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Axion / Axion-Like Particle (ALP)

)

Approximate shift symmetry : a(z) — a(x) +c (c € R)
a(x)

ii) Periodicity : CL(:C) — CL(CU) + 2mn f, (n C Z) ( = 0(x); angle)
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i) 2 Axion can be naturally light.
i) > Natural size of axion couplings is determined by f,,.




Axion periodicity

* Axion from a complex scalar field

o) = st @)™ gy o) =
fo = V2(®(x)) Canonical normalization

i) Approximate shift symmetry from an accidental global U(1): ®(z) — ®(x)e’®

i) Lagrangian must be invariant under 0(z) — 6(z) +2mn n € Z

(c — L(D,0*), ¢ € Z>

“ a(x) — a(x) + 2mnf, | “Exact” discrete symmetry




Axion periodicity

* Axion from a higher dimensional p-form field  Extradimension
Our brane
I S R .V %0 M .
S= | dz 492F FMN—I-‘IJ(”L@M—FC]\I/AM)’)/ V)
5
1 1 I
a(zh) = R drsAs(zt, x5)
T5 = x5+ 2R

i) Approximate shift symmetry from Ay — An + Car (broken by qy)

ii) “Discrete” gauge
symmetry

» a(x) — a(x)+ 2mnf,
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“Exact” discrete symmetry




Natural coupling scale from the axion periodicity
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Hierarchical axion couplings in cosmology
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Natu ral inflation Freese, Frieman, Olinto ‘90
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Long-periodic A% =51 cos (%) Short-periodic A3 e™2 cos (% + 5)

* Slow-roll inflation: F > /N, Mp 2
» — 2 /Ne Sins > O(100)
S5 f

*  Weak gravity conjecture: — > —=
[~ Mp
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Natural inflation

V(a) .

The small modulation can
W give a substantial deviation
on 1 with a better fit to
CMB data:
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* Slow-roll inflation: F > /N, Mp

» s N Sue > O(100)
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*  Weak gravity conjecture :
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Ultralight axion DM / DE

me < H(t) /\/\
1

m2 m2
I: :I a(t) X Qini (1 + % [H-2- — H(t)z
. slow-roll : dark energy
me > H(t)
a(t) ~ ag(t) cos(mgt)
L 5 o 1 damped harmonic
Pa = —miag(t)” < — P

o2 R? oscillator : cold dark matter

)

10



) mq S Ho~10"%eV » DE-like (axion quintessence)

fazMP

i) 107%eV Smy S Heg~ 10727 eV » Early dark energy

iii) me > 10727 eV ‘ DM-like

2
Quh = 0.1y 5 (101%][ G V) 62,  ma~10""eV  “Fuzzy” DM
e e

Hu, Barkana, Gruzinov 00

Hui, Ostriker, Tremaine, Witten ’1 7

10_22 CV) (10_36') Ga|axy size : Many works
v 1~10 kpc

A h
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The macroscopic wavelike property suppresses power on small scale.

M
“ fuge © g~ 101°GeV

0(10)~0(10?) separation from the axion scale implied by WGC
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dominant potential for subdominant potential for
axion dynamics WGC

i qa
V(a) = Adyn f +A3Vgc —Sins cog ( o +5>

4 3
» mZ Z Wgce Sinst Whel"e Awgc i m3/2MP
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assuming that the WGC instanton
gives a non-perturbative
correction to the superpotential
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Gravitational probes on axion DM / DE
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In most of the ULA parameter space to be probed, ff“ = 0(10)
wgc
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Laboratory searches for axion DM

Gary - . JF -
~LaFE » Vx B =" g00B

Background axion DM field

‘ a & ag cos Mg (t — U - T)]

1 vl ~ 107 3¢
po = gmia; :

Experimentally measurable quantity : ¢4,0:a = —gay\/2pa SID M4t

The best experimental sensitivity on g,
is obtained when p,; = ppy-
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Laboratory searches for axion DM

%CLFF measurable quantity : gu01a = —gay\/ 2P0 SIN M4t

Misalignment production of the axion DM :

10—22 eV) 1/4 Da

Mg

L~ 1017 GeV (
PDM

The axion-photon coupling is quantized in terms of 1/f,.

e2 1

Jay = 4—7'('2ECOW Cqy - EM anomaly (€ rational number)
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Current and future limits on g,,
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In major parameter space that can be probed in future, c,, > 1.
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Laboratory searches for axion DM

aua _ Va =
o IR
o g Ny N » gan = - Sx

H_/
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Beff

Background axion DM field

‘ a =2 agcos |my(t — v - )]

1 7] ~ 10 3¢
2 2
Pa = 5Ma

Measurable quantity :  ganNVa@ = gan /20U SIn Mgt

The best experimental sensitivity on g,y
is obtained when p,; = ppy-
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Laboratory searches for axion DM

QCD confinement

Caq fa qf)/luf}/ q » gaN ZmNN7 Y N
my
Caq - PQ charge of the quark gaN = 7. Cag X O(1)

The axion-nucleon coupling is expected to be around my /f,
for normal PQ charges of order one.

Misalignment production of the axion DM :

1022 eV) 1/4 Pa

Mg

fo ~ 1017 GeV (
PDM
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Current and future limits on g,y
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In major parameter space that can be probed in future, c,, > 1.
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Relaxion Graham, DE Kaplan, Rajendran ‘15

A brand-new solution to the weak scale hierarchy problem

[AQ — A% cos <%)] |H|?> — A* cos (%) — A? |H|? cos <% + 5)

J - J - J
Y Y

A:UV cutoff 1 = pir(a) Rolling potential Barrier

~,
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Long-periodic A* cos (%) Short-periodic A? |H|? cos (% + 5)
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Relaxion

2 2 4 aN 42 2 a
4% A2 cos ()] 1H2 = At cos (41) = AR P cos (5 +9)
J - J -
Y Y Y
pir = pi(a) Rolling potential Barrier

Relaxion stabilization at h = v :

g 810 (7)) = =5 [ cos (5]

ua(a) >0 up(a) <0

a
(h = 0) (h # 0) F A4 4
y o~ > > 010
/| » f A%rv2“’v4> (10%)
h=w
~~~~~~~~ b K Choi, SHI‘I5

Long-periodic A* cos (%) Short-periodic A% |H|? cos (% + 5)
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Many e-folds of the slow-roll relaxion

In the GKR model, the relaxion slowly rolls during inflation by the Hubble
friction. Typically it takes a long time to finish its long excursion.
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Variants: bosonic particle production as friction

“(Re|)axion fragmentation” N Fonseca, E Morgante, R Sato, G Servant ‘19

The wiggles = External driving force with frequency? on harmonic oscillator

co8 described by the Mathieu equation

50+ ( /;:; ? ) i — 0 Non-homogeneous mode

of axion modes with k~2

2f

¥

Kinetic energy dissipation by
(rel)axion particle production

» Tachyonic growth (parametric resonance)

t = Atgrag

| |
Aqbfrag 23



V(a)

o \
Onset of relaxion fragmentation
h=20 h+0 a
A

[ Efficient fragmentation

VY

Relaxion fast rolls down the potential so that it can finish the long excursion
even in a post-inflationary period.

The price is a larger coupling hierarchy. (The overall slope has to be quite flat
for the fragmentation to be effective.)

ALS 0(10Y,  do ~ AL
AT > 0(101), ¢y ~ A2

F At A%
— ~maxX |—®5, = Po| >
f Y
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Vector boson production as friction
A Hook, G Marques-Tavares ‘16

« Contrary to the previous models, here initially (h)~A.
* Relaxion fast rolls scanning the Higgs mass and stops near (h)~0 by exponential
production of light electroweak gauge bosons: needs another scale fy,

a — ~
WW — BB
fwz ( )
\, ® Tachyonic growth of W /Z fields ‘
ug(a) <0 ‘ ug(a) >0 5 Ai+<k2+miikﬁ%) Ar =0
(R0 /Ny (R=0) N Y
h=v '
negative (tachyon) when
a >m
L 2fwz ~

Long-periodic A% cos (%) Short-periodic A} cos (% + 5)
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V(a)

Tachyonic srowth of W /Z fields —“_ (W — BB
\ 4 Tichvonic rowth of W/Z fields (¥ — 35)
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Long-periodic A*cos (%) Short-periodic  Aj, cos (% + 5)

Here A}, is Higgs-independent, so it can be greater than the weak scale.

I AL A2 a A2
» 7 > max [K F] >0(10%) | and | fiyy ~ ;0 > /;)r
/ N
Multiple local Enough precision . .
minima of the scanning May need three hierarchically

different axion scales. 26



Hierarchies from the axion landscape

In a landscape, a river usually winds the territory many times
rather than flowing in a straight line.
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Hierarchies from the axion landscape

General N axion lagrangian

1 o | kai0f 4 - .
z;:iﬁaﬁ@ww+A§am@fm+ﬁXy+§§7F4pA+%m%mwww+.”
T

0=—"(i=1,2,...,N) ZN 0 = 0+ onlt (U eZ)

‘ Integrating out heavy axions

Light axions with enhanced field ranges
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KNP alignment

Jin E. Kim, Nilles, Peloso ‘04

b ~ b _ ~
L = A% cos (% — nbﬁ) + fiF1F1 + EFQFQ ny € 2

b 1 a
‘ Integrating out the axion b — = ——
: ® fb ny fa

a ~ a
Leg = —F1F +
) fa nbfa

B F,

Enhanced periodic field range of a: a = a + 27mny, [,

But how much large n;, can be!
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A model example P Agrawal, J] Fan, M Reece, LT Wang ‘17

b a a b
Ahldcos [2]\7 (fa ﬁ) + E] - (fa fb) GG—i—( )faFF

/ \

Dynkin index of an adjoint rep of SU(N)iq4 Dimension of an adjoint rep of SU(N)y;q4

' Integrating out the axion b
1 a

ﬁEGG—F( )faFF

Yary

~ N? = 0(10% — 10?)
gag
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For SU(M);i4, the PQ scale has to be large for a large axion scale hierarchy

Landau pole constraint

in order to not hit a Landau pole of U(1)y below Mp

M | mg (GeV) | fo (GeV) | r=4M(M? - 1)
3 | 1.3x10* | 6.0x10° 96

4 | 5.5x 10 | 3.3 x 10!2 240

5 | 3.6 x 1013 | 2.7 x 10%° 480

6 | 1.0 x 10" | 9.1 x 1016 840

7 | 7.3 x 10 | 7.5 x 107 1344

8 | 2.6 x10'% | 3.0 x 108 2016

9 | 5.9x1016 | 7.7 x 10%8 2880

10 | 1.0 x 1017 | 1.5 x 10" 3960

P Agrawal, || Fan, M Reece, LT Wang ‘17
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K Choi, Hyungjin Kim, S Yun ‘14
Clockwork K Choi, SHI ‘15

Kaplan, Rattazzi ‘15

N-1
Viay,...,an) = — Z Af cos (q;Z — a}“) q: 0(1) integer

One flat direction » % — % + ¢Fa
a a

1
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1CLN~1CL1~

aa “LauG
3272 f, 0 " 3agz g, T HEH
0 ~ant San g g
q qN—l
1 a9 - 1 a© ~ N
~ Ja> B~ a
san2 F OOt g GuGH f~ "

Periodic field range of a(® : a® = ¢ 4 onp

The clockwork scheme provides a large integer responsible for a
hierarchy between f and F without suffering the Landau pole problem.
F

7 = ¢V (a large integer) > 1



K Choi, Hyungjin Kim,S Yun ‘14

In the axion landscape, generically for Ny > N;

Periodic length of I~ O(TLNH/NL) f
light axions ¢

J

— Z cgk)ai k) O(n_NH/NL) for some 7

& Since the orthogonal direction to
“many” heavy axions has to be
“finely” determined by means of
integer numbers, it inevitably
involves a large integer number.

21 f3

But this does not automatically
guarantee a long periodic axion

> —¢2 “potential”’. To obtain it, an axion
potential has to be aligned to
heavy axion directions.

.
.
’
P L ==
.
.
‘/
.
.
.
.
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27 fo

27 f3 /ning

2rfi 27 fa /m

o1 Probability ~ O(fa/F) 34



Hierarchy from kinetic mixing

P Agrawal, J] Fan, M Reece, LT Wang ’| 7
K Fraser, M Reece ‘19

1 1 ~ b ~ ~
L = S(040)* + 5(9ub)? + € b + YaGy (GHGH + FF)
a b
‘ Redefining b — b — ea
£~ r@02+ 2ot Lact (L <G G +Fﬁ)
A A fo T h) NTETH
my > myg ' ‘ mg > my
The axion b is integrated out : L = Those couplings remain.
o o
1 2 a ~ Jary fa
= — - L~ Ee—
Lo 2(({%&) + 3 GG Gag 3
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i) Field-theoretic axion

L (20,8,) (@0 ;) =

ii) String-theoretic axion
1/3
b) >

in a Large Volume Scenario

P Agrawal, ]] Fan, M Reece, LT Wang 17
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Conclusions

* Axions have quantized couplings due to its periodicity, and it sets a
natural scale for the axion couplings as the periodic field range.

* Many well-motivated cosmological scenarios involving axions

however require various hierarchies in axion couplings.

* Those hierarchies may originate from the axion landscape through

certain patterns of mixing among multiple axions.
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