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Motivation



Axion, ALP

Well motivated from theory side

string theory, inflation, dark matter candidates, quintessence, strong CP problem, hierarchy
problem, etc.

from experiment side
CAPP, ADMX, HAYSTAC, ABRACADABRA, LC Circuit, CASPEr, etc.
nuclear coupling electromagnetic coupling
axion frequency Axion Frequency

kHz MHz GHz THz

kHz MHz GHz

T Cavities

ADMX G2

axion QCD coupling g4 (GeV2)
Axion-E&M Coupling (geyy) [GeV™]

10718

! ! ! -12 -9 -6 -3
012 10 10 10 10 10 10

axion mass (eV) Axion Mass (eV) taken from the slides of P. Graham



Minimal ALP

ALP is the emergent, compact scalar field at low energies

1) discrete gauge symmetry: a = a + 2rnfN

SN
- >

a

Slal = S[a + 2nfN]
It is natural to consider the ALP as the angular/phase field:

O(x) =a(x)/f =0(x)+2m



Minimal ALP

ALP is the emergent, compact scalar field at low energies

2) (approximate) global symmetry: a — a + 2nfc, (c € R) so called U(1)pq
U(1)pq can be broken by various ways (for the QCD axion, from QCD/chiral anomaly)

t V(a)

Nature of the angular variable is manifest in

1
LesrlO] = Efz(a‘ﬂ)(aﬂﬁ) — z V;, cos(nf + a;,) n,ng, ny € 7

n
1 - .
+ z ci(aue)]{‘ + Z 3772 (n,0)F,F, + Z(embBOb (x) + h. c.)
{ a b



Minimal ALP

ALP is the emergent, compact scalar field at low energies

2) (approximate) global symmetry: a — a + 2mfc, (c € R) so called U(1)p,
U(1)pq can be broken by various ways (for the QCD axion, from QCD/chiral anomaly)

t V(a)

Interactions, dynamics of the ALP are manifest in

1
Lesrlal = E(aﬂa)(aua) - z Vn cos (n]gc + an) a=fo

n
Ci n - .
+Zflaﬂa]i“ + 2 32;2f a F,F, + Z(e‘"ba/fOb(x) + h.c.)
l a b



Beyond the minimal ALP (1)

Typically interactions of the ALP are governed by 1/f.
However, for non-minimal ALP models, there are interesting variations.
Exl) clockwork axion [ChoiKim Yun 14, Choim 15, Kaplan Rattazzi 15]
1 . . .
L= Z ~12(0,0)(@40%) = ) Vi(q 07t -
1,-,N—1
N—-1

——(6 a)(o* a)+f (ZZ FF +

32?2

352 GG) + heavy modes

The axion field range (a = a + 2mrtf,):

1
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Spectrum of effective decay constants:
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Implications
Inflation \\
AR N\
Magnetogenesis, Baryogenesis, f<Mp<Aha~for q"f

Lasing/Polarization dependent deflection from spinning Blackhole, Photophilic axion

Axion star, Bosenova
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Implications

Inflation

Magnetogenesis, Baryogenesis,

Lasing/Polarization dependent deflection from spinning Blackhole, Photophilic axion

Axion star, Bosenova
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LIS S self-interaction




Beyond the minimal ALP (2)

Ex2) Stlickelberg axions with the anomalous U (1) , gauge symmetry (shui Staessens, Ye 15]

— 1 uv Iy ; 1 2 i L 2 1
L= —@FWF + Yict(D, — iq A, )P + > f2(0,0' —k'A,)" +

. 32772
I=L.R i=1,2

61GG + -

under | y(1),: A, - A, +3,8, 025 0V2 4 k12, P p o et WRA Y L

mixed anomalous fermion loop contribution is canceled by gauge transformation of 64

1 ~
3272 (k' = (g, + qr))A(X) G G* =0 gauge invariance: q; + qg = k*

5AL ==

One of combinations of 8's ({) is absorbed by A, and becomes heavy, while the gauge
invariant combination (a) remains light.

Akfzez

B f12k181 +f22k202 4T[f2

— (fikD? + (f,k?)? 2nf; ¢ /

_ fifa (k107 —k?61) a > 101
o V(FikD? + (f2k?)? \ 27Tﬁ/'47tf1




Beyond the minimal ALP (2)

Ex2) Stlickelberg axions with the anomalous U(1) 4 gauge Symmetry  ishui, Staessens, ve 15]

1
L= B4 Y it (D, — A+ Y o f2(0,60 — ki

I=L,R =12

1 1
:_4_62F“VF + 5 MA(a/J( Au) "‘ szG‘F 2 Wiia* (D, — iqrAL) Y

1 I=L,R
2 ~
+ =(8,a)" — GG + -
2( Iia) 327-L-2ﬁ'< a
where M? = (fkD? + (LKD?, f =7 k2 — (1D + (f,k2)?
2
In the limitof f; > fo, My ~ f1, [ ~ %MA > f1, the axion coupling to gauge bosons (32?:2 f)
2 *

iS hierarChica”y Suppl’essed. [Fonseca, von Harling, de Lima, I\/Ia}ljag)ZlQO&lOle’]
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4T[f2
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a =~ f, (k162 — k26%) a £l
| \ 27Tfl/'Ll'nﬁ 10




Beyond the minimal ALP (2)

Ex2) Stlickelberg axions with the anomalous U (1) , gauge symmetry

Can it give the axion potential with a period 2nf, =~ 2nf, (f£/f5) > 2nf,, 2nf,?
- relevant for scalar dynamics: axion as the inflaton (f. > Mp), dark matter etc.

{5
1 L[ 1 - z .
+ g(aua) T 3202f aGG | C > V(a) =A4cos]7*

Oy [Shui, Staessens 1807.00888]

fa (aperiod, basis independent) vs f, (a coupling, basis dependent)

“f202
4rf, e ecxu'\\la\er‘t
{ =01+ fik” g 2
(f1k1)? 21 f; 4
a=f,(k'6% —k?01) » a . £ ol
g 0 27\ TR
2nf, = 21 f1f7 —_,.-/'
’ VED2 + (fk2)2 [T e.g kl=k*=1
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General description of
Stuckelberg axions

[Choi, CSS, Yun 1909.11685]



General form

N Stiickelberg axions 6!, N — 1 U(1), gauge symmetries yield one light axion at low

energies. i=1-,N a=1-,N—-1
L= ——pepaw s Lo 50t ki geV(a 9i — k) ac
__Q wv +§ ij( v T ta u)( uo T Ry u)

(r:6")

i
T 32?2

GG + (/10 gini®' Hc]b]x’o (x) + h. c.) +16;(0,0" — kGAR) iy + -
I

* Stlckelberg axions are the angular fields:

' =0+ 2w > ki, r,n) €Z
* Gauge invariance:

nki= Y 2qi TG, nlkh = ) quxf
Y I

* Allow general form of the metric including the kinetic mixing: G;;

* The previous example: N = 2, ki = (1,1), r; = (1,0), G;; = diag(fZ, f7).



Useful relations

Gauge invariant combination: a o« k;0 requires k;k’ = 0. The solution exists (with k; € Z.)
assuming g.c.d. (k) = 1 forall a

5} 51'2 &Y
~ 1 2 N
ki=det| Ko Kol
kz%z—1 kz%/—1 kﬁ—1

Since Ei is integer valued, there exists the integer valued vector ¢ such that Ei{’i = 1. Then
we find for the N by N matrix [K], N —1

[K] = kL £i> N

L'J

1
det[K] = 1, and it has the integer valued inverse matrix [K '] as

7a
(1
ki
Therefore ki, £%, k;, 2% € Z. and
Pk = 6%, T4 =0, z [K-1FK)) = P%) + k) = 67



Identitying discrete gauge symmetry

Decomposing 6's into the longitudinal modes of the gauge bosons ({%*: {* = {* + A%) and
the gauge invariant axion (a):

o
(G )Yk fi:ké(

0! = kL (*+ —
a ( (G—l)u kikj fa

@ TG k) =) + £
"+ (,)f—a)‘l' A

leads to

1 . . . : 1 2 1
5 Gij(9u0" — kiAZ)(0,67 — ko A) = 5 (0,0)" + 5 Map (38" = AD(9MTF — AP

where r ~

1
fa = —
\/(G_l)ijkikj
g ,
Then N discrete gauge symmetries

Z;: 6> 0' + 2m

Is equivalent to
Z.
[ “fo fa

a a
. ——>—+42n, {(*>{*-2nT*¢ J

and N — 1 transformations of {*
Z(Ol: (CK - (CZ + 2T[



[dentifying discrete gauge symmetry

2
Ex) two axion case s f20
4t f,
a ¢
2T f5
Za Z{CZ
27Tfl/. 4nfy

>

a a
Za: — > — 4 2m, (“—)(“—27-[[‘“ Z{a: (a_)(a_l_zn
fo fa




[dentifying discrete gauge symmetry

Ex) two axion case

f20°

with U(1), gauge transformations

4rf,
a

¢
27Tf2
/ Z’
Z f“ f,6"
2T[f1/.47ff1 ]
! a a —i2mqg re /
Ly: — = +2m, ¢y ¢ e P Lia: 1= ¢
fo fa




[dentifying discrete gauge symmetry

Ex) two axion case with U(1), gauge transformations

with a field redefinition of matters ¢; = ¢; exp(—q;.[*a/f,)

70 S - ¢
. — > —+2m, -
“ o fa ! !

The basis in which the periodicity of the axion is manifest!



General form in the new field basis

After integrating out gauge fields

1 1 . . i
L= = ERF " + 3G (0,6" — kLA%) (0,67 — k[ AZ
a
(n6") .~ in?gt xp i _ i ga) ¢
+ 3977 GG+ | A, et 1_[(,1)1 (x) + h.c. +ic]i(6ﬂ9 —kaA”)]¢+
I

¥

e
Lopy = (a a)’ +32ﬂ2706+</1 eln“/faﬂcp (x)+h.c.>
a

+—(6ua) (K]i(£‘+l““k&)]¢ + eyt (¢))

All non-derivative couplings of the axion are quantized in the unit of 1/f, :
Ti«fi, Tl?'gi e Z - Leff(a) = [/eff(a + Zﬂfa)
* It is trivial that the scalar potentials of the axion should be Vesr(a) = Vegr(a + 21f,)

* Derivative interactions (as the result of field redefinition) should be considered for the
basis independent physical processes involving the axion.



Caveat?

Anomaly cancelation without light fermions with generalized CS terms?

arX1v:hep-th/0605225v2 1 Jun 2006

Preprint typeset in JHEP style - HYPER VERSION

hep-th/0605225
CPHT-RR017.0306, ROM2F/2006/10 LPT-ORSAY-06-34, CERN-PH-TH /2006-084

Anomalies, Anomalous U(1)’s and generalized
Chern-Simons terms

P. Anastasopoulos', M. Bianchi 2, E. Dudas **5, E. Kiritsis 3¢

! Department of Physics, University of Athens,
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5 CERN Theory Division, CH-1211, Geneva 23, SWITZERLAND
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Caveat?

Anomaly cancelation without light fermions with generalized CS terms?

1 1 _
L= = g BAFHY + 5.6y (0,0 = 1AT)(0,07 = kiAf)

(riei) ~ infot xf Cy
+ 3977 GG+ | A, e’ ‘ ‘(pl (x) + h.c. +327T2 aRh+
I

Gy
here auKéls =GG ,,,/
Then under the U (1) O

Ca
7 AKE: (3u1) K Af {
327‘[2 M CS 327‘[2 \\\\
- 32ﬂ2 A% (0K 5) + (total derivative) = — 327T2 AGG \\\
N Ga
u
o I . _ Gk ) ( ki)
Possibility to cancel the contribution from axion couplings, 3977 32ﬂ2 AGG

without fermions



Caveat? No

However, GCS terms are not invariant under the non-abelian gauge transformation of G;:
G->UGUY+iU d,U *. Cancelation for both gauge non-invariant contributions need light
fermions.

a a
/ ! .
CC(
a a
App-------- Afp--mmmmmmmnnmee 4
\

\\ a \\\ a

Gy G

Consequently,

nki= Y 2q T, nlkh = ) quxf
Y I

should hold independently from existence of GCS terms.



LLessons

The axion field range (2rtf,) is determined by the kinetic term of the axions regardless of
detailed mechanism for generating scalar potentials and interactions.

We can always take the field basis in which all non-derivative couplings of the axion are
quantized in the unit of 1/f, so that the scalar potential of the axion is 2mf, - periodic if
there is no other mechanism to extend the period like the clockwork mechanism

This does not mean that all scattering amplitudes of the axion are suppressed by O (fi)
a



Examples



Two Stiickelberg axions with a massive fermion

Again from the previous example with (f; > f,, q. = 1/2, qr =1/2, n; =0, n, = 1)

7 a .

Lorr = ~(3,0)° + — GG
ogf 2V 321 f2 + f5 fa
f2
+ 1, /gid*D — |y ex Lhoe
l/)L/R /,Ll/)L/R [.Utp p( f1 +f2 fa) YL g ]
f1f2
fa = > 5
VT
Physically equivalent expression with the field redefinition: Y ;g = ¥ /g €x p( ff1 /f ;)
11/2 Ja
1 f12/2 da —  _
= _(a a) t o7 327.[2 fa GG + ¢L/RLGMDM¢L/R (.ulpl/)Ll/)R + h. C-) _f:‘lZ +f22 fa l/JL/RO'u'l/)L/R

For the axion-gluon-gluon scattering amplitude

(00000 g(p1) 9(p1)

a(p)----- vy + a(p) -

(00000 g(p2) 9(p2)




Two Stiickelberg axions with a massive fermion

MMV _% uvpo 1 ! fl
= or € P1pD2o fa faf1 +f2 Loop(pl'pZ"“l/))
1
f2
1 1 1
R
fl fa fa MA fl

6.601 0100 10 1000 10° 107
p? /4,

For the axion-gluon-gluon scattering amplitude, the large scale dependence can provide

quite different cosmological history (e.g. thermal production of the axion)

(00000 g(p1) 9(p1)

a(p)----- vy + a(p) -

(00000 g(p2) 9(p2)



Multiple Stiickelberg axions

With the min(max) eigenvalues of G as f2:, (frrzlax)

fmln fmax
[<Je <l

J(G i,

-1

For N > 1 and generic U(1) charges, ||k|| ~ VN!((k%) ) , S0 that the axion field range
2nf, is exponentially suppressed compared to the originally introduced one 2rtf

fa ~ f N—1 <<f

VNI((ki)2) 2

Q: Is the coupling between the axion and matters also of O (fi) ?

A: NO! because the axion coupling through the mixing with 8% is proportional to

(al6') = CoLdl L ii<<l (much d)
(G- 1)”kk 3 ||k||fa much suppressed),

which means that the scalar potential (e 9. Ncos— ) of the axion generically needs O(||k||)
a

insertions of the operators: “highly” protected PQ symmetry: a/f, = a/f, + ¢, (c € R)



Stiickelberg Clockwork

[Bonnefoy, Dudas, Pokorski 1804.01112]
The simple and clear example is the CW type charge assignment:  [cho: 655, vun 1909.11685]

1 1 1
S2(0u0" = A3)" +5 F2(3,0% + q AL — A2)" + -5 f2(8,6" + q A)7Y)”

1
(1)




Stiickelberg Clockwork

The simple and clear example is the CW type charge assignment:
1261/112 12692 AL _ 42)° 1269N AN-1)?
Ef(ue — u) +§f(u Tq4, - u) "‘”'Ef(u Tq4, )
The axion field range 2nf, and the mixing between the axion and original fields 8% are

qz —1 _(N-1) ) q2 —1 1 1
— ~ , al@t) = S ——~ —
Ja q2N — 1f 1 / (ale") @ —q™)q" fa q'f

The axion field range is hidden in the individual axion couplings.

* An example of highly protecting the PQ symmetry (N = 3,q = 3): Introducing N U(1),,
charged complex scalars (¢; = qb,ei‘ggl/‘“) allows PQ breaking potentials at tree level

401 4 E * 93 * *
AVpgy = €197 7% + €, 0" P35 + €329 P33 + e,5* + h.c.

However the axion potential is only generated at 27-th loop as

9,12 4
€1€2°€3€4 , a
Verr(a) ~ (162227 A COSE




Stiickelberg Clockwork

The simple an

1 2
R o/ 1
2 /e )
]
[ | .
The axion field ! Pt are
]
The axion field
* An example N U(1),
charged comg level

4

However the axion potential is only generated at 27-th loop as

9,12 4
€1€2°€3€4 , a
Verr(a) ~ (162227 A COSE




Summary

The non-trivial light ALP can be generated by Stlckelberg mixing: some of combinations
become heavy by Stickelberg (Higgs) mechanism, and the gauge invariant combination
becomes light.

We showed that the axion field range is unambiguously determined by the kinetic term of the
Stuckelberg axions: the large field excursion during cosmological evolution is (generically)
forbidden. This can be manifest in a certain field basis

The counter-intuitive examples about the relation between the couplings (decay constant)
and the axion period are studied.

For the case with the large number of Stuckelberg axions, the axion field range is
exponentially suppressed, which leads to the highly protected axion shift symmetry.



