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En attendant SUSY
Discovery of Brout-Englert-Higgs (BEH) boson (CP-even R scalar)

⇒ theoretical twilight between SM and MSSM, but no sign of SUSY

Focus also on CP-odd R scalars: e.g. axions

(1) axions: predicted to solve strong CP-problem of QCD

La =
1

2
∂µa∂

µa− 1

32π2

a(x)

fa
Tr(GµνG̃

µν)

Non-perturbative effects break shift a(x)→ a(x) + ε ⇒ ma ∼ 1
fa

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

(2) String Theory: axions are ubiquitous

• Closed String: dim. reduction of p-forms

see e.g. Svrček-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), . . . , Ibáñez-Valenzuela (2014)

(3) Cosmology: large field inflation with |η| � 1
see e.g. review by Pajer-Peloso (2013), You (2014)
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SUSY versions of DFSZ axions
DFSZ: SM fermions + (Hu,Hd ) + σ charged under U(1)PQ

Dine-Fischler-Srednicki (1981), Zhitnitsky (1980)

VDFSZ(Hu ,Hd , σ) = λu(H†u Hu − v2
u )2 + λd (H†d Hd − v2

d )2 + λσ(σ∗σ − v2
σ)2

+(a H†u Hu + b H†d Hd )σ∗σ + c (Hu · Hd σ
2 + h.c.)

+d |Hu · Hd |2 + e |H†u Hd |2

SM singlet σ: σ =
“

vσ+ρ(x)√
2

”
e i a(x)/fa ⇒ 109 GeV < fa ∼ vσ < 1012 GeV

axion window
SUSY DFSZ versions: V = VF + VD + Vsoft

(1) Kim-Nilles (1984): solution to µ- and strong CP-problem

Hu · Hd σ
2 −→

1

MPl
Σ2Hu ·Hd , with µeff ∼ O(103GeV) for 〈Σ〉 ∼ O(1011GeV)

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

Hu · Hd σ
2 −→ κΣHu ·Hd , with µeff ∼ O(103GeV) for


〈Σ〉 ∼ O(1011GeV)
κ ∼ O(10−8)
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A D-Brane realisation of SUSY DFSZ axions (I)

• Type II on CY3/ΩR with intersecting or magnetized D-branes
; N = 1 SUSY gauge theory with U(N) ∼ SU(N)× U(1)
; Global anomalous U(1)PQ as a consequence of Green-Schwarz mechanism

Blumenhagen-Cvetič-Langacker-Shiu (’05); Blumenhagen-Körs-Lüst-Stieberger (’06); Ibañez-Uranga (’12); + other reviews

• Chiral spectrum of D6-brane model (example on T 6/Z6 from Honecker-Ott [0404055],

Honecker-W.S. [1312.4517])

Matter Sector U(3)a × U(2)b × U(1)c × U(1)d Qb QY

QL ab′ 3 (3, 2)(0,0) 1 1
6

d̄R ac 3 (3, 1)(1,0) 0 1
3

ūR ac ′ 3 (3, 1)(−1,0) 0 − 2
3

L bd 3 (1, 2)(0,−1) −1 − 1
2

ēR cd ′ 3 (1, 1)(1,1) 0 1
ν̄R cd 3 (1, 1)(−1,1) 0 0

H
(1)
u bc (1, 2)(1,0) 1 1

2

H
(2)
u bc (1, 2)(1,0) −1 1

2

H
(1)
d bc′ (1, 2)(−1,0) −1 − 1

2

H
(2)
d bc′ (1, 2)(−1,0) 1 − 1

2
Σ1 bb′ (1, 1Anti)(0,0) 2 0

Σ̃1 bb′ (1, 1Anti)(0,0) −2 0

hypercharge:
QY = 1

6
Qa + 1

2
Qc + 1

2
Qd

U(1)b: chiral & anomalous
↓

U(1)PQ



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

Honecker-W.S. [1312.4517]

• Superpotential constrained by symmetries:

W = κΣ1Σ̃1 + µ1 Σ1H
(1)
d · H(2)

u + µ2 Σ̃1H
(2)
d · H(1)

u +Wquarks +Wleptons

Wquarks = f
(i)

u Q
(i)
L · H

(2)
u U

(i)
R + f

(i)
d Q

(i)
L · H

(1)
d D

(i)
R

Wleptons = f
(i)

e L(i) · H(2)
d E

(i)
R + f

(i)
n L(i) · H(1)

u N
(i)
R

• Only Higgs-Sector + singlets:

V = VF + V
SU(2)b
D (H

(i)
u ,H

(i)
d ) + V

U(1)b
D (H

(i)
u ,H

(i)
d ,Σ1,Σ2) (+Vsoft)

? vacuum configuration: U(1)EM invariance + minimisation of D-terms

 〈H(1)
u 〉 = 1√

2

„
0

vu

«
= 〈H(2)

u 〉, 〈H(1)
d
〉 = 1√

2

„
vd
0

«
= 〈H(2)

d
〉, 〈σ1〉 =

vσ1√
2

e i φ1 , 〈σ̃1〉 =
vσ̃1√

2
e i φ̃1

? tree-level masses for gauge bosons m2
B = M2

string + q2
σ1

v2
σ1

+ q2
σ̃1

v2
σ̃1

+ 2(v2
d + v2

u )
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m2
W =

g2
2
2

(v2
u + v2

d )

m2
Z0 =

g2
Y +g2

2
2

“
v2

u + v2
d

” o
ρ ≡

m2
W

m2
Z0

cos2 θW

tree
= 1 + massless γ! U(1)EM



A D-Brane realisation of SUSY DFSZ axions (III)
• 1 Closed string axion + 2 Open String axions

; ξ : eaten by U(1)b gauge boson (Stückelberg mechanism)
(α1, α2) : orthogonal axionic directions

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

LQCD
anom =

1

32π2

»
α1

fα1

+
α2

fα2

–
AU(1)bGG Tr(Gµν G̃µν), AU(1)bGG = 2Ngen = 6

with axion decay constants set by (vσ1 , vσ̃1
)

fα1
=

Mstring

q
q2
σ1

v2
σ1

+ q2
σ̃1

v2
σ̃1

r
M2

string +
“

v2
σ1

q2
σ1

+ v2
σ̃1

q2
σ̃1

”
“

M2
string − CξGG (v2

σ1
q2
σ1

+ v2
σ̃1

q2
σ̃1

)
” , fα2

=

˛̨̨̨
˛ qσ1

vσ1

qσ̃1
vσ̃1

˛̨̨̨
˛ qq2

σ1
v2
σ1

+ q2
σ̃1

v2
σ̃1

• Coupling to photons of type Lαγγ = − gαiγγ

4
αi Fµν F̃µν ( Primakoff effect)

gαiγγ
=

e2

8π2fαi

0BBB@ Cαiγγ| {z }
model−dep.

−
2

3

4md ms + mu ms + mu md

md ms + mu ms + mu md

1CCCA ,
Cα1γγ

=
4M2

string−Cξγγ

„
v2
σ1

q2
σ1

+v2
σ̃1

q2
σ̃1

«
M2

string
−CξGG

„
v2
σ1

q2
σ1

+v2
σ̃1

q2
σ̃1

«
Cα2γγ

=
7v2
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q2
σ1

+11v2
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• For 1012 GeV< Mstring < 1018 GeV and 109 GeV < vσ1 , vσ̃1
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? fα1
∼ 1010 GeV + Cα1γγ

∼ O(1): α1 = candidate for QCD axion

? 109 GeV < fα2
< 1013 GeV + ratio Cα2γγ

/fα2
∼ 10−9 GeV−1 is stable: α2 = ALP



A D-Brane realisation of SUSY DFSZ axions (III)
• 1 Closed string axion + 2 Open String axions

; ξ : eaten by U(1)b gauge boson (Stückelberg mechanism)
(α1, α2) : orthogonal axionic directions

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

LQCD
anom =

1

32π2

»
α1

fα1

+
α2

fα2

–
AU(1)bGG Tr(Gµν G̃µν), AU(1)bGG = 2Ngen = 6

with axion decay constants set by (vσ1 , vσ̃1
)

fα1
=

Mstring

q
q2
σ1

v2
σ1

+ q2
σ̃1

v2
σ̃1

r
M2

string +
“

v2
σ1

q2
σ1

+ v2
σ̃1

q2
σ̃1

”
“

M2
string − CξGG (v2

σ1
q2
σ1

+ v2
σ̃1

q2
σ̃1

)
” , fα2

=

˛̨̨̨
˛ qσ1

vσ1

qσ̃1
vσ̃1

˛̨̨̨
˛ qq2

σ1
v2
σ1

+ q2
σ̃1

v2
σ̃1
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αi Fµν F̃µν ( Primakoff effect)
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=
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SUSY-breaking and BEH-sector

• Source for ���SUSY ? Ferrara-Girardello-Nilles (1983), . . .

? gaugino condensate for hidden USp gauge group with characteristic scale 〈λλ〉 = Λ3
c

; non-pert. correction involving modulus U: W ∼ Λ3
c e
− 8π2

b
U

? Corresponding auxiliary field 〈F U〉 6= 0 ; order parameter for��SUSY : M2

��SUSY
= 〈F U〉 ∼ Λ3

c
MPlanck

? Soft��SUSY terms can be generated through gravity mediation with msoft ∼ O(m3/2)

Kaplunovsky-Louis (1993), Brignole-Ibáñez-Muñoz (1997), . . .

• 2 6= scenarios depending on scales:
? ΛPQ > M

��SUSY

saxions expected to be stabilised SUSY, soft��SUSY terms for Higgses to induce EW symmetry

breaking
? ΛPQ < M

��SUSY

soft��SUSY terms for saxions and Higgses, but ∃ hierarchy in soft terms explaining hierarchy

between ΛPQ and ΛEW ?

• 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
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The Road Ahead

SUSY extensions of DFSZ axion models can be realised within (Type II) 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)PQ 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 6/Z6 × ΩR
Global 5-stack model:
U(3)a × U(2)b × USp(2)c × U(1)d × USp(2)e Honecker-Ott [0404055]

Chiral SM matter: 3 QL + 3 UR + 3 DR + 3 L + 3 ER + 3 NR

Matter Sector U(3)a × U(2)b × U(1)c × U(1)d × U(1)e Qb QY

H
(1)
u +H

(1)
d bc 1m [(1, 2)(−1,0,0) + (1, 2)(1,0,0)] ±1 ∓ 1

2

H
(2)
u +H

(2)
d bc ′ 1m [(1, 2)(−1,0,0) + (1, 2)(1,0,0)] ∓1 ± 1

2
Σi∈{0,1,2,3} bb′ (1m + 3) (1, 1Anti)(0,0,0) 2 0

Σ̃i∈{0,1,2,3} bb′ (1m + 3) (1, 1Anti)(0,0,0) −2 0

Displacement of c-brane ⇒ mass terms for Higgses and (Σ1,Σ2) (1m)

m2
Σ =

d2
bb′

4π2α′2
, m2

H
(1)
u,d

=
d2

bc

4π2α′2
, m2

H
(2)
u,d

=
d2

bc′

4π2α′2
, Cremades-Ibáñez-

Marchesano (2002)

Higgses and (Σ0, Σ̃0): preserve same N = 2 sector
; terms ΣHd · Hu are forbidden in superpotential

Higgses and (Σ1, Σ̃1) + Adjoint A
; quartic terms 1

Ms
Σ1Hd · Hu A appear in superpotential
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Pertubative n-point couplings

Couplings for the SUSY DFSZ model on T 6/Z6 in L-R symmetric phase

Coupling Sequence Enclosed Area Parameters

M−2
stringB1A2 Q

(1)
L

HQ
(1)
R

1
8

v2 + 1
2

v3 f 1
u = f 1

d ∼ O
„

e
− v2

8
− v3

2

«
M−2

stringB3A3 Q
(2)
L

HQ
(2)
R

[a, (ω2b)′, b′, c, (ω2a)] 1
8

v2 + 1
6

v3 f 2
u = f 2

d ∼ O
„

e
− v2

8
− v3

6

«
M−2

stringB2A1 Q
(3)
L

HQ
(3)
R

1
8

v2 + 1
6

v3 f 3
u = f 3

d ∼ O
„

e
− v2

8
− v3

6

«
M−2

stringB1D2 L(1)HR(1) 1
8

v2 + 1
2

v3 f 1
e = f 1

ν ∼ O
„

e
− v2

8
− v3

2

«
M−2

stringB3D3 L(2)HR(2) [d, (ω2b)′, b′, c, (ω2d)] 1
8

v2 + 1
6

v3 f 2
e = f 2

ν ∼ O
„

e
− v2

8
− v3

6

«
M−2

stringB2D1 L(3)HR(3) 1
8

v2 + 1
6

v3 f 3
e = f 3

ν ∼ O
„

e
− v2

8
− v3

6

«
M−1

stringH
(1)
d
· H

(2)
u Σ1 B1 [b, c, b′, (ω2b)] 1

2
v1 + 1

8
v2 µ1 ∼ O

„
e
− v1

2
− v2

8

«
M−1

stringH
(2)
d
· H

(1)
u Σ̃1 B1 [b, c′, b′, (ωb)] 1

2
v1 + 1

8
v2 µ2 ∼ O

„
e
− v1

2
− v2

8

«
Σ1Σ̃1B1 [b, (ωb)′, (ωb)] 0 κ ∼ O(1)

W = κ B1Σ1Σ̃1 +
µ1

Mstring

B1Σ1H
(1)
d
· H(2)

u +
µ2

Mstring

B1Σ̃1H
(2)
d
· H(1)

u +Wquarks +Wleptons

µ-problem?
κ〈B1〉 ∼ SUSY mass for Σ1, Σ̃1 ⇒ κ〈B1〉 ∼ 109 − 1012 GeV

µeff =
µ1

Mstring
〈B1Σ1〉 ∼ 103 GeV ⇒ µ1

κ
∼ (103 − 10−3)

What is real nature

of µ-problem in this model?



Pertubative n-point couplings



The Potential (1)
The full scalar potential (Higgses and singlets):

V = VF + VD + V
U(1)b

D + Vsoft terms

VF =
˛̨̨
κ̃σ̃1 + µ̃1H

(1)
d · H(2)

u

˛̨̨2
+
˛̨̨
κ̃σ1 + µ̃2H

(2)
d · H(1)

u

˛̨̨2
+|µ̃1|2

„˛̨̨
H

(2)
u

˛̨̨2
+
˛̨̨
H

(1)
d

˛̨̨2«
|σ1|2 + |µ̃2|2

„˛̨̨
H

(1)
u

˛̨̨2
+
˛̨̨
H

(2)
d

˛̨̨2«
|σ̃1|2,

VD =
(g2

Y + g2
2 )

8

„˛̨̨
H

(1)
u

˛̨̨2
−
˛̨̨
H

(2)
d

˛̨̨2
+
˛̨̨
H

(2)
u

˛̨̨2
−
˛̨̨
H

(1)
d

˛̨̨2«2

+
g2

2

2

 ˛̨̨̨
H

(1)
u

†
H

(2)
u

˛̨̨̨2
+

˛̨̨̨
H

(1)
d

†
H

(2)
d

˛̨̨̨2
+

˛̨̨̨
H

(1)
u

†
H

(1)
d

˛̨̨̨2
+

˛̨̨̨
H

(1)
u

†
H

(2)
d

˛̨̨̨2
+

˛̨̨̨
H

(2)
u

†
H

(1)
d

˛̨̨̨2
+

˛̨̨̨
H

(2)
u

†
H

(2)
d

˛̨̨̨2
−
˛̨̨
H

(1)
u

˛̨̨2 ˛̨̨
H

(2)
u

˛̨̨2
−
˛̨̨
H

(1)
d

˛̨̨2 ˛̨̨
H

(2)
d

˛̨̨2«



The Potential (2)

V
U(1)b
D =

g2
2

8

„˛̨̨
H

(2)
d

˛̨̨2
−
˛̨̨
H

(1)
d

˛̨̨2
+
˛̨̨
H

(1)
u

˛̨̨2
−
˛̨̨
H

(2)
u

˛̨̨2
+ 2|σ1|2 − 2|σ̃1|2

«2

Vsoft terms = m2

H
(1)
u

˛̨̨
H

(1)
u

˛̨̨2
+ m2

H
(2)
u

˛̨̨
H

(2)
u

˛̨̨2
+ m2

H
(1)
d

˛̨̨
H

(1)
d

˛̨̨2
+ m2

H
(2)
d

˛̨̨
H

(2)
d

˛̨̨2
+m2

σ1
|σ1|2 + m2

σ̃1
|σ̃1|2

+
“

c1H
(1)
d · H(2)

u σ1 + h.c.
”

+
“

c2H
(2)
d · H(1)

u σ̃1 + h.c.
”

−m2
12 σ1σ̃1 −m2

12 σ
∗
1 σ̃
∗
1 + (m2

11H
(1)
d · H(1)

u + h.c.) + (m2
22H

(2)
d · H(2)

u + h.c.)



U(1) & intersecting D6-branes
Blumenhagen-Cvetič-Langacker-Shiu (’05); Blumenhagen-Körs-Lüst-Stieberger (’06); Ibañez-Uranga (’12); other reviews

• Type IIA on CY3/ΩR with intersecting D6-branes
; N = 1 SUSY gauge theory with U(N) ∼ SU(N)× U(1)

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

+ = 0

• If U(1) acquires Stückelberg mass by eating closed string axion
; U(1) survives as perturbative global symmetry

� U(1)PQ type symmetries arise naturally in this framework

Ibáñez-Quevedo (1999); Ibáñez-Marchesano-Rabadán (2001);

Ghilencea-Ibáñez-Irges-Quevedo (2002); Antoniadis-Kiritsis-Rizos (2002);

Coriano-Irges-Kiritsis (2005); etc.



Integrating out heavy vector multiplets

Kuzmin-McKeon (2002), Körs-Nath (2004), Brizi-GomezReino-Scrucca (2009)

• Attempt to simplify scalar potential → integrate out heavy vectormultiplet

• Simpler model: Stückelberg multiplet U + 2 chiral superfields
U(1)a U(1)b

Φ1 qa qb
Φ2 −qa −qb

K = (Mstring Vb + U + U†)2 + Φ†1e2gaqaVa e2gbqbVb Φ1 + Φ†2e−2gaqaVa e−2gbqbVb Φ2

W = mΦ1Φ2

• Eliminate Vb through e.o.m. ∂V K = 0! Vb ' − (U+U†)
Mstring

+O(M−2
string)

⇒ Keff = ω−Φ†1e2gaqaVa Φ1 + ω+Φ†2e−2gaqaVa Φ2 +O(M−2
stringΦ4)

with ω± ≡ 1± 2gb qb
Mstring

〈U + U†〉 +
2g2

b q2
b

M2
string

〈U + U†〉2

• Upshot:

? Renormalisation of superfields: Φ1 →
√
ω−Φ1, Φ2 →

√
ω+Φ2

? Weff = m√
ω+ω−

Φ1Φ2

? No D-term associated to U(1)b : Wα = − 1
4

D
2

DαVb ' 0 +O(M−2
string)



The axion decay constant (I)

(1) Closed String axion: C(3) 3
∑h21

k=0 α
k Λeven

k

SRR
bulk ⊃ 1

2κ2
10

∫
d10x dC(3) ∧ ?10dC(3) −→ f 2

α

2
(∂αk )2

SRR
D6 ⊃ µ6

(2πα′)2

2

∫
Πa

d7ξ C(3) ∧ Tr(F ∧ F ) −→ 1

16π2
αk Tr(Fµν F̃

µν)

with axion decay constant fα ∼ Ms

(2) Open String axion: Σ = (vσ+r)√
2

e i a +O(θ)

|DµΣ|2 = |
(
∂µ + i g qσA

U(1)b
µ

)
Σ|2 −→ v2

σ

2
(∂a)2

Chiral U(1)PQ rotation in Path Integral −→ 1

16π2
aTr(Fµν F̃

µν)

with axion decay constant fa ∼ vσ



The axion decay constant (II)

Here: 1 Closed string + 1 Open string axion

L =
1

2

(
∂µα + MsA

U(1)b
µ

)2

+
∣∣∣(∂µ + i g qσA

U(1)b
µ )σ

∣∣∣2 , σ =
vσ√

2
e i a/vσ

Stückelberg mass term from GGS mechanism

↑

Focus on CP-odd

LCP−odd =
1

2
(∂µa)2 +

1

2
(∂µα)2 + (gqσvσ∂

µa + Ms∂
µα)AU(1)b

µ

+

(
g2q2

σv
2
σ

2
+

M2
s

2

)
AU(1)b
µ AU(1)b µ.

ζ: longitudinal mode of gauge potential AU(1)b

ξ: axion with decay constant fξ

fξ =
Msg qσvσ

√
M2

s + (g qσvσ)2

A (M2
s − (g qσvσ)2)

Ms ∼ 1016 GeV
1011 GeV< vσ < 1014 GeV

⇒ 109 GeV < fξ < 1012 GeV



The axion decay constant (II)

Here: 1 Closed string + 1 Open string axion

L =
1

2

(
∂µα + MsA

U(1)b
µ

)2

+
∣∣∣(∂µ + i g qσA

U(1)b
µ )σ

∣∣∣2 , σ =
vσ√

2
e i a/vσ

Stückelberg mass term from GGS mechanism

↑

SO(2) rotation: (α, a) −→ (ζ, ξ)

LCP−odd =
1

2

(
∂µζ + mBAU(1)b

µ

)2

+
1

2
(∂µξ)2.

ζ: longitudinal mode of gauge potential AU(1)b

ξ: axion with decay constant fξ

fξ =
Msg qσvσ

√
M2

s + (g qσvσ)2

A (M2
s − (g qσvσ)2)

Ms ∼ 1016 GeV
1011 GeV< vσ < 1014 GeV

⇒ 109 GeV < fξ < 1012 GeV


