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Introduction

What is axion?

e Axion appears in Peccei-Quinn mechanism, which solves the strong CP problem.

Axion is also a dark matter candidate.
Energy scale of Pecci-Quinn mechanism

« Observational constrainton decay constant: fpq > 10°GeV

e Even larger fpq is preferred to exlain all of the dark matter
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Introduction

”Axion Quality Problem”

e Higher dimensional U(1)pg-breaking operators can contribute to the effective
#-angle and 6 can easily exceed the experimental upper bound.

We need some suppression mechanism for U(1)pq-breaking higher-dimensional
operators. This issue is called "axion quality problem”.
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Introduction

1. Suppresions for U(1)pq-breaking operators in UV can be achieved with some
gauge interactions in UV.

2. In such models, instantons not in QCD (’small instantons”) can affect the axion
potential in general. [Agrawl & Howe (2018), Csaki et al (2020)].

3. Such small instanton contributions might possibly vanish, due to
fermion zero modes. Case-by-case studies appear to be needed. < My Talk

4/22



Why “fermion zero modes”?

Instanton contribution to the axion mass may vanish, if fermion zero modes exist.
An example of vanishing physical quantity

L =¢N0"D,g +n'ioc" Dun
Situation: oD, has zero modes &, 1.
Decomposing ¢ and n as
& = A& + (non-zero modes), 1 = pno + (non-zero modes),

Path integral is

f déTdédn’dn exp[-S10 « f dAdp exp[-0]O @ U
&
= f daAdp O.

This is vanishing, if O does not include & or 7. -



Why “fermion zero modes”?

We also need to look carefully at interactions of fermions.

An example of non-vanishing physical quantity

L= £io* D& +nlic"D,m + mmné + €n')
Situation: o*D,, has zero modes &, 1o.

Decomposing ¢ and n as,

& = A& + (non-zero modes), 1 = pno + (non-zero modes),

Path integral is

m
. n &
fdg’tdgd;fdn exp[-S10 « fd/ldp exp[—mpAny&o]O # 0. ‘

This is non-vanishing, due to the interactions of Weyl fermions.

Be careful about fermion zero modes and their interactions. 6/22



(A simple version of) composite accidental axion models [Redi & Sato (2016)].

e [SUQB)st]Y x [SUB)wIY gauge theory with fermions. (My talk: N = 2)

o Dynamical scales: ASTRONGER >> AWEAKER-

Indices A a B b
SUB)st  SUB)w  SUQB)y,  SUQB),

v 3 3
Ya 3 1
A 3 3
WP 1 3
v 3 3
Yp 3 1

A 3 3
A 3 1

-
Su® M So(B\ST
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Features of the dynamics (N=2)

Energy scale

— AgT . , )
. Az; : SUQB)st and SU(3);, confine.

e U(1)pq is spontaneously broken.

» QCD appears in the diagonal subgroup of SU(3)w x SU3){,

& AW
+ Ay,
Next Steps
1. Dynamics of SU(3)st X SUQ3)¢

2. U(1)pq in this model
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Dynamics of SU(3)st x SU(3)’

Indices A a B b
SUB)st  SUQG)w  SU@BY,  SUGBY,
A 3 3
Ya 3 1
7 3
yP 1
h 3
7] 1
s 3 3
Yt 3 1

WaYRY ~ Astél
Wap™y ~ Ast

Whwly ~ Asrl
Wpy”y ~ Ast

QCD appears in the diagonal subgroup of [SU(3)w]?, which is unbroken by

condensations at scale Agr.
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U(1)pq in this model

U(Lrg

e U(Dpg —SUB)st — SUB)sT:

SUB)sr  SUB)w  SUQB)Y,  SUQBY, Non-anomalous

Vi
2
wB

b
B

s
A
wA

3 3
3 1
3 3 e U(Dpq — SUB)w — SUB)w:
1 3 Anomalous
3 3
B 3 1 e U(1)pq is spontaneously broken
g i’ by condensations at the scale

AsT.-
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Axion quality in this model:

e U(1)pq breaking operators are restricted by gauge symmetries.

e The lowest dimensional, U(1)pg breaking operator (which is singlet under all the
symmetries) is w4y iybw?  which has a mass dimension 6.

o With larger N (N > 2), U(1)pq-breaking operators become more higher
dimensional, and better axion quality is achieved.
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Axion mass in this model:

e Only a part of instantons in SU(3)w x SU(3){; is in QCD, although they could
potentially contribute to the axion mass.

Next Steps
We examine such small instanton contributions in a toy model.
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A model, effectively describing the dynamics below Ast, Ag
e [SU(3)]? gauge theory with fermions and scalars.

o Yukawa interactions: y;®1’gr| 01 +y2®2¢0r}q " + hec. .

SUB). SUB), | Ueg
Scalars
o, 3 3 -2 e SU(3), x SU(3), corresponds to
> 2 3 2 SUB)w x SUQB),.
Fermions
¢ 3 1 . . . .
%* 3 1 e A QCD instanton is a pair of simultaneous
qRL(- 3 1 instantons in SU(3), and SU(3),,
a 3 1
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Yukawa interactions:
—_— da |
yi @) QRZ O +y2 @ Or) G +hec. .

e SU(3), instanton is an example of small instantons.
e All the fermions become massive by VEV of ®; and ®,.
Question:
Are there fermion zero modes?
Next Steps

we discuss fermion zero modes around instantons in a simpler SM-like model.
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SM-like SU(2) model, instead of axion models:

yH  ictd, (L
L=-5F"F, +|DHP + 2 HH -7 + (erftr]
4g2 nv u 4( ) ( R L ) iﬁ'/“‘D# yHT er
e D=0-iA, Fi, = 8,A% - 0,A% — €ALAD.
e H,{1,er are SU(2)-doublet, doublet, singlet, respectively.
Our interests:

1. An instanton with a size sufficiently smaller than v=!

2. Fermion zero modes around such an instanton
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Small Instantons

An instanton with a size p < v~! has following profiles of H:

15 = (O ‘HV)T
1.0
&
0.5
095 P 2p

|x]
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Fermion zero modes

e [
Zero mode equation for ¥ % ( L]
er

Dy & yH 50'”?;1 ) _ 0
ioc*D, yH'" )\er
There exist fermion zero modes of D. [Espinosa (1989)]

« With an anti-instanton background, ¥ has a zero mode for D:

(zero mode) = ( & ] o (0(1)]
erR O(yv)

 With an instanton background, not ¥ but ¥' has a zero mode (for D).
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Fermion Zero Modes in the Axion Toy Model

-1y iO’“DLz) [y

@ 2 = @
-, i0* Dy, Or

l'O"uDl(}) —y2CD2 EL

e Zero modes in 'SU3), (anti-)instanton background: ( or . q )& ( . oz )
e Zero modes in SU@3), (anti-)instanton background: ( t
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Fermion Zero Modes in the Axion Toy Model

—y1®;  io#Dy; o
0 1 -
( i ET —t QT ) lO-#DL) _qu)jl qr
.- 2
dr L qr. R _)’ZCD; lO'#D;(: ) QR

ic'D)  —y,®, )| (G

e The existence of zero modes does NOT necessarily imply the absence of small

instanton contributions.

This is due to interactions between zero modes and other dynamical modes

(especially @; and @;) .
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Fermion Zero Modes in the Axion Toy Model

-n®; i DLz) 43
( Do o B ) i Dy’ -] qr
dr L qr. R —y, Q); it D/(JZ) QR

iO’“DLl) —y, @) aL

QCD (anti-)instanton
1

SU(@3), (anti-)instanton SU(@3), (anti-)instanton i O
- i (q£ QL)(QL qR)
@ o) G @ w6 %)) (o a) 7))
=0 =0 R
@ o) o (ox @)

Non-vanishing effects are only from QCD.
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e Axion quality problem gives a restriction to UV completion of the axion model.

e Dynamics at UV, especially small instanton effects may enhance the axion mass
in general.

% | have exhibited that small instanton effects can vanish due to fermion zero
modes, in a model-dependent way.
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Appendix: A Bit More about Global Symnmetries

U(1)pq in this model:  U(1)pg € SU@)axiat € [U#)]?* (Flavor symmetry in UV)

e U(Dpg —SU@B)st — SUB)sT:

U(Dpg | SUB)st  SUB)w  SU@B);;  SUQB)y Non-anomalous
A 1 3 3
Wa -3 3 1
ol 5 e U(Dpq ~ SUB)w — SUG)w:
y 3 3 Anomalous
A :
Yp -3 3 e U(1)pq is spontaneously broken
. _
Wz 1 3 3 by condensations at the scale
v -3 3 1

AsT.-
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