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AXIONS

4+ Potential solution to the Strong CP problem
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AXIONS

+ Pseudo-scalar particles with perturbative continuous shift symmetry

- 384+cC c €l

Broken by non-perturbative effects
V(9) ~ A*(1 — cos(8/fy))

To discrete shift symmetry

+ QFT axions arise as massless modes after SSB



P-form axions

10D Type lIB
Cy, G5, By, G

Unified QG theories have p-form gauge potentials

Compactification: M, = M, X X,

Givesrisetoaxions C,=p w®+.. a€ {12,..h""}

Few - 0(10%) — axiverse
AXIONS

+ Gauge symmetry protects shift symmetry Axiverse among the best prospects

4+ Inflation models/ quintessence
*

to tie string theory to experiments



Detecting the Axiverse

, 4+ Axion - photon couplin
IT axions coupletoSM —» . D P .ggay
+ Axion - nucleon coupling gy

Constraints and future projections of axion-photon coupling experiments.
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Detecting the Axiverse

, + Axion - photon couplin
IT axions coupletoSM —» . D P .ggay
+ Axion - nucleon coupling gy

However, string axions may not be: Naively:
4+ Light enough + One QCD axion
+ DM 4+ One for inflation
4+ Coupled to SM + One for quintessence

What about the rest of the axiverse?

How can we detect string axions that don’t necessarily couple to the Standard model



Axion in type lIB

~ X, CY 3-fold
Typ§ IIB.on 6d M,y — M, x X, (3 0
Orientifold X5 = X;5/€2
+ HUD p-form axions
Cy, Gy, By, Cy — p,, Y, bY, C,
4+ 4d AN = 1theory
o 2-form
5=Cy+ie 7 - axion
G =c"— Sb” P, 4form
axion

l
I, =t,— i(pa—KachbbC) + —SKabebbC | |
2 Axion candidates



The type lIB axiverse

+ Axion decay constants: kinetic terms <L D KijaTian , K-=0,.0,K

lj

+ Axion masses: ED3, ED 1, or Gaugino condensation

ED3 brane wrapping 4-cycle of X, Wips ~ Ae™ " — 6Vips =~ e " cos (9/f)

4+ Gauge theory and axion couplings

D7-brane wrapping divisor D of)@ worlvolume theory: / = 1 gauge theory
1 i Automatically
Z vauge = ZRe[fﬁ]FﬂvFW — Zlm[fD]FWF/"” coupledtop,
I T z,—ip,+..
D

=2_7z= 27



The type 1IB dark axiverse

How can we detect string axions that don’t couple to the Standard model
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Heterotic Axions

+ Take G, inEg s.t. 4D GUT

+ Heterotic string theory has gauge fields + Then Eg , : dark sector

*+ E¢ x Eg or SO(32) gauge group

+ Gauge bundle with G s.t. Eg—G x H If G contains U(1): there will

+ H commutant: 4D gauge content be an anomalous U(1) in 4D

What is the (dark) axiverse in heterotic string theory?

10



Heterotic Axions

a= J' By, dBg= % dB, Universal axion
CY
b,
hll
b, = J B, B, = Z b, Model dependent
% i=1 axions
+ Heterotic string theory has gauge fields + Take G, in Eg ; s.t. 4D GUT

+ Eg x Eg or SO(32) gauge group + Then Eg , : dark sector

+ Gauge bundle with G s.t. Eg—G x H

+ H commutant: 4D gauge content ITG contains U(1): there will
be an anomalous U(1) in 4D

11



Axion couplings
+ Axion decay constants: kinetic terms

+ Gauge couplings from Green Schwarz terms (anomaly cancellation)

Z D (;,i: | Z%8i>tr1F/\F+<;’i“ Z%&i)trzF/\F

i l a l l

n, = J p: A (trlﬁ/\ F — ltrlf?/\ E) = J p: A (Cz(Vl) - lcz(TX)>
CY 2 CY 2

Axions are coupled equally

to the visible and the

hidden sector (Eg 1 and Eg )

12



Axion couplings
+ Axion decay constants: kinetic terms

+ Gauge couplings from Green Schwarz terms (anomaly cancellation)

Z D (;’i: | Z%&)%F/\FJF(? Z%&i)trzF/\F

i l a l l

n; = J p: A <tr117/\ F — ltrEA I?) = J p: A <C2(V1) — lcZ(TX))
CY 2 CY 2

a : l

J, n
+ Axion masses:  Vocp = — Ajep €0s (f | Z —39. + 5)

a

A J, n; : :
Voe = — Ay COs 2 7192' Each anomalous U(1) will eat an axion

J;

ws

to cancel anomaly via the GS term
V.= — A cos (—)

l 13



Axion couplings - |

@, combination: QCD

+ Axionmasses:  Voep Ve Vi, ¢, combination: dark

@, light, decoupled axions

h Jfa )i L Ja )i fi
A?
It Vs < Vocps Vee = h;; — 1 dark decoupled axions with ml.2 — f_zl

If Vs ~ Vocp»V, — mass mixing non-negligible

14



Axion couplings - Il
J .. QCD axion

J.: coupled to hidden and visible

+ AXIon masses: Voco  Vee Vi gauge sector with same couplingn,

If Vs ~ Vocp» Vee — mass mixing non-negligible

Axions couple to both ES8s.

J . 9 .
<D —“+Zﬁ8i tr)FAF + —“—Zﬁﬁi tr,F A F
J. Ji Ja fi

a l l

Vis > Vocps Ve imposes (8;) = 0 for the iy — 1 axions, V,.imposes

n
(9.) ~ — Lo (9;), strong CP problem will be solved only by §_

h

15



Axion couplings - lli
J .. QCD axion

J.: coupled to hidden and visible

+ AXlon masses: Yoco /Vgg' Vis gauge sector with same couplingn,

No gaugino condensation: G s.t. E8— U(1)"
NB to stabilize the dilaton we need Kihler stabilization

Z D (%+ Z%&) tri A F + (;’ia 2%89 t,FAF

a ] a { l

Axion couple to both E8s. V will force h;; axion vevs (9.) = 0.

The strong CP problem will automatically be solved only by §,

16



4D Gauge group

Embed vector bundle Vin the hidden E8 = G xH

Check number ofanomalous U(1)s in H: m axions will be eaten — /1, — m axions left

J - J -
Lo —- Zﬁ&- tryFAF+ | — Zﬁﬁi tr,F AF
Ja Ji Ja Ji

l l

1, = J B A (ulm FoLuR A E) _ J B A <c2<v1> _ lcz(m)
CcY 2 CY 2

Take X CY defined via complete intersection in some toric variety with /4, Kihler par.

Compute ¢, viacohomology of the bundle monad

What is the axion coupled to? 4D dark gauge sector
Check axion-photon coupling, constraint dark axion couplings.
GW? DM?

17



Conclusions

Dark string theory axiverse general for all string theories
Probing it would give us info on ST and compactification
For now studied mainly in type lIB

What about Heterotic?

Compactifyona CY.Axions 8, i = 1,...,h;; MD + 8, universal

Axion masses from ED1 world sheet instantons + 4D gauge instantons
Dark heterotic axiverse cannot be completely decoupled from visible sector

Correlated signals between dark sector and visible sector

18



Backup -Example |

K3 fibred over CP!

Bianchiidentity dH =trRAR —-ttFAF

J (trR AR — trF A F) = y(K3) —J
K3

trFAF=24—J trFEAF =0
K3

K3

Instanton number

= 24
N=ItrF/\FZO N+,

1

19



Backup -Example Il

Quintic CYCPY[5S]with W=V, +V,+ L, V, L€ G,

ZZZ-S =0 — hy, = 1, one divisor D=H, triple inters. n. I H’=5
i CY

c,(TX) = 10H?

n. = J g A (trlf/\ F — ltrfb\l?) = J B A (cz(Vz) — l(:2(TX))
CY 2 CY 2

Take e.g. bundle V, defined via

06| Lo®d63)S06(8) =0
X

N
c(v) = LODTOOO) _ L ospr (V) = 25H? — n = J B (20H2) = 100

c(O | )c((O(8)) cY

20



