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Outline

• Classification of possible UV physics for axions

KSVZ-like models
DFSZ-like models
String-theoretic models

• RGE of axion couplings

• UV-characteristic patterns of low energy axion 
couplings
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021

yuHQLu
c

R + ydH
⇤
QLd

c

R +
g
2
s

32⇡2
✓GG̃ (1)

✓̄ = arg det

⇣
e
i✓
yuyd

⌘
< 10

�10
(2)

�CKM = arg det

h
yuy

†
y, ydy

†
d

i
⇠ O(1) (3)

V = � cos

✓
✓̄ +

a

fa

◆
(4)

✓̄e↵ = h✓̄ +
a

fa
i < 10

�10
(5)

g
2
s

32⇡2

✓
✓̄ +

a

fa

◆
GG̃ (6)

Rscr ⇠
R�
10

✓
fa

TeV

◆✓
v

m�,0

◆
7
✓
1 g/cm

3

⇢

◆
(7)

m� ⇠ m�,0 ⇥

r
µb

⇤
⇠ 1 keV

⇣
m�,o

v

⌘r
MPl

⇤
(8)

m
2

�
' m

2

�,0

µb

⇤
< m

2

�,0

v

⇤
(9)

1

CPV in the QCD sector

while
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Non-observation 
of neutron EDM
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The QCD vacuum energy is minimized at the CP-conserving point ("̅ = 0).

Promote "̅ to a dynamical field (=QCD axion) :
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[Peccei, Quinn ’77, Weinberg ‘78, Wilczek ’78]

[Vafa,Witten ’84]

[Abel et al ’20]
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QCD axion lagrangian

! 1 !" :
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broken by ## ≠ 0 non-perturbatively
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The axion couplings to the other SM particles 
#$, #%, #&, #ℓ, #( are UV model-dependent.
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See lectures by G.Villadoro
in the last training week
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Axion-Like Particles (ALPs)

: ') characterizes typical size of ALP couplings 
up to UV-dependent dimensionless coefficients #*, #+, #,.

i) approximate shift symmetry ! 1 !"

Talk preparation note
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ii) periodicity

:  ALP can be naturally light. 
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• Cousins of the QCD axion, while not being necessarily involved in solving the 
strong CP problem (so their couplings to gluons can be 0)

• Ubiquitous in many BSM scenarios, in particular, string theory  
[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]
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KSVZ model
Kim ’79, Shifman,Vainshtein, Zakharov ’80
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SM fields are not charged under linearly realized ! 1 !". 
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! 1 !" :

Introduces a heavy new fermion ! charged under the SM gauge 
groups
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The axion couples to the SM sector at tree-level through the Higgs 
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Some of SM fields are charged under linearly realized ! 1 !". 

(See the lecture by A. Ringwald)
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String-theoretic models

4D axions identified as zero modes of 
higher-dimensional /-form gauge field
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String-theoretic axion couplings to matter fields and gauge fields are 
comparable to each other.
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Comparison of tree-level axion couplings to 
the SM fermions

Yet radiative corrections have to be carefully taken into account in order
to see whether it is indeed possible, especially for discriminating string-
theoretic models from KSVZ-like models.

• DFSZ-like models:  );< ∼ + 1
• KSVZ-like models: );< = 0
• String-theoretic models: );< ∼ + -=/160=

At tree-level, those three classes of high energy physics show clearly 
different patterns that they may be distinguished by precision measurements.
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Running of axion couplings by Yukawa interactions
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .
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and gGUT and ghid are the gauge couplings around the string scale for the visible E6 and

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

This result shows that the order of magnitude estimate (2.33) is valid even when the e↵ects

of flux densities are properly taken into account.

3 Running of the axion couplings

The low energy axion couplings can be substantially di↵erent from the UV boundary values

discussed in the previous section because of the subsequent renormalization group evolu-

tion. In this section we will present the RG equations of axion couplings to the SM particles

at leading order in dimensionless couplings (i.e. Yukawa and gauge couplings) in a generic

way that can be applied to the SM, the minimal supersymmetric standard model (MSSM),

and the two Higgs doublet models (2HDMs). We will then provide a semi-analytic formula

for the solution of the RG equations as well as the numerical results.

3.1 RG equations

In the Georgi-Kaplan-Randall (GKR) field basis [26], the axion couplings to the SM fields

and an additional Higgs doublet field in supersymmetric models or 2HDMs can be generally

written

La =
@µa
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where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3) are the left-handed quarks and leptons in the

SM and H↵ (↵ = 1, 2) denote the two Higgs doublets in the model. The axion couplings

to  i and H↵ get renormalized by the Yukawa interactions involving H↵ and  i, which is
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-

viously given in [21–25] for the SM or its supersymmetric extensions. Here we provide a

general expression which can be applied to general 2HDMs as well:
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(3.3)

where

⇠y =

(
1 for non-SUSY models

2 for SUSY models
(3.4)

Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .
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where

⇠y =
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1 for non-SUSY models
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(3.4)

Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG

running of axion couplings is given in [15, 24, 25] for the SM. Here we generalize the formula

for SUSY models using a connection between the beta function of an axion coupling and

the anomalous dimension of a chiral superfield as described in [21, 58]:
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where

⇠g =

(
1 for non-SUSY models

2/3 for SUSY models
, ⇠H =

(
0 for non-SUSY models

2/3 for SUSY models
(3.6)
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Numerical results

the top Yukawa interaction even when nt(fa) and Ct(mBSM) vanish. As we will see below,

they give rise to an important radiative correction to Ce for KSVZ-like axions.

Eqs. (3.36), (3.37), (3.38) and (3.39) show that the radiative corrections to C ( =

u, d, e) induced by the top Yukawa interaction and the SM gauge interactions originate

mainly from the four UV parameters {nt(fa), c̃G(fa), c̃W (fa), c̃B(fa)} in the MSSM case or

from {Ct(fa), c̃G(fa), c̃W (fa), c̃B(fa)} in the SM case. Then one can parameterize the low

energy axion couplings to the light quarks and electron as

Cu(2 GeV) = Cu(fa) +�Cu,

Cd(2 GeV) = Cd(fa) +�Cd,

Ce(me) = Ce(fa) +�Ce, (3.45)

where C (fa) ( = u, d, e) are identified as the tree-level values C
0
 and

SM : �C = r
t

 Ct(fa) + r
G

 c̃G(fa) + r
W

 c̃W (fa) + r
B

 c̃B(fa),

MSSM : �C = r
t

 nt(fa) + r
G

 c̃G(fa) + r
W

 c̃W (fa) + r
B

 c̃B(fa). (3.46)

To compute the coe�cients r
X

 (X = t, G, W, B) in this parameterization, we solve

the RG equations in a fully numerical way with the running SM gauge couplings and top

Yukawa coupling at two-loop order. The resulting r
X

 are depicted in Fig. 4 for the SM

case (left panel) and the MSSM case (right panel). For the MSSM, we choose tan � = 10

and the SUSY particle masses mSUSY = 10 TeV. Our results show that

r
t

u,d,e
⇠ few ⇥ 10�1

, r
G

u,d
⇠ 10�2

, r
G

e ⇠ few ⇥ 10�4
� 10�3

,

r
W

u,d,e
⇠ few ⇥ 10�4

� 10�3
, r

B

u,d
⇠ few ⇥ 10�5

� 10�4
, r

B

e ⇠ 10�4 (3.47)

for 107 GeV . fa . 1016 GeV. For example, for fa = 1010 GeV in the SM case, we find

Cu(2 GeV) ' Cu(fa) � 0.28 Ct(fa) + [17.8 c̃G(fa) + 0.33 c̃W (fa) + 0.032 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.30 Ct(fa) + [19.5 c̃G(fa) + 0.48 c̃W (fa) + 0.017 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 Ct(fa) + [0.80 c̃G(fa) + 0.54 c̃W (fa) + 0.13 c̃B(fa)] ⇥ 10�3
,

(3.48)

and for fa = 1010 GeV, mSUSY = 10 TeV and tan � = 10 in the MSSM case,

Cu(2 GeV) ' Cu(fa) � 0.28 nt(fa) + [17.7 c̃G(fa) + 0.52 c̃W (fa) + 0.036 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.31 nt(fa) + [19.4 c̃G(fa) + 0.23 c̃W (fa) + 0.0047 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 nt(fa) + [0.81 c̃G(fa) + 0.28 c̃W (fa) + 0.10 c̃B(fa)] ⇥ 10�3
.

(3.49)

Here the di↵erence in the value of r
W

 between the SM case and the MSSM case is mainly

due to a di↵erent running of the gauge couplings and top Yukawa coupling.

A particularly interesting aspect of our results is that the axion-electron coupling Ce

receives a large radiative correction from the UV parameter c̃G(fa), which was first shown

– 23 –
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Figure 1. Diagrams for the Yukawa-induced renormalization group running of c .

and gGUT and ghid are the gauge couplings around the string scale for the visible E6 and

the hidden E8, respectively, which are determined by

Re(FE6) =
1

g
2
GUT

, Re(FE8) =
1

g
2
hid

. (2.67)

This result shows that the order of magnitude estimate (2.33) is valid even when the e↵ects

of flux densities are properly taken into account.

3 Running of the axion couplings

The low energy axion couplings can be substantially di↵erent from the UV boundary values

discussed in the previous section because of the subsequent renormalization group evolu-

tion. In this section we will present the RG equations of axion couplings to the SM particles

at leading order in dimensionless couplings (i.e. Yukawa and gauge couplings) in a generic

way that can be applied to the SM, the minimal supersymmetric standard model (MSSM),

and the two Higgs doublet models (2HDMs). We will then provide a semi-analytic formula

for the solution of the RG equations as well as the numerical results.

3.1 RG equations

In the Georgi-Kaplan-Randall (GKR) field basis [26], the axion couplings to the SM fields

and an additional Higgs doublet field in supersymmetric models or 2HDMs can be generally

written

La =
@µa

fa

2

4
X

 

(c )ij 
†
i
�̄
µ
 j +

X

↵=1,2

cH↵
H

†
↵

$
iD

µ
H↵

3

5 +
a

fa

X

A

cA
g
2
A

32⇡2
F

Aµ⌫ eFA

µ⌫ , (3.1)

where  i = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3) are the left-handed quarks and leptons in the

SM and H↵ (↵ = 1, 2) denote the two Higgs doublets in the model. The axion couplings

to  i and H↵ get renormalized by the Yukawa interactions involving H↵ and  i, which is

determined at leading order by the diagrams in Fig. 1. For general 2HDMs, the Yukawa

couplings can be written as

LYukawa =
X

f,F,↵,i,j

(yfF↵)ijfiFjH↵, (3.2)

where fi = {u
c

i
, d

c

i
, e

c

i
} are SU(2)L-singlet fermions, and Fi = {Qi, Li} are SU(2)L-doublet

fermions. The Yukawa-induced RG running of axion couplings at leading order are pre-

viously given in [21–25] for the SM or its supersymmetric extensions. Here we provide a
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Figure 2. Diagrams for the gauge-induced renormalization group running of c .

general expression which can be applied to general 2HDMs as well:
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(3.3)

where

⇠y =

(
1 for non-SUSY models

2 for SUSY models
(3.4)

Gauge interactions also give rise to a running of axion couplings which is determined

at leading order by the diagrams in Fig. 2. A general formula for such gauge-induced RG

running of axion couplings is given in [15, 24, 25] for the SM. Here we generalize the formula

for SUSY models using a connection between the beta function of an axion coupling and

the anomalous dimension of a chiral superfield as described in [21, 58]:
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, (3.5)

where

⇠g =

(
1 for non-SUSY models

2/3 for SUSY models
, ⇠H =

(
0 for non-SUSY models

2/3 for SUSY models
(3.6)

The di↵erence between non-SUSY models and SUSY modes is due to the presence of the

axion-gaugino couplings in SUSY models. Here CA(�) and TA(�) are the quadratic Casimir

and Dynkin index of the field � charged under the gauge group A.
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Δ"! in KSVZ-like models

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>

a <latexit sha1_base64="wrnIffaghTGDSUgYy5vnXS1qW40=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FL4KXFu0HdpeSTbNtaJJdkqxQlv4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdjm6mfvuJKs1i+WDGCQ0EHkgWMYKNlfxGL/OVQHf3rcdJr1xxq+4MaJl4OalAjnqv/OX3Y5IKKg3hWOuu5yYmyLAyjHA6KfmppgkmIzygXUslFlQH2ezmCTqxSh9FsbIlDZqpvycyLLQei9B2CmyGetGbiv953dREV0HGZJIaKsl8UZRyZGI0DQD1maLE8LElmChmb0VkiBUmxsZUsiF4iy8vk9ZZ1buouo3zSu06j6MIR3AMp+DBJdTgFurQBAIJPMMrvDmp8+K8Ox/z1oKTzxzCHzifP2r8kUc=</latexit>

QKSVZ

<latexit sha1_base64="W+cQxzCzyNjJHqtlVZvJXMOej10=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVbVxWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4XuM/A==</latexit>

t<latexit sha1_base64="qmqxvw54qUUoUaz9MnxwYmJpOwM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPbLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzceM7w==</latexit>

g

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="DKkiHAaUWutCbLfoJYSrOdDI+vc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/cA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDuhOM4g==</latexit>

Z

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>

e

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>

e

<latexit sha1_base64="LjlI99Rb63sGO0xHntxg0rvPMsY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUoP1yxa26Ocgq8RakAgvU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wf5oVNyZpUBCWNlSxqSq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5Va7WkeRxFO4BTOwYNrqMEd1KEJDBCe4RXenAfnxXl3PuatBWcR4TH8gfP5A+oVjWc=</latexit>

a
<latexit sha1_base64="cn0Sdq/vwrfytfLvXGIvvMP3by4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozouiy4EZw06J9YGcomTTThiaZIckIZSj4K9y4UMStf8ad/8Z02oW2Hgh8nHNDbk6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxxdT/P2I1WaxfLejBMaCDyQLGIEG2v5jV7mK4Fu71oPk1654lbdXGgZvDlUYK56r/zl92OSCioN4VjrrucmJsiwMoxwOin5qaYJJiM8oF2LEguqgyzfeYJOrNNHUazskQbl7u8bGRZaj0VoJwU2Q72YTc3/sm5qoqsgYzJJDZVk9lCUcmRiNC0A9ZmixPCxBUwUs7siMsQKE2NrKtkSvMUvL0PrrOpdVN3GeaVWe5rVUYQjOIZT8OASanADdWgCgQSe4RXenNR5cd6dj9lowZlXeAh/5Hz+AJBikcU=</latexit>

QKSVZ

<latexit sha1_base64="YBRBGTiZ0EAkgfaBVAFwadSg+iI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwUcqMKLosunFZwT6gHUomzbSxmWRIMkIZCn6CGxeKuPV/3Pk3po+Fth64cDjnXu69J0wEN9bzvlFuZXVtfSO/Wdja3tndK+4fNIxKNWV1qoTSrZAYJrhkdcutYK1EMxKHgjXD4c3Ebz4ybbiS93aUsCAmfckjTol1UqNZ7pTxdbdY8ireFHiZ+HNSgjlq3eJXp6doGjNpqSDGtH0vsUFGtOVUsHGhkxqWEDokfdZ2VJKYmSCbXjvGJ07p4UhpV9Liqfp7IiOxMaM4dJ0xsQOz6E3E/7x2aqOrIOMySS2TdLYoSgW2Ck9exz2uGbVi5AihmrtbMR0QTah1ARVcCP7iy8ukcVbxLyre3XmpWn2axZGHIziGU/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrzaF5hIfwB+jzBzzpjqU=</latexit>

W, B

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

<latexit sha1_base64="LjlI99Rb63sGO0xHntxg0rvPMsY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUoP1yxa26Ocgq8RakAgvU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wf5oVNyZpUBCWNlSxqSq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5Va7WkeRxFO4BTOwYNrqMEd1KEJDBCe4RXenAfnxXl3PuatBWcR4TH8gfP5A+oVjWc=</latexit>

a
<latexit sha1_base64="cn0Sdq/vwrfytfLvXGIvvMP3by4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozouiy4EZw06J9YGcomTTThiaZIckIZSj4K9y4UMStf8ad/8Z02oW2Hgh8nHNDbk6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxxdT/P2I1WaxfLejBMaCDyQLGIEG2v5jV7mK4Fu71oPk1654lbdXGgZvDlUYK56r/zl92OSCioN4VjrrucmJsiwMoxwOin5qaYJJiM8oF2LEguqgyzfeYJOrNNHUazskQbl7u8bGRZaj0VoJwU2Q72YTc3/sm5qoqsgYzJJDZVk9lCUcmRiNC0A9ZmixPCxBUwUs7siMsQKE2NrKtkSvMUvL0PrrOpdVN3GeaVWe5rVUYQjOIZT8OASanADdWgCgQSe4RXenNR5cd6dj9lowZlXeAh/5Hz+AJBikcU=</latexit>

QKSVZ

<latexit sha1_base64="WiaA2WqmPm+n9SJBQuepfVXqrpE=">AAAB7XicbVDJSgNBEK1xjXGLevTSGAQPIcyIoseAF48RzALJEHp6epI2Pd1DL0IYAn6CFw+KePV/vPk3dpaDJj4oeLxXRVW9KONMG9//9lZW19Y3Ngtbxe2d3b390sFhU0urCG0QyaVqR1hTzgRtGGY4bWeK4jTitBUNbyZ+65EqzaS4N6OMhinuC5Ywgo2TmrbSraC4Vyr7VX8KtEyCOSnDHPVe6asbS2JTKgzhWOtO4GcmzLEyjHA6LnatphkmQ9ynHUcFTqkO8+m1Y3TqlBglUrkSBk3V3xM5TrUepZHrTLEZ6EVvIv7ndaxJrsOcicwaKshsUWI5MhJNXkcxU5QYPnIEE8XcrYgMsMLEuICKLoRg8eVl0jyvBpdV/+6iXKs9zeIowDGcwBkEcAU1uIU6NIDAAzzDK7x50nvx3r2PWeuKN4/wCP7A+/wBnn+O5Q==</latexit>

u, d

<latexit sha1_base64="ieF5TIsT5kCo9ifHZvOijeXk31w=">AAAB7XicbVDJSgNBEK1xjXGLevQyGARPYUYUPQa8eIxgFkiGUNPpSdr0MnT3CGEI+AlePCji1f/x5t/YWQ6a+KDg8V4VVfXilDNjg+DbW1ldW9/YLGwVt3d29/ZLB4cNozJNaJ0ornQrRkM5k7RumeW0lWqKIua0GQ9vJn7zkWrDlLy3o5RGAvuSJYygdVKj00chsFsqB5VgCn+ZhHNShjlq3dJXp6dIJqi0hKMx7TBIbZSjtoxwOi52MkNTJEPs07ajEgU1UT69duyfOqXnJ0q7ktafqr8nchTGjETsOgXagVn0JuJ/XjuzyXWUM5lmlkoyW5Rk3LfKn7zu95imxPKRI0g0c7f6ZIAaiXUBFV0I4eLLy6RxXgkvK8HdRblafZrFUYBjOIEzCOEKqnALNagDgQd4hld485T34r17H7PWFW8e4RH8gff5A62jj5c=</latexit>

�

<latexit sha1_base64="ieF5TIsT5kCo9ifHZvOijeXk31w=">AAAB7XicbVDJSgNBEK1xjXGLevQyGARPYUYUPQa8eIxgFkiGUNPpSdr0MnT3CGEI+AlePCji1f/x5t/YWQ6a+KDg8V4VVfXilDNjg+DbW1ldW9/YLGwVt3d29/ZLB4cNozJNaJ0ornQrRkM5k7RumeW0lWqKIua0GQ9vJn7zkWrDlLy3o5RGAvuSJYygdVKj00chsFsqB5VgCn+ZhHNShjlq3dJXp6dIJqi0hKMx7TBIbZSjtoxwOi52MkNTJEPs07ajEgU1UT69duyfOqXnJ0q7ktafqr8nchTGjETsOgXagVn0JuJ/XjuzyXWUM5lmlkoyW5Rk3LfKn7zu95imxPKRI0g0c7f6ZIAaiXUBFV0I4eLLy6RxXgkvK8HdRblafZrFUYBjOIEzCOEKqnALNagDgQd4hld485T34r17H7PWFW8e4RH8gff5A62jj5c=</latexit>

�

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

and for fa = 1010 GeV, mSUSY = 10 TeV and tan � = 10 in the MSSM case,

Cu(2 GeV) ' Cu(fa) � 0.28 nt(fa) + [17.7 c̃G(fa) + 0.53 c̃W (fa) + 0.051 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.31 nt(fa) + [19.4 c̃G(fa) + 0.24 c̃W (fa) + 0.020 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 nt(fa) + [0.81 c̃G(fa) + 0.30 c̃W (fa) + 0.118 c̃B(fa)] ⇥ 10�3
.

(3.49)

A particularly interesting aspect of our results is that the axion-electron coupling Ce

receives a large radiative correction from the UV parameter c̃G(fa), which was first shown

in [25] for the SM case to our knowledge. This has a crucial implication for KSVZ-like

QCD axions, which was not noticed before. For KSVZ-like axions, nt(fa) = Ct(fa) = 0

so that there is no one-loop level radiative correction from the Yukawa interactions. In

the previous literature, the leading contribution to Ce in KSVZ axion model was thought

to be from non-zero cW or cB as in the second diagram of Fig. 3, or from the axion-pion

mixing below the QCD scale as in the third digram of Fig. 3 for a minimal KSVZ model

with cW = cB = 0 [19, 20]. But the results Eq. (3.48) and Eq. (3.49) indicate that

there is a larger contribution from the axion-gluon coupling cG. This radiative correction

is originated from the first diagram of Fig. 3 involving the exotic heavy quark (Q,Q
c),

gluons, top quark and Higgs doublet at three-loop level. This process is encoded in It and

I
SM
t (Eq. (3.41) and Eq. (3.42)) of Eq. (3.38). Although it is a three-loop process, it beats

the contributions from the second and third diagrams in Fig. 3 because ↵
2
s � ↵

2
2,1 and

yt ⇠ O(1). For instance, for KSVZ-like axions with mQ = 1010 GeV, we find

Ce(me) '

h
0.83 cG � 0.03 cG + 0.54 cW + 0.135 cB

i
⇥ 10�3 (SM)

Ce(me) '

h
0.84 cG � 0.03 cG + 0.28 cW + 0.104 cB

i
⇥ 10�3 (MSSM) (3.50)

where the first term in the square bracket denotes the contribution from the first diagram

in Fig. 3, the second is the contribution from the axion-pion mixing represented by the

last diagram in Fig. 3, and the last two terms are the contributions from the two-loop

diagrams involving the electroweak gauge bosons. Here the first term / cG plays an even

more important role than the third term / cW in the MSSM case, which is essentially due

to the SUSY e↵ects on the running of the gauge couplings and top Yukawa coupling.
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Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

in [25] for the SM case to our knowledge. This has an important implication for KSVZ-like

QCD axions. For KSVZ-like axions, nt(fa) = Ct(fa) = 0 so that there is no one-loop level

radiative correction from the Yukawa interactions. In the previous literature, the leading

contribution to Ce in KSVZ axion model was thought to be from non-zero cW or cB as in

the second diagram of Fig. 3, or from the axion-pion mixing below the QCD scale as in

the third digram of Fig. 3 for a minimal KSVZ model with cW = cB = 0 [19, 20]. But

the results Eq. (3.48) and Eq. (3.49) indicate that there is a larger contribution from the

axion-gluon coupling cG. This radiative correction is originated from the first diagram of

Fig. 3 involving the exotic heavy quark (Q,Q
c), gluons, top quark and Higgs doublet at

three-loop level. This process is encoded in It and I
SM
t (Eq. (3.41) and Eq. (3.42)) of Eq.

(3.38). Although it is a three-loop process, it beats the contributions from the second and

third diagrams in Fig. 3 because ↵
2
s � ↵

2
2,1 and yt ⇠ O(1). For instance, for KSVZ-like

axions with mQ = 1010 GeV, we find

Ce(me) '

h
0.84 cG � 0.03 cG + 0.28 cW + 0.10 cB

i
⇥ 10�3 (KSVZ with MSSM)

Ce(me) '

h
0.83 cG � 0.03 cG + 0.54 cW + 0.13 cB

i
⇥ 10�3 (KSVZ with SM), (3.50)

where the first term in the square bracket denotes the contribution from the first diagram

in Fig. 3, the second is the contribution from the axion-pion mixing represented by the

last diagram in Fig. 3, and the last two terms are the contributions from the two-loop

diagrams involving the electroweak gauge bosons.

4 Distinguishing the axions by low energy precision physics

Based on the results of the previous sections, we are going to discuss a possibility to

distinguish the di↵erent classes of axion models experimentally. As discussed in section 2,

one can consider three classes of axion models: KSVZ-like, DFSZ-like, and string-theoretic

axions. They may show di↵erent patterns of the low energy axion couplings to the nucleons

and electron after properly taking into account the relevant radiative corrections. To

include string-theoretic axions in a consistent manner, in the following we discuss the

coupling patterns in the MSSM framework which assumes N = 1 SUSY at scales around

fa. As a benchmark example, we consider a specific parameter point with fa = 1010 GeV,

– 24 –
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A few factor difference in the previous numerical values for 
different )%&' from 10( GeV to 10)* GeV 
(can be quite much smaller for)%&'~1 TeV: Maurizio’s talk).
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Figure 4. Radiative corrections to the axion couplings to the light quarks and electron from
{Ct(fa), c̃G(fa), c̃W (fa), c̃B(fa)} for the SM or from {nt(fa), c̃G(fa), c̃W (fa), c̃B(fa)} for the MSSM
: �C = r

t
 [nt(fa) or Ct(fa)] +

P
A=G,W,B r

A
 c̃A(fa). For the MSSM, we take the parameters

tan � = 10 and mSUSY = 10 TeV.

Let us first consider the approximate expression of the low energy axion couplings

defined in Eq. (3.31) for a specific parameter point with fa = 1010 GeV, mSUSY = 10 TeV

and tan � = 10. Applying the numerical result in Eq. (3.49) to Eq. (3.34) and Eq. (3.35),

we find

gap '
mp

fa

h
� 0.48 cG + 0.90 C

0
u � 0.38 C

0
d
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Consequences in low energy observables

where e and gs are the electromagnetic and color gauge couplings, respectively, and

c� = cW + cB, C = C
0
 +�C , (2.4)

with

C
0
u = cQ1(fa) + cuc

1
(fa) + cH(fa),

C
0
d

= cQ1(fa) + cdc1
(fa) � cH(fa),

C
0
e = cL1(fa) + cec1

(fa) � cH(fa). (2.5)

Here C
0
 ( = u, d, e) denote the axion couplings to the light quarks and electron evaluated

at tree-level, which can be interpreted as the couplings at the UV boundary scale µ = fa in

our approximation, �C are radiative corrections to C received over the scales from fa

to µ = O(1) GeV, which will be extensively discussed in section 3, c�(fa) and c (fa) are

the axion couplings at µ = fa including the couplings to the Higgs doublet H and the three

generations of chiral quarks and leptons  = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3), which would be

determined by the underlying UV-completed axion model, and the e↵ects of flavor mixing

are ignored for simplicity.

In regard to the experimental verification of axions, the most relevant couplings are

those to the photon, nucleons and electron at scales well below GeV:

1

4
ga�a

~E · ~B + @µa


gae

2me

ē�
µ
�5e +

gan

2mn

n̄�
µ
�5n +

gap

2mp

p̄�
µ
�5p

�
(2.6)

which are determined by the couplings in (2.3) as follows:
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1
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3

mu + 4md

mu + md
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⌘
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◆
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⌘
,
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0.90 Cd(2 GeV) � 0.38 Cu(2 GeV) � 0.04 cG

⌘
,

gae '
me

fa
Ce(me), (2.7)

with �u = 0.897(27) and �d = �0.376(27) at µ = 2 GeV in MS, and mu/md = 0.48(3)

[3, 27]. One of our primary concerns is if string-theoretic axions can be discriminated from

field-theoretic axions by having a distinguishable pattern of gaX (X = �, p, n, e).

2.1 Field-theoretic axions: KSVZ-like and DFSZ-like axions

Field-theoretic axion models have a UV completion with a linearly realized Peccei-Quinn

symmetry:

U(1)PQ : � ! e
i↵
�, �! e

iq�↵�,  ! e
iq ↵ , (2.8)

– 4 –

Axion couplings to the photon, electron, neutron, and proton below GeV

with ✏ = �
1

2

⇣
md�mu

mu+md

+ c0
d
� c0

u

⌘
f⇡

fa
and ma/m⇡ = O(✏). In order to work with canonical propagators

one can perform: i) an orthogonal transformation to diagonalize the kinetic term, ii) a rescaling to make
the kinetic term canonical and iii) an orthogonal transformation to re-diagonalize the mass term (which
does not affect the canonical kinetic term). The net effect of these operations is to shift the current basis
fields by a ! a� ✏⇡0 and ⇡0

! ⇡0 + (m2

a
/m2

⇡
)✏a. Since the axion component into the current pion field is

suppressed at the level of ✏3, this redefinition has no practical consequences for experimental sensitivities and
astrophysical bounds, which are sensitive at most to O(✏2) effects. This justifies the fact that the correction
due to kinetic mixing is generally ignored in the literature.

The second addend in Eq. (55) gives instead the axion-pion coupling (see also [26, 110]), defined via the
Lagrangian term

L
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Note that once the canonical axion and pion field are properly identified, the only linear coupling of the
axion to the pions is the one in Eq. (57). The axion-pion coupling in Eq. (58) generalizes the expressions
available in the literature in the case of KSVZ [110] and DFSZ [26] axions.

2.5.3. Axion-photon coupling
With the choice of Qa = M�1

q
/TrM�1

q
to ensure no axion-pion mass mixing, the LO axion-photon

coupling in Eq. (41) becomes
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The same result can be obtained via another choice of Qa (e.g. the one leading to the �PT potential in
Eq. (54)), but requires the inclusion of a non-zero axion-pion mixing.

2.5.4. Axion-nucleon coupling
Following [47] we derive the axion coupling to nucleons (protons and neutrons), via an effective theory

at energies ⌧ ⇤QCD, relevant for momentum exchanges of the order of the axion mass, where the nucleons
are non-relativistic. This approach turns out to yield a more reliable approximation than current algebra
techniques [111] or the chiral EFT for nucleons [104, 112]. Our goal is to match the quark current operator
in Eq. (40) with a non-relativistic axion-nucleon Lagrangian. Using iso-spin as an active flavour symmetry
and the axion as an external current, the LO effective axion-nucleon Lagrangian reads
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where N = (p, n)T is the iso-spin doublet field, vµ is the four-velocity of the non-relativistic nucleon and
Sµ the spin operator. The couplings gA and gud

0
correspond respectively to the axial iso-vector and axial

iso-scalar combinations, while the dots in Eq. (60) denote higher order terms, including non-derivative axion
couplings which for hai = 0 (no extra sources of CP violation) are at least quadratic in a. Matching the two
effective Lagrangians over a single-nucleon matrix element, for example hp|La|pi = hp|LN |pi, at the LO in
the isospin breaking effects, we get
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where e and gs are the electromagnetic and color gauge couplings, respectively, and

c� = cW + cB, C = C
0
 +�C , (2.4)

with

C
0
u = cQ1(fa) + cuc

1
(fa) + cH(fa),

C
0
d

= cQ1(fa) + cdc1
(fa) � cH(fa),

C
0
e = cL1(fa) + cec1

(fa) � cH(fa). (2.5)

Here C
0
 ( = u, d, e) denote the axion couplings to the light quarks and electron evaluated

at tree-level, which can be interpreted as the couplings at the UV boundary scale µ = fa in

our approximation, �C are radiative corrections to C received over the scales from fa

to µ = O(1) GeV, which will be extensively discussed in section 3, c�(fa) and c (fa) are

the axion couplings at µ = fa including the couplings to the Higgs doublet H and the 3-

generations of chiral quarks and leptons  = {Qi, u
c

i
, d

c

i
, Li, e

c

i
} (i = 1, 2, 3), which would be

determined by the underlying UV-completed axion model, and the e↵ects of flavor mixing

are ignored for simplicity.

In regard to the experimental verification of axions, the most relevant couplings are

those to the photon, nucleons and electron at scales well below GeV:

1

4
ga�a

~E · ~B + @µa


gae

2me

ē�
µ
�5e +

gan

2mn

n̄�
µ
�5n +

gap

2mp

p̄�
µ
�5p

�
(2.6)

which are determined by the couplings in (2.3) as follows:

ga� '
↵em

2⇡

1

fa

⇣
cW + cB �

2

3

mu + 4md

mu + md

cG

⌘
'

↵em

2⇡

1

fa

⇣
cW + cB � 1.92cG

⌘
,

gap '
mp

fa

✓
Cu�u + Cd�d �

⇣
md

mu + md

�u +
mu

mu + md

�d

⌘
cG

◆
,

'
mp

fa

⇣
0.90(3) Cu(2 GeV) � 0.38(2) Cd(2 GeV) � 0.48(3) cG

⌘
,

gan '
mn

fa

✓
Cd�u + Cu�d �

⇣
mu

mu + md

�u +
md

mu + md

�d

⌘
cG

◆
,

'
mn

fa

⇣
0.90(3) Cd(2 GeV) � 0.38(2) Cu(2 GeV) � 0.04(3) cG

⌘
,

gae '
me

fa
Ce(me), (2.7)

with �u = 0.897(27) and �d = �0.376(27) at µ = 2 GeV in MS, and mu/md = 0.48(3)

[3, 27]. One of our primary concerns is if string-theoretic axions can be discriminated from

field-theoretic axions by having a distinguishable pattern of gaX (X = �, p, n, e).

2.1 Field-theoretic axions: KSVZ-like and DFSZ-like axions

Field-theoretic axion models have a UV completion with a linearly realized Peccei-Quinn

symmetry:

U(1)PQ : � ! e
i↵
�, �! e

iq�↵�,  ! e
iq ↵ , (2.8)

– 4 –
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Taking into account the radiative corrections with the choice of parameters 

=. = 10,- GeV,  )# = 10,  and 8*/*0 = 10TeV, 

with the proportionality coe�cients r
X

 (X = t, G, W, B) that depend on the scale fa at

which the axion couplings start to run. In Fig. 4, we show our results for r
X

 as a function

of fa in the SM and the MSSM. For the MSSM, we choose the parameters tan � = 10 and

mSUSY = 10 TeV the mass scale of SUSY particles. Our analysis shows that c̃G(fa) plays

an even more important role for the axion-electron coupling Ce in SUSY models as the

plot for r
X
e in Fig. 4 shows the ratio r

G
e /r

W
e is larger in the MSSM than in the SM. This is

due to the SUSY e↵ects on the running of the gauge couplings and top Yukawa coupling.

4 Distinguishing the axions by low energy precision physics

* section 3 finished, section 4 in progress

Based on the results of the previous sections, we are going to discuss possibility to

distinguish the di↵erent classes of axion models experimentally. As discussed in section 2,

one can consider three classes of axion models: KSVZ-like, DFSZ-like, and string-theoretic

axions. They may show di↵erent patterns of the low energy axion couplings to the nucleons

and electron after properly taking into account the relevant radiative corrections. To be

specific, we will discuss those predicted coupling patterns in the MSSM framework in order

to include the string theoretic axions.

We parametrize the low energy axion couplings to the nucleons and electron as

X

 =p,n,e

@µa

2m 
ga  ̄�

µ
�5 ⌘ �

X

 =p,n,e

ga a ̄i�5 , (4.1)

where the right-hand side is obtained from the left-hand side upon integration by parts

and applying the equation of motion. From

gap '
mp

fa

h
� 0.48 cG + 0.90 C

0
u � 0.38 C

0
d

� 0.37 nt(fa) +
⇣
9.1c̃G(fa) + 0.38c̃W (fa) + 0.031c̃B(fa)

⌘
· 10�3

i
, (4.2)

gan '
mn

fa

h
� 0.037 cG � 0.38 C

0
u + 0.90 C

0
d

+ 0.38 nt(fa) +
⇣
11c̃G(fa) + 0.0018c̃W (fa) � 0.0094c̃B(fa)

⌘
· 10�3

i
, (4.3)

gae '
me

fa

h
C

0
e + 0.29 nt(fa) +

⇣
0.81c̃G(fa) + 0.28c̃W (fa) + 0.10c̃B(fa)

⌘
· 10�3

i
, (4.4)

From the discussion of UV boundary values in section 2 and the relevant radiative

corrections in section 3, we find that for each class of the models, those couplings are

approximately given by

gap '
mp

fa

8
>><

>>:

O(1), DFSZ-like

�0.48cG + (0.5cW + 0.05cB) ⇥ 10�3
, KSVZ-like

�0.48cG + 0.7!Ig
2
GUT ⇥ 10�2

, String

(4.5)
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Figure 4. Radiative corrections to the axion-light quark coupling �Cu,d and the axion-
electron coupling �Ce from the four UV parameters {Ct(fa), c̃G(fa), c̃W (fa), c̃B(fa)} for the
SM or {nt(fa), c̃G(fa), c̃W (fa), c̃B(fa)} for the MSSM : �C = r

t
 [nt(fa) or Ct(fa)] +P

A=G,W,B r
A
 c̃A(fa). For the MSSM, we take the parameters tan � = 10 and mSUSY = 10 TeV the

mass scale of SUSY particles.

gan '
mn

fa

8
>><

>>:

O(1), DFSZ-like

�0.03cG + (0.5cW � 0.15cB) ⇥ 10�4
, KSVZ-like

�0.03cG + 0.63 !Ig
2
GUT ⇥ 10�2

, String

(4.6)
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8
>><

>>:

O(1), DFSZ-like

(cG + 0.4cW + 0.15cB) ⇥ 10�3
, KSVZ-like

(cG + 0.4cW + 0.15cB) ⇥ 10�3 + !Ig
2
GUT ⇥ 10�2

, String

(4.7)

where we assume tan � > 10. Here for the DFSZ-like axions, we assume that their tree

level couplings are typically of O(1) so that radiative corrections are not important. On the

other hand, for all classes of models, the low energy axion photon-coupling is determined

as

ga� =
↵em

2⇡fa
c� (4.8)

with

c� ' cW + cB � 1.92cG (4.9)

from Eq. (3.34). From Eqs. (4.5)-(4.7), one can find that the couplings show qualitatively

di↵erent patterns depending on whether cG 6= 0 (as for the QCD axion) or cG = 0. So we

will consider the two cases independently.

Figure 5. The predicted ratios of the axion couplings when cG 6= 0 (like the QCD axion) from the
minimal models within the MSSM framework (green: DFSZ-like axions, black: KSVZ-like axions,
red: string theoretic axions). For the KSVZ-like axions, the heaviest exotic quark is assumed to
have a mass between 10�3

fa (dashed black) and fa (solid black). For the MSSM parameters, we
take tan � = 10 and mSUSY = 10 TeV the mass scale of SUSY particles.

In case cG 6= 0 which includes the QCD axion, the axion-proton coupling gap is of order

unity regardless of those types of models. On the other hand, the axion-neutron coupling

gan is an order of magnitude smaller for KSVZ-like axions and string theoretic axions than

DFSZ-like axions. So it can discriminate between those two type of models. To completely

distinguish among the three types of models, one may need to measure the axion-electron

coupling gae as this coupling is predicted to be of di↵erent orders of magnitude depending

on models. In Fig. 5, we numerically plot the predicted coupling ratios c�gan/ga� and

c�gae/ga� for each model. The ratio depends on the scale fa at which the axion couplings

– 26 –

For the string-theoretic model, a universal scaling weight >1 is assumed. 

Ex) >1 = ,
2 , >1@3/4

2 ∼ 0.25 in a type-IIB string Large Volume Scenario
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Distinguishing the models of an axion by 
coupling ratios

For QCD axion (13 ≠ 0), @.5~
63
74

regardless of the classes of models 

Green : DFSZ-like model (DFSZ-1 with tan < = 10 and 8'± = 10TeV)

Red : String-theoretic model

Black : KSVZ-like model (dashed : 8" = 1089=., solid : 8" = =.)
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For ALPs with (13 = 0), 

Green : DFSZ-like model
Red : String-theoretic model
Black : KSVZ-like model 

(dashed : !! = 10"#%$,  
solid : !! = %$)

S/ = 1 (S0 = S% = 0) S% = 1 (S0 = S/ = 0)
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Summary
• Axions are theoretically well-motivated new particles which may be an 

important clue for underlying UV physics when they are discovered.

• In principle, we have three possible classes of UV physics for axions, showing  
clearly different patterns of axion couplings to SM particles at tree-level.

• We have carefully examined the leading loop effect on those patterns.

• We find that as for QCD axion, it may be challenging to discriminate string-
theoretic models from KSVZ-like models if not impossible. For this, the 

axion-electron coupling plays an important role.

• On the other hand,  for ALPs without gluon coupling, it is much more 

promising to distinguish among the three classes of models by various 

precision measurements of low energy axion couplings.  

• Maurizio will continue discussion on astro/cosmological implications of 

running couplings of the DFSZ-QCD axions.



Part 2:  

Phenomenological Implications  

DFSZ axion

M. Giannotti, S. Owaka, E. Nardi,  L. Di Luzio, F. Mescia, G. Piazza

GGI, May 10, 2023



Corrections to couplings

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa)

These can be expressed  in terms of  

tan β = < Hu >
< Hd > = vu /vd

(Ψ = u, d, e)

The leading contribution to the running axion couplings arises from top loop diagrams 
induced by the axion-top coupling  Ct

Cu,c,t = 1
3 cos2 β

Cd,s,b = 1
3 sin2 β

Ce,μ,τ = 1
3 sin2 β



Corrections to couplings

This terms measures the 
corrections induced from 
the high energy

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa) (Ψ = u, d, e)

Corrections may be significant (depend on  and on other parameters of the theory)mBSM

The leading contribution to the running axion couplings arises from top loop diagrams 
induced by the axion-top coupling  Ct



Corrections to couplings 

This may be finiteThis may  be zero and yet

This is the case of  in the DFSZ axion for small Ce tan β

Possible qualitative phenomenological changes 

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa) (Ψ = u, d, e)



Corrections to couplings

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa) (Ψ = u, d, e)

  unavoidable additional uncertainty  

… but there are some general results 

⇒
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Corrections to couplings

rt
0(mBSM) = rt

u + rt
d ≃ 3.8 × 10−4 ln2 (x − 1.25) ≈ 0

rt
3(mBSM) = rt

u − rt
d ≃ − 0.54 ln ( x − 0.52)

with x = log10 ( mBSM
GeV )

rt
e(mBSM) ≃ − 1

2 rt
3

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa)

Analytical Approximations
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Corrections to couplings

rt
0(mBSM) = rt

u + rt
d ≃ 3.8 × 10−4 ln2 (x − 1.25) ≈ 0

rt
3(mBSM) = rt

u − rt
d ≃ − 0.54 ln ( x − 0.52)

with x = log10 ( mBSM
GeV )

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa)

rt
e(mBSM) ≃ − 1

2 rt
3

Large

Analytical Approximations
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Corrections to couplings

rt
0(mBSM) = rt

u + rt
d ≃ 3.8 × 10−4 ln2 (x − 1.25) ≈ 0

rt
3(mBSM) = rt

u − rt
d ≃ − 0.54 ln ( x − 0.52)

with x = log10 ( mBSM
GeV )

CΨ(2GeV) ≃ CΨ( fa)+ rt
Ψ(mBSM) Ct( fa)

rt
e(mBSM) ≃ − 1

2 rt
3

Small

Analytical Approximations
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DFSZ axions: Explicit Results 

l(x) = ln ( x − 0.52)

C3 = 1
2 (Cp − Cn)
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DFSZ axions
Corrections vanish 
at large tan β

l(x) = ln ( x − 0.52)
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Red Giant Branch (RGB) bound 

|Ce | ≤ 1.65 × 10−3 ( ma

eV )
−1

Update to the latest 
published results 

[there are, however, more 
stringent results.  

 O. Straniero Talk]⇒

RGB bound

Large bound also at 
small tan β
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Detection of DFSZ axions

The solar flux of DFSZ axions has 
always a  component.  

The helioscope detection 
potential is necessarily higher 
than expected 

gae
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Detection of DFSZ axions

The solar flux of DFSZ axions has 
always a  component.  

The helioscope detection 
potential is necessarily higher 
than expected 

gae
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Supernova (SN) bound 

  G. Lucente talk, 

 

This translates in the bound 

⇒

CSN ≃ 1.4 (C2
0 + 0.11 C0C3 + 1.3 C2

3)1/2

ma ≤ m̄
CSN

, with m̄ ∼ 5 meV
Small but non-negligible 
dependence on mBSM

The  dependence comes 
mostly (not exclusively) from 
pion interactions.

C3
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Hot DM bound

Axion-pion coupling , 
receives large corrections.  

 the HDM bound depends on 
the unknown  scale 

∝ C3

⇒
mBSM

Unitarized thermal rate based on the 
Inverse Amplitude Method 
[L.DiLuzio, J.Martin Camalich, G.Martinelli, 
J.A. Oller, G. Piazza (2023)]
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Conclusions

• Radiative corrections may  modify significantly the coupling 
for specific models and hence their phenomenology.  

• In an age where the axion detection is a realistic possibility, 
we should take into account such theoretical effects in 
assessing the instrument sensitivities and phenomenological 
constraints. 


