) .
(4.1)

We calculate the Wilson coefficient as a one-loop triangle diagram mediated by fermions,

Y, ¥ and 1)y, as shown in figure 1. Our calculation is performed in a general structure to
allow for flavor-violating gauge interactions with both vector and axial-vector couplings. We
also introduce in general a mass to the gauge bosons and calculate in unitary gauge. The
couplings of the axion are determined by the general basis at order 1/ f, given by eq. (3.10).

We will consider three simplifying scenarios for C’Ief,f. The first is the heavy anomalon
limit, with m;, m;, my > mg, my, m;. The second is the flavor-conserving limit, relevant
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Figure 1. Effective vertex and one-loop diagrams for anomalous coupling of an axion to two gauge
bosons. The loop consists of three fermions 1;, 1; and v connecting an axion a with two gauge
bosons AL and A;.

for intermediate SM fermions. The third is for the axion-WW calculation, where the axion
coupling is taken flavor-conserving and the W couplings are necessarily left-handed.
For the heavy anomalon limit, the Wilson coefficient reads

2Cp(0,0,0,m;,mj,my)
= E Nk J X
OF) = ( oy A(m2,m?,m?)

< (e my)(©Ys+C3) (@ QY — Qi QT mum? (- m} —m3)
Qi+ §g><mim3<mz+m%—m5>+mjm%<mz—m%+mz>>)
i =) (O + O3 QU QU ~ Qi QU mym (2~ )

QI QY+ Q@ Xmm@WﬁHﬁ—m%—mwﬁWﬁﬂﬁ+m%O)

+ZNk<CiQ( QN+ QEQN ) +C QI QY+ Q1 QY )>>+O< i,f,J)7

ik i,k,J
(4.2)

where we have expanded in ratios of the external boson mass over the internal fermion
mass squared. We remark that the axion couplings C1, Cy and Cj5 coefficients from the
general basis defined in eq. (3.10) are all included, which is necessary for ensuring the result
is invariant under chiral basis transformations following eq. (3.11). The loop function is

given by the three-point Passarino-Veltman function Cy [49], which is given in the heavy
fermion limit by

2 2 2 1 mgl,b27b3
Co(mbl,me,mbg,mfl,mfz,me):CO(O,O,O,mfl,mf2,mf3)+ 5 (@) 5
My, Ve fa,f3

. 1 ( ln(mfcl/m%) + In (m%/m%) +0O < mgl,bz,bg >)
) .

- 2 2 2 2 2 2 2 2 2 2
my, (1_mf3/mf1)(1_mf1/mf2) (1_mf1/mf3)(1_mf3/mf2 V) foufs
(4.3)

The explicit Wilson coefficient for an axion coupling to two SU(NN) gauge bosons is found
by replacing Ny — T'(Rjx). The matrix element vanishes for I # J in the case of an SU(V)
gauge group.
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In the flavor-conserving limit, i = j = k = f, where the axion-fermion Yukawa
interactions are only given by C’g A, We have

i
(1), =43 Ny, (vaQf;vmffCo(mia mi,my,mg,my,my)
7

B Q;AQfTAm?”

2

2 2 2 2 2 2 2 2 2
€2, m2,m3) ((ma+m1—mJ)(ma—szrmJ)Co(ma,mpmJ,mf,mf,mf)
a’ )

+4miBo(mc2umf7mf) _2(m¢21+m%_m2j)BO(m%7mf7mf)
=2 i) Bo (5 mymp) ) ) (1.4)

Here, By is the standard Passarino-Veltman two-point scalar function [49], whose divergence
exactly cancels. The Wilson coefficient CY for gluons is again given by replacing Ny —
T(Rry).

Lastly, we consider the Wlf gauge bosons, which are not covered by the flavor-conserving
limit, but we still assume the axion coupling is flavor-conserving, ¢ = j = f. The corre-
sponding Wilson coefficient is then given by

ka kf m2
it 43 vycf, Al

Bo(mg,my,
; 24”3 — 42, < o(mg, myg,my)

— Bo(miy, mys,mg) + (miy — mfc + mi)C’o(mZ,m%V,m%V,mf,mf,mk)> , (4.5)

where the divergences from By again cancel. These two limiting cases in eqgs. (4.4) and (4.5)
will be used to evaluate the contributions to axion couplings to gauge bosons arising from
SM fermions.

4.2 Loop-induced axion coupling to scalar and gauge boson

In this subsection, we calculate the Wilson coefficient of an axion coupling to a gauge boson
A,{ and a scalar ¢x at one loop from integrating out the anomlons under the use of the
heavy fermion limit. The corresponding operator of dimension four is defined by

L£o—cst ( 49;)2¢KA{Laﬂa, (4.6)
and is shown schematically in figure 2(a). The one-loop diagram is the leading contribution
for the interaction between the axion, the SM Higgs h and the gauge bosons Z,, and ZL,
but there can be other tree-level contributions if the SM Higgs has a mass mixing to other
scalar fields.

Besides the usual triangle diagram, which is shown in figures 2(b) and 2(c), there are
three more non-vanishing contributions at one-loop order. The diagrams in figures 2(d)
and 2(e) are induced by the five-dimensional contact interactions from the general Lagrangian
in eq. (3.10). In addition, the diagram in figure 2(f) consists of a mixing of the axion into
an internal off-shell gauge boson propagator which then couples to the Higgs: this kinetic
mixing vanishes for Ai being on-shell. We remark that this effective interaction has also
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Figure 2. Effective vertex and one-loop diagrams for coupling of an axion to a gauge boson and a
scalar. The loop consists of three fermions ;, 1; and 1}, connecting an axion a with one gauge
boson Aﬂ and a scalar ¢ .

been studied in the context of ref. [50] as an bottom-up discriminator of the coupling origin
of the pseudoscalar SM singlet to the Higgs and Z boson. In comparison to ref. [50], we
must include one additional diagram in figure 2(e) because of the commutator from eq. (3.8).

Now, we calculate the effective coefficient in the heavy fermion limit. For the diagram
in figure 2(f), we define the coupling of a scalar to gauge bosons as

¢K + vK) <Z 91Qr A ) (XJ: gJQﬁ(AJ“> : (4.7)

We see that the coupling linear in ¢ is proportional to vk, and thus the gauge bosons
must be massive. In particular, scalar fields orthogonal to a vev do not induce this diagram
in the Higgs basis.

The effective coeflicient then reads

Cv(0,0,0,m;,mj,my)
eff 0 17 s L
C[K fa\[Z ( (mQ ]2)

a’mK’mI

x<mi+mj><<CiA+ CPOQE Y +(CY +CP )Y

x (m%<m%—mz—m%<><m¢—mj><mj+mk>—A(mz,m%(,m%xmimﬁm@)
—Z(mi—i-mj)((Cfi TVQEYE +(CU, +CHE)YEFQY,) By (0,my,, m;)
+(my—mg) (O +C1L)QE YR +(Cu+CP)YRE QFa) Bo(0,my,my)
ZW< (i CRIQEY + (s CHIYE QB0
J,L

mgIK
+O<ka]> (4.8)
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For this result, we needed to take the heavy fermion limit of the By function given by

m2
Bo(mg,my,,my,) = Bo(0,my,,my,)+O (21’2

mf1’mf2
1 2 1m2% +m?> m2 2
=—7E+ln(47r)+ln<u>+1— h §2m< Llrol—2 ). (49
€ myp Mg, 2mf1_mf2 my, M, M,

In this case the divergence of By does not cancel trivially, but for our case of interest, we
have a vanishing divergence. For example, extracting the divergent term for the color-singlet
case, N = 1, we get

o 1 111

C[K - Wﬁ\ﬁz (T— (YK7 M7 QIA7 CQA - CIA) + T+ (YK7 M7 QIA7 ClA + CQA)

2NKNHK
- Z ‘%Ql,r?l#ﬂ <YL7 M7 QJA> CIA + CQA)) + 0(60) ) (410)
JL J

where we used the notation

T.(A,B,C,D) = Tt[{A, C}{B,D}] + Tt[{B, C}{A, D}, (4.11)
T_(A,B, C,D) = Tt[{A, C}{B,D}] - Tt[{B,C}{A,D}] = Tx[B,A][C,D]]. (4.12)

In the Higgs basis, we have the relation

K
9sQr L _ Ors0KL (4.13)
mj
such that the divergent term simplifies to
cor - 1 _11lg (Y M, Qr4, Caa — C )+0(60) (4.14)
IK — (47’1’)2 fa P K, y WIA, W2A IA . .

For the anomalons, the commutator [M, Y g| vanishes and thus the divergence cancels.

Again, the result in eq. (4.8) is invariant under chiral basis transformations, as seen
using the transformation properties in eq. (3.11). This check requires the inclusion of
the diagram in figure 2(e) in the flavor-violating case. We also observe that the Wilson
coefficient only depends on axial gauge charges, leading to couplings for Z and Z’ bosons
but not the photon.

4.3 Wilson coefficients and parameters in the DFSZ model with gauged
baryon number

Now we determine the Wilson coefficients from integrating out the heavy anomalons E1 o
and Nj in our model. Afterwards we identify the parameter space for our model. The
coefficients of the ALP-EFT are defined in eq. (3.13). We use the heavy fermion expansion
for the coefficients defined in eq. (4.2) and eq. (4.8) and drop all terms of order 1/ f,, €2,
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A%, A% and A%, if not mentioned otherwise. We obtain

cel = —iXs%;/ggcos(QaE);?—i-O(%) , (4.15)
cef —Xj%’, o — -1, o ——X;%/ , (4.16)
oet, _gegifvev mZ?/nQ = e A ngefij%VCW m2Zm2m2Z, ot (418)

2 2
€off€ m7 €off€ my
cft, =— C , cdl, = - C Zz+0 4.19
2z chWmQZ, mZ 2z 2'z <chWmQZ, mZ> ( ) ( )

We discarded the interactions to the new scalars b/, Hy, H, and Ay since their masses can
naturally be taken to be larger than the spectrum of interest. In these expressions, we
introduce the parameters denoted by ¥ (A) to describe mass sums (differences) defined as

mig + M3y 1(!y1| + ly2| |ys| + [yl ) g+ 5p
E = " = | Y¥/———~" (19 + ——""-C34S ~ s 4.20
M ” 5 NG 12€3 Vol 3 NG (4.20)
miz —mgq 1 (!y1| + [y2| lys| + [y4l ) Cg — S
Ayp=—2 > — [ 2 T2 cocp— ———7" cays ~ R 4.21
M ” 5 NG 12€8 T3 s NG (4.21)
sy = MM 2mip_ lyrl sl o An V2 (4.22)
fa Jfa ﬂ Xsﬁ’ 3 Xsﬂl ’ .
5y = " +my, _ 2miN ol +lyn| ¢ 4w V2 (4.23)
fa fa V2 Xsp 3 Xspr ’ ‘
ApoMe—me 1 2mp_ vIyt+Ay v V2 (4.24)
E fa sin(2ag)  fa fa sin(2ap) f sin(2ag)’ '
Ayomsmw L 2mu v Su-Bu v VI
N fa sin(2ay)  fa fa sin(2ay) f sin(2ay)’ '
2mpe —2mrN  |ye| - |lyn| ¢

ApNy =X — XN = (4.26)

fa B V2 Xspr .
For the above approximations, we assumed that the Yukawa couplings |yr|, |ye| and |yn]|
are 47 /3 and the other Yukawa couplings are of order 1. In addition, we assumed that we
can use the small angle approximation for the angles ~y, d12 and d34.

We highlight that the axion diphoton coupling is significantly suppressed, as a result of
the fact that the flavor-conserving interactions of the axion to the charged anomalons come
with opposite signs, and so the induced remainder is proportional to the mass difference of
the charged anomalons. The same would be true for the axion coupling to two Z’ bosons, but
the coupling shifts owing to the kinetic mixing are important. Hence, in contrast to standard
axion EFTs where the diphoton and the digluon coupling dominate, we find the coefficients
C’yZ’ C’% and CWW as the most important coefficients. We will investigate the correspond-
ing implications in subsection 5.1, when we consider collider-scale masses for the axion.
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Although we have prescribed a DFSZ-like structure for the QCD axion, we will expand
the model to include the possibility of non-QCD instanton contributions to the axion
mass. For this purpose, we will distinguish a QCD axion and an ALP via their topological
susceptibility y defined by eq. (2.9), which fixes the relationship between m, and f,.

The Z' mass and the anomalon masses also implicitly depend on f, since in the invisible
axion limit, f, is mainly composed of v’ as shown in subsection 2.1 with f, = X cy 11}’3[3/05/.
The corresponding relations are

3cv9B fa YpNnTApN, _4Ar  fa
5 Manom fa ~ 5 .
XSﬂ/clg/ 2 3 XSﬂ/\@

my = 3gpv’ = (4.27)
Thus, to have a myz which is smaller than the mass scale of the anomalons but allows
a sizeable gauge coupling gp we can assume the case of maximal mixing between the
additional scalar fields (8" = 7 /4).

As a last detail, we normalize our results analogously to the canonical form of the GG
operator in the literature by rescaling with the PQ charge normalization X. Namely, we
write X = ﬁ where Ay, describes the color anomaly defined by

2
9s a
LD (47T)2XAggfa

In our model, where only the SM fermions couple to the gluons, we get Agy = 3 and thus

2
~ g a apuy
GG = 0 T G, G, (4.28)

X = %. Hence, our parameters simplify to myz = 369 f, and Mmanom ~ 87 f,. This leaves
us with two independent parameters for a model with a QCD axion, gg and f,, as well as
a third parameter x for an ALP. We can also trade f, or x in favor of having m, as a free
parameter as well as f, or gg in favor of having a free my:.

Now that we have determined the exact form of the Wilson coefficients from the
complete set of operators, presented in the Lagrangian in eq. (3.13), we can discuss the
varied phenomenological implications of this model.

5 Axion and Z’ EFT phenomenology

In this section, we investigate phenomenological aspects of our model, where we focus on the
axion a and the additional gauge boson ZL. We focus on collider scale masses ranging from
the elctroweak scale to multi-TeV and the numerous possible resonance channels dictated
by the various decays. We first present a branching ratio analysis of a and ZL, built from
the EFT operator analysis from section 3. Following this, we derive the current constraints
in the {mz/, g} and {mq, Gay~} planes for Z" and a, respectively.

5.1 Branching ratios for axion/ALP and Z’ decays

As noted in section 3, the heavy anomalon limit dramatically reduces the parameter space
dependence of the axion and Z’ EFT, leaving a comprehensive set of EFT operators that
determine the production and decay modes of these new physics particles with a definite
pattern of coefficients from eq. (4.15)—eq. (4.17), for example. Hence, to study the patterns
of ALP branching ratios, we only need to specify the Z’ mass and f,.
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Figure 3. Branching ratios of the ALP, fixing mz = 1TeV and the ALP decay constant f, =
500 GeV.

In figure 3, we set the Z’/ mass to 1 TeV and f, = 500 GeV and show the ALP branching
ratios as a function of its mass. The decay into two leptons sums over all charged leptons,
while the decay into quarks sums over the first five quark flavors. As evident from the
figure, the most dominant decays are to quarks, if the ALP is below the top threshold, or to
two top quarks, once the ALP mass increases above 2m;. This feature arises solely from the
ALP coupling to the mass of the fermions. The coupling to two gluons mirrors the coupling
to two photons, reflecting the DFSZ nature of the ALP interactions and the near absence of
the diphoton coupling from anomalons. The exotic mode of a — hZ becomes enhanced near
the top threshold and reaches 10%, making it an exciting prospect for discovery. For high
ALP masses the decays into WW, ZZ and «vZ start to take over. These decays correspond
to the anomalon mediated decays which are not suppressed as shown in eq. (4.16). Another
decay which is dominantly mediated by the anomalons is a — hZ’. The corresponding
Wilson coefficient in eq. (4.17) changes sign at m2 = m3 +4m?%, + \/ 16m2m?%, + 9m%,, such
that the branching ratio has a minimum at this ALP mass.

To analyze the Z' branching fractions as shown in figure 4, we fix the ALP mass
mg = 1 GeV and gg = 0.5. Of course, the dominant Z’ decay mode is to two quarks, owing
to the gauged baryon number, and ¢q annihilation is the main production mode for the Z’
at the LHC. The corresponding decay width is given by

N2g%4B?my m2 m?2
Tyryey = 4787072 J1 9 "4 (1,99 |, 5.1
Z'=a 127 mQZ, + mQZ, ( )

The decay into leptons is induced by the kinetic mixing with the Z boson and is therefore
suppressed by egff. The decay width for the decay into leptons reads

e*e2gmz my - 2 \2 1~ 2 L2 mi

Uy = Torc2, 1 - me, <(QZSW> — T3Qusyy + §(T3) > 1— 2m22f
2 232 _Tlo 62 _ (T2 /4
miy (Qusy)? — T3Qusy, + (13)%/2
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Figure 4. Branching ratios of two-body decays of the Z’ gauge boson for Z’ masses between
100 GeV and 5TeV. The ALP mass is taken to be m, = 1 GeV and the gauge coupling to be gg = 0.5.

The coupling of the leptons to the Z is parameterized by the electric charge @Q; and the
isospin charge T3 = +1/2 associated to the third generator of SU(2)y..

We see the exotic decay Z' — ah is relevant for light Z’ masses and can provide an
interesting exotic production mode for the axion in a post-discovery scenario for the Z’
boson. We also note the relative importance of the W W channel induced by the kinetic
mixing, as well as the vZ decay, which uses the calculation established in ref. [19]. The
7' — Z~ exotic decay width, up to corrections of order O(A%, A%, A%y), is

3 elgp my <1 _ m‘é)
204870 s3,c3, my my,

Uyrsnz =

2
mz: 2 2
‘_ ? 2T??Qqu<m2Z/ —m, (Bo(mzl,mq, mq) — BO(mZ7mq7mQ))

2
2Mz 2 2
+2my, " CO(O,mZ,mZ/,mq,mq,mq)>
A

2

m

A 2 2

+ <m2 m2 (BO (mzfa Manom, manom) - BO (mZ, Manom; manom))
zZm Z

2
(5.3)

2 2 2
+ 2777‘anomc'0(07 Mz, Mz, Manom> Manom; manom))

This reflects the Z — Z'vy decay calculation in ref. [19] where the roles of the Z’ and Z
boson are interchanged.

5.2 Collider constraints on the Z’ boson

In the following, we derive constraints in the {my/, gp} plane using present limits from
narrow resonance searches in data gathered at the LHC. Specifically, we analyze searches
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Figure 5. Constraints for the Z’ in the {my/, gp} plane from resonance searches in the decays
Z7y [55], hy [52], WW [54]. Constraints from the hZ and ZZ channels [53, 54] are not strong enough
to appear in the plot. The purple line corresponds to the anomalon mass limit manem < 90 GeV,
excluded from searches by the ALEPH and L3 collaborations [57, 58]. We overlay the direct dijet
resonance constraints taken from ref. [20] for comparison.

for resonances in decays to vy, hy, hZ, ZZ/WW , and Z~ [51-55]. Simulated events for the
ALP particle a and the new gauge boson Z’ are generated with MadGraph5_aMC@QNLO
(MG5_aMC)3.4.1 [56]. We use the narrow-width approximation together with the branching
ratios shown in figure 4 to compare the overall cross section with the respective limit. The
resulting constraints in the {my, gg} plane are shown in figure 5. We remark that the
current WW and h~ final states probe unrealistically large baryon number gauge couplings,
and instead are shown to indicate their relative strength compared to the other collider and
indirect probes. We also show the most recent update from dijet resonance searches [20] for
comparison as well as the limit on charged anomalons from the ALEPH and L3 collaborations
at LEP [57, 58].

The most dominant decay channel is the dijet decay, Z’ — ¢g, which has already
been reviewed recently in ref. [20]. As evident from figure 4, the leading exotic decays are
7' — ah, Z' — WW,and Z' — ZZ, while the Wess-Zumino interaction is probed via the
7' — ~Z decay. From the collider perspective, the relatively suppression of the 2/ — vZ
decay in comparison to the others is overcome by the enhanced efficiency for signal photon
and leptons and small backgrounds, making the vZ channel the dominant probe of the
exotic Z’ decays.

The limit of the constraints weakens with increasing Z’ mass for two reasons. First, the
production cross sections fall faster than the continuum backgrounds for larger Z’' masses.
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Second, the model specific branching ratios in figure 4 decrease for masses higher than 2m;
because of the dominating #t decay channel. In practice, the tt resonance search is not
competitive with the dijet resonance search since the invariant mass resolution is diluted
because of the presence of neutrinos, unless a boosted, fully hadronic analysis is performed
whereby the minimum resonance sensitivity begins at roughly 1 TeV.

5.3 Constraints on ALPs

In this section, we discuss the constraints on ALPs in the {mq, G4y} parameter space,
where new constraints from narrow resonance searches are presented from colliders. We
first discuss the overall status of the diphoton coupling constraint and its interpretation in
our model context. Afterwards we focus on the resulting constraints from narrow resonance
searches at the LHC, emphasized separately in figure 7, provided by various production
modes in our model.

Since we focus on the parameter space where the ALP mass m, > 1 MeV for which
the canonical QCD axion is disfavored, we must keep the SM fermions and anomalons
dynamical in loop functions. In particular, recent literature has emphasized the collider
scale in context of high-quality axions, where the axion is buffered from UV effects and
the topological susceptibility is enlarged [41, 78-83]. The expression for G, defined
previously in eq. (3.13), is

2
962 m2 2m% —mg 4\ /md — 4m2m?
Gay = Y. - N2 X4 —L ( , (5.4)

2
me

where axial PQ charges of the anomalons Xfl’g = +cos(2ag) X p/2 were defined in eq. (3.1).
The diphoton contribution coming from mass mixings with QCD mesons is suppressed by
AéCD /x and is therefore neglected.

We emphasize that considering the full contribution from SM fermions as well as from
anomalons provides a robust prediction for the diphoton coupling of the axion at larger
scales. The corresponding lines are shown in the {mg, G4y }-plane in figure 6 for the
topological susceptibilities /x € {(102 GeV)?, (10° GeV)?, (10* GeV)?}. The dashed lines
correspond to the lines without threshold effects which clearly deviate for ALP masses
above the bottom quark threshold and strongly deviate above the top threshold.

The purple shaded region corresponds to searches for charged heavy leptons by the
ALEPH and L3 collaborations, which exclude masses manom < 90 GeV [57, 58]. This implies
a lower bound on f, 2 5GeV which we can derive from the mass of the lighter electron
anomalon given by eq. (2.17) and the relationship between v’ and f, from eq. (4.27), using
Yukawa couplings of 47/3 and anomalon mixing angles of 8 = 0.05 and 8 = w/4. For
this fixed f, bound, we use eq. (5.4) to extract an upper bound on G4y, shown as the
purple line labeled manom < 90 GeV. We remark that this line, for m, < 2my, is roughly
independent of m, since the fixed f, can be considered independent of varying m, by
rescaling the topological susceptibility. The increased sensitivity in G4, from the anomalon
bound above m, =

~

2m, arises from the logarithmic dependence on m, for light fermion
masses in eq. (5.4).
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Figure 6. Constraints in the {mg,, Goyy}-plane for ALP masses m, > 1MeV for the anoma-
lon mixing angle ap = 7/4. The predicted ALP-diphoton couplings are shown for ,/x €
{(102GeV)?, (10® GeV)?, (10* GeV)?} as solid lines with threshold corrections from fermion masses.
For comparison, we illustrate the naive expectation if threshold effects were ignored as dashed lines.
The purple shaded region corresponds to Mapom < 90 GeV, excluded from searches by the ALEPH
and L3 collaborations [57, 58]. The updated constraints on exotic ALP signatures at colliders are
covered in detail in figure 7. The canonical experimental and cosmological bounds are obtained from
refs. [22-24, 59-77].

We now focus on the collider searches for ALPs with m, > 100 GeV, as shown in figure 7.
Considering the full contribution for the diphoton coupling in this model enhances previously
set constraints that were established for a general ALP. We simulate the ALP cross section
from gluon fusion using MadGraph 5 [56] as before and apply the full expressions for
the branching ratios into the resonance search channels vy, hZ, ZZ, and Z~v [51, 53-55].
Although the DFSZ-type ALP typically has a dominant decay into ¢t above the top threshold,
interpreting the collider constraints is highly non-trivial because of large interference effects
between the continuum t¢ production from gluons and the ALP signal that can wash away
the expected resonance [84]. We leave the derivation of ALP constraints in the ¢¢ final state
for future work.

For the ALP, the 7+ resonance searches are the most constraining, since other channels
are more suppressed and also have weaker collider sensitivity from larger backgrounds.
We emphasize that considering the full contribution for the diphoton coupling leads to a
significant shift at the top threshold that is a consequence of the ALP coupling to the top
quark. As a result, we see that many of the exotic decays for the ALP can be competitive
and exceed the sensitivity from the diphoton channel, and we expect that further gains in
sensitivity will come when these searches are analyzed with available luminosity.
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Figure 7. Constraints on the ALP a in the {mq, G4y~ } plane from resonance searches in the decays
vy [61], Zv [65], ZZ [54], and hZ [53]. The purple line corresponds to the anomalon mass limit
from ALEPH and L3 collaborations [57, 58] interpreted as a constraint on f, following eq. (2.17)
and eq. (4.27).

6 Conclusions

In this work, we have studied a DFSZ-type axion model in an gauged baryon-number
extension of the Standard Model. Our aim was to establish the patterns of axion and Z’
effective couplings when a canonical anomalous global symmetry of the quarks, namely
baryon number, is promoted to a gauge symmetry, in the particular case when the quarks
also carry the Peccei-Quinn symmetry.

We calculated the Wilson coefficients which arise at low energies in a general way
accounting for possible flavor-violating interactions as well as for U(1) basis transformations
of the interacting fermions. For this purpose we set up a general axion interaction basis
which contains operators which do not appear in the flavor conserving limit, like the axion
coupling to a gauge boson and the commutator current J[‘}”%Q}. We found that this operator
also appears in the standard DFSZ model for the interactions to the W bosons, reflecting
the flavor-changing effects from the CKM matrix. Some new Wilson coefficients in our EFT
include interactions between the axion, Z’ and v and the axion, Z’ and Higgs boson, which
provide novel decay modes for both the axion or the Z’ boson, depending on the mass
hierarchy. Our charged anomalons also characteristically canceled in their contributions to
the axion-diphoton coupling, with the residual coupling only driven by the SM fermions.

We then presented the phenomenology of the model, encompassing both the new decay
channels of the axion and the Z’ boson from the effective description. We showed the ALP
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can have a relatively large branching fraction to hZ nearing 10%, while the dominant decay
above the top threshold is to tf, which requires a special analysis given the non-trivial
interference with the continuum top pair production which we leave for future work.
Present limits from narrow resonance searches at the LHC are derived and presented
in the {my/, gp} plane in figure 5 and in the {my, Gay~} plane in figure 6. Our results
systematically capture all of the diverse signals arising from the EFT description and
demonstrate complementarity between the different search channels at the ATLAS and CMS
experiments, especially those beyond the vy coupling typically studied for axions and ALPs.
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