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Peccei-Quinn, Wilzcek, Weinberg (1977), KSVZ (1979), DFSZ (1979) , ...

(2) String Theory: axions are ubiquitous

® C(losed String: dim. reduction of p-forms
see e.g. Svréek-Witten (2006), Conlon (2006), Cicoli-Goodsell-Ringwald (2012), ...
® Open String: D-brane d.o.f.

see e.g. Coriano et al (2008), Berenstein-Perkins (2012), ..., Ibifiez-Valenzuela (2014)

(3) Cosmology: large field inflation with || < 1

see e.g. review by Pajer-Peloso (2013), You (2014)
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1
Hy - Hy 0® — M—)Z2HU~Hd, with g ~ O(10°GeV) for () ~ O(10'1GeV)
PI

see also Baer and collaborators

(2) Rajagopal-Turner-Wilczek (1991): characteristics of axino cosmology

~ 11
Hy - Hy o® — kX Hy-Hy, With pregr ~ O(103GeV) for { <Z>H N%(lfoj)ev)

see also Coriano et al (2008), Honecker-W.S. (2013) Dreiner-Staub-Ubaldi (2014)
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A D-Brane realisation of SUSY DFSZ axions (1)

® Type Il on CY3/QR with intersecting or magnetized D-branes

~ N =1 SUSY gauge theory with U(N) ~ SU(N) x U(1)

~> Global anomalous U(1)pq as a consequence of Green-Schwarz mechanism
Blumenhagen-Cveti¢-Langacker-Shiu ('05); Blumenhagen-Kors-Liist-Stieberger ('06); Ibafiez-Uranga ('12); + other reviews

® Chiral spectrum of D6-brane model (example on T9/Zg from Honecker-Ott [0404055],

Honecker-W.S. [1312.4517])

[ Matter [ Sector [[ UB)ax UR), x UM)e x U(L)g [ Qb [ Qv |
QL ab’ 3(3,2)(0,0) 1 %
dr ac 3 (3, 1)(1’0) 0 3
ur ac’ 3 (3, 1)(_1,0) 0 7%
L bd 3(1,2)0._1) 1| -1
éer cd’ 3 (1, 1)(1,1) 0 1
e cd 3(1, 1)1 ol o
H be (1,2)(1.0) 1] 1
HP be (1,2)(1.0) -1 1
H(Sl) bc’ (175)(,1 0) -1 —%
H‘(f) bc’ (1,2)(71 0) 1 —%
51 bb! (1, Lanti) (0.0) 2 | o
5 bb! (1 L) 0.0) 2| 0

hypercharge:
QY - %Qa + %Qc + %Qd

U(1)p: chiral & anomalous

!
U(1)pq



A D-Brane realisation of SUSY DFSZ axions (I)

Honecker-W.S. [1312.4517]
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A D-Brane realisation of SUSY DFSZ axions (I)

Honecker-W.S. [1312.4517]

® Superpotential constrained by symmetries:
W= Hzlil +p1 X H((jl) ' Hl(lz) + p2 i1H§2) . HL(II) + unarks + W/eptons
Wasaris = £57 Q- HOUS + £ Q- 1V DY)
Wieptons = £ L0 . HOED 4 £0) 10 . (D yO
® Only Higgs-Sector + singlets:

V= Ve + V'@ (HD HD) 4 v (HD HD S0, 50) (4 Vior)

* vacuum configuration: U(1)gpy invariance + minimisation of D-terms
0 Voq o V&1 i d
) =2 (0 )= P = Z5 () =P (e = e e = G

2
* tree—level masses for gauge bosons mj = M3, + a5, v2 + a3, V3, +2(] + )
g
’"21/1/ = 2 (v + Vd)

m; “V ~ S" ( \ \u )

2

} p= 5 — me tree 4 + massless v e~ U(1)gm
m< 5 cos® Oy

Z0



A D-Brane realisation of SUSY DFSZ axions (I11)

® 1 Closed string axion + 2 Open String axions
& : eaten by U(1), gauge boson (Stiickelberg mechanism)
(e, ) : orthogonal axionic directions

® Anomalous couplings to gluons (reduction of CS-action + anomaly):

1 « « -
Qco _ 1 2 v _ _
Lanom = 3272 |:ff¥1 + EJ Auy,e Tr(Guw G*Y), Av@),66 = 2Ngen = 6

with axion decay constants set by (vo,, vs,)

. 2 2 2 2 2 2 42 2 42
Mstring 951 Y51 + RERREN \/Mstring + (Vf’l 9oy + &y q[’l)

foq =
1 2 2 2 2 2 T2
(Mstring — Ceae(ve, 95, T 5, ‘7&1))

9o Yoy 2 2
01 o1

aZ,v3, +4
qb"l V(il



A D-Brane realisation of SUSY DFSZ axions (I1)

® 1 Closed string axion + 2 Open String axions
& : eaten by U(1), gauge boson (Stiickelberg mechanism)
(e, ) : orthogonal axionic directions

® Anomalous couplings to gluons (reduction of CS-action + anomaly):

1 « « -
Qco _ 1 2 v _ _
Lanom = 3272 |:ff¥1 + EJ Auy,e Tr(Guw G*Y), Av@),66 = 2Ngen = 6

with axion decay constants set by (vo,, vs,)

. 2 2 2 2 2 2 42 2 42
Mstring 951V, + RERREN \/Mstring + (V"I 9oy + &y q[’l)

fog = —
1 2 2 2 2 2 T2
(Mstring — Ceae(ve, 95, T 5, ‘7&1))

doyVoy

2
[ENZH 1Y 1 1

® Coupling to photons of type Loy = -F,WI:"“’ (~ Primakoff effect)

2 2 2 2
4Mstnng Ceryry (Voqu*v“ ‘7&1)

Co =
& 2 4mgms + myms + mymy v M2 —C GG( 2 2 12 g2
gojvy = 5 ajyy i ——————————— | » string 3 “1 017619
872 fo; 3 mgms + myms + mymy oy qf,1 +11v(71 qa1
model —dep. CO‘2’Y’Y = 2 2
é‘lqal

® For 1012 GeV< Mstring < 10%8 GeV and 10° GeV < vy, Ve, < 101! GeV

K foq ~ 10%0 Gev + Cay~yy ~ O(1): a1 = candidate for QCD axion
* 10° GeV < fo, < 10" GeV + ratio Cayryry /fay ~ 107° GeV ™1 is stable: ap = ALP



SUSY-breaking and BEH-sector

® Source for,SUS’V? Ferrara-Girardello-Nilles (1983), . ..

* gaugino condensate for hidden USp gauge group with characteristic scale (AX) = /\2
3 82y
~- non-pert. correction involving modulus U: W ~ AZe b 3
2 U e
*  Corresponding auxiliary field (FU> # 0 ~» order parameter for SU5Y" M},}g{: (F¥) ~ Mpianck
K Soft SUSY terms can be generated through gravity mediation with mg,q ~ O(m3 /3)

Kaplunovsky-Louis (1993), Brignole-Ibafiez-Mufioz (1997), . . .
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® Source for,SUS’Y? Ferrara-Girardello-Nilles (1983), . . .
* gaugino condensate for hidden USp gauge group with characteristic scale (AX) = /\2
. . . 3 — ﬁ U
~- non-pert. correction involving modulus U: W ~ AZe b 3
2 U A
* Corresponding auxiliary field (FU> # 0 ~» order parameter for SU5Y" MM: (F7) ~ MP,:,,Ck

K Soft SUSY terms can be generated through gravity mediation with mg,q ~ O(m3 /3)
Kaplunovsky-Louis (1993), Brignole-lbafiez-Mufioz (1997), . . .

® 2 £ scenarios depending on scales:
* Apg > MM
saxions expected to be stabilised SUSY, soft SUSY terms for Higgses to induce EW symmetry

breaking
*
Apq < M,

soft_SUSY terms for saxions and Higgses, but 3 hierarchy in soft terms explaining hierarchy
between Apg and Agy/?

® For both cases: SUSY triggers EW symmetry breaking
~> 13 massive Higgses: 3 C charged, 4 R neutral CP-even and 3 R neutral CP-odd




The Road Ahead

SUSY extensions of DFSZ axion models can be realised within (Type Il) String
Theory, but new questions arise:

® Consistency at low energy: mass spectrum for Higgses? structure of Yukawa
couplings?

® Stabilisation of saxions and Higges — connection between U(1)pg and SUSY?

® Subtle interplay between model building (hidden sector), soft SUSY breaking
and moduli stabilisation
~~ Other D-brane model building scenarios in Type IIB more suitable?

® (Cosmological implications of model:

& several candidates for DM (axion, ALP, axino, ALPino)

& constraints on (axion) energy density from inflation?
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An explicit model on T°/Zg x QR

Global 5-stack model:
U(3)a x U(2)p x USp(2)c x U(1)g x USp(2)e Honecker-Ott [0404055]

Chiral SM matter: 3 Q. +3 Ugr +3 Dr +3 L+ 3 Er + 3 Ng

)

Matter Sector U(3)a x U(2)p x U(1)e x U(1)g x U(1)e | Qp y
HP+HY | be 1, [(1,2)—100) + (1,2)100)] +1 | F1
2 2 a
HS )+H§) bc’ Lo [(1,2)(-1,0,0) + (1,2)(1,0,0)] F1| +3
Tic{0,1,2,3} bb’ (1 +3) (1, 1anti)(0,0,0) 2 0
2ic{0,1,2,3} bb’ (1m +3) (1, 15%)0,0,0) 2] 0

Displacement of c-brane = mass terms for Higgses and (X1, %>) (1)

d? d? d? i~
m2 — _bb’ m? . = be m2,. — __bc Cremades-lbafiez-
T 4n2a/2’ HY T an2q2’ HA T gar2427
o u,d o u.d T Marchesano (2002)

Higgses and (£o,3): preserve same N = 2 sector
~ terms X Hy - H, are forbidden in superpotential

Higgses and (Zl,il) + Adjoint A
~> quartic terms M%ZlHd - H, A appear in superpotential
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Pertubative n-point couplings

Couplings for the SUSY DFSZ model on T6/Za in L-R symmetric phase

p-problem?

string

K(By) ~ SUSY mass for X1, ¥1 =

Heff = Mt

(Bl):1> ~ 10° GeV =

Mstring

k(B1) ~ 10° — 10'2 GeV
Bl (10® —1073)
e

[ Coupling Sequence [ Enclosed Area | Parameters

2 1) o) 1 1 1 _ 1 —R2_7
I\/lstrlngBlA2 QL HQR gv2+ts3v3 fy=1f; ~Ole 8 2
2 2 2 v _ v
M2 BsAs QPHQE | [a, (w2b), b, c, (w?a)] tn+ilv 2=f2~0(e 6
2 3) yo® 1 1 3 _ (3 _L_ 9
MstrlngB2A1 QL HQR g2t gw fi=fj~O(e 8 6
w3
> 2 _3
MsmngBlDZ 1D R %\/2 + %‘@ fel _ fl} ~ofe—F—73
_2_ 3
Mg BsDs LAHR®) | [d, (w?b), b, c, (w2d)] tn+iv 2_f2vo(e” 87
2 3 3 1 3 3 _2_ 93
MstnngBQD1 LOHRE) V2 + gv3 o =f~Ole 8 6

s

-1 0 ~ 7y

stringHL) : H( )21 By [b,c, b, (w2b)] %Vl + %VQ pr ~Ole 2 8

-1 2 & _a_v

strmgHL(i) H{Y £1 By [b, ', b, (wb)] v+ in o ~ O e g

15,8 [b, (wh)', (wb)] 0 K~ O(1)
& 1 2 M2 = 2 1

W= kBTt + Bz HE B HY - HY + Wasarks + Wieptons

What is real nature

of p-problem in this model?




Pertubative n-point couplings
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The Potential (1)

The full scalar potential (Higgses and singlets):
U@
V=VE+Vp+ VD( Je + Visoft terms
2 2
Ve = |ag1+imH - HP| 4 [fon+ fiHP - HEY

+|fia|? (‘Hf)r + ‘Hc(yl)r) lo1]? + | fiz|? (

HM

2 2
+‘H§2)‘ )|&1\2:

8

2
&
£

Vp = (gf, +g22) (‘Hﬁl)r _ ‘Héz)r L ’HL(J2)‘2 B ‘H((il)r)z

2

2
(OUe) COLIED)
HIMHE +’Hu H

mt e
+‘Hd Hy

2
+

- 1)

@t @

t @ f
+’H£1) HY +‘Hf,2) HPL 4 |HPTHP)




The Potential (2)

2 2
u@ g 2) |2 1)|2 1)|2 2)|? -
VD(M:é((H},)] — |HP|" + D) - | R +2|a1|272|01|2)
2 22 2 22
Vsoft terms = mlz_,(l) HL(JI) + mi’(2) HL(I ) + mi/(l) H((jl)’ + ml2_,(2) H¢(1 )‘
u u d d

+m? |o1* + m3, |61
+ (c1 HY - HP oy + h.c.) + (QHff) CHWs, + h.c.)

—m}y 0181 — My 0157 + (miy HY - HY + heel) + (mHP - HP + he.)



U(1) & intersecting D6-branes

Blumenhagen-Cveti¢-Langacker-Shiu ('05); Blumenhagen-Kors-Liist-Stieberger ('06); Ibafiez-Uranga ('12); other reviews

e Type IlIA on CY3/QR with intersecting D6-branes
~ N =1 SUSY gauge theory with U(N) ~ SU(N) x U(1)

e Mixed Anomalies cancelled by virtue of generalized Green-Schwarz
mechanism

SU(Np) SU(N,)

u), _|_ u), _ 0
AN~ == -
SU(Ny) < SU(Ny)

e If U(1) acquires Stiickelberg mass by eating closed string axion
~» U(1) survives as perturbative global symmetry

" U(1)pg type symmetries arise naturally in this framework

Ibafiez-Quevedo (1999); Ibdfiez-Marchesano-Rabadan (2001);
Ghilencea-Ibafiez-Irges-Quevedo (2002); Antoniadis-Kiritsis-Rizos (2002);
Coriano-Irges-Kiritsis (2005); etc.



Integrating out heavy vector multiplets

Kuzmin-McKeon (2002), Kérs-Nath (2004), Brizi-GomezReino-Scrucca (2009)
® Attempt to simplify scalar potential — integrate out heavy vectormultiplet
[ UD)a U@

qa ab
—4a —qp

® Simpler model: Stiickelberg multiplet U + 2 chiral superfields ~ &;
&)

K = (Mstring Vo + U + UT)2 + & 28292V 0289 Vo 0 4 b 28292V e =269 Vs 0,
W= mdi:d,

® Eliminate V, through e.o.m. Oy K =0 «~ V} ~ _tuh + O( strlng)

Mstrmg
_ -2
= Ker = w_®]e26:9 Va0 4w, 0209 Vod, + O(Ming®?)
with wy = 14 2gpap <U+ uty + ;gbqb (U+ uty?
i string

® Upshot:

*  Renormalisation of superfields: ®1 — /w_®1, & — Jwid,

* W = 5010
* No D-term associated to U(1)p: Wq = D Do Vp >~ 0+ O(Msmng)



The axion decay constant (I)

(1) Closed String axion: C(3) > Z',f:lo akAgven

f
Sifk O - [ d%x dCig) A x10dC) g(aakf
1 .
SER > pe T [ d7E Coy ATHF AF) — ez Tr(Fu F™)
T
with axion decay constant f, ~ M;
(2) Open String axion: ¥ = % e'?+0(9)
U, vz
D5 = (9, +iga, Al SR — % (0a)

Chiral U(1)pq rotation in Path Integral — 73Tr(FWI-_“”)

with axion decay constant f, ~ v,



The axion decay constant (I1)

Here: 1 Closed string + 1 Open string axion

1 U1 2
£=3 (Buo+ MsAL )+

Stiickelberg mass term from GGS mechanism

2
. U@ _ Vo iajv,
(O + ’quA#( )b)U’ ) o= \7@6 2/

Focus on CP-odd

1 1
Lcpodd = 5(3p3)2 + 5(3u04)2 + (895 Vo 0"a + M, 0" o) AU

2.2 .2 2
g8q:vs M U(1), qUQ1
<+s> AU AU 1,

+ 2 2



The axion decay constant (I1)
Here: 1 + 1 Open string axion
1 u(1)s)? , U)oy -|?
[’_5(8“ +I\¥SAM ) +‘(0H+/gq[,Au )0) ,

Stiickelberg mass term from GGS mechanism

50(2) rotation: (a, a) — (¢, &)

1 2 1
Lcp—odd = 5 (6“( + mBAff(l)") + 5(8;@)2-

¢: longitudinal mode of gauge potential AV(1)s

&: axion with decay constant f;

Msg qo v Ms2 + (g qUVU)2
A(MzZ — (8 90v5)?)

f‘&:

Ms ~ 1016 GeV
10 GeV< v, < 101 GeV

= 10° GeV < f < 1012 GeV

Vo

2

eia/v,,



