
Introduction String Phenomenology

String Theory

10 (11 for M-theory)
dimensions

usually high degree of
SUSY

Standard Model
SU(3)c × SU(2)L × U(1)Y

??

arbitrary choice of background configurations, compactification data,
etc.

most regimes not accessible by computational tools (perturbative
expansions in string coupling, α′ corrections around exactly solvable
CFTs)

String Phenomenology

classify different setups in ST which lead to SM-like physics

within each setup, construct examples with low energy physics as
close as possible to SM
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Introducing new objects in String Theory D-branes

Dp-branes ≡ (p+1)-dimensional
subspaces on which open strings can
end Neumann

Dirichlet

closed sector −→ dynamics of the vacuum
open sector −→ dynamics of the object

p+1M

e.g. single type II Dp-brane in flat 10d, massless modes

U(1) gauge boson localized on the brane (enhanced to
U(N) with multiple branes and Chan-Paton indexes)

9-p real scalars + fermions = Goldstone
bosons/Goldstinos of translational invariance/SUSY
broken by D-brane

U(1)
U(1)

W
+

W−

RR charged, via
∫
Wp+1

Cp+1 (see anomaly cancellation)

Flat Dp-branes preserve 1/2 of the 32 supercharges of type II −→ BPS
state ⇒ charge-tension relation

Nicolò Piazzalunga (Univ. Padova) Intersecting brane models July 2, 2012 2 / 8



Introducing new objects in String Theory D-branes

Dp-branes ≡ (p+1)-dimensional
subspaces on which open strings can
end Neumann

Dirichlet

closed sector −→ dynamics of the vacuum

open sector −→ dynamics of the object

p+1M

e.g. single type II Dp-brane in flat 10d, massless modes

U(1) gauge boson localized on the brane (enhanced to
U(N) with multiple branes and Chan-Paton indexes)

9-p real scalars + fermions = Goldstone
bosons/Goldstinos of translational invariance/SUSY
broken by D-brane

U(1)
U(1)

W
+

W−

RR charged, via
∫
Wp+1

Cp+1 (see anomaly cancellation)

Flat Dp-branes preserve 1/2 of the 32 supercharges of type II −→ BPS
state ⇒ charge-tension relation

Nicolò Piazzalunga (Univ. Padova) Intersecting brane models July 2, 2012 2 / 8



Introducing new objects in String Theory D-branes

Dp-branes ≡ (p+1)-dimensional
subspaces on which open strings can
end Neumann

Dirichlet

closed sector −→ dynamics of the vacuum
open sector −→ dynamics of the object

p+1M

e.g. single type II Dp-brane in flat 10d, massless modes

U(1) gauge boson localized on the brane (enhanced to
U(N) with multiple branes and Chan-Paton indexes)

9-p real scalars + fermions = Goldstone
bosons/Goldstinos of translational invariance/SUSY
broken by D-brane

U(1)
U(1)

W
+

W−

RR charged, via
∫
Wp+1

Cp+1 (see anomaly cancellation)

Flat Dp-branes preserve 1/2 of the 32 supercharges of type II −→ BPS
state ⇒ charge-tension relation
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Brane-world idea

gravity in 10d M4 × X6

gauge interactions in a lower dimensional space
M4 × Σp−3 (Σp−3 = closed 3-cycle on X6)

Σ2

D3

0Σ

D5

Effective action schematically∫
d10x

M8
s

g2
s

R10d︸ ︷︷ ︸
bulk

+

∫
dp+1x

Mp−3
s

gs
F 2

(p+1)d︸ ︷︷ ︸
brane

then compactify and split VX6 = VΣV⊥ to obtain (note gYM ∼ V
−1/2
Σ )

M2
Plg

2
YM =

M11−p
s V⊥
gs

i.e. generate large Planck mass in 4d with low string scale, by increasing
V⊥ −→ hierarchy problem recast in geometrical terms
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Intersecting D-branes Basic case: p-p’ system of parallel branes

start with bosons; NN, ND, DN, DD −→ only ν = # (ND+DN)
matters (even number)

write Fourier expansions for Xµ(z , z̄) in the 4 cases (DN and ND
have half integer moding)

to get fermions supersymmetrize, and consider

δXµ = ε̄ψµ −→ R vs NS

zero-point NS energy: (8− ν)

(
− 1

24
− 1

48

)
+ ν

(
1

24
+

1

48

)
SUSY breaking condition

Qα + PQ̃α = Qα + P(P−1P ′)Q̃α

−→ write P−1P ′ = e iπ(J1+...+Jν/2), where each e iπJ has eigenvalues
±i −→ SUSY unbroken for v = multiple of 4
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Intersecting D-branes Branes at general angles

Consider 2 stacks of n1 and n2 D6-branes in flat 10d intersecting on a 4d
subspace. Look at open string sector:

6161 −→ U(n1) gauge bosons, 3 real adjoint scalars and fermion
superpartners propagating over 7d volume of the D61 brane

6262 −→ similar statement

6162 + 6261 −→ 4d chiral fermion transforming in the
(n1, n̄2) of U(n1)× U(n2) + scalar fields with masses depending on
the angles: Why is this the case? Consider
a)

M4 R2 R2 R2

D61

D61θ2

θ3
D61

θ1

D62

D62
D62

D62
D61

b)

for all θj = 0, ψi , i = 1, . . . , 8
GSO−→ 8C : too many components to be

chiral in 4d
for non zero angles, ψi , i = 1, . . . , 4

GSO−→ chiral fermion in 4d.
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Nicolò Piazzalunga (Univ. Padova) Intersecting brane models July 2, 2012 5 / 8



Intersecting D-branes Branes at general angles

Consider 2 stacks of n1 and n2 D6-branes in flat 10d intersecting on a 4d
subspace. Look at open string sector:

6161 −→ U(n1) gauge bosons, 3 real adjoint scalars and fermion
superpartners propagating over 7d volume of the D61 brane

6262 −→ similar statement

6162 + 6261 −→ 4d chiral fermion transforming in the
(n1, n̄2) of U(n1)× U(n2) + scalar fields with masses depending on
the angles: Why is this the case? Consider
a)

M4 R2 R2 R2

D61

D61θ2

θ3
D61

θ1

D62

D62
D62

D62
D61

b)

for all θj = 0, ψi , i = 1, . . . , 8
GSO−→ 8C : too many components to be

chiral in 4d

for non zero angles, ψi , i = 1, . . . , 4
GSO−→ chiral fermion in 4d.
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Toroidal models

Simple configuration T 6 = T 2 × T 2 × T 2,
with 3-cycles Πa factorized as products of
1-cycles and (nia,m

i
a) wrapping numbers in

horizontal and vertical directions:

(1,0)

T TT
2 2 2

(1,1)

(1,2)(1,−1)
(1,3)(1,−1)

{
intersection

number

}
= Iab =

3∏
i=1

(niam
i
b −mi

an
i
b)

−→ 3-homology class [Πa] of 3-cycles Πa ≈ vector of RR charges for the
D6-brane

[Πa] = ⊗3
i=1(nia[ai ] + mi

a[bi ])

Iab = [Πa] · [Πb]

Spectrum: given Na, [Πa], (nia,m
i
a), we have

6a6a −→ 4d U(Na) gauge bosons, 6 real adjoint scalars and 4 adjoint
Majorana fermions −→ 4d N = 4 SUSY vector multiplet

6a6b + 6b6a −→ Iab replicated chiral left-handed fermions in the
bi-fundamental (Na, N̄b)
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Anomaly cancellation and U(1) global symmetries

RR tadpole cancellation, cf. coupling∫
Wp+1

Cp+1, requires (see also Gauss law)

[Πtot ] =
∑
a

[Πa] = 0

RR

a) b)

RR

Also, RR tadpole cancellation =⇒ cancellation of 4d chiral anomalies.

Consider mixed case:

U(1)a

bSU(N   )

bSU(N   )
a) b)

U(1)a
bSU(N   )

bSU(N   )

U(1)a U(1)a
= m  A

2 2
µ

any U(1) gauge boson with gauge coupling B ∧ F gets massive:∫
D6

∑
p

Cp ∧ tr expF −→
∫
D6

∑
C5 ∧ tr F︸︷︷︸

only U(1)

KK−→
∫
M4

B2 ∧ tr F

Since B2
KK→ C5 → F6 → ∗F6 = F4 → C3

KK→ φ, such U(1)’s disappear as
gauge symmetries from low-energy effective theory, but remain as global
symmetries, unbroken at perturbative level
***Some linear combinations can remain massless, and be used to
construct e.g. hypercharge QY
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Conclusions + things to do

√
reproduce chiral 4d fermions + gravity at low energy

√
fermion-Higgs coupling from open string instantons −→ texture for

Yukawa couplings ∼ e−Area

H
L

Q
3

L
Q
2

L
Q
1

U3
U2

1USU(3)

SU(3)SU(3)

SU(2)

U(1)

(go to F-theory for
better results)

× simple models: they are non-SUSY and get some extra matter
content, due to RR tadpole cancellation condition −→ more advanced
models including orientifold planes

1

g2
YM,a

=
VΠaM

3
s

gs
no natural gauge coupling unification

× (big problem) lack of a measure in the space of possible states
(Na, [Πa], (nia,m

i
a) ) −→ arbitrary choice vs anthropic principle

Thank you for your attention!
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