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Plan

1. Anomalous magnetic moment of the muon

2. Physics of intersecting D-branes

3. Leptophilic extra U(1) boson and the muon g − 2

4. Light stringy states and the muon g − 2
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Anomalous magnetic moment of the muon

Landé g-factor

~µ = g
e

2m
~s,

γ, Z

γ(p)

l−(q2)l−(q1)

Figure 4

�
Figure 5

2

= −ie ū(q2)
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Form factors:
I F1(0)→ Electric charge
I F2(0) = g−2

2 → Anomalous magnetic moment
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Anomalous magnetic moment of the muon

I One-loop correction to F2: a ≡ g−2
2 = F2(0)
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Muon g-2 discrepancy

∆aµ ≡ aexp
µ − aSM

µ = (2.51± 0.59)× 10−9
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Intersecting D-brane physics

Single Dp-brane

• U(1) vector
• 9− p scalars R
• Non-chiral

fermions

N coincident Dp-
branes

• U(N) vectors
• N2(9− p) scalars R
• Non-chiral

fermions

Intersecting stacks 
of D6-branes

• Complex scalars
• Massless 4D

chiral fermion

I Stack of N coincident D-branes→ U(N) gauge symmetry
I Intersecting D-branes→ Chiral matter
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Gauge sector of the Standard Model

I Open string tied to a stack of N parallel D-branes
I Gauge group:

U(N) ' SU(N)× U(1)

M4 (our 4 dimensions)

Z5 Z7 Z9 

Z4 Z6 Z8 

✤ Consider N parallel D-branes and a string attached on them.

✤ Such string is a carrier of a force:                                           .

Open Strings & gauge groups

SU(3) ⇥ SU(2) ⇥ U(1)Y

U(N) ! SU(N) ⇥ U(1)

gluons

✤ Using multiple stacks we can realize the gauge group of the SM:

U(3)  →  SU(3) + U(1)3

an additional photon-like boson

Gauge bosons live in the worldvolume of parallel D-branes
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Gauge sector of the Standard Model

I Model with 4 stacks of (3,2,1,1) D-branes
I Gauge group:

U(3)c × U(2)w × U(1)× U(1)′ ⊃ SU(3)c × SU(2)w × U(1)Y

✤ We need 4 stacks of (3,2,1,1) D-branes for:                                             .

SU(3)×SU(2)×U(1)Y from open strings

M4 (our 4 dimensions)
Z4 Z6 Z8 

Z5 Z7 Z9 

SU(2) + U(1)2

U(1)

U(1)’

gluons

Α0,1,2

SU(3) + U(1)3

SU(3) ⇥ SU(2) ⇥ U(1)Y

✤ The hypercharge is a linear combination:                                                                   .

✤ Consequence: there are 3 extra abelian gauge fields.

Y = c3U(1)3 + c2U(1)2 + c1U(1) + c1U(1)’’

These U(1)’s are “anomalous”!
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I SU(3)c and SU(2)w
gauge bosons

I Hypercharge: linear
combination of the abelian
factors

U(1)Y =
4∑

i=1

ciU(1)i

I 3 extra abelian gauge fields: anomalous
→ Become massive through the Green-Schwarz mechanism
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In this talk: Leptophilic extra U(1) boson

First part of this talk:
Contributions to the muon g − 2 coming from the Kaluza-Klein

excitations of a leptophilic extra U(1) gauge boson
✤ We need 4 stacks of (3,2,1,1) D-branes for:                                             .

SU(3)×SU(2)×U(1)Y from open strings

M4 (our 4 dimensions)
Z4 Z6 Z8 

Z5 Z7 Z9 

SU(2) + U(1)2

U(1)

U(1)’

gluons

Α0,1,2

SU(3) + U(1)3

SU(3) ⇥ SU(2) ⇥ U(1)Y

✤ The hypercharge is a linear combination:                                                                   .

✤ Consequence: there are 3 extra abelian gauge fields.

Y = c3U(1)3 + c2U(1)2 + c1U(1) + c1U(1)’’

These U(1)’s are “anomalous”!
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Matter sector of the Standard Model

I Open string stretched between a stack of M and a stack of N
D-branes

→ Transforms in the bifundamental (N; M)+1,−1 of U(N)× U(M)

u
d

Z4 Z6 Z8 
M4 (our 4 dimensions)

Z5 Z7 Z9 

✤ Strings between D-branes transform in the bifundamental (M,N).

✤ Thus, between a stack of 3 and 2 branes stretches a (3, 2) string. Or the QL SM field!

Strings on intersections

QL

_

_

✤ With these simple rules, we can realize the SM in this D-brane world.

red/blue/green

QL

u
d

I Stacks of 3 and 2 branes
I (3; 2) particle in the

intersection
→ Left-handed quark doublet
QL of the SM
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Matter sector of the Standard Model

I Model with 4 stacks of (3,2,1,1) D-branes U(1)a

U(1)b

U(1)c
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✤ Matter content at string intersections.

Matter at angles

M4 (our 4 dimensions)
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✤ Therefore, SM matter fields live at intersections. However, they are not alone…
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SM matter particles live at intersections of D-branes
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Massive copies at intersections

I SM particles: lighest (massless) modes at each intersections
I Followed by tower of massive copies U(1)a

U(1)b

U(1)c
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✤ The Standard Model revised.

✤ At each intersection we have towers of states.

Consequences and predictions

M4 (our 4 dimensions)
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✤ Thus, each Standard Model matter particle (quarks, leptons, neutrinos) is followed by a 
whole tower of massive copies.

Masses
….

Z4 Z6 Z8 
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In this talk: Light scalar copies at intersections

Second part of this talk:
Contributions to the muon g − 2 coming from (light) scalar excitations

～

Towers of massive copies at intersections

M4 (our 4 dimensions)

Z5 Z7 Z9 

HH

Example:

‣ The “zero” mode H is massless: M2 = 0.

‣ The “first” H is massive: M2 = θM2.

‣ The “second” H is massive: M2 = 2θM2.

etc etc…

……HH～～ HH～～～～

θ

✤ Strings vibrate. The frequencies are not random. They are proportional to the angle θ.

✤ Each vibrating string is a massive copy of the same massless field.

～

～

Z4 Z6 Z8 

✤ Such towers of states appear at each intersection.

s

s
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Yukawa couplings

Anastasopoulos; Bianchi; Consoli; Fortsch. Phy. 65 (2017) [1609.09299]Yukawas of un-excited and excited fields

✤ Yukawas and relations

YQuH̃

YQuH
= 1

θH

Γ[π − θH]Γ[π − θQ]Γ[−θu]
Γ[θH]Γ[θQ]Γ[π + θu]

1/2 2AQuH

πα′ 

YQu ˜̃H
YQuH

= 1
2θH

Γ[π − θH]Γ[π − θQ]Γ[−θu]
Γ[θH]Γ[θQ]Γ[π + θu]

2AQuH

πα′ 
− 1

|YQuH | ∼ (
Γ[π − θH]Γ[π − θQ]Γ[−θu]

Γ[θH]Γ[θQ]Γ[π + θu] )
3/4 3

∏
I=1

exp (− AI
QuH

2πα′ )
M4 (our 4 dimensions)

Z5 Z7 Z9 

QLQL

HH
uRuR

Z4 Z6 Z8 

|YQuH | = gop(2π)−
3
4 (Γπ−θH ,π−θQ ,−θu )

3
4

3∏
i=1

e−
A(i)

QuH
2πα′

|YQuH̃ | =
1√
θH

√
2Γπ−θH ,π−θQ ,−θu AQuHM2

s /π |YQuH |

|Y
Qu ˜̃H
| =

√
2

πθH
Γπ−θH ,π−θQ ,−θu

(
AQuHM2

s − π/2
)
|YQuH |
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Part 1

Leptophilic extra U(1) boson and the muon g − 2

I L.A. Anchordoqui, I. Antoniadis, X. Huang, D. Lüst, FR and
T.R. Taylor,
Leptophilic U(1) Massive Vector Bosons from Large Extra
Dimensions: Reexamination of Constraints from LEP Data,
Phys. Lett. B 828 (2022) 137014 [2110.01247].

I I. Antoniadis and FR,
Minimal embedding of the Standard Model into intersecting
D-brane configurations with a bulk leptonic U(1),
Eur. Phys. J. C 82 (2022) 701 [2112.07587].
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Muon (g − 2) discrepancy from leptophilic Z
′

boson

Anchordoqui; Antoniadis; Huang; Lust; Taylor; PLB 820 (2021) 136585

I Gauge the lepton number U(1) symmetry
I Assume the associated gauge boson to propagate along at least

one extra dimension

Zero mode
Anomalous: gets a mass O(Ms) through the Green-Schwarz anomaly
cancellation mechanism
→ negligible contribution to the (g − 2)µ

Kaluza-Klein modes
• Couple only to leptons at tree level
• Evade the LHC bounds and can be sufficiently light
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Muon (g − 2) discrepancy from leptophilic Z
′

boson

Anchordoqui; Antoniadis; Huang; Lust; FR; Taylor; PLB 828 (2022) 137014

Bound from LEP data

γ(p)

l−(q2)l−(q1)

Figure 4

�
Figure 5

γ(p)

l−(q1) l−(q2)

Figure 6

Z
′

e−

e+ e+
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Figure 7

2

∣∣∣∣∣ 1
4π

∑
n

g2
L(n)

s −M2
n

∣∣∣∣∣ < B ∼ (10 TeV)−2

I M >>
√

s
∣∣
LEP ∼ 200 GeV

• LEP constraint: 1
4π

∑
n

g2
L

M2
n
< (10 TeV)−2

• δaµ =
∑

n
g2

L
12π2

m2
µ

M2
n

⇒ δaµ < 10−11 7

One needs at least one KK state with mass
M <<

√
s
∣∣
LEP ∼ 200 GeV
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Muon (g − 2) discrepancy from leptophilic Z
′

boson

Anchordoqui; Antoniadis; Huang; Lust; FR; Taylor; PLB 828 (2022) 137014

I Gauge coupling:

g2
L =

gs

V⊥
=

gs

(RMs)d =
1 extra dim

gs

RMs
= gs

M
Ms

I mµ � M � √s:

δaµ =
∑

n

g2
L

12π2

m2
µ

M2
n

=
1 extra dim

gsm2
µ

72MMs

∆aµ = δaµ ⇔ M Ms ∼ gs × 5× 104 GeV2

with Ms >∼ 10 TeV, gs <∼ 4π.
⇒ Highest compactification scale M ∼ 60 GeV

• Assumptions: mµ � M � √s X
• LEP bound:

∣∣∣∑n
g2

L
4π(s−n2M2)

∣∣∣ ∼ 10−2 TeV−2 X
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“D-brane basis” versus “Hypercharge basis”

I Consider 3 stacks of D-branes→ U(N1)× U(N2)× U(N3)

I “D-brane basis”: (B1
µ,B2

µ,B3
µ) ; “Hypercharge basis”: (Yµ,Aµ,A

′

µ)

I U(1) charges:

QY =
∑

ciQi , QA =
∑

aiQi , QA′ =
∑

a
′

i Qi

I Covariant derivatives:

Dµ = ∂µ − ig1Q1B1
µ − ig2Q2B2

µ − ig3Q3B3
µ

= ∂µ − igY QY Yµ − igAQAAµ − igA′ QA′ A
′

µ.

I Rotation matrix:Yµ
Aµ
A

′

µ

 =

c3
gY
g3

c2
gY
g2

c1
gY
g1

. . .

. . .

B1
µ

B2
µ

B3
µ

 .
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“D-brane basis” versus “Hypercharge basis”

I Orthogonality condition for R:
∑3

j=1R2
ij = 1,∀i = 1,2,3

1
g2

Y
=

c2
1

g2
1

+
c2

2

g2
2

+
c2

3

g2
3

I U(1) factor extended in the bulk:

g2
1 =

g2
1(D)

V⊥

I Large volume limit:

g2
Y ∼

g2
1(D)

c2
1V⊥

� 1

Any U(1) factor extended in the bulk should not contribute to the
hypercharge
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D-brane construction

Requirements
I U(1)L extended in the bulk
I U(1)L not participating to the hypercharge

Minimal configuration
I 5 stacks of D-branes
I Gauge group:

G = U(3)c × U(2)w × U(1)× U(1)
′ × U(1)L

= SU(3)c × SU(2)w × U(1)c × U(1)w × U(1)× U(1)
′ × U(1)L︸ ︷︷ ︸

Extended in the bulk
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Scale hierarchy

  

Electroweak Electroweak 
scalescalePlanck scalePlanck scale Gravitational Gravitational 

bulkbulk
L-bulkL-bulk

RR
GG

1010  GeVGeV-1-1

1010-15 -15 mm

RR
LL

MM
WW

-1-1

  1010-2-2  GeVGeV-1-1

1010-18-18 m m

String scaleString scale

MM
plpl

-1-1

  1010-15 -15 TeVTeV-1 -1 

1010-35-35 m m

MM
SS

-1-1

  1010-1 -1 TeVTeV-1 -1 

1010-20-20 m m
1010-2-2-10-10-1-1  GeVGeV-1-1

1010-18-18-10-10-17  -17  mm

Compactification scalesCompactification scales
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D-brane construction

I Hypercharge: qY = c3q3 + c2q2 + c1q1

I Lepton sector:

q3 q2 q1 q′1 qL qY

L 0 1 0 0 εL − 1
2

eC 0 0 1 0 −εL 1

→ Fixes c1 = 1 and c2 = − 1
2 .

I Quark sector:

q3 q2 q1 q′1 qL qY

Q 1 v 0 0 0 1
6

uC −1 0 x z 0 − 2
3

dC −1 0 y w 0 1
3

→ Fixes c3 = 1
6 + v

2

{
v = +1 : c3 = 2/3, x = 0, z = ±1, y = 1,w = 0
v = −1 : c3 = −1/3, x = −1, z = 0, y = 0,w = ±1
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Minimal D-brane configuration

U(3)
c

U(2)
w

U(1)

U(1)’

U(1)
L

Q

L

dc

uc

ec

H

H’

Q (3,2; 1,1,0,0,0)1/6

uC (3̄,1;−1,0,0, εu,0)−2/3

dC (3̄,1;−1,0,1,0,0)1/3

L (1,2; 0,1,0,0, εL)−1/2

eC (1,1; 0,0,1,0,−εL)1

H (1,2; 0,1,1,0,0)−1/2

H
′

(1,2; 0,−1,0,−εu,0)−1/2

qY =
2
3

q3 −
1
2

q2 + q1
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Anomaly analysis

I 2 anomaly-free U(1)’s in 4D:

• Hypercharge: qY = 2
3 q3 − 1

2 q2 + q1

• q = q3 − q2 + q1 + q
′

1 + qL → invisible from the SM particles

I 6D anomalies:

An anomaly-free U(1) in 4D is not necessarily massless

→ Impose additional model-dependent constraints to ensure that qY
remains massless in 4D

I Example of type IIA orientifold compactification with:

• D6-branes
• Orientifold O6-planes

→ Massless condition for qY X
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Other phenomenological applications

Two extra branes beyond the SM ones→ Additional fermions with
vanishing hypercharge

U(3)
c

U(2)
w

U(1)

U(1)’

U(1)
L

Q

L

dc

uc

ec

H
d

H
u

νR , χ

I Right-handed neutrino νR

I Dark Matter candidate χ
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Part 2

Light stringy states and the muon g − 2

I P. Anastasopoulos, E. Niederwieser and FR,
Light stringy states and the g − 2 of the muon, [2209.11152].

François RONDEAU | Intersecting D-brane models and the anomalous magnetic moment of the muon
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Scalar contribution to the muon g − 2

2 A generic scalar contribution to the muon (g − 2)µ

In order to study the implication and inference of the stringy excitations of the Higgs field,
we first consider the scalar contribution of a generic scalar field φ to the muon (g − 2)µ.

For this reason, we consider the QFT described by the Lagrangian density

L = LQED + LYukawa , (2.1)

with

LYukawa = 1
2 (∂µφ) (∂µφ) − m2

φ

2 φ2 − λψ̄φψ , (2.2)

where spinor QED for a muon ψ of mass mµ and charge Q = 1 is supplemented by a
real scalar field φ of mass mφ coupled to the fermion via a Yukawa interaction. From
the one-particle irreducible one-loop diagram contributing to the photon-fermion vertex
function iFµ (represented schematically in (2.4)) at order λ2 from LYukawa we can deduce
the corresponding mathematical expression. Thanks to the Gordon identity iFµ can be
decomposed according to

iFµ = −ieūs2 (q⃗2)
[
F1
(
p2
)
γµ + F2

(
p2
) iσµν

2m pν

]
us1 (q⃗1) , (2.3)

where σµν ≡ i
2 [γµ, γν ]. The normalization is chosen such that at tree level we have F1

(
p2) =

1 and F2
(
p2) = 0. As described, the Pauli form factor F2 evaluated at p2 = 0 gives the

so-called anomalous magnetic moment (AMM) aµ of the muon ψ. This yields a UV-
finite expression for F2

(
p2). Following the standard procedure, we can determine the

contribution δaµ to the AMM aµ due to the exchange of a virtual scalar particle of mass
mφ. The Feynman diagram for this case is given in Fig. 2.

ūl(q2)

ul(q1)

γ

p′

φ

p

k + q1

q

(2.4)

l+(q2)

l−(q1)

γ(p)φ (2.5)

– 5 –

→ δa` =
λ2
`m

2
`

8π2

∫ 1

0
dz

(1 + z)(1− z)

m2
` (1− z)2 + m2

ϕz

I Standard Model Higgs contribution:
mµ = 105 MeV,mh = 125 GeV, λµ ∼ 10−4 → δa(h)

µ ∼ 10−14 7

I Scalar field coupling only to the muon:
mϕ >∼ 2mµ

λµ <∼ 0.1

}
→ Significant contribution to the (g − 2)µ X

How can we get such light scalar state in intersecting D-brane
models?
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Intersecting D-branes framework

I Open string stretched between two stacks of intersecting
D-branes:

N

M

~~~ψ, ψ, ψ ...θ

Whole tower of states with
masses:

m2
n = nθ/πM2

s

I Light stringy states: θ << 1⇒ mn << Ms

I Upper bound for the intersection angle:
mh̃ = 250 MeV, Ms >∼ 10 TeV → θ/π <∼ 6× 10−10

François RONDEAU | Intersecting D-brane models and the anomalous magnetic moment of the muon
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Scalar contribution to the muon g − 2

I Yukawa coupling in terms of the scalar mass:

I Require λ̃µ <∼ λµ = 4
√

2× 10−4

Assume h̃ to give a significant contribution to the (g − 2)µ, but smaller
than the total discrepancy ∆aµ = 2.5× 10−9

Typically, consider δaµ = 2.5× 10−10
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Intersecting D-branes framework

I Internal space factorizable: T6 = T2
1 × T2

2 × T2
3

c

1φ , φ ,...0

1ψ , ψ ,...0

1 1
abθ

3
abθ

2
abθ

b

acc

b

a
9Z7Z

4M

5Z

8Z6Z4Z

a
b

χ , χ ,...0

I Assumptions:

• Lighest excitations of all SM particles: Higgs excitations
• θ1

ab << θ2
ab, θ

3
ab → Focus on the tower of massive states in the ab

intersection in the first 2-torus T2
1
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Intersecting D-branes framework

 

1g1g 1g1g

΄

΄

3f3f

abθ
1f

14πR 16πR0

2

a

bc

X
2πR

1X

2

12πR

2f2f

΄ ΄́΄΄΄

bcθ

caθ

1́f

a

b

c

a

b

c

I Yukawa coupling of the first excited mode:

|λ̃µ| = |λµ|
√

2Γ1−a1
ab,1−a1

bc ,−a1
ca

A(1)

φχIψJ M2
s /(πa1

ab)

• Γa,b,c ≡ Γ(a)Γ(b)Γ(c)
Γ(1−a)Γ(1−b)Γ(1−c)

• A(i)
φχIψJ = 1

2

∣∣∣ sinπai
bc sinπai

ca
sinπai

ab

∣∣∣ ∣∣fχIψJ ,i
∣∣2

• fχIψJ ,i = g i
I − f i

J
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Summary

I Fixed parameters:

mh̃ = 250 MeV, Ms = 10 TeV → a1
ab = 6× 10−10

I Contribution to the (g − 2)µ discrepancy:

δaµ = 2.5× 10−10 → λ̃µ = 2.5× 10−4

I Supersymmetric configuration:

a1
ab + a1

bc + a1
ca = 0→ Two independent angles

I Two free parameters: Length fχψ,1 and angle a1
bc

fχψ,1(a1
bc) =

λ̃µ
λµ

1
Ms

√
πa1

ab

Γ1−a1
ab,1−a1

bc ,a
1
ab+a1

bc

∣∣∣∣ sinπa1
ab

sinπa1
bc sinπ(a1

ab + a1
bc)

∣∣∣∣
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Parameter space

[. 
   

   
   

   
   

]

∀a1
bc ∈ [0,1], fχψ,1 ∼ 10−8 GeV−1 ∼ 10−21 mm

→ Lower bound for one size of T2
1

François RONDEAU | Intersecting D-brane models and the anomalous magnetic moment of the muon



33

Contribution from the second excited state

I Mass and Yukawa coupling for the second excited state ˜̃h:

m2
˜̃h

= 2a1
abM2

s ,

|˜̃λµ| =

√
2

πa1
ab
|λµ| Γ1−a1

ab,1−a1
bc ,−a1

ca

(
A(1)

ϕψ̄ψ
M2

s − π/2
)
.

I Regions where ˜̃λµ > λ̃µ → ˜̃h contributes more than h̃
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Contribution from the second excited state

I Fix a1
ab = 6× 10−10, a1

bc = 0.5, Ms = 10 TeV

Region of the parameter space

4.25× 10−12 MeV−1 <∼ fχψ,1 <∼ 1.1× 10−11 MeV−1
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D-brane construction

Call Hd : Higgs with ultra-light excitations

Requirements
I No tree-level coupling between the electron and Hd and the

quarks and Hd

I No other fields in the intersection where Hd lives

Minimal configuration
I 4 stacks of D-branes
I Gauge group:

G = U(3)c × U(2)w × U(1)× U(1)′

= SU(3)c × SU(2)w × U(1)c × U(1)w × U(1)× U(1)′
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Minimal D-brane configuration

U(3)
c

U(2)
w

U(1)

U(1)’

Q

L
μ

dc

uc

l
e,μ
c

H
u

H
d

L
e

Q (3,2; 1,1,0,0)1/6

uC (3̄,1;−1,0,−1,0)−2/3

dC (3̄,1;−1,0,0,1)1/3

Le (1,2; 0,1,−1,0)−1/2

Lµ (1,2; 0,−1,−1,0)−1/2

`C
e,µ (1,1; 0,0,1,1)1

Hd (1,2; 0,1,0,−1)−1/2

Hu (1,2; 0,1,1,0)1/2

qY =
1
6

q3 +
1
2

q1 +
1
2

q′1
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Conclusion and outlooks

Discrepancy in the muon g − 2 with:
• Extra U(1) gauge boson and large extra dimensions
• Light scalar stringy states

Results:
I Existence of some regions in the parameter space, compatible

with the experimental bounds, able to accommodate this
discrepancy

I Minimal D-brane configurations: 5 and 4 stacks of branes
respectively

Outlook:
I String theory embedding of our D-brane constructions
I Muon g − 2 as a hint for low string scale and large extra

dimensions scenarios?
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Other regions in the parameter space
Anchordoqui; Antoniadis; Huang; Lust; FR; Taylor; PLB 828 (2022) 137014

I M ∼ mµ: δa(2)
µ = αL

π
−9+2

√
3π

18

Total contribution:

δaµ =
gs

4π2
mµ

Ms

(
−9 + 2

√
3π

18
+

1
3

∑
n>1

1
n2

)

∆aµ = δaµ ⇔ Ms ∼ gs × 3× 102 TeV

⇒ gL =
√

gs
M
Ms
∼ 5× 10−4

• LEP bound:
∣∣∣∑n

g2
L

4π(s−n2M2)

∣∣∣ ∼ 10−4 TeV−2 X
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Other regions in the parameter space
Anchordoqui; Antoniadis; Huang; Lust; FR; Taylor; PLB 828 (2022) 137014

I M << mµ: δa(3)
µ = gs

8π2
mµ

Ms

Total contribution:

δaµ =
gs

8π2
mµ

Ms

1 + 2 · −9 + 2
√

3π
18

+
2
3

mµ

M1

∑
n=

mµ
M1

+2

1
n2


Example: mµ

M = 10⇒ δaµ ∼ gs
8π2

mµ

Ms

∆aµ = δaµ ⇔ Ms ∼ gs × 5× 102 TeV

⇒ gL =
√

gs
M
Ms
∼ 10−4

• LEP bound:
∣∣∣∑n

g2
L

4π(s−n2M2)

∣∣∣ ∼ 6× 10−4 TeV−2 X
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Type IIA orientifold compactification

I Basic elements:

• D6-branes
• Orientifold O6-planes

I Notation:

• i : stack of Ni D6-branes
• ĩ : its orientifold image

I D6i -branes: span 4D Minkowski space, wrap 3-cycles Πi in the
internal space X6

I [Πi ]: 3-homology class of the 3-cycle Πi

I Homological intersection number of the stacks i and j :
Iij = [Πi ] · [Πj ]
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Type IIA orientifold compactification

I Open string sectors:

• ij → Iij 4D chiral fermions in the (Ni,Nj) of U(Ni )× U(Nj )

• i j̃ → Ii j̃ 4D chiral fermions in the (Ni,Nj) of U(Ni )× U(Nj )

{Ni , Iij , Ii j̃} determine the massless chiral spectrum of the 4D theory

I Anomaly-free U(1):
qY =

∑
i

ciqi

Massless condition ∑
i 6=j

ciNi

(
Iji − Ij ĩ

)
= 0
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Type IIA orientifold compactification

I Minimal supersymmetric extension of the model with
qY = − 1

3 q3 − 1
2 q2 + q1:

q3 q2 q1 q′1 qL qY

Q 1 −1 0 0 0 1
6

uC −1 0 −1 0 0 − 2
3

dC −1 0 0 1 0 1
3

L 0 1 0 0 1 − 1
2

eC 0 0 1 0 −1 1
H̃u 0 1 1 0 0 1

2
H̃d 0 1 0 −1 0 − 1

2

I Intersection numbers:

I32 = 3, I31̃ = −3, I31′ = −3, I21̃L
= 3, I11L = 3, I21̃ = 1, I21′ = 1

I Massless conditions for j = {3,1L}X
I Massless conditions for j = {2,1,1′}: require I21̃ = 3 and I21′ = 3
→ Introduce extra Higgs doublets in the (2,1) and (2,1′)
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