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Axion
SM Lagrangian contains theta angle for QCD.
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» P andCP violating.
» Observablé = ¢ + (CP phase of quarks).
Unobserved neutron electric dipole moment implies

6 < 10~° So small or zero?! Why?
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» P andCP violating.
» Observablé = ¢ + (CP phase of quarks).
Unobserved neutron electric dipole moment implies

6 < 10~° So small or zero?! Why?

Axion [Peccei, Quinn] [Weinberg] [Wilczek] [KSVZ] [DFSZ]
> 0 is a dynamical fieldLer = 2F? + 3(9,8)
» No CPviolation except the above: -
Minimum of the potential i<CP conserving) = 0.
» Mass~ 13/f, MeV, decay constant

10 GeV < f, < 10" GeV.




Axion as a Goldstone boson
Consider aylobal Abelian chiral symmetry
g — oy g dig,
being anomalous,
0 Lot = 2tr (QP?)F2a.

broken by instanton: oo



Axion as a Goldstone boson
Consider aylobal Abelian chiral symmetry
g — oy g dig,
being anomalous,
0 Lot = 2tr (QP?)F2a.

broken by instanton: oo
If broken also by VEV of a charged scalar figld) = v, its phase field, a
pseudoscalar Goldstone, has anomalous coupling

2tr (gt?t?) 1 i—
L:eff - aisz + E(aua)z + 5#8.2 ql’d)i’yu’}/Swi
da = Qv

Axion is a pseudoscalar Goldstofe= qv



Many VEVs

Suppose we have identified two Abelian symid$1)p x U(1)q from the
potential.

1. Partly broken by(¢1) = vi.
» UnbrokenU (1)’ direction: under whiclp, is neutral,
th = G50 — Gpllo-

» Anomalous coupling of the axion comes from ‘broKefil)’?
cf. any linear combination of glob&l (1)s can be another goddi(1).
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Suppose we have identified two Abelian symid$1)p x U(1)q from the
potential.
1. Partly broken by(¢1) = vi.
» UnbrokenU (1)’ direction: under whiclp, is neutral,

th = Aot — G-
» Anomalous coupling of the axion comes from ‘broKefil)’?
cf. any linear combination of glob&l (1)s can be another goddi(1).

2. Completely broken byg1) = vq, (¢2) = Vo.

> Iftr gel # 0, trqol # 0, are there two anomaloliy1)s?
cf. an anomaly free linear combination exists

» Are anomaly fredJ(1)s irrelevant to axions

» What is the dominant component of the axion?

These will guide us for embedding axions to UV physics.
» GUT
» string theory



OneU(1), many VEVs

Many fields developing VEVSa; /v; = qla, dap/V> = ¢Pa. It becomes the
axion by the linear combination

1
a=c (a0tva + axqPVa),
a

troll
fa

Lef = a F2, da=f.

Decay constant
fa =1/ (atvi)? + (0Pvp)?
One U(1) broken by many fieldkarger VEV dominates.

Invariant direction:

i (1G?V2 — aqtvy)
a

What if we introduce mor&J (1)?



Partly broken
U(1)p x U(1)g broken by(¢1) = v,
» UnbrokenU(1)’ direction: under whichp, is neutral,
0h = Ao — G-
Axion term? ‘Broken direction’??

tr(Gel)  tr(cel) ,
b %
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Partly broken
U(1)p x U(1)g broken by(¢1) = v,
» UnbrokenU(1)’ direction: under whichp, is neutral,
0h = Ao — G-
Axion term? ‘Broken direction’??

tr(Gel)  tr(cel) ,
b %

» Be gauged away from the residua(1)’, e (ahai — gt (eh)i/gp
» No axion term generated.
If U(1)" is not anomalous,
p (D _ tr(go) _ tr(g)
% a% 0500
is the unique coefficient of a generated axion term.

Axion term generation depends on the chagge
vacuum configuration



Completely broken
U(1)p x U(1)q completely broken by¢1) = vi, (¢2) = Va.
The variationday /vi = gpa + 063, daz/V2 = gda + g3 must reproduce
the anomaly &r gela + tr gol 8)F2.

¢ = tr[(ghad — dgdd)!']/ (Ghad — d5TR),
Co = tr[(gpdy — aaap)I']/(GhaS — AGUB)-

Axion term depends ofigp, 0, Vi }: vacuum configuration
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Completely broken
U(1)p x U(1)q completely broken by¢1) = vi, (¢2) = Va.
The variationday /vi = gpa + 063, daz/V2 = gda + g3 must reproduce
the anomaly &r gela + tr gol 8)F2.

% o 1
Eeff - 7alif + aZ*f WFZ
V1 V2 qqu - QQqP

Axion term depends og}, g7, v1, v2: vacuum configuration

Interpretation: we always hawnomaly free direction
G = Gbtr (dl) — dotr (ael).
The axion is thainique, orthonormatombination to Goldstone boson
X QflVlal + szVzaz-
The decay constant is
—-1/2 .
M = ((cr/v1)? + (C2/\2)?) /2 < min(vi/c1, v2/C2),
More U(1) brokensmaller VEV dominates.



Dominant component

r U(1)s broken byn scalar field VEVs:

» r — 1 anomaly free symmetries, and as many Goldstone bosons
» n—r invariant combinations
» 1 axion combination:

the unique orthonormal combination to the others.

We can show
Decay constant is dominated by — r + 1)th largest VEV.

Hirarchy is possible.
» Higher energy scale physics, low scale axion decay constant.

10° GeV < M < 10" GeV,

» The original PQ: Two Higgs modef + v3 = 246 GeV.



Light pseudoscalars

Light pseudoscalars

qt 2
7. couples ta2,

2
> axiono —al\"%’1 + &y,
> Goldstonex givia; + GAvoay,

are orthonormal combinations.
No light pseudoscalar has been observed. The Goldstone boson must be
either

1. eaten by gauge boson
of anomaly free symmetry, e.g. from GUT,

2. couple to another hidden sector gauge field,
3. ‘universality.’



1 7
Anomalous’U(1)
Another source Of aX'On ‘anoma|OU§’( 1)a [Atick, Dixon, Sen] [Dine, Seiberg, Witten] [Dine, Ichinose,

Seiberg]

» Antisymmetric tensor: dual to axiof,, ,»9,B,., = J-ao.

o1 L
K = —M3/In(S+S— ru Q.V), S=1/¢°+iag/8rf,

v

trga # 0, generating nontrivial Fayet—llliopoulos term.
Universality tr ga = 3trg,0al = Strog = ...
Anomaly from gaugeJ (1) is canceled by transformation

vy

S— S+itrgaf.

v

Natural in string theories with Green—Schwarz mechanism.
fa ~ Mp;/100
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trga # 0, generating nontrivial Fayet—llliopoulos term.
Universality tr ga = 3trg,0al = Strog = ...
Anomaly from gaugeJ (1) is canceled by transformation

vy

S— S+itrgaf.

v

Natural in string theories with Green—Schwarz mechanism.
fa ~ Mp;/100

If this U(1), is again broken by VE\(¢) = v, again its phase contributas,
(3+3)"
fa  qv
whose decay constant is

M = (fs 2+ (qv)~2) Y2 < min(fa, qv)

Mav: nhtain emallar avian ~catinlinAa®



D-term constraint

Because of SUSYD-term constraint

2

M
Da = GBl(02)F +6r =0, &r — S50 ch

The VEV must be of the same order @§g ~ Mp;/100 .
Introducing more VEV does not improve ithe largest dominates.



D-term constraint

Because of SUSYD-term constraint

2

M
Da = GBl(02)F +6r =0, &r — S50 ch

The VEV must be of the same order @§g ~ Mp;/100 .
Introducing more VEV does not improve ithe largest dominates.

If we havemore globalU (1) broken, we can have the axion coupling
M= (f2 4+ M2+ M%) 72 Mg

and
Da = 0al(¢1)|* + A&l {$2)|* + & = O.

The smallest dominant, we can have much smaller VEV, evading D-term
constraint.



Axion from heterotic orbifold

Heterotic string compactification on orbifolds.
» Large symmetries predicted by heterotic string: gauge group, SUSY...
» Break them by associating symmetries of orbifolds.
» Promising route to MSSM: gauge group, chiral fermions... axion.
» Axion from anomaloudJ (1) natural.
Other symmetries?
» String theory predicts no global symmetry.
» Global symmetry broken by quantum gravityuss wiczei

Accidental symmetrieat a given orders of perturbation:ades, panagiotakopouios, shafi

Superpotential at up to order 7-10 we have a number atcidental
anoma|OU$J (1)3 [KSC, IW Kim, JE Kim], [KSC, Nilles, Ramos-Sanchez, Vaudrevange]

We can have smaller€ Mp, ) axion decay constat.



Conclusions

We have analyzed axions from multiple anomalous glah@dl)s.
» Axion depends on charges and VEWsicuum configuration
» r U(1)s broken byn fields: (n —r + 1)th largest VEV dominates.

» Axion is the unique orthonormal component of anomaly free
combinations ofJ(1)s.

» Guide the embeddability to GUT or string



Conclusions

We have analyzed axions from multiple anomalous glah@dl)s.
» Axion depends on charges and VEWsicuum configuration
» r U(1)s broken byn fields: (n —r + 1)th largest VEV dominates.

» Axion is the unique orthonormal component of anomaly free
combinations ofJ(1)s.

» Guide the embeddability to GUT or string
String theory
» contains ‘anomaloug’(1),.
» plus accidentall(1)s at some given order of superpotential.
» We can obtain lower axion decay constant than the string scale.
» EvadeD-term constraint to have lower scale axion.



