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SM Flavor violating couplings with ALP

General ALP couplings to SM fermions

ALP-FCNC at loop level through the SM Yukawa couplings (MFV) :

quark processes. In the mass eigenbasis, the ALP couplings to the left-handed down-type

quarks are given by
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where

cdij = (U †

dL
cQUdL)ij, (26)

and dLi (di) denote the left-handed (Dirac) down-type quark fields in the mass eigenbasis,

which is obtained by the unitary rotation dL ! UdLdL. Here we used the equations

of motion of the fermion fields to get the last expression. Applying the one-loop RG

equations (9) and (23), we find
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where y

D
 denotes the diagonalized Yukawa matrices in the CKM basis, v = 174 GeV,

and the ellipses stand for the irrelevant flavor-diagonal parts. Note that the down-type

Yukawa couplings do not give rise to a flavor-violating coupling of the down-type quarks at

one-loop approximation due to the GIM mechanism. Likewise, the other ALP couplings

c ( = uc, dc, ec, L) in the one-loop approximation are diagonalized in the CKM basis

as long as the flavor-universal condition (8) is satisfied at the scale fa, so they do not

generate a flavor violation at one-loop.2

2 If we include the right-handed neutrinos with proper Yukawa couplings, the one-loop corrected ALP-

lepton coupling cL includes flavor-changing piece proportional to the square of the right-handed neu-

trino Yukawa couplings. However, such lepton-flavor-changing ALP couplings can be safely ignored

because either the right-handed neutrinos are superheavy or the neutrino Yukawa couplings are negli-

gibly small in order to be compatible with the observed small neutrino masses.

10

Batell, Pospelov, Ritz ’09 
Dolan, Kahlhoefer, McCabe, Schmidt-Hoberg ‘14

•As the radiatively induced ALP-FCNC is logarithmically divergent, the dominant contribution comes 
from high energy scale where gauge invariance is restored. 
•Manifestly gauge invariant description is necessary to clarify the structure and see the connection to 
underlying UV physics.

No FCNC coupling to ALP at tree level

FCNC with ALP
Seokhoon Yun

(Dated : August 13, 2016)

1 Indistinguishability between Non-derivative and deriva-

tive basis

In Georgi-Kapalan-Randall (GKR) basis, i.e. derivative basis, the axion couplings are
generated from the kinetic terms and the explicit breaking terms like 1-loop anomalous
gauge coupling. The relevant part of lagrangian is given as
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The one-loop diagrams to contribute to the flavour-changing current are given as

b st

W

a

b st

W

a

b st

W

a

Since there is a mass hierarchy between each quark (e.g. ms ⌧ mb ⌧ mt), the third
diagram is negligible compared to the first and second one. For convenience, we choose
the unitary gauge (⇠ = 1) so neglect all contributions from unphysical state like ghost
and goldstone boson absorbed by gauge boson.
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: UV dominated

UV cut-off

B ! K a (b ! s a)

In the GKR basis, PQ-invariant ALP interactions at scales below fa, which are relevant

for our subsequent discussion, can be generally written as1
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model under consideration. Making an appropriate axion-dependent phase rotation of  

andH↵, together with a proper redefinition of the PQ symmetry, one may choose a specific

1 Here for simplicity we assume the CP invariance, and ignore the terms such as @µaHT
↵ i�2D

µH� (↵ 6= �)

which are assumed to be small in order to forbid the tree level flavor changing neutral current in two

(or more) Higgs doublet models. As we consider the e↵ective theory at scales well above the weak scale,

the electroweak gauge symmetry is linearly realized in this ALP e↵ective lagrangian. For a discussion

of ALP couplings with non-linearly realized electroweak gauge symmetry, see [13].
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c
iLjHe (11)

(yu)ij e
i cuij a/fa uc

i Qj H + (yd)ij e
i cdij a/fa dci Qj H

⇤ + (ye)ij e
i ceij a/fa eci Lj H

⇤ (12)

(yu)ij e
i cuij a/fa uc

i Qj Hu + (yd)ij e
i cdij a/fa dci Qj Hd + (ye)ij e

i ceij a/fa eci Lj He (13)

cij / �ij (14)

where each of Hd and He can be identified as either H
1

or i�
2

H⇤

2

, depending upon the

model under consideration. Making an appropriate axion-dependent phase rotation of  

andH↵, together with a proper redefinition of the PQ symmetry, one may choose a specific

1 Here for simplicity we assume the CP invariance, and ignore the terms such as @µaHT
↵ i�2D

µH� (↵ 6= �)

which are assumed to be small in order to forbid the tree level flavor changing neutral current in two

(or more) Higgs doublet models. As we consider the e↵ective theory at scales well above the weak scale,

the electroweak gauge symmetry is linearly realized in this ALP e↵ective lagrangian. For a discussion

of ALP couplings with non-linearly realized electroweak gauge symmetry, see [13].

5



Georgi-Kaplan-Randall (GKR) field basis
Georgi, Kaplan, Randall ‘86

those from the flavor-changing ALP processes, for some specific UV models discussed in

Sec. III. Sec. V is the conclusion.

II. RADIATIVELY INDUCED FLAVOR-CHANGING ALP COUPLINGS

In this section, we discuss radiatively induced flavor-changing couplings of an axion-

like particle in the context of generic e↵ective lagrangian defined at scales above the weak

scale, but below the ALP decay constant fa. We will use the Georgi-Kaplan-Randall

(GKR) field basis [11, 12], in which only the ALP “a” experiences a constant shift, while

all other low energy fields � are invariant under the non-linear PQ symmetry:
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ALP-dependent field redefinition 

In this field basis (GKR basis), only ALP transforms under U(1)PQ.

•Non-derivative ALP couplings (except the anomaly couplings) do not appear due to U(1)PQ even after  
radiative corrections : easy to control over possible couplings

: manifestly gauge invariant

ALP-derivative couplings U(1)PQ anomaly couplings
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The Higgses in the Yukawa couplings Hu, Hd, He depend on specific (multi-)Higgs doublet models. 
•In the MSSM (Type-II 2HDM),   Hu ≠�Hd,  Hd = He 
•In the SM,   Hu = H,  Hd = He = H*  

cHu = cH , cHd
= cHe = �cH (26)

where H corresponds to the SM Higgs doublet. Then the PQ invariant ALP couplings at

scales below m
BSM
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The RG induced non-universal elements of c will lead to flavor-changing ALP inter-

actions at low energy scales after rotating to the fermion mass eigenbasis. The dominant
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where the matching conditions for yd and ye depend on the type of 2HDM under consid-

eration. The relevant RG evolution of ALP couplings from m
BSM

to the weak scale are

given by

dcQ
d lnµ

=
1

32⇡2

⇣
cQ

�
y

†

uyu + y

†

dyd

�
+ y

†

uc
T
ucyu + y

†

dc
T
dcyd

+ cH
�
y

†

uyu � y

†

dyd

�
+ h.c

⌘
,

dcTuc

d lnµ
=

1

16⇡2

�
yucQy

†

u + c

T
ucyuy

†

u + cHyuy
†

u + h.c
�
,

dcTdc

d lnµ
=

1

16⇡2

⇣
ydcQy

†

d + c

T
dcydy

†

d � cHydy
†

d + h.c
⌘
,

dcL
d lnµ

=
1

32⇡2

�
cLy

†

eye + y

†

ec
T
ecye � cHy

†

eye + h.c
�
,

dcTec

d lnµ
=

1

16⇡2

�
yecLy

†

e + c

T
ecyey

†

e � cHyey
†

e + h.c
�
. (32)
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One loop RG structure

Most general ALP couplings to the SM fermions and Higgs(es) in the GKR field basis

those from the flavor-changing ALP processes, for some specific UV models discussed in

Sec. III. Sec. V is the conclusion.

II. RADIATIVELY INDUCED FLAVOR-CHANGING ALP COUPLINGS

In this section, we discuss radiatively induced flavor-changing couplings of an axion-

like particle in the context of generic e↵ective lagrangian defined at scales above the weak

scale, but below the ALP decay constant fa. We will use the Georgi-Kaplan-Randall

(GKR) field basis [11, 12], in which only the ALP “a” experiences a constant shift, while

all other low energy fields � are invariant under the non-linear PQ symmetry:

U(1)
PQ

: a ! a+ constant, � ! �. (1)

U(1)
PQ

: � ! � eiq�↵,
a

fa
! a

fa
+ ↵ (2)

� ! � eiq�a/fa (3)

U(1)
PQ

: � ! �,
a

fa
! a

fa
+ ↵ (4)

Note that one can always take such a field basis with an appropriate ALP-dependent field

redefinition of the form � ! eiq�a/fa�, where q
�

is the PQ charge carried by � in the

original field basis.

In the GKR basis, PQ-invariant ALP interactions at scales below fa, which are relevant

for our subsequent discussion, can be generally written as1

L
inv

=
@µa

fa

"
X

 

(c )ij ̄i�
µ j +

X

↵

cH↵H
†

↵

$

iDµH↵

#
, (5)

1 Here for simplicity we assume the CP invariance, and ignore the terms such as @µaHT
↵ i�2D

µH� (↵ 6= �)

which are assumed to be small in order to forbid the tree level flavor changing neutral current in two

(or more) Higgs doublet models. As we consider the e↵ective theory at scales well above the weak scale,

the electroweak gauge symmetry is linearly realized in this ALP e↵ective lagrangian. For a discussion

of ALP couplings with non-linearly realized electroweak gauge symmetry, see [13].

4

where  i = {Qi, u
c
i , d

c
i , Li, e

c
i} (i = 1, 2, 3) stands for the 3 generations of the left-handed

quarks and leptons, and H↵ (↵ = 1, 2) denote the Higgs doublets with the following

Yukawa couplings at scales just below fa:

L
Yukawa

= (ỹu)iju
c
iQjH2

+ (ỹd)ijd
c
iQjHd + (ỹe)ije

c
iLjHe, (6)

(yu)ij e
i cuij a/fa uc

i Qj H + (yd)ij e
i cdij a/fa dci Qj H

⇤ + (ye)ij e
i ceij a/fa eci Lj H

⇤ (7)

(yu)ij e
i cuij a/fa uc

i Qj Hu + (yd)ij e
i cdij a/fa dci Qj Hd + (ye)ij e

i ceij a/fa eci Lj He (8)

cij / �ij (9)

where each of Hd and He can be identified as either H
1

or i�
2

H⇤

2

, depending upon the

model under consideration. Making an appropriate axion-dependent phase rotation of  

andH↵, together with a proper redefinition of the PQ symmetry, one may choose a specific

form of GKR basis for which some of the ALP couplings (c , cH↵) are vanishing. However,

as we are interested in the UV origin of the above ALP couplings, which will be discussed

in the next section, here we take more general field basis which allows a straightforward

matching to the UV completion. On the other hand, we limit the discussion to the

models with 2HDM, except for the type III 2HDM which can give rise to a tree level

flavor changing neutral current(FCNC). It is straightforward to extend the discussion to

models with more Higgs doublets or to the SM without H
1

, in which Hd = He = i�
2

H⇤

2

.

As U(1)
PQ

is an approximate symmetry, there can be PQ-breaking ALP interactions

also, particularly the non-derivative couplings to gauge fields and the scalar potential

providing a nonzero ALP mass:

�L
br

=
a

fa

X

A

CA
g2A
32⇡2

FAµ⌫ eFA
µ⌫ �

1

2
m2

aa
2 + ..., (10)

where FA
µ⌫ (A = 3, 2, 1) denote the canonically normalized gauge field strength of the SM

gauge group SU(3)c⇥SU(2)L⇥U(1)Y . Here we assume that the ALP mass is determined

by some unspecified UV physics other than the QCD anomaly, which results in

ma � f⇡m⇡/fa. (11)
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matching to the UV completion. On the other hand, we limit the discussion to the
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, in which Hd = He = i�
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gauge group SU(3)c⇥SU(2)L⇥U(1)Y . Here we assume that the ALP mass is determined
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FIG. 1: One-loop diagrams for the running of c 

scale. Note that the radiatively generated flavor-changing ALP couplings are produced

dominantly by the loops involving the top quark and the (Goldstone-mode) Higgs fields,

which would be encoded in the RG running from fa down to the weak scale. At any rate,

for non-supersymmetric ALP model, one easily finds from the diagrams in Fig. 1 that

the RG coe�cient ⇠ is given by

�
⇠
�
non�SUSY

= 1. (17)

In supersymmetric (SUSY) ALP models, there can be additional diagrams involving

the superpartner particles, which would contribute to the RG coe�cient ⇠ in (14). One

the other hand, in SUSY models there is a simple connection between the beta function

of ALP coupling and the anomalous dimension of chiral matter field [14], with which one

can easily compute the RG coe�cient ⇠. To see this, we first note that in SUSY model,

the ALP interaction (5) can be encoded in the following superfield interactions

Z
d4✓ (c

�

)IJ
(A+ A⇤)

fa
�⇤I�J (18)

where �I denote the chiral superfields including the quark and lepton superfields, as well

as the Higgs doublet superfields in SUSY models, and A is the ALP superfield which

contains the saxion (s) and the axino (ã) as

A = (s+ ia) +
p
2✓ã+ ✓2FA.

To proceed, it is enough to consider a toy model involving the ALP superfield and a single

chiral matter superfield �, with the following e↵ective lagrangian

Z
d4✓Z

�

�⇤�+

✓Z
d2✓

1

3
�
�

�3 + h.c

◆
, (19)
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Such ALP mass allows that fa is small enough to give rise to sizable flavor-changing ALP

couplings in the range of phenomenological interest.

We are interested in the case that ALP has flavor-universal couplings to the SM

fermions at tree level, so that the 3⇥3 ALP coupling matrix c takes the flavor-universal

form at the cuto↵ scale ⇤a of the ALP e↵ective lagrangian (5):

(c )ij(µ = ⇤a) = c �ij
�
 = {Q, uc, dc, L, ec}� . (12)

For field theoretic ALP originating from the phase of PQ charged complex scalar fields,

⇤a can be identified as the scale where the PQ symmetry is spontaneously broken, i.e.

⇤a ⇠ fa.

On the other hand, for string theoretic ALP from higher-dimensional p-form gauge field,

one finds [3–5]

⇤a ⇠ M
st

⇠ 8⇡2

g2
fa,

where M
st

is the string scale and the additional factor 8⇡2/g2 originates from the con-

vention to define the ALP decay constant through the ALP interaction to gauge fields in

(10), while assuming CA = O(1).

Even when c are flavor-universal at ⇤a, non-universal piece can be generated by

radiative corrections at lower scales. The leading part of those radiative corrections can

be captured by the following form of one-loop renormalization group (RG) equations,

which can be determined up to an overall coe�cient ⇠ by the covariance under the SU(3)

flavor rotations of  and the axion-dependent field redefinitions  ! eix a/fa , H↵ !

6

No ALP-FCNC at tree level

Yukawa couplings of the SM fermions

Radiatively induced  
flavor off-diagonal elements

a non-zero value of cH1 + cH2 , multiplied by an additional suppression factor 1/ tan2 �.

In the next section, we will discuss the implication of this point in terms of the possible

UV completion of the ALP e↵ective coupling (5). Especially, we will see that this implies

a suppression of the flavor-changing ALP couplings to the down-type quarks for field

theoretic ALP with a sensible UV completion. We emphasize that the above expression

(34) of the ALP coupling to the down-type quarks is independent of the type of 2HDM

under consideration, as far as the SM-like Higgs in the decoupling limit, i.e. H
2

in our

convention, couples only to the up-type quark sector, which is the case for all 2HDMs not

involving FCNC at tree-level.

Flavor-changing ALP couplings to the up-type quarks can be similarly derived from

the one-loop corrected cQ. Contrary to the case of down-type quarks, the couplings to the

up-type quarks depend on the type of 2HDM under consideration. In the mass eigenbasis,

the resultant ALP couplings turn out to be

�i
a

fa
cuij ūi

�
mui

PL �muj
PR

�
uj (35)

with

cuij = � ⇠

16⇡2

(cQ + cdc + cHd
)
⇣
V
CKM

ỹ

D†

d ỹ

D
d V †

CKM

⌘

ij
ln

✓
⇤a

m
BSM

◆

� 1

16⇡2

(cQ + cdc � cH)
⇣
V
CKM

y

D†

d y

D
d V †

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ . . . ,

⇡ � m2

b

16⇡2v2
(V

CKM

)i3(VCKM

)⇤j3

2

4⇠ (cQ + cdc + cHd
)

8
<

:
1/ cos2 �

1/ sin2 �

9
=

; ln

✓
⇤a

m
BSM

◆

+

0

@cQ + cdc + cHd
� (cH1 + cH2)

8
<

:
sin2 �

� cos2 �

9
=

;

1

A ln

✓
m

BSM

mW

◆3

5+ . . . , (36)

⇠ =

8
<

:
1, non-SUSY

2, SUSY
(37)

where the upper entry of the column applies to the SUSY, type II and type Y 2HDMs

with cHd
= cH1 , while the lower entry corresponds to the type I and type X 2HDMs

with cHd
= �cH2 , and the ellipses denote the flavor-diagonal part. Here we see that
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dcQ
d lnµ

=
1

16⇡2

⇣
(cQ + cuc+cH)y

†

uyu + (cQ + cdc�cH)y
†

dyd

⌘

dcTuc

d lnµ
=

1

8⇡2

(cQ + cuc+cH)yuy
†

u,
dcTdc

d lnµ
=

1

8⇡2

(cQ + cdc�cH)ydy
†

d

(17)

dcQ
d lnµ

=
⇠

16⇡2

⇣
nu ỹ

†

uỹu + nd ỹ
†

dỹd

⌘

dcTuc

d lnµ
=

⇠

8⇡2

nu ỹuỹ
†

u,
dcTdc

d lnµ
=

⇠

8⇡2

nd ỹdỹ
†

d

(18)

nu ⌘ cQ + cuc + cHu

nd ⌘ cQ + cdc + cHd

(19)

dcQ
d lnµ

=
1

16⇡2

⇣
n0

u y
†

uyu + n0

d y

†

dyd

⌘

dcTuc

d lnµ
=

1

8⇡2

n0

u yuy
†

u,
dcTdc

d lnµ
=

1

8⇡2

n0

d ydy
†

d

(20)

n0

u = cQ + cuc + cH

n0

d = cQ + cdc � cH
(21)

where we include only the Yukawa-dependent parts which can generate flavor-changing

ALP couplings at low energy scales. In the following, we will use the above RG equation

at the leading log approximation to derive the ALP-fermion coupling c around the weak

scale. Note that the radiatively generated flavor-changing ALP couplings are produced

dominantly by the loops involving the top quark and the (Goldstone-mode) Higgs fields,
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dcQ
d lnµ

=
1

16⇡2

⇣
(cQ + cuc+cH)y

†

uyu + (cQ + cdc�cH)y
†

dyd

⌘

dcTuc

d lnµ
=

1

8⇡2

(cQ + cuc+cH)yuy
†

u,
dcTdc

d lnµ
=

1

8⇡2

(cQ + cdc�cH)ydy
†

d

(17)

dcQ
d lnµ

=
⇠

16⇡2

⇣
nu ỹ

†

uỹu + nd ỹ
†

dỹd

⌘

dcTuc

d lnµ
=

⇠

8⇡2

nu ỹuỹ
†

u,
dcTdc

d lnµ
=

⇠

8⇡2

nd ỹdỹ
†

d

(18)

nu ⌘ cQ + cuc + cHu

nd ⌘ cQ + cdc + cHd

(19)

dcQ
d lnµ

=
1

16⇡2

⇣
n0

u y
†

uyu + n0

d y

†

dyd

⌘

dcTuc

d lnµ
=

1

8⇡2

n0

u yuy
†

u,
dcTdc

d lnµ
=

1

8⇡2

n0

d ydy
†

d

(20)

n0

u = cQ + cuc + cH

n0

d = cQ + cdc � cH

(21)

where we include only the Yukawa-dependent parts which can generate flavor-changing

ALP couplings at low energy scales. In the following, we will use the above RG equation

at the leading log approximation to derive the ALP-fermion coupling c around the weak

scale. Note that the radiatively generated flavor-changing ALP couplings are produced

dominantly by the loops involving the top quark and the (Goldstone-mode) Higgs fields,
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Matching at heavy BSM Higgs mass scale

An important change in the RG running will occur at the scale of heavy BSM Higgs masses. 
For simplicity, suppose that other BSM particles (e.g. superpartners) lie at the similar scale. 

(in 2HDMs)

The BSM degrees of freedom in our ALP model, i.e. additional Higgs doublet and/or

the superpartners, might have a mass well above the weak scale. In such case, we should

integrate out those BSM particles to derive the ALP couplings at the weak scale. For

simplicity, we assume that all BSM particles have a similar mass m
BSM

which would corre-

spond to the charged Higgs boson mass in the 2HDM, m
BSM

= mH± , or the superpartner

masses in SUSY ALP models, m
BSM

= m
SUSY

.

In the process to integrate out the BSM particles at m
BSM

� mW , the only matching

condition relevant for low energy ALP couplings in our approximation is those for the

Higgs doublets, which are given by

Hu(⌘ H
2

) = H sin �, H
1

= H⇤ cos � (26)

cHu = cH , cHd
= cHe = �cH (27)

cHu = �cHd
= �cHe (⌘ cH) (28)

where H corresponds to the SM Higgs doublet. Then the PQ invariant ALP couplings at

scales below m
BSM

are given by

L
inv

=
@µa

fa

"
X

 

(c )ij ̄i�
µ j + cHH

†

$

iDµH

#
, (29)

with the matching condition

cH(µ = m
BSM

) = cH2 sin
2 � � cH1 cos

2 � , (30)

and the SM Yukawa couplings

L
Yukawa

= (yu)iju
c
iQjH + (yd)ijd

c
iQjH

⇤ + (ye)ije
c
iLjH

⇤ , (31)

where

yu = ỹu sin �, yd = ỹd cos � or ỹd sin �, ye = ỹe cos � or ỹe sin � (32)
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yu = ỹu sin � (33)

yd = ỹd cos � or ỹd sin �, ye = ỹe cos � or ỹe sin � (34)

where the matching conditions for yd and ye depend on the type of 2HDM under

consideration. The relevant RG evolution of ALP couplings from m
BSM

to the weak scale

are given by

dcQ
d lnµ

=
1

32⇡2

⇣
cQ

�
y

†

uyu + y

†

dyd

�
+ y

†

uc
T
ucyu + y

†

dc
T
dcyd

+ cH
�
y

†

uyu � y

†

dyd

�
+ h.c

⌘
,

dcTuc

d lnµ
=

1

16⇡2

�
yucQy

†

u + c

T
ucyuy

†

u + cHyuy
†

u + h.c
�
,

dcTdc

d lnµ
=

1

16⇡2

⇣
ydcQy

†

d + c

T
dcydy

†

d � cHydy
†

d + h.c
⌘
,

dcL
d lnµ

=
1

32⇡2

�
cLy

†

eye + y

†

ec
T
ecye � cHy

†

eye + h.c
�
,

dcTec

d lnµ
=

1

16⇡2

�
yecLy

†

e + c

T
ecyey

†

e � cHyey
†

e + h.c
�
. (35)

The RG induced non-universal elements of c will lead to flavor-changing ALP inter-

actions at low energy scales after rotating to the fermion mass eigenbasis. The dominant

experimental constraints on flavor-changing ALP interactions come from the down-type

quark processes. In the mass eigenbasis, the ALP couplings to the left-handed down-type

quarks are given by

cdij
@µa

fa
d̄Li�

µdLj ! � icdij
a

fa
d̄i
�
mdiPL �mdjPR

�
dj, (36)

icd
32

mb
a

fa
b̄RsL (37)

cd
32

/ ln

✓
⇤

mt

◆
(38)

where

cdij = (U †

dL
cQUdL)ij, (39)

and dLi (di) denote the left-handed (Dirac) down-type quark fields in the mass eigenbasis,

which is obtained by the unitary rotation dL ! UdLdL. Here we used the equations
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At μ = mBSM,

ALP derivative coupling to the SM Higgs :

dcQ
d lnµ
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1
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⇣
(cQ + cuc+cH)y
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uyu + (cQ + cdc�cH)y
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dyd
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⇣
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†

uỹu + nd ỹ
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⌘

dcTuc

d lnµ
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⇠
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dcTdc

d lnµ
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⇠
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d

(18)

nu ⌘ cQ + cuc + cHu

nd ⌘ cQ + cdc + cHd

(19)

dcQ
d lnµ

=
1

16⇡2

⇣
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u y
†

uyu + n0

d y

†

dyd

⌘

dcTuc

d lnµ
=

1

8⇡2

n0

u yuy
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u,
dcTdc

d lnµ
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1

8⇡2

n0

d ydy
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d

(20)

n0

u = cQ + cuc + cH

n0

d = cQ + cdc � cH
(21)

where we include only the Yukawa-dependent parts which can generate flavor-changing

ALP couplings at low energy scales. In the following, we will use the above RG equation

at the leading log approximation to derive the ALP-fermion coupling c around the weak

scale. Note that the radiatively generated flavor-changing ALP couplings are produced

dominantly by the loops involving the top quark and the (Goldstone-mode) Higgs fields,
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cHu = cH , cHd
= cHe = �cH (31)

cHu = �cHd
= �cHe (⌘ cH) (32)

where H corresponds to the SM Higgs doublet. Then the PQ invariant ALP couplings at

scales below m
BSM

are given by

L
inv

=
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fa

"
X
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†
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with the matching condition

cH(µ = m
BSM

) = cH2 sin
2 � � cH1 cos
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cH = cH2 sin
2 � � cH1 cos
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and the SM Yukawa couplings

L
Yukawa

= (yu)iju
c
iQjH + (yd)ijd

c
iQjH

⇤ + (ye)ije
c
iLjH

⇤ , (36)

where

yu = ỹu sin �, yd = ỹd cos � or ỹd sin �, ye = ỹe cos � or ỹe sin � (37)

yu = ỹu sin � (38)

yd = ỹd cos � or ỹd sin �, ye = ỹe cos � or ỹe sin � (39)

where the matching conditions for yd and ye depend on the type of 2HDM under

consideration. The relevant RG evolution of ALP couplings from m
BSM

to the weak scale
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dcTdc

d lnµ
=
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(cQ + cdc�cH)ydy
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⇠
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dcTuc

d lnµ
=

⇠
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†
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dcTdc

d lnµ
=
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†
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(18)

nu ⌘ cQ + cuc + cHu

nd ⌘ cQ + cdc + cHd
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dcQ
d lnµ

=
1

16⇡2

⇣
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d lnµ
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n0

u yuy
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dcTdc

d lnµ
=

1

8⇡2

n0

d ydy
†

d

(20)

n0

u = cQ + cuc + cH

n0

d = cQ + cdc � cH
(21)

where we include only the Yukawa-dependent parts which can generate flavor-changing

ALP couplings at low energy scales. In the following, we will use the above RG equation

at the leading log approximation to derive the ALP-fermion coupling c around the weak

scale. Note that the radiatively generated flavor-changing ALP couplings are produced

dominantly by the loops involving the top quark and the (Goldstone-mode) Higgs fields,
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†

dỹd
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equations (14) and (40), we find

cdij = (U †

dL
cQUdL)ij

= � ⇠

16⇡2

(cQ + cuc + cHu)
⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij
ln

✓
⇤a

m
BSM

◆

� 1

16⇡2

(cQ + cuc + cH)
⇣
V †

CKM

y

D†

u y

D
u V

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ (flavor diagonal),

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
(cQ + cuc + cHu) ln

✓
⇤a

m
BSM

◆

+
�
(cQ + cuc + cHu)� (cH1 + cH2) cos

2 �
 
ln

✓
m

BSM

mt

◆�
+ (flavor diagonal)

cdij = (U †

dL
cQUdL)ij

= � 1

16⇡2

⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij


⇠ nu ln

✓
⇤a

m
BSM

◆
+ sin2 � n̂u ln

✓
m

BSM

µ

◆�
+ · · ·

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
nu ln

✓
⇤a

m
BSM

◆
+
�
nu � (cH1 + cH2) cos

2 �
 
ln

✓
m

BSM

mt

◆�
+ · · ·

UdL : unitary rotation matrix for mass eigenbasis (45)

n̂u = nu � nH cos2 � (46)

nH ⌘
X

↵

cH↵ (47)

cdij = � ⇠

16⇡2

(cQ + cuc + cH2)
⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij
ln

✓
⇤a

m
BSM

◆

� 1

16⇡2

(cQ + cuc + cH)
⇣
V †

CKM

y

D†

u y

D
u V

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ . . . ,

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
(cQ + cuc + cH2) ln

✓
⇤a

m
BSM

◆

+
�
cQ + cuc + cH2 � (cH1 + cH2) cos

2 �
�
ln

✓
m

BSM

mt

◆�
+ . . . , (48)
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equations (14) and (40), we find

cdij = (U †

dL
cQUdL)ij

= � ⇠

16⇡2

(cQ + cuc + cHu)
⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij
ln

✓
⇤a

m
BSM

◆

� 1

16⇡2

(cQ + cuc + cH)
⇣
V †

CKM

y

D†

u y

D
u V

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ (flavor diagonal),

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
(cQ + cuc + cHu) ln

✓
⇤a

m
BSM

◆

+
�
(cQ + cuc + cHu)� (cH1 + cH2) cos

2 �
 
ln

✓
m

BSM

mt

◆�
+ (flavor diagonal)

cdij = (U †

dL
cQUdL)ij

= � 1

16⇡2

⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij


⇠ nu ln

✓
⇤a

m
BSM

◆
+ sin2 � n̂u ln

✓
m

BSM

µ

◆�
+ · · ·

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
nu ln

✓
⇤a

m
BSM

◆
+
�
nu � nH cos2 �

�
ln

✓
m

BSM

mt

◆�
+ · · ·

⇡ nH

tan2 �
(45)

ỹ

D
u

(46)

UdL : unitary rotation matrix for mass eigenbasis (47)

n̂u = nu � nH cos2 � (48)

nH ⌘
X

↵

cH↵ (49)

nH ⌘ cH1 + cH2
(50)
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• down-type quark FCNC couplings to ALP

One loop induced FCNC couplings to ALP

equation of motion  
of the fermions

are given by

dcQ
d lnµ

=
1

32⇡2

⇣
cQ

�
y

†

uyu + y

†

dyd

�
+ y

†

uc
T
ucyu + y

†

dc
T
dcyd

+ cH
�
y

†

uyu � y

†

dyd

�
+ h.c

⌘
,

dcTuc

d lnµ
=

1

16⇡2

�
yucQy

†

u + c

T
ucyuy

†

u + cHyuy
†

u + h.c
�
,

dcTdc

d lnµ
=

1

16⇡2

⇣
ydcQy

†

d + c

T
dcydy

†

d � cHydy
†

d + h.c
⌘
,

dcL
d lnµ

=
1

32⇡2

�
cLy

†

eye + y

†

ec
T
ecye � cHy

†

eye + h.c
�
,

dcTec

d lnµ
=

1

16⇡2

�
yecLy

†

e + c

T
ecyey

†

e � cHyey
†

e + h.c
�
. (40)

The RG induced non-universal elements of c will lead to flavor-changing ALP inter-

actions at low energy scales after rotating to the fermion mass eigenbasis. The dominant

experimental constraints on flavor-changing ALP interactions come from the down-type

quark processes. In the mass eigenbasis, the ALP couplings to the left-handed down-type

quarks are given by

cdij
@µa

fa
d̄Li�

µdLj ! � icdij
a

fa
d̄i
�
mdiPL �mdjPR

�
dj (41)

cdij
@µa

fa
d̄Li�

µdLj ! �icdij
a

fa
d̄i
�
mdiPL �mdjPR

�
dj (42)

icd
32

mb
a

fa
b̄RsL (43)

cd
32

/ ln

✓
⇤

mt

◆
(44)

where

cdij = (U †

dL
cQUdL)ij (45)

and dLi (di) denote the left-handed (Dirac) down-type quark fields in the mass eigenbasis,

which is obtained by the unitary rotation dL ! UdLdL. Here we used the equations

of motion of the fermion fields to get the last expression. Applying the one-loop RG
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Unitary rotation matrix  
for the mass eigenbasis

equations (14) and (40), we find

cdij = (U †

dL
cQUdL)ij

= � ⇠

16⇡2

(cQ + cuc + cHu)
⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij
ln

✓
⇤a

m
BSM

◆

� 1

16⇡2

(cQ + cuc + cH)
⇣
V †

CKM

y

D†

u y

D
u V

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ (flavor diagonal),

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
(cQ + cuc + cHu) ln

✓
⇤a

m
BSM

◆

+
�
(cQ + cuc + cHu)� (cH1 + cH2) cos

2 �
 
ln

✓
m

BSM

mt

◆�
+ (flavor diagonal)

cdij = (U †

dL
cQUdL)ij

= � 1

16⇡2

⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij


⇠ nu ln

✓
⇤a

m
BSM

◆
+ sin2 � n̂u ln

✓
m

BSM

µ

◆�
+ · · ·

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
nu ln

✓
⇤a

m
BSM

◆
+
�
nu � nH cos2 �

�
ln

✓
m

BSM

mt

◆�
+ · · ·

⇡ nH

tan2 �
(45)

UdL : unitary rotation matrix for mass eigenbasis (46)

n̂u = nu � nH cos2 � (47)

nH ⌘
X

↵

cH↵ (48)

cdij = � ⇠

16⇡2

(cQ + cuc + cH2)
⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij
ln

✓
⇤a

m
BSM

◆

� 1

16⇡2

(cQ + cuc + cH)
⇣
V †

CKM

y

D†

u y

D
u V

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ . . . ,

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
(cQ + cuc + cH2) ln

✓
⇤a

m
BSM

◆

+
�
cQ + cuc + cH2 � (cH1 + cH2) cos

2 �
�
ln

✓
m

BSM

mt

◆�
+ . . . , (49)
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equations (14) and (40), we find
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� 1
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(cQ + cuc + cH)
⇣
V †

CKM

y

D†

u y

D
u V

CKM

⌘

ij
ln

✓
m

BSM

µ

◆
+ (flavor diagonal),

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
(cQ + cuc + cHu) ln

✓
⇤a

m
BSM

◆

+
�
(cQ + cuc + cHu)� (cH1 + cH2) cos

2 �
 
ln

✓
m

BSM

mt

◆�
+ (flavor diagonal)

cdij = (U †

dL
cQUdL)ij

= � 1

16⇡2

⇣
V †

CKM

ỹ

D†

u ỹ

D
u V

CKM

⌘

ij


⇠ nu ln

✓
⇤a

m
BSM

◆
+ sin2 � n̂u ln

✓
m

BSM

µ

◆�
+ · · ·

⇡ � m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠

sin2 �
nu ln

✓
⇤a

m
BSM

◆
+
�
nu � nH cos2 �

�
ln

✓
m

BSM
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◆�
+ · · ·

⇡ nH

tan2 �
(46)

ỹ

D
u

(47)

UdL : unitary rotation matrix for mass eigenbasis (48)

n̂u = nu � nH cos2 � (49)

nH ⌘
X

↵

cH↵ (50)

nH ⌘ cH1 + cH2
(51)
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diagonalized Yukawa matrix  
in the mass eigenbasis

cd32  : B ! K a (b ! s a) 
cd21  : K ! π a (s ! d a)

major constraints on ALP-FCNC

For large tan β, nu (sum of the ALP derivative coupling coefficients of the fields involved in the up-type 
Yukawa coupling) is the most important factor to induce the down-type quark FCNC couplings to ALP.



• up-type quark FCNC couplings to ALP

One loop induced FCNC couplings to ALP

cu21  : D ! π a (c ! u a)
screened by QCD long-distance effect  
: much weaker sensitivity to new physics than the down-type quark sector 

Yet, in certain models (SUSY, type II, Y 2HDMs) with large tan β, the enhanced bottom-Yukawa coupling with 

a non-zero nd may induce a sizable ALP-FCNC.

convention, couples only to the up-type quark sector, which is the case for all 2HDMs not

involving FCNC at tree-level.

Flavor-changing ALP couplings to the up-type quarks can be similarly derived from

the one-loop corrected cQ. Contrary to the case of down-type quarks, the couplings to the

up-type quarks depend on the type of 2HDM under consideration. In the mass eigenbasis,

the resultant ALP couplings turn out to be

�i
a

fa
cuij ūi

�
mui

PL �muj
PR

�
uj (53)

with

cuij = (U †

uL
cQUuL

)ij

= � 1

16⇡2

⇣
V †

CKM

ỹ

D†

d ỹ

D
d V

CKM

⌘

ij

2

4⇠ nd ln

✓
⇤a

m
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◆
+

8
<

:
cos2 �

sin2 �

9
=

; n̂d ln

✓
m

BSM

µ

◆3

5+ · · ·

⇡ � m2

b

16⇡2v2
(V

CKM

)i3(VCKM

)⇤j3

h
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8
<

:
1/ cos2 �

1/ sin2 �

9
=

; ln

✓
⇤a

m
BSM

◆

+

0

@nd � nH

8
<

:
sin2 �

� cos2 �

9
=

;

1
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✓
m

BSM
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◆i
+ · · ·

cuij = (U †

uL
cQUuL

)ij

= � 1

16⇡2

⇣
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CKM

ỹ

D†

d ỹ
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d V
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⌘
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2
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✓
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+ · · ·
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* Upper entry : Hd = H1 (SUSY, type II, Y 2HDMs) 
  Lower entry : Hd = H2* (type I, X 2HDMs)
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Implication for UV completed ALP models

• Field theoretic ALP

ALP originating from the phase of PQ-charged complex scalar fields

III. IMPLICATION FOR UV COMPLETED ALP MODELS

In this section, we discuss possible UV completion of ALP models to examine the

implication of radiatively induced flavor-changing ALP interactions. As for the UV origin

of ALP, there are two possibilities. ALP might originate from the phase of PQ-charged

complex scalar fields whose vacuum values break the PQ symmetry spontaneously, which

we call field theoretic ALP, or from higher dimensional p-form gauge fields in UV theory

with extra spacial dimension, which we call string theoretic ALP. For both type of ALPs,

there exist a scalar partner in the UV theory, i.e. the radial mode of PQ-breaking complex

scalar field for field theoretic ALP and the modulus partner of string theoretic ALP, whose

vacuum value determines the ALP decay constant fa. As we will see, the ALP couplings

to the SM fermions and the Higgs doublets, which are of our primary concern, have a

definite connection to the couplings of the scalar partner in the Yukawa sector and the

Higgs potential.

A. Field theoretic ALP

Let us first consider an ALP originating from the phase of PQ-charged complex scalar

fields. For simplicity, we assume that the ALP corresponds mostly to the phase of a single

complex scalar field X with PQ charge qX = �1:

X =
1p
2
⇢ ei a/fa (56)

where the vacuum value of the radial mode, h⇢i = fa, can be identified as the ALP decay

constant in low energy e↵ective theory. Generically this PQ-charged X can couple to the

Yukawa sector and the Higgs potential as
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where qI denote the PQ charge of the corresponding field �I , M
⇤

is the cut-o↵ scale

of the above e↵ective interactions, which should be bigger than fa for consistency, and
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Most general  
Lagrangian

M* : cut-off scale ≫ fa

ALP dependent field redefinition (GKR basis)

In the GKR basis, PQ-invariant ALP interactions at scales below fa, which are relevant

for our subsequent discussion, can be generally written as1
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where  i = {Qi, u
c
i , d

c
i , Li, e

c
i} (i = 1, 2, 3) stands for the 3 generations of the left-handed

quarks and leptons, and H↵ (↵ = 1, 2) denote the Higgs doublets with the following

Yukawa couplings at scales just below fa:

L
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where each of Hd and He can be identified as either H
1

or i�
2

H⇤

2

, depending upon the

model under consideration. Making an appropriate axion-dependent phase rotation of  

andH↵, together with a proper redefinition of the PQ symmetry, one may choose a specific

form of GKR basis for which some of the ALP couplings (c , cH↵) are vanishing. However,

as we are interested in the UV origin of the above ALP couplings, which will be discussed

in the next section, here we take more general field basis which allows a straightforward

1 Here for simplicity we assume the CP invariance, and ignore the terms such as @µaHT
↵ i�2D

µH� (↵ 6= �)

which are assumed to be small in order to forbid the tree level flavor changing neutral current in two

(or more) Higgs doublet models. As we consider the e↵ective theory at scales well above the weak scale,

the electroweak gauge symmetry is linearly realized in this ALP e↵ective lagrangian. For a discussion

of ALP couplings with non-linearly realized electroweak gauge symmetry, see [13].
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of the above e↵ective interactions, which should be bigger than fa for consistency, and
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model under consideration. Making an appropriate axion-dependent phase rotation of  

andH↵, together with a proper redefinition of the PQ symmetry, one may choose a specific

form of GKR basis for which some of the ALP couplings (c , cH↵) are vanishing. However,

as we are interested in the UV origin of the above ALP couplings, which will be discussed

in the next section, here we take more general field basis which allows a straightforward

matching to the UV completion. On the other hand, we limit the discussion to the

models with 2HDM, except for the type III 2HDM which can give rise to a tree level

flavor changing neutral current(FCNC). It is straightforward to extend the discussion to

models with more Higgs doublets or to the SM without H
1

, in which Hd = He = i�
2
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2

.

As U(1)
PQ

is an approximate symmetry, there can be PQ-breaking ALP interactions

also, particularly the non-derivative couplings to gauge fields and the scalar potential

providing a nonzero ALP mass:

�L
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a

fa

X

A

CA
g2A
32⇡2

FAµ⌫ eFA
µ⌫ �

1

2
m2

aa
2 + ..., (10)

where FA
µ⌫ (A = 3, 2, 1) denote the canonically normalized gauge field strength of the SM

gauge group SU(3)c⇥SU(2)L⇥U(1)Y . Here we assume that the ALP mass is determined

by some unspecified UV physics other than the QCD anomaly, which results in

ma � f⇡m⇡/fa. (11)

5

If qψi ≠ qψj (i ≠�j), there are tree level FCNC couplings to ALP. 

For MFV, we are interested in flavor universal qψi = qψ
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Ema, Hamaguchi, Moroi, Nakayama ’16 

those from the flavor-changing ALP processes, for some specific UV models discussed in

Sec. III. Sec. V is the conclusion.

II. RADIATIVELY INDUCED FLAVOR-CHANGING ALP COUPLINGS

In this section, we discuss radiatively induced flavor-changing couplings of an axion-

like particle in the context of generic e↵ective lagrangian defined at scales above the weak

scale, but below the ALP decay constant fa. We will use the Georgi-Kaplan-Randall

(GKR) field basis [11, 12], in which only the ALP “a” experiences a constant shift, while

all other low energy fields � are invariant under the non-linear PQ symmetry:

U(1)
PQ

: a ! a+ constant, � ! �. (1)
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a
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+ ↵ (6)

Note that one can always take such a field basis with an appropriate ALP-dependent field

redefinition of the form � ! eiq�a/fa�, where q
�

is the PQ charge carried by � in the

original field basis.
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b
0

is a parameter with mass-dimension two. Again we remark that each of Hd and He

corresponds to either H
1

or i�
2

H⇤

2

depending on the type of 2HDM under consideration.

After replacing X with its vacuum value,

hXi = 1p
2
fae

ia/fa , (61)

the UV Yukawa couplings in (60) can be matched to the e↵ective theory Yukawa couplings

(9) in the GKR field basis, with an ALP-dependent field redefinition

�I ! e�iqIa/fa�I

�
�I =  i, H1,2

�
, (62)

which results in the following matching condition3 for the ALP couplings at the scale fa:

�
c

�

�
IJ
(µ = fa) = qI�IJ . (63)

It is an interesting possibility that the PQ charges are flavor-non-universal in such a way

that the observed hierarchical masses and mixing angles of charge fermion originate from

the PQ-breaking spurion factor (X/M
⇤

)q i+q j+qH [16, 17]. However, in such case ALP

has flavor-changing couplings at tree-level, and the radiative corrections discussed in the

previous section give only a small subleading correction to the tree level result.

If the PQ charges of the SM fermions are flavor-universal, i.e.

q i
= q ( = Q, uc, dc, L, ec) (64)

then there is no flavor-changing ALP coupling at tree level, and the one-loop radiative

corrections discussed in the previous section might provide the dominant source of flavor

violating ALP processes at low energy scales. After the spontaneous breaking of PQ

symmetry, the fermion Yukawa couplings and the coe�cient of the Higgs bilinear term

are given by

(ỹ )ij =

✓
fa
M
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◆n 

(� )ij
�
 = u, d, e

�
, (65)

b =

✓
fa
M
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◆nH

b
0

, (66)

3 Note that there can be a small correction of O(f2
a/M

2
⇤

) to this matching condition due to the higher-

dimensional operators such as X⇤@µX
M2

⇤
 ̄�µ , which will be ignored in the following discussion.
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In terms of the original Lagrangian,

down-type quark FCNC to ALP up-type quark FCNC to ALP down-type quark FCNC to ALP  
suppressed by 1/tan2β 

: Freytsis, Ligeti, Thaler ’09

For a generic field theoretic ALP, the dominant ALP-FCNC at one-loop will come from a non-zero 

nH with 1/tan2β suppression and relatively small RG logarithmic factor ln(mBSM/mt).

nu = qQ + quc + qH2

nd = qQ + qdc + qHd

nH = qH1 + qH2

(67)

then there is no flavor-changing ALP coupling at tree level, and the one-loop radiative

corrections discussed in the previous section might provide the dominant source of flavor

violating ALP processes at low energy scales. After the spontaneous breaking of PQ

symmetry, the fermion Yukawa couplings and the coe�cient of the Higgs bilinear term

are given by

(ỹ )ij =

✓
fa
M

⇤

◆n 

(� )ij
�
 = u, d, e

�
(68)

b =

✓
fa
M

⇤

◆nH

b
0

(69)

where the non-negative integer n and nH are given by

nu = qQ + quc + qH2 = cQ + cuc + cH2 ,

nd = qQ + qdc + qHd
= cQ + cdc + cHd

,

ne = qL + qec + qHe = cL + cec + cHe ,

nH = qH1 + qH2 = cH1 + cH2 . (70)

One then finds from (55) and (57) that nu,d correspond to the coe�cients of RG running

generating the flavor-changing ALP couplings starting from the ALP scale fa. In other

words, a nonzero value of nu,d can be identified as the dominant source of flavor-changing

ALP couplings, which would be enhanced by the large logarithmic factor ln(fa/mt,W ).

Also one finds that nH corresponds to the RG running coe�cient generating flavor-

changing ALP couplings starting from the BSM scale m
BSM

to the weak scale.

Obviously it is not possible to get the correct top quark Yukawa coupling with nonzero

nu, while satisfying the perturbativity bound �t . O(1), unless the cuto↵ scale M
⇤

is com-

parable to fa. Although M
⇤

can be determined only by the next step of UV completion,

which is beyond the scope of this work, there is neither theoretical nor phenomenological
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Below the spontaneous PQ breaking scale fa ,

Since M* ≫ fa , yψ ≪ Ο(1) unless nψ =0  
for perturbative λψ ≲ Ο(1)

matching condition from (69):

mb

v

1

cos �
=

✓
fa
M

⇤

◆nd

�b . (74)

ỹt ⇠ O(1)

ỹb ⇠ mb

v
tan � (if Hd = H

1

)
(75)

Again, for a cuto↵ scale M
⇤

significantly higher than fa, e.g. by one order of magnitude,

the perturbativity bound �b . O(1) requires nd = 0 for tan � & 10. On the other hand, in

order for the up-quark sector to compete with the down-quark sector, we need tan � & 20.

This means that for field theoretic ALP the up-type quark sector is less sensitive to the

ALP-involving flavor violation than the down-type quark sector over the most of the ALP

parameter region provided by sensible UV completion.

B. String theoretic ALP

So far, we have discussed field theoretic UV completion in which the ALP originates

from the phase of PQ-charged complex scalar fields. In such models, the spontaneous

breaking of PQ symmetry should be interpreted as an IR phenomenon in the context

of a proper UV completion with the cuto↵ scale M
⇤

� fa, which then implies nu = 0.

There exists in fact a totally di↵erent, but equally attractive UV completion. ALP might

originate from higher-dimensional gauge fields in higher-dimensional theory with an ALP

decay constant fa which has a direct connection to the fundamental scale such as the

string scale or the compactification scale [4, 20, 21]. The best-motivated example is string

theoretic ALP originating from p-form gauge field [4] as

C
[m1m2..mp] =

X

↵

a↵(x)!
↵
[m1m2..mp]

(76)

where !↵ are harmonic p-form on the compact internal space. Typically such ALP arises

in SUSY-preserving compactification with a modulus partner ⌧↵ describing the volume of

p-cycle dual to !↵, and forms a chiral superfield as

T↵ =
⌧↵ + ia↵p

2
(77)
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nu =0
 
for large tan β ≳ 10 in 
the 2ΗDMs with Hd=H1

nd =0also,
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We propose new searches for axionlike particles (ALPs) produced in flavor-changing neutral current
(FCNC) processes. This proposal exploits the often-overlooked coupling of ALPs toW! bosons, leading to
FCNC production of ALPs even in the absence of a direct coupling to fermions. Our proposed searches for
resonant ALP production in decays such as B → Kð#Þa, a → γγ, and K → πa, a → γγ could greatly
improve upon the current sensitivity to ALP couplings to standard model particles. We also determine
analogous constraints and discovery prospects for invisibly decaying ALPs.
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Introduction.—Axionlike particles (ALPs) are among
the best-motivated candidates for particle extensions of the
standard model (SM). ALPs arise as the Goldstone bosons
of any theory with a Peccei-Quinn symmetry (PQ) [1–3],
which is a spontaneously broken global symmetry that
is anomalous with respect to the SM gauge interactions. PQ
symmetries, and hence ALPs, are ubiquitous in theories
beyond the SM such as string theory [4–7] and supersym-
metry [8–10]. ALPs were originally motivated by dynami-
cal solutions to the strong-CP problem [1–3], although
recent proposals suggest that ALP dynamics could also
resolve the hierarchy problem [11].
Because ALPs are pseudo-Goldstone bosons, their

properties are more constrained than arbitrary scalar fields.
In particular, the shift invariance associated with the
anomalous symmetry protects ALP masses from radiative
corrections and so their masses can naturally take on any
value. Furthermore, their interactions with SM fields arise
through higher-dimensional (or otherwise suppressed)
operators, and these feeble couplings naturally situate
ALPs within models of hidden sectors, either as the dark
matter candidate itself [12–14] or as a mediator through
the “axion portal” [15]. This has driven a comprehen-
sive laboratory search program ranging from high-energy
collider physics to condensed matter systems (see, for
example, Refs. [16–38]).
In the simplest models, ALPs couple to the SM gauge

boson field strengths according to the anomaly of the
corresponding PQ symmetry,

L ⊃ −
gaV
4

aVμν
~Vμν; ð1Þ

where a is the ALP field, ~Vμν ¼ ϵμνρσVρσ=2, and Vμν is the
gauge boson field strength for a SM vector boson V. In
principle, a can interact with all three SM gauge fields, with
the relative couplings determined by the gauge charges of

the fermion fields giving rise to the PQ symmetry anomaly.
Phenomenological studies of ALPs typically focus on their
couplings to gluons and photons, since these largely
determine the rates of ALP interactions at energies well
below the electroweak scale. For example, the dominant
constraints on ALPs for Ma ∼MeV − GeV arise from
beam-dump experiments [16–19,36] and high-energy col-
liders [20,30,32–35] through the coupling of ALPs to
photons. By contrast, the couplings of ALPs to electroweak
gauge bosons are often neglected because their effects are
suppressed for energies E ≪ MW , and the corresponding
constraints are presumed to be subdominant.
Contrary to this lore, we show in this Letter that

couplings of ALPs to W! bosons can give rise to
observable signatures and may, in fact, provide the best
sensitivity to ALPs for masses below 5 GeV. ALPs with
aW ~W couplings can be emitted in flavor-changing neutral
current (FCNC) processes such as those shown in Fig. 1.
In the scenario where the ALP couples predominantly
to electroweak gauge bosons, the subsequent decay of
the ALP into photons gives rise to signatures such as
B → Kð#Þa, a → γγ. Since SM rates for such FCNC
processes are small [39], ALP production in FCNC decays
therefore provides a striking signature with excellent

FIG. 1. Axionlike particle production in flavor-changing down-
type quark decay, di → dj þ a.
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finite radiative correction

higher than fa. The universal ALP couplings assumed in [7] correspond to the case of

qQ = quc = qdc 6= 0 and qH1 = qH2 = 0, which again can not be achieved from sensible

field theoretic UV completion.

Given that nu = 0 for field theoretic ALP models with sensible UV completion, and

as a result the one-loop flavor-changing ALP couplings to the down-type quarks are sup-

pressed by 1/ tan2 �, higher loop e↵ects might be even more important than the one-loop

contribution if tan � is large enough. Recently, it was pointed out that the following ALP

coupling to the W -bosons,

CaWW
a

fa

g2
2

32⇡2

WfW (72)

which might exist as a part of (14), can generate flavor-changing ALP couplings to the

down-type quarks [18]. The resulting flavor-changing ALP couplings are essentially two-

loop e↵ects as the above ALP coupling to the W -bosons is generated by the one-loop

threshold of PQ-charged heavy particles in field theoretic ALP models. Combining the

results of [18] with ours, we find that the e↵ectively two-loop ALP couplings induced by

(72) dominate over our one-loop contribution if nu = 0 and tan � is large as

tan � & 17⇥p
nH


3

CaWW

� 1
2

ln(mH±/mt)

2

� 1
2

(73)

tan � & 17⇥p
nH


3

CaWW

� 1
2

ln(m

BSM

/mt)

2

� 1
2

(74)

We also remark that any new physics e↵ect which contributes to the ALP-Higgs derivative

coupling as in [19] can have an important consequence on flavor violating ALP couplings

to the down-type quarks as can be seen from (55).

Finally, let us comment on the flavor violation in the up-type quark sector for field

theoretic ALP. For certain class of UV models including the type-II, type Y 2HDMs and

coupling to vector current must be included for the gauge invariance. This additional vector current

coupling can be rotated to the couplings i(ỹu)ij
a
fa
uc
RidLjH

+
2 + i(ỹd)ij

a
fa
dcRiuLjH

�

d by an appropriate

ALP-dependent redefinition of the quark fields.
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We find that this two loop order contribution is dominant over the one loop from nH 
for tan β larger than a certain value:

Izaguirre, Lin, Shuve ’16

As the one loop contribution is heavily suppressed by large tan β, the radiative correction 
at two loops can be even more important.

prospects for discovery. Rare meson decays are already
powerful probes of low-mass scalars possessing a direct
coupling to quarks [40–49], but our results show that ALPs
can be discovered in these channels even if no direct
coupling to quarks is present at leading order. Our proposed
ALP signatures also predict the dominant a → γγ decay
instead of the fermionic decays which are most important
when a couples directly to SM fermions.
In the remainder of this Letter, we first present the ALP

effective field theory (EFT). We subsequently derive the
rates of ALP production in the most promising channels,
namely, B → Kð"Þa, a → γγ, and K → πa, a → γγ. Next,
we examine the prospects for direct ALP production at
present and upcoming B factories. Finally, we study the
complementary scenario in which the ALP decays pre-
dominantly into invisible states, determining the sensitivity
of current and upcoming facilities to this possibility.
ALP production in FCNC decays.—For concreteness, we

consider a simplified model where the ALP couples only to
the field strengths of the SUð2ÞW gauge bosons,

L ¼ ð∂μaÞ2 −
1

2
M2

aa2 −
gaW
4

aWa
μν

~Waμν; ð2Þ

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions charged
under the PQ symmetry possess only SUð2ÞW gauge
interactions, although models where a additionally couples
to the hypercharge gauge bosons give qualitatively similar
results (see Supplemental Material [50]). After electroweak
symmetry breaking, the coupling gaW generates inter-
actions between a and WþW−, as well as ZZ, Zγ, and
γγ in ratios given by the weak mixing angle.
We have computed the contribution of Eq. (2) to the

amplitude for di → dja depicted in Fig. 1. The result is
replicated by the following effective interaction (assuming
negligible up-quark mass):

Ldi→dj ⊃ −gadidjð∂μaÞd̄jγμPLdi þ H:c:;

gadidj ≡ −
3

ffiffiffi
2

p
GFM2

WgaW
16π2

X

α∈c;t
VαiV"

αjfðM2
α=M2

WÞ;

fðxÞ≡ x½1þ xðlog x − 1Þ'
ð1 − xÞ2

; ð3Þ

where GF is the Fermi constant and Vij are the relevant
entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that fðxÞ ≈ x for x ≪ 1 such that the inter-
action is proportional to M2

α=M2
W for Mα ≪ MW. There

is an additional contribution to the effective coupling
suppressed by factors of the external quark masses
(∼M2

di
=M2

W) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite and

depends only on the IR value of the effective coupling gaW :
while individual diagrams in Fig. 1 are UV divergent, the

divergences cancel when summed over intermediate up-
type quark flavors. Because the divergent terms are
independent of quark mass, the unitarity of the CKM
matrix requires that they sum to zero. This is in contrast
with models possessing a direct ALP-quark coupling, in
which the FCNC rate is sensitive to the UV completion of
the theory [44,45].
Diphoton searches for ALPs.—We now discuss the

prospects for the sensitivity of current and future probes
to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: secon-
dary ALP production from rare decays of SM mesons, and
primary ALP production at colliders.
ALP production in rare meson decays is, by far, the most

promising new search mode. The quark coupling in Eq. (3)
mediates FCNC decays of heavy-flavor mesons such as
B → Kð"Þa and K → πa. To compute the rates of B-meson
decays to pseudoscalar and vector mesons, we employ the
hadronic matrix elements calculated using light-cone QCD
sum rules [51,52]. For K( → π(a, we use the hadronic
matrix element resulting from the conserved vector current
hypothesis [53–55] in the flavor-SU(3) limit assuming
small momenta. The matrix element for K0 → π0a is
related to that of K( → π(a by isospin symmetry, and
so the matrix element for the KL (KS) mass eigenstate is
found by taking the imaginary (real) part of the K( → π(a
matrix element [56]. We keep only the leading terms from
Eq. (3) that are unsuppressed by external momenta. The
decay rates are

ΓðB → KaÞ ¼ M3
B

64π
jgabsj2

"
1 −

M2
K

M2
B

#
2

f20ðM2
AÞλ

1=2
Ka ;

ΓðB → K"aÞ ¼ M3
B

64π
jgabsj2A2

0ðM2
aÞλ

3=2
K"a;

ΓðKþ → πþaÞ ¼
M3

Kþ

64π

"
1 −

M2
πþ

M2
Kþ

#2

jgasdj2λ
1=2
πþa;

ΓðKL → π0aÞ ¼
M3

KL

64π

"
1 −

M2
π0

M2
KL

#2

ImðgasdÞ2λ
1=2
π0a;

where λKa ¼ f1− ½ðMa þMKÞ2=M2
B'gf1− ½ðMa −MKÞ2=

M2
B'g, along with analogously defined λK"a, and λπþ;0a.

f0ðqÞ and A0ðqÞ are appropriate form factors from the
hadronic matrix elements, obtained from Refs. [51] and
[52], respectively. For the a mass range we study,
Ma ≪ MW , the dominant decay mode is a → γγ.
We begin our phenomenological study with the signature

B → Kð"Þa, a → γγ, which has the best sensitivity to ALPs.
While the same rare meson decay with a → γγ is also
predicted in models with pseudoscalars possessing only
direct quark couplings [48], the diphoton mode is only
dominant for ALP masses below the pion threshold in those
scenarios. Moreover, to our knowledge, no such search
has been carried out, nor has the SM continuum process
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Experimental constraints for the field theoretic ALP

FIG. 2: Parameter region excluded by the FCNC constraints for field theoretic ALP (nu = 0

and ⇤a ⇠ fa). The left panel is for the case with a moderate tan� = 5, in which the one-loop

induced ALP couplings in (100) provide the dominant source of flavor violation. The right panel

is for the case with a larger tan� = 30 satisfying (73), in which the e↵ective two-loop e↵ects

associated with the ALP coupling (72) to the W -bosons, which was discussed in [18], provide the

dominant constraints. Here we consider the type II 2HDM with mH± = 1 TeV as a benchmark

model. The results do not change much for other type of 2HDMs and SUSY models. Gray parts

correspond to the parameter region excluded by the conventional astrophysical considerations

(SN1987 + Red giant evolution).

changing ALP couplings.

For large tan� satisfying the condition (73), or for the case with nH = 0, the e↵ective

two-loop contribution associated with the ALP coupling (72) to the W -bosons becomes

dominant over the one-loop contribution of (100). The flavor constraints in such situation

were discussed in [18] under the assumption that ALP does not have a tree level coupling

to the charged leptons, so decays mostly into photons, which would be the case for the

KSVZ-type ALP model [2]. Here we are concerned with the DFSZ-type ALP having

31

nu =0 

•Even for a moderate tan β, the constraint is an order of magnitude weaker than the previous estimation 
in Dolan, Kahlhoefer, McCabe, Schmidt-Hoberg ‘14 with “Yukawa-like” ALP couplings (nu = nd ≠ 0).



Implication for UV completed ALP models

• String theoretic ALP

ALP originating from higher-dimensional p-form gauge field

SUSY-preserving  
compactification

matching condition from (69):

mb

v

1

cos �
=

✓
fa
M

⇤

◆nd

�b . (74)

Again, for a cuto↵ scale M
⇤

significantly higher than fa, e.g. by one order of magnitude,

the perturbativity bound �b . O(1) requires nd = 0 for tan � & 10. On the other hand, in

order for the up-quark sector to compete with the down-quark sector, we need tan � & 20.

This means that for field theoretic ALP the up-type quark sector is less sensitive to the

ALP-involving flavor violation than the down-type quark sector over the most of the ALP

parameter region provided by sensible UV completion.

B. String theoretic ALP

So far, we have discussed field theoretic UV completion in which the ALP originates

from the phase of PQ-charged complex scalar fields. In such models, the spontaneous

breaking of PQ symmetry should be interpreted as an IR phenomenon in the context

of a proper UV completion with the cuto↵ scale M
⇤

� fa, which then implies nu = 0.

There exists in fact a totally di↵erent, but equally attractive UV completion. ALP might

originate from higher-dimensional gauge fields in higher-dimensional theory with an ALP

decay constant fa which has a direct connection to the fundamental scale such as the

string scale or the compactification scale [4, 20, 21]. The best-motivated example is string

theoretic ALP originating from p-form gauge field [4] as

C
[m1m2..mp] =

X

↵

a↵(x)!
↵
[m1m2..mp]

(75)

where !↵ are harmonic p-form on the compact internal space. Typically such ALP arises

in SUSY-preserving compactification with a modulus partner ⌧↵ describing the volume of

p-cycle dual to !↵, and forms a chiral superfield as

T↵ =
⌧↵ + ia↵p

2
(76)

where we omitted the fermionic and auxiliary F -components. The e↵ective theory just

below the compactification scale is described by 4D N = 1 supergravity model with a
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(ωα : harmonic p-form on the compact internal space)

(τα : volume modulus of p-cycle dual to ωα)
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4D N=1 SUGRA

Kähler potential

K = K
0

(T↵ + T ⇤

↵) + ZIJ(T↵ + T ⇤

↵)�
⇤

I�J (77)

where �I denote the gauge-charged chiral matter superfields. The e↵ective theory is

controlled by approximate non-linear PQ symmetries under which

U(1)
PQ

: a↵ ! a↵ + constant (78)

which are the low energy remnant of the higher-dimensional gauge transformation:

�C
[m1m2..mp] = @

[m1⇤m2,..,mp] (79)

Note that the above non-linear PQ symmetries are defined in the GKR field basis [11], so

that �I are invariant under the PQ symmetries.

With the Kähler potential (77), the ALP e↵ective lagrangian at the scale just below

the string scale is given by

Leff = �1

2

�
@↵@�K0

�
@µa↵@

µa� � ZIJ

�
Dµ�

⇤

ID
µ�J � i ̄I��D J

�

�@µa↵p
2

✓
@ZIJ

@T↵

◆
�⇤

I

$

iDµ�J +

✓
@ZIJ

@T↵

� ZIJ

2

@K
0

@T↵

◆
 ̄I �̄

µ J

�
, (80)

where we set the reduced Planck scale MP = 1/
p
8⇡GN = 1. The above lagrangian can

be rewritten in terms of the canonically normalized ALP and the matter fermions and

sfermions as

Leff = �1

2
@µap@

µap �Dµ�
⇤

MDµ�M + i ̄M��D M

�@µapp
2


cpMN�

⇤

M

$

iDµ�N +

✓
cpMN � 1

2
cp�MN

◆
 ̄M �̄

µ N

�
, (81)

where

cpMN = ⌦a
↵p⌦

�

IM⌦�

JN

@ZIJ

@T↵

, cp = ⌦a
↵p

@K
0

@T↵

(82)

for the field redefinition matrices

⌦a
↵M⌦a

�N(M
2

P@↵@�K0

) = �MN , ⌦�

IM⌦�

JNZIJ = �MN . (83)
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(GKR basis)
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sfermions as
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where
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↵p⌦
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for the field redefinition matrices

⌦a
↵M⌦a

�N(M
2

P@↵@�K0

) = �MN , ⌦�

IM⌦�

JNZIJ = �MN . (83)
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: remnant of higher-dimensional gauge symmetry

Typical scale of the stringy ALP decay constant

fa ⇠ MP/8⇡
2 ⇠ 1016 GeV (84)

Unless the compactification involves a large internal space volume or an exponential warp

factor, the stringy ALP decay constant is generically near MP/8⇡2 ⇠ 1016 GeV [3, 4].

In such case, the flavor-changing ALP interactions would be too weak to be phenomeno-

logically relevant. On the other hand, in models with a large internal volume or warp

factor, the resulting ALP scale can be lower than MP/8⇡2 by many orders of magnitude,

even might be around the TeV scale [10, 20–23]. In the following, we consider one such

example, the stringy ALP in the large volume scenario (LVS) proposed in [10].

For simplicity, we consider the minimal LVS with two ALPs and their modulus partners:

T
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=
⌧
1

+ ia
1p

2
, T
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=
⌧
2

+ ia
2p

2
, (85)

where ⌧
1

corresponds to the volume of big 4-cycle Cb, which is connected to the bulk

volume of the 6-dimensional internal space as V ⇠ ⌧
3/2
1

, while ⌧
2

is the volume of small

4-cycle Cs supporting a hidden non-perturbative dynamics, as well as the visible sector.

Following [10], we assume ⌧
1

is stabilized at an exponentially large value as

1

⌧
3/2
1

⇠ e�a⌧2 , (86)

where e�a⌧2 parametrizes the strength of hidden non-perturbative dynamics with a⌧
2

=

O (⇡2/g2
GUT

), which competes with the stringy ↵0 corrections of O(1/⌧ 3/2
1

) to stabilize ⌧
1

at an exponentially large vacuum value.

To be specific, let us consider the Kähler potential in the limit ⌧
1

� ⌧
2

& 1, which is

given by [10]
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where the modular weights !N of gauge charged matter superfields �N are rational num-

bers. The holomorphic gauge kinetic function of the model for the SM gauge group

SU(3)c ⇥ SU(2)L ⇥ U(1)Y takes the form:

FA = kAT2

(A = 3, 2, 1), (88)

24

: too big to be relevant for the ALP-FCNC interactions

With a large internal volume or warp factor, however, fa can be smaller by many orders of 

magnitude even around TeV scale.

Low energy effective  
Lagrangian



* The minimal LVS (Large Volume Scenario)

fa ⇠ MP/8⇡
2 ⇠ 1016 GeV (84)
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factor, the stringy ALP decay constant is generically near MP/8⇡2 ⇠ 1016 GeV [3, 4].

In such case, the flavor-changing ALP interactions would be too weak to be phenomeno-

logically relevant. On the other hand, in models with a large internal volume or warp

factor, the resulting ALP scale can be lower than MP/8⇡2 by many orders of magnitude,

even might be around the TeV scale [10, 20–23]. In the following, we consider one such

example, the stringy ALP in the large volume scenario (LVS) proposed in [10].

For simplicity, we consider the minimal LVS with two ALPs and their modulus partners:
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where ⌧
1

corresponds to the volume of big 4-cycle Cb, which is connected to the bulk

volume of the 6-dimensional internal space as V ⇠ ⌧
3/2
1

, while ⌧
2

is the volume of small

4-cycle Cs supporting a hidden non-perturbative dynamics, as well as the visible sector.

Following [10], we assume ⌧
1

is stabilized at an exponentially large value as
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=
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where the modular weights !N of gauge charged matter superfields �N are rational num-

bers. The holomorphic gauge kinetic function of the model for the SM gauge group

SU(3)c ⇥ SU(2)L ⇥ U(1)Y takes the form:

FA = kAT2

(A = 3, 2, 1) (88)

24

τ1 : volume of big 4-cycle connected to the 6D internal bulk volume 
τ2 : volume of small 4-cycle supporting a hidden non-perturbative dynamics & visible sector

where kA are rational numbers of order unity, and the visible sector Yukawa couplings in

the superpotential are given by

�W =
1

6
�LMN�L�M�N (90)

where �LMN are independent of Ti (i = 1, 2) due to the ALP shift symmetries. As we

will see, the ALP a
1

associated with the big cycle has a decay constant near MP , while

the small-cycle ALP a
2

can have a much lower decay constant in phenomenologically

interesting range.

Following the usual convention for ALP couplings, let us define the decay constant

of the canonically normalized a
2

though its coupling to the gauge fields. For the Kähler

potential and the gauge kinetic function given by (88) and (89), we find
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where
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and
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Here we used ⌧
2

= O(1/g2
GUT

) and the large volume condition (86) for the last expression

of fa. In the canonically normalized field basis, we find also the following physical Yukawa

couplings and the ALP couplings to the matter fields:
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where

yLMN =
�LMN

(
p
2⌧

2

)(!L+!M+!N )/2
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!N (94)
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)(!L+!M+!N )/2

Note that the above couplings are defined at scales around the string scale which is related

to the ALP scale as [10]

M
st

⇠ MP

⌧
3/4
1

⇠ 8⇡2fa (96)

Although the big-cycle ALP a
1

has a too large decay constant to give any observable

consequence in the laboratory experiments, the small-cycle ALP a
2

can have a decay

constant in the phenomenologically interesting range, if ⌧
1

has an exponentially large

vacuum value as ⌧ 3/4
1

⇠ ea⌧2/2 with a⌧
2

� 1 [10, 22, 23]. Yet, the pattern of the couplings

of a
2

is determined by the matter modular weights !N . It has been noticed in [24] that

these modular weights can be determined by the behavior of the physical Yukawa couplings

under the rescaling of the metric on the small-cycle Cs, which results in flavor-universal

!N in the range [0, 1].

Here are the values of modular weights in some interesting cases. One possible scenario

(Case 1) is that matter zero modes live on the 4-cycle Cs, with four dimensional triple

intersections for Yukawa couplings, yielding

!N = 1/3.

Another possible scenario (Case 2) is that matter zero modes are confined on two di-

mensional curves in Cs, with point-like triple intersection for Yukawa couplings, which

gives

!N = 1/2.
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fa ⇠ MP/8⇡
2 ⇠ 1016 GeV (84)

Unless the compactification involves a large internal space volume or an exponential warp

factor, the stringy ALP decay constant is generically near MP/8⇡2 ⇠ 1016 GeV [3, 4].

In such case, the flavor-changing ALP interactions would be too weak to be phenomeno-

logically relevant. On the other hand, in models with a large internal volume or warp

factor, the resulting ALP scale can be lower than MP/8⇡2 by many orders of magnitude,

even might be around the TeV scale [10, 20–23]. In the following, we consider one such

example, the stringy ALP in the large volume scenario (LVS) proposed in [10].

For simplicity, we consider the minimal LVS with two ALPs and their modulus partners:
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where ⌧
1

corresponds to the volume of big 4-cycle Cb, which is connected to the bulk

volume of the 6-dimensional internal space as V ⇠ ⌧
3/2
1

, while ⌧
2

is the volume of small

4-cycle Cs supporting a hidden non-perturbative dynamics, as well as the visible sector.

Following [10], we assume ⌧
1

is stabilized at an exponentially large value as
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⇠ e�a⌧2 (86)
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where e�a⌧2 parametrizes the strength of hidden non-perturbative dynamics with a⌧
2

=

O (⇡2/g2
GUT

), which competes with the stringy ↵0 corrections of O(1/⌧ 3/2
1

) to stabilize ⌧
1

at an exponentially large vacuum value.

To be specific, let us consider the Kähler potential in the limit ⌧
1
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& 1, which is

given by [10]
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where the modular weights !N of gauge charged matter superfields �N are rational num-

bers. The holomorphic gauge kinetic function of the model for the SM gauge group

SU(3)c ⇥ SU(2)L ⇥ U(1)Y takes the form:

FA = kAT2

(A = 3, 2, 1) (89)
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Unless the compactification involves a large internal space volume or an exponential warp

factor, the stringy ALP decay constant is generically near MP/8⇡2 ⇠ 1016 GeV [3, 4].

In such case, the flavor-changing ALP interactions would be too weak to be phenomeno-

logically relevant. On the other hand, in models with a large internal volume or warp

factor, the resulting ALP scale can be lower than MP/8⇡2 by many orders of magnitude,

even might be around the TeV scale [10, 20–23]. In the following, we consider one such

example, the stringy ALP in the large volume scenario (LVS) proposed in [10].

For simplicity, we consider the minimal LVS with two ALPs and their modulus partners:
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where ⌧
1

corresponds to the volume of big 4-cycle Cb, which is connected to the bulk

volume of the 6-dimensional internal space as V ⇠ ⌧
3/2
1

, while ⌧
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is the volume of small

4-cycle Cs supporting a hidden non-perturbative dynamics, as well as the visible sector.
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=
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where the modular weights !N of gauge charged matter superfields �N are rational num-

bers. The holomorphic gauge kinetic function of the model for the SM gauge group

SU(3)c ⇥ SU(2)L ⇥ U(1)Y takes the form:

FA = kAT2

(A = 3, 2, 1) (89)
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Unless the compactification involves a large internal space volume or an exponential warp

factor, the stringy ALP decay constant is generically near MP/8⇡2 ⇠ 1016 GeV [3, 4].

In such case, the flavor-changing ALP interactions would be too weak to be phenomeno-

logically relevant. On the other hand, in models with a large internal volume or warp

factor, the resulting ALP scale can be lower than MP/8⇡2 by many orders of magnitude,

even might be around the TeV scale [10, 20–23]. In the following, we consider one such

example, the stringy ALP in the large volume scenario (LVS) proposed in [10].

For simplicity, we consider the minimal LVS with two ALPs and their modulus partners:

T
1

=
⌧
1

+ ia
1p

2
, T

2

=
⌧
2

+ ia
2p

2
(85)

where ⌧
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corresponds to the volume of big 4-cycle Cb, which is connected to the bulk

volume of the 6-dimensional internal space as V ⇠ ⌧
3/2
1

, while ⌧
2

is the volume of small

4-cycle Cs supporting a hidden non-perturbative dynamics, as well as the visible sector.
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1

is stabilized at an exponentially large value as
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where e�a⌧2 parametrizes the strength of hidden non-perturbative dynamics with a⌧
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=
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), which competes with the stringy ↵0 corrections of O(1/⌧ 3/2
1

) to stabilize ⌧
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at an exponentially large vacuum value.
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where the modular weights !N of gauge charged matter superfields �N are rational num-

bers. The holomorphic gauge kinetic function of the model for the SM gauge group

SU(3)c ⇥ SU(2)L ⇥ U(1)Y takes the form:

FA = kAT2

(A = 3, 2, 1) (89)
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The modular weight ωN turns out to be determined to be flavor-universal with the range [0,1].
: Conlon, Cremades, Quevedo ’06

where kA are rational numbers of order unity, and the visible sector Yukawa couplings in

the superpotential are given by

�W =
1

6
�LMN�L�M�N (90)

where �LMN are independent of Ti (i = 1, 2) due to the ALP shift symmetries. As we

will see, the ALP a
1

associated with the big cycle has a decay constant near MP , while

the small-cycle ALP a
2

can have a much lower decay constant in phenomenologically

interesting range.

Following the usual convention for ALP couplings, let us define the decay constant

of the canonically normalized a
2

though its coupling to the gauge fields. For the Kähler

potential and the gauge kinetic function given by (88) and (89), we find
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Here we used ⌧
2

= O(1/g2
GUT

) and the large volume condition (86) for the last expression

of fa. In the canonically normalized field basis, we find also the following physical Yukawa

couplings and the ALP couplings to the matter fields:
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For the Cases 1 and 2, the model predicts that nu is nonzero as

nu =

p
2
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◆
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1
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◆ (96)

Although being the order of 10�2, a nonzero nu still can yield relatively strong flavor-

changing ALP couplings to the down-type quarks due to the large logarithmic factor

⇠ ln(⇤a/mt) ' 2 ln(8⇡2fa/mt) (see eq. (55)). For the Case 3, nu = 0 and therefore the

resulting flavor-changing ALP couplings to the down-type quarks are further suppressed

by 1/ tan2 �. However, in this case we have a nonzero nd as

nd = cQ + cdc + cH1 =

p
2

16⇡2⌧
2

(!Q + !dc + !H1) = O
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1

16⇡2

◆
, (97)

and then the resulting ALP couplings to the up-type quarks might provide a meaningful

constraint on the model if tan � is large enough. In the next section, we will give a detailed

analysis of the phenomenological constraints on the string theoretic ALP decay constant

for the Cases 1 and 3.

IV. CONSTRAINTS ON THE ALP DECAY CONSTANT

In this section, we examine the experimental constraints on the ALP decay constant fa

from flavor-changing processes, while taking into account the properties of ALP inferred

from the possible UV completions. As we will see, the FCNC processes of down-type

quarks provide a dominant constraint on fa, because flavor-changing ALP couplings to

the up-type quarks are suppressed by the relatively small bottom Yukawa coupling as

discussed in Sec. II and have weaker experimental sensitivity due to the long distance

QCD e↵ect [15].

According to Eqs. (55) and (70), flavor-changing ALP couplings to the down-type

quarks in the fermion mass eigenbasis are given by

@µa

fa
cdij d̄i�

µPLdj , (98)
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where kA are rational numbers of order unity, and the visible sector Yukawa couplings in

the superpotential are given by

�W =
1

6
�LMN�L�M�N (90)

where �LMN are independent of Ti (i = 1, 2) due to the ALP shift symmetries. As we

will see, the ALP a
1

associated with the big cycle has a decay constant near MP , while

the small-cycle ALP a
2

can have a much lower decay constant in phenomenologically

interesting range.

Following the usual convention for ALP couplings, let us define the decay constant

of the canonically normalized a
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though its coupling to the gauge fields. For the Kähler

potential and the gauge kinetic function given by (88) and (89), we find
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Here we used ⌧
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where
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Note that the above couplings are defined at scales around the string scale which is related

to the ALP scale as [10]
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Although the big-cycle ALP a
1

has a too large decay constant to give any observable

consequence in the laboratory experiments, the small-cycle ALP a
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can have a decay

constant in the phenomenologically interesting range, if ⌧
1

has an exponentially large

vacuum value as ⌧ 3/4
1

⇠ ea⌧2/2 with a⌧
2

� 1 [10, 22, 23]. Yet, the pattern of the couplings

of a
2

is determined by the matter modular weights !N . It has been noticed in [24] that

these modular weights can be determined by the behavior of the physical Yukawa couplings

under the rescaling of the metric on the small-cycle Cs, which results in flavor-universal

!N in the range [0, 1].

Here are the values of modular weights in some interesting cases. One possible scenario

(Case 1) is that matter zero modes live on the 4-cycle Cs, with four dimensional triple

intersections for Yukawa couplings, yielding

!N = 1/3.

Another possible scenario (Case 2) is that matter zero modes are confined on two di-

mensional curves in Cs, with point-like triple intersection for Yukawa couplings, which

gives

!N = 1/2.
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a1 : too feeble interactions a2 : ALP with small fa

: No problem to obtain the correct top (bottom) Yukawa with a non-zero nu (nd).

by 1/ tan2 �. However, in this case we have a nonzero nd as

nd = cQ + cdc + cH1 =

p
2

16⇡2⌧
2

(!Q + !dc + !H1) = O
✓

1

16⇡2

◆
, (102)

and then the resulting ALP couplings to the up-type quarks might provide a meaningful

constraint on the model if tan � is large enough. In the next section, we will give a detailed

analysis of the phenomenological constraints on the string theoretic ALP decay constant

for the Cases 1 and 3.

⌧
2

⇠ O(1) (103)

IV. CONSTRAINTS ON THE ALP DECAY CONSTANT

In this section, we examine the experimental constraints on the ALP decay constant fa

from flavor-changing processes, while taking into account the properties of ALP inferred

from the possible UV completions. As we will see, the FCNC processes of down-type

quarks provide a dominant constraint on fa, because flavor-changing ALP couplings to

the up-type quarks are suppressed by the relatively small bottom Yukawa coupling as

discussed in Sec. II and have weaker experimental sensitivity due to the long distance

QCD e↵ect [15].

According to Eqs. (57) and (72), flavor-changing ALP couplings to the down-type

quarks in the fermion mass eigenbasis are given by

@µa

fa
cdij d̄i�

µPLdj , (104)

where

cdij ⇡
m2

t

16⇡2v2
(V

CKM

)⇤
3i(VCKM

)
3j


⇠nu ln

✓
⇤a

m
BSM

◆
+

✓
nu � nH

tan2 �

◆
ln

✓
m

BSM

mt

◆�
. (105)

Here ⇤a ⇠ fa for field theoretic ALP, while ⇤a ⇠ 8⇡2fa for string theoretic ALP, ⇠ = 1 (2)

for non-SUSY (SUSY) model, and the BSM scale m
BSM

corresponds to the charged Higgs

boson mass in 2HDMs, which is also taken to be the superpartner mass scale for SUSY

models. These ALP couplings give rise to the rare meson decays such as B ! K(⇤)a and
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Experimental constraints for the stringy ALP

FIG. 3: Excluded parameter region for string theoretic ALP in the LVS scenario with universal

modular weights (nu = nd = 1/16⇡2, nH = 1/24⇡2, ⇤a ⇠ 8⇡2fa). Gray parts correspond to

the parameter region excluded by the conventional astrophysical considerations (SN1987 + Red

giant evolution).

nonzero tree level coupling c to the SM fermions, but with nu = cQ + cuc + cH2 = 0 for

field theoretic ALP models. As a result, in our case the ALP decays mainly into lepton

pair, and we depict the resulting constraints in the right panel of Fig. 2. We see that

still a sizable fraction of parameter space allowed by other constraints is excluded by the

flavor constraints.

In Fig. 3, we show the excluded parameter region for string theoretic ALP in the LVS

scenario. In the plot, we examine the case of universal modular weights !N = 1/3 with

⌧
2

=
p
2, giving

nu = cQ + cuc + cH2 =

p
2

16⇡2⌧
2

(!Q + !uc + !H2) =
1

16⇡2

nd = cQ + cdc + cH1 =

p
2

16⇡2⌧
2

(!Q + !uc + !H2) =
1

16⇡2

,

nH = cH1 + cH2 =

p
2

16⇡2⌧
2

(!H1 + !H2) =
1

24⇡2

.
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Universal modular weights 

constraints, is excluded by the FCNC constraints on the radiatively generated flavor-

changing ALP couplings.

For large tan� satisfying the condition (75), or for the case with nH = 0, the e↵ective

two-loop contribution associated with the ALP coupling (73) to the W -bosons becomes

dominant over the one-loop contribution of (103). The flavor constraints in such situation

were discussed in [18] under the assumption that ALP does not have a tree level coupling

to the charged leptons, so decays mostly into photons, which would be the case for the

KSVZ-type ALP model [2]. Here we are concerned with the DFSZ-type ALP having

nonzero tree level coupling c to the SM fermions, but with nu = cQ + cuc + cH2 = 0 for

field theoretic ALP models. As a result, in our case the ALP decays mainly into lepton

pair, and we depict the resulting constraints in the right panel of Fig. 2. We see that

still a sizable fraction of parameter space allowed by other constraints is excluded by the

flavor constraints.

In Fig. 3, we show the excluded parameter region for string theoretic ALP in the LVS

scenario. In the plot, we examine the case of universal modular weights !N = 1/3 with

⌧
2

=
p
2, giving

nu = cQ + cuc + cH2 =

p
2

16⇡2⌧
2

(!Q + !uc + !H2) =
1

16⇡2

nd = cQ + cdc + cH1 =

p
2

16⇡2⌧
2

(!Q + !uc + !H2) =
1

16⇡2

,

nH = cH1 + cH2 =

p
2

16⇡2⌧
2

(!H1 + !H2) =
1

24⇡2

.

nu = nd =
3

2
nH =

1

16⇡2

(114)

This is similar to the Yukawa-like coupling ansatz of [7, 8], but with additional suppression

factor of 1/16⇡2, which is due to our convention6 to define fa in terms of the ALP couplings

6 Note that in this convention, c = O(1) for the DFSZ-type ALP, c = O(ln(fa/µ)/(16⇡2)2) for the

KSVZ-type ALP, and c = O(1/16⇡2) for string theoretic ALP.
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•Similar to “Yukawa-like” ALP couplings in Dolan, Kahlhoefer, McCabe, Schmidt-Hoberg ’14, but with 
smaller ALP coupling by one-loop factor and large RG logarithmic factor ln(Mstring/mt), which results in 
an order of magnitude weaker constraints. Mstring ~ 16π2 fa



Conclusion

• The minimal flavor violation with ALPs occurs radiatively through the SM 
Yukawa couplings. 

• The down (up)-type quark FCNC couplings to ALP is generated by nu (nd) [the 
sum of the ALP derivative couplings to the fields involved in the up (down)-
type Yukawa couplings at UV cut-off], with the subleading contribution from 
nH [the sum of the ALP derivative couplings to the Higgses at UV cut-off].  

• This means that the field theoretic ALPs have generic suppression of FCNC 
couplings by 1/tan2β, if there is no tree level FCNC. 

• The string theoretic ALPs have also weaker FCNC couplings than the usual 
expectation in the previous literatures, but there is no generic parametric 
suppression like the field theoretic ALPs.


