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String Phenomenology

e The String Model-Building Program aims at a general study of possible
compactifications/constructions giving rise to a low-energy theory resembling
as much as possible the SM (or the MSSM) .

e Hope:

— If completely realistic models are found, this would provide a proof that

string theory may be a unified theory of all particles and interactions

— In our way we may identify general patterns (e.g. symmetries, extra
particle content etc.) which could be present in large classes of realistic

vacua.

— Get new ideas in adressing old problems like e.g. CP violation, fermion

masses an mixings, dark matter/energy,...

— Obtain, if possible, predictions which could be tested experimentally (e.qg.

\ SUSY-breaking MSSM soft terms, dark matter,..) /
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It is conceivable that only very few classes (if any) of compactifications will be
able to fit all experimental data. If that were the case, it would be also likely

that other new testable predictions could be derived from these.

This may be a formidable task but we believe we now have a much more

accurate view of the Flavor Landscape of semirealistic compactifications.

In addition there is now an extra motivation: With the advent of LHC we have

to explore whether experimental information can provide tests of string vacual.

As physicists we have to try and check what information on possible string

compactifications may be extracted from LHC data.

/
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The M-theory Landscape

e \Where is the SM

SO(32)
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The Chiral M-theory Landscape

e The deepest property of the SM is its chirality

e \We have to look for string vacua which are chiral in 4D.

M (G,)

1A (O6) Chiral D=4 Het

String Theory

1B (03,07) 1B (09, 05)

e There is a number of different ways for obtaining chiral string vacua in string

\ theory. They may be summarized in the five general classes in the figure. /
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Connections among chiral vacua

e Different dualities connect connect the different classes of vacua. So a given

vacuum may be sometimes studied in different limits.

Het- Hor/Wit S TypellB
on CY &< Orientifolds
N
T
1B Dp-branes TypellA
a , T Intersecting
singularities N D6-branes
U
\ /
NS5-Dp M-Theory
arrays on GZ -Hol.

CHIRALITY IN STRING COMPACTIFICATIONS

® |n these lectures we are going to concentrate on IIA and IIB orientifold vacua

\ with the SM living on Dp-branes /
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Some basic Dp-brane properties revisited

~

e They correspond to solitonic solutions of Type Il string theory. But for us they

will be mostly a subspace od ) = 10 where open strings may end and start:

D3-brane
D=4 Gravity

D=10

zero string—length = massless gauge b

e \We want those open strings to describe the SM so that [Jp branes must

contain Minkowski space

— Type IA: D4, D6, D8

\ - UB: D3, D5, D7, D9

/
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/o Dp-branes are charged under antisymmetric RR tensors with (p + 1) \
indices present in the massles spectrum of Il string theory.

e The overall RR charge in a given brane configuration has to cancel in a
compact space. This leads to constraints on vacua and also to anomaly

cancellation.

e D-branes contain the gauge and matter degrees of freedom. M of them in
flat space have U (M) gauge symmetry with N = 4 SUSY

N=4 SUSY

\o This is not chiral. In order to get chirality: /




L.E.

Ibafiez; D-BRANE MODEL BUILDING PART I, July 2008, PITP School, IAS Princeton

-

N

— Brane intersections \

— Magnetized branes

— Branes at singularities

There are also non-dynamical extended objets, orientifold Op-planes.
— Type IIA: O6
— Type IIB: O3, 05, 07, 09

They have negative tension and RR charge . They are generically needed to

obtain consistent Minkowski vacua— 1A and IIB orientifolds.
There is a Mirror Symmetry which exchanges IIA and IIB compactifications.

In simple cases it corresponds to T-duality. T-dualities in toroidal/orbifold

settings exchange Neumann and Dirichlet boundary conditions.

An odd number of T-dualities exchanges IIA and 1IB and the dimensionality of

Dp-branes changes accordingly /
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e |n order to obtain interesting classical string vacua:

[ Some basic rules for model building

One starts with Type Il theory compactified on a CY. (In many of our

examples we will consider tori or toroidal orbifolds).

One considers distributions of Dp-branes containing Minkowski space. If
they have N = 1 supersymmetry they will be perturbatively stable. The

branes wrapp or are located in specific regions of the CY.

Appropriate Op planes will also in general be required to cancel the

vacuum energy. This will require to have rather a CY orientifold.

The brane distribution is so chosen that the massless sector resembles as

much as possible the SM or the MSSM .

11
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Global versus local models

e One may consider two approaches:

— Global models. One insists in having a complete compact CY
compactification with e.g. RR tadpole cancellation, consitent at the global

level.

— Local models . One considers local sets of lower dimensional Dp-branes ,
p < 7 which are localized on some area of the CY and reproduce SM
physics. One does not then care about global aspects of the
compactification and assume that eventually the configuration may be

embedded inside a fully consistent global model.

e The latter is often called the bottom-up approach, since one first constructs

the local (bottom) model and eventually may embedd it inside a variety of

\ global models. /

12



L.E. Ib4fiez; D-BRANE MODEL BUILDING PART I, July 2008, PITP School, IAS Princeton

-

N

= N

S S

B O AARNRNNRN
S

(FA
e

e This bottom-up approach is not available in heterotic or Type | models since

the SM fields live in the bulk 6 dimensions of the CY.

other hand local configurations of Dp-branes may be more efficient in trying to

identify promising string vacua, independent of details of the global theory.

e In principle a globally consistent compactification is more satisfactory. On the

/

13
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Topics to be discussed

1) Introduction.

2) Type lIA orientifolds and intersecting D6-brane models.

3) Type IIB orientifolds and magnetized branes.

4) The effective action

5) D3-branes at singularities.

6) Superpotential interactions from stringy instantons.

7) Fluxes, SUSY-breaking soft terms, LHC.

14
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lI- TYPE IIA ORIENTIFOLDS AND INTERSECTING D6-BRANES

N
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Why intersecting branes?

They have a number of properties present in the SM :
[] Gauge group: Each stack of N branes carries a U (/N ) gauge theory.

[1 Chirality: Two intersecting branes present chiral fermions at their intersection,
transforming in bifundamental (N, M) or (N, M).
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[1 Family replication: Branes at angles wrapping a compact manifold may

intersect several times.

17
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Example of triplication

e
- A , "
/l !
1
2 b// b/ b !
T // /l // :
/ / 1
1
1
1
1
IS R S S S
/ 1
li li 1
1
1
/I !
! 1
! N
7

‘a’and ‘b’

e Consider a pair of D-branes wrapping a cycle on a 2-torus . The torus is

€

D-branes intersect at three poin

\o wrapping numbers (1., mgy) = (1,0) ; (ny, my) = (1, 3)

~

defined as 7% /A, with A generated by translations by the vectors {e, e} .

/

18
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e In Type Il we have only D4, D6, D8 which can contain M, inside. They can

e DG6-branes have positive tension. They contribute to vacuum energy and then

e Furthermore the Dp-branes are charged with respecto to RR antisymmetric

\ fields. Orientifolds contribute to cancel the RR charge . /

~

Why D6-branes?

wrap respectively 1-, 3- and 5-cycles in compact dimensions. But Calabi-Yau
compact spaces do not admit 1- or 5-cycles.: in IIA only D6-branes do the

trick. (see however later..)

Why orientifolds ?

it is not possible to get Minkowski vacua . In the presence of an 'orientifold

twist’ new contributions appear from ’orientifold planes’ O6 with negative

tension:

V.=Tps +Tos = 0 (1)

19
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[ Intersecting D6-branes in flat space

a 7 %o /
0
Ja NN
01 \;’i 7
7 . Db
a

X Xe X8

1 1
- E:_ (1 — |6,
— S T35 5 10;]) )

where

91 62,63.0 O)andr; =Z,7Z + 5 L for NS, R sectors respectively. GSO projection imposes

\Z m_odd /

20
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Chiral fermions

fermion state:

1 1 1 1
r+ry = (—5 +91,—§ +92,—§ +93,+§)

Indeed, for any value of the angles:

3 3

=1 1=1

® In the R sector, after GSO projection there is always one massless chiral

M} = %[(Z(—mwi)%ﬁ] ~5 () (6;-6:*) =0 @

21
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Scalars \

e There are three lightest (adjoint) scalars at each intersection with

(=14 61,02,03,0)
(917 —1 + 9279370)
(91,927 —1 +93a0)

(5)

e They have masses which depend on the angles (in string units):

M?Z = 1 (=19t + |92 + |93])
M3 = (|0 — [92] + |93])
M2 = (|0 + [92] — |93])

(6)

e For wide choices of angles scalars are non-tachyonic. For particular choices
there is a massless scalar, signaling the presence of N = 1 SUSY at that

K intersection (see later). /
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Intersecting brane worlds

To construct an specific model one compactifies type I1A down to four
dimensions on a Ricci-flat manifold CY. The theory has [N = 2
supersymmetry in D = 4

One further constructs an orientifold by modding the theory by (2R with (2=

worldsheet parity and R a Z5 antiholomorphic involution in the CY with
RJ =—Jand RQ3 = Q3 . Thetheoryhasnow N = 1in D = 4.

The submanifolds left invariant under the orientifold operation are orientifold
06 planes. They carry RR charge.

Sets of [)6-branes may be added filling M4 and wrapping a 3-cycle in the
CY.

In order for the configuration to be supersymmetric the 3-cycle the
D6-branes must wrap 'Special Lagrangian Submanifolds’ (SLAG’s). These

SLAG’s minimize the volume wrapped by the brane. /

23
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In physical terms this implies vanishing F- and D- terms in the effective
Lagrangian. Also D6-branes admit only flat gauge bundles in their

worldvolume (i.e. Wilson lines, no fluxes).

There are massless chiral fields at intersections of two branes D6, D6y with

multiplicity given by the intersection number of the 3-cycles [, = I1,.11;.

Unfortunatelly our knowledge of SLAG's in generic CY manifolds is very
limited. In our examples we will work with either tori or toroidal orbifolds (or

else with local configurations).

Even in this simple class of theories one can construct specific models with a

chiral content quite close to that of the SM.

/

24
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Setup: type IIA D6-branes filling M, and wrapping 3-cycles on 7. Assume a

[ D6-branes wrapping at angles in e ]

factorized torus and 3-cycles:

T6 =T2 x T? x T? ; 3-cycle = 1-cycle X 1-cycle X 1-cycle

1 3

X X

X8

~

N\ [T = (kb x (2, m2) x (03, m03) 5 (kymicoprime)

25
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Light spectrum

a

e D6,-D6,. Massless U (n,).

e 3 sets of adjoint scalars and fermionic partners. Their vevs parametrize the
position of the brane (real part) and a Wilson line along each 1-cycle

(imaginary part).

e There are orbifold orientifolds in which the branes wrap rigid 3-cycles and

N

these adjoints are absent. This would also be the generic case in a CY.

/

26
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e i=1,2,3 tori
ab

e D6,-D6;, + D6;-D6,,. Chiral fermions transforming in the (N, N})

representation. Their multiplicity given by
Intersection number: I, = I;b X Igb X Isb —
1,1 1.1 2,2 2,2 3,3 3,3
(namb o manb) (namb o manb) (namb o manb)

Note /,, = —1},. Opposite signs means opposite 1) = 4 chirality.

/

27
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Toroidal orientifolds

Orientifold: moding the theory by a discrete operation involving the
worldsheet parity operator 2, Q(7,0) = (7, —0).

The simplest orientifold is Type | theory

(7)

It is an orientifold of Type IIB theory with 1) 9-branes. The orientifold
projection breaks U (32) to SO(32).

More generally orientifolds involve a geometrical action R: (2R for lower
dimensional Dp-branes. R may be obtained from Type | by T-duality. (There
is also a (—1)* factor for technical reasons which we will ignore).

The submanifolds of the compact space left invariant by this action are called

‘orientifold planes’. /

28
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/o In our case case we will be interested in the orientifold:

T? x T? x T? ‘
OR (8)

with
R =R RmnRw) ; RupXi=—X,; (9)

e We will have invariant O6-planes.

e This may be obtained by making 3 simultaneous T-dualities along X5, X7,

X9 compact directions starting from Type I..

= /
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/o Each torus defined as T2/A, with A is a lattice generared by two complex \
numbers {eq, es }.

e Only 2 complex structures of T? are invariant, i.e., square and tilted tori:

X

2 X,
Ime -
Ime mey _ 450

S Ime,
ez/[
- > Xl
e

e Still Reey /Imes is arbitrary.

e Effective wrapping numbers for D6-branes:

\ (n®, mDeg = (n',m*) + 6D (0,n%) ; b =0,1/2 (1y

30
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/o For the setting to be orientifold invariant, for each D6-brane a, we must add D
mirror image a™ under QK.

Xs X Xq
a /
a
06 X 06 X L o6 X
\\ 4 6 \\\ 8
\\ a* \\\\
\\\ a* \\ a* \\\

e Then ()R action reduces to

D6 — branea +— D6 — branea’

(nf:m mZL) (nzm —’mg) (11)

\o There are 8 reflection invariant O6-planes at /

31
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(X5; X7; Xo) = (0,1/2;0,1/2;0,1/2) for the square tori. |.e. there is

an orientifold at the origin wrapping the 3-cycle :
Hog] = (1,0) x (1,0) x (1,0)
e |f some tori are tilted the invariant cycles are
o] = (1/51,0) x (1/62,0) x (1/55,0) ; B =1/(1 —b;) =1/2

e For D6-branes with geometric configuration invariant under R U (N ) is
projected out to SO(N') or Sp(IN'), depending on deltais of this projection.

- /

32
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e 6,06y and D6, D6y * sector: bifundamental fermion representations
Iab(Naaﬁb) + Iab* (Na, Nb)
b

New massless fermions in orientifolds

One get fermions in symmetric S, and antisymmetric A, of U(N)a:

1 1
na, = §(Iaa* —l,0(6)) 3 s, = §(Iaa* + Ia0(s))

N

(12)

33
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Tadpole cancellation conditions

® The D6-branes are charged under a RR 7-form (7). Orientifold O6-planes have charge = -4.
overall C(7) charge in a compact space should vanish:

ZNa[Ha] n ZNa[Ha*] — A[llog] = 0 (13)

e In terms of wrapping numbers one has (R leaves 2 X 2 X 2 = 8 fixed orientifold planes)

E Nonlin?n2 = 16 (14)
a

E Nanlm2m2 = o0

a

E Nomln?m? = 0

a

E Nymlm2n3 = 0

a

34
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e These conditions automatically guarantee anomaly cancellation. Indeed,

recalling that /,,;, = [I1,].[II;] and using tadpole cancellation (for the case

with 1,06 = 0 for simplicity):

M. (O NI + ) Ny[px] — 4[Ilog)) = (15)
b b
> Nyllap + Iaps] = #No —#N, = 0 (16)
b

l.e. same number of fundamentals and antifundamentals, which is just

non-Abelian anomaly cancellation.

35
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U(N)

[ U(1) anomalies and couplings ]
In general there are U(1) anomalies cancelled by a version of the GS mechanism
Y 5 5
B. =\ C C = RR-form
3-cycle
U(N,)
U(d), .
L —+
U(N,)
Cia BiAFa
d; r]i FbAFb
a g1 a Y,
Ci db + A b - 0 Bi <

36
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/o More precisely there are RR 2-forms B2, 1 = 0, 1,2, 3 a with couplings to\
U(l)s

3
Y No(mimimiBY + > nlinimiB)) AN, T#J#K a7)
a I=1

and their dual pseudoscalars 77[ with couplings to Abelian and non-Abelian
Fy N\ Fy

3
1..2,3 0 I, J, K I
b I=1
Both couplings combine to cancel the triangle anomalies.

e IfaU(1)is anomalous it is necessary massive, due to the B A F},

couplings:

\ €uvpoe B" (0P A7) = (0,m)A° = Higgs — like coupling /

37



L.E. Ib4fiez; D-BRANE MODEL BUILDING PART I, July 2008, PITP School, IAS Princeton

4 N

e But not the other way round: anomaly free U (1)’s may become massive!!

(e.g. U(l)B_L)

e ConditionforaU(1) = ) c,Q, (e.g. hypercharge!) to remain massless:

Z Nomim2m3ec, = 0 (19)
ZNangngméca = O0(foranyl #J # K) (20)

e In above orientifold models, there are 4 D = 4 RR fields involved, thus at

most 4 U (1)’s can gain mass this way.

e Even if the abelian gauge symmetry is lost, the U(l)’s remain as perturbative
global symmetries. This symmetries may however be broken by string

Instanton effects.

- /
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MODEL BUILDING WITH TOROIDAL lIA ORIENTIFOLDS
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Configuration of 4 stacks of branes:

[ Just the SM at intersecting branes ]

Minimal Structure of SM D-brane settings

stacka | Ng = SU(3) x U(1), | Baryonic brane
stackb | Ny, =2 | SU(2) x U(1), Left brane
stackc | Ne =1 U(1l)c Right brane
stackd | Ng=1 U(1l)g Leptonic brane

b- L?ft c-/?ight
gluon
/ JASER'N , u@)

a Baryonic A‘V
Q

[

d- Leptonic u(Q),

L u,D

u(2) U@

~

40
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# Generations = # Colours ?

Important constraint in any D-brane model with fermions in U (V)

bifundamentals (comes from RR-tadpole cancellation):

Number of N-plets = Number of N -plets of U (V)
This is true even for U (2) or U(1).

Impose Number of 2-plets = Number of 2-plets of U (2)
Left-handed SM fermions:
3@ =3(3,2) — 9 2-plets
3L =3(1,2) — 32-plets
— Minimal SM has ‘U(2) anomalies’

6 extra fermion SU (2) doublets needed to cancel anomalies.

e This is generic for any Dp-brane model with U (2), . (Also true for models

\ with branes at singularities).

41
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e Simple way to Cancel Anomalies :
2(3,2) +1(3,2) — 3net 2-plets
3(1,2) — 3net 2-plets

— U(2) anomalies cancel !

e this works only because # COLORS =# GENERATIONS

e But in the SUSY case this doesnot work because of the contribution of

Higgsinos to the U(2) anomalies. An alternative option is having

N

SU(2)r, = Sp(2), an option exploited in some SUSY models, see later.

42
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Quantum numbers of SM in intersecting brane models

| N

redefinitions):

Assuming all fermions come from bifundamentals and imposing # N -plets
=#]\7-p|ets leads to the following model independent unique structure (up to

| Intersection | Matter fields |

| Qo | Qp | Qc | Qa | Qv |

(ab) Qr, (3,2) 1 -1 0 0 1/6
(ab*) qr 2(3,2) 1 1 0 0 1/6
(ac) Ur 3(3,1) -1 0 1 0 -2/3
(ac*) Dpr 3(3,1) -1 0 -1 0 1/3
(bd*) L 3(1,2) 0 -1 0 -1 -1/2
(cd) Ngr 3(1,1) 0 0 1 -1 0

(cd*) ERr 3(1,1) 0 0 -1 -1 1

SUB) x SU2)x U(1)g x U(1)y x U(1)e x U(1)q

Where hypercharge is defined as:
Qy

(Orthogonal linear combinations will be massive, see later)

1 1 1
EQCL — 5@0 - §Qd

(21)
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Wrapping numbers (nz, mé) yielding the SM ]

Ni (nismg) | (ng,mi) | (nf,m7)
No=3 || (1/8%,0) (ng,eB%) | (1/p,—€/2)
Np = 2 (ng,eeBt) (1/52,0) (1, —3pé/2)
Ne=1 || (ng,3peB') | (1/8%,0) (0,1)
Ng =1 (1/8%,0) | (n2,e8%/p) | (1,3pé/2)

2 1

aanbanm

Table 1: D6-brane wrapping numbers giving rise to a SM spectrum. The general solutions
are parametrized by two phases €, ¢ = =1, the NS background on the first two tori ﬁi =

1 —b" = 1,1/2, four integers n n2 and a parameter p = 1,1/3.

~

/
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e Large family of models with the chiral fermion spectrum of a 3 generation SM.

e The 24 — 4th RR-tadpole conditions automatic. The first yield:

3n?2 2n; n?

e One can also add hidden sector D6-branes parallel to the O6 plane

Np(1/81,0)(1/82,0)(2,0) (23)

e Then one has more flexibility

3n? 2n; n2
YL + 5—26 ﬁ—f IN,B 3% = 16. (24)
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U(1) symmetries

| Intersection | Matter fields |

| Qo | Qp | Qc | Qu | Qv |

(ab) QL (3,2) 1 -1 0 0 1/6
(ab*) qr 2(3,2) 1 1 0 0 1/6
(ac) Ur 3(3,1) -1 0 1 0 -2/3
(ac*) Dpr 3(3,1) -1 0 -1 0 1/3
(bd*) L 3(1,2) 0 -1 0 -1 -1/2
(cd) Ngr 3(1,1) 0 0 1 -1 0

(cd*) Er 3(1,1) 0 0 -1 -1 1

SU(3) x SU(2) x U(1)a x U(1)y x U(1)e x U(1)g

) Qa =3B ;Qd =L ;Qc ZZIR

These known global symmetries of the SM are in fact gauge symmetries !!

e Two are anomaly-free :

— — Qg

3

Qe

B—-L

21

~

(25)
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with
Y =2(B-1L) — Ig

® Two have triangle anomalies:

?’Qa + Qd ) Qb

Anomalies are cancelled by a Generalized Green-Schwarz mechanism as discussed above.

e Only one U (1) remains massless:

1 3662 2 2
Qo = n:(Qa —3Qq) — 251 (n; 4+ 3pn5)Qc
It coincides with standard hypercharge if:
~12
1 _ €P 2 2
n, = ﬁ(na + 3pn3).

e U(1)p_1 getsamass (even though itis anomaly free ! )

[ — Just the SM group and 3 generations

N

(26)

(27)
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EXAMPLE || (nj,m;) | (nf,m3) | (n},m?)
N, =3 (1,0) (1,1) | (3,-1/2)
Ny =2 (1,1) (1,0) | (1,-1/2)
Ne=1 (—1,1) (1,0) (0,1)

Ng=1 (1,0) (1,3) (1,1/2)

Ly = ()X (=1)x(=3/241/2) = 1qr; Lape = (—D)x(—1)x(3/241/2) = 2Q;

Toe = (1) X (=1) X (3) = —3Up; Iyor = (—1) x (—=1) x (=3) = —3 Dp
Igpy = (1 X (—3) X (—1) =3L; Iz =0
Ige = (1) X (=3) X (1) = =3 Npg; lgex = (=1) x (=3) x (=1) = =3 ER

= /
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/o RR-tadpole cancellations:

Z n}n?n? = 94+ 2+ 1+ Nyidden = 16

1=a,b,c,d

(1,0)(1,0)(2,0). This leads to no new extra matter.

e Couplings of U(1)’s to RR fields: Recalling the couplings

I=1

one finds in our case

By A (2F))
B3 A (9F, + 3F,)
\ By N((=3/2)F, — F, — F. + (1/2)Fy)

They cancel if we add two branes along the orientifold plane at the origin with

3
ZNa(mémimiBg + Zn?ngmeBg) ANF, , I#J#K (29)

~

(28)

/
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(no coupling to Bg since mmm = 0).

e This means that the linear combinations of U (1)’s which get a mass are

Qo = Y Qi (30)

i1=a,b,c,d
with (cq, ¢p, Ce, cq) = (0,1,0,0),(3,0,0,1), (=3/2,—1,—-1,1/2).

e The orthogonal combination (1,0,-3,-3) is hypercharge, the only U (1) which

remains massless:

oF (31)

N |

Qc_

DO | —

Qa_

| =

Qy =

- /
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o Bg (or its dual V) remain massless, do not combine with any U(1) since

1,,2,,3 _
m,m;m; = 0 for all branes.

e From the general couplings

3
Z(n%n%n‘gno + anmg]mfnl) A Fy A Fy (32)
b =1

one has couplings

" BE,NF, + F, ANFy + Fy A\ Fy) (33)

° 770 has axionic couplings to QCD which could solve the strong CP problem.

- /
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Baryon number is a gauge symmetry. So the proton is automatically stable.

Baryon and lepton number violation

(Baryogenesis should take place non-perturbatively).

This could be good news for proton stability for models with 1 TeV string scale.

Lepton number is also a gauge symmetry. Only Dirac masses exist at the

perturbative level.

Majorana neutrino masses may appear at the non-perturbative level (see

later).

~

/
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Gauge coupling constants

SU(3) x SU(2)x U(1)g xU(1)y x U(1)e x U(1)4

e Gauge couplings are not unified :

1 M} .
= = Gryy VOl i = abed @

Vol(IT;) being the volume each D6-brane is wrapping.

e Thus, e.g., SU(3) interactions are stronger than SU (2) because ‘baryonic’

branes wrap less volume than ‘left’ branes

2 géCD.z_ﬁ.l_l 1

9o = +

6 '~ 4’£_3Ggg+4gg 492

e [n this class of models there is sufficient freedom to accomodate observed

\ couplings (not so easy in SUSY examples). /

(35)
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[1 Brane separation = Adjoint Higgsing Does not lower the rank.
N Dp-branes

~

Higgs mechanism and brane recombination ]

—>

UN) ——= U(N-1)xU(1)

e, U(4)ps — U(3) x U(1)

[1 Brane recombination lowers the rank. Happens when a a bifundamental

scalar gets a vev. This may happen varying the angles through the complex

\ structure. /
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C b f
cHb=f_ \/
H - HxO
N
U(l)CxU(2)b U(1),

In SM the rank is lowered — brane recombination of the branes b and ¢(c¢*) at

which intersection the Higgs scalars lie.

e In this class of models SM Higgs fields come from b-c intersections once one

IS on top of each other is second plane:

- /
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N; (n},m}) (n?,m?) (n3, m?)

7

No=2 || (n},e8') | (1/6%,0) | (1,~3p%/2)

Ne=1 || (ng,3peB') | (1/8%,0) (0,1)

There are two varieties depending on U (1); charge:

Higgs | @b | Qc Y

h 1 -1 1/2

H -1 -1 1/2

nn = B'Ine +3pny | nu = Brlng — 3pn;]

(36)

\o Previous example has ny, = 2, ng = 0. (Many examples with only one). /
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TeV-Scale Z' Bosons from D-branes ?

It could so happen that the string scale could be close to 1TeV. Then KK and

string excitations could be produced ?. But also extra Z’s with masses from

the GS mechanism.

e There is quite a generic structure of extra U (1)’s. They are NOT of Ej type:

(B—L);Igr; BB+ L); Qs

o If M/, oc 1 — 10 TeV, could perhaps be tested at LHC.

e Extra Z’s get masses by combining with RR string fields Bt .

N

2D. Ghilencea,L.E.I.,N.Irges,F.Quevedo, hep-ph/0205083.
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ANNANN D
| / g\b/\/\/\
CiBiAFa CiB/i\Fb
M, =% Y
ab n ga CICI string

e Thereis a4 X 4 mass matrix for the U(1)’s

e Four Eigenvalues = (0, M5, M3, M, ). One finds typically at least one of
them M35 < %Mstring

e There are then three massive Z's mix with SM Z° . One can put constraints

on M; from the p-parameter.

- /
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Scalars at D6-brane intersections

e i=1,2,3 tori
ab

There are three lightest scalars (“squarks/sleptons”) at each intersection with masses in string
units:

M} = 5(= [0 + [9?] +[9%])
M3 = 5(|9*] = [9%] + |9°]) (37)
M3 = 5191 +[9%] = |9°])

For wide ranges of parameters scalars are non-tachyonic

For particular choices of radi and wrappings nfl, mfz there is a massless scalar, signaling the
presence of N = 1 SUSY at THAT intersection

But fully NV = 1 SUSY toroidal brane configuration in which ALL intersections respect the same

supersymmetry is not possible (due to RR-tadpole cancellation). /

59



L.E. Ib4fiez; D-BRANE MODEL BUILDING PART I, July 2008, PITP School, IAS Princeton

4 N

N =1 SUSY MODELS

el

06 06 06

e For a system of D6-branes to preserve N = 1 SUSY, each brane should be
related to the O6 plane by a SU(3) rotation. This implies for all D6, branes

a

m; i 1
75 7 = (Im(ey))/Re(elM))

(0F +05 +05) =0 ; tgb, = —-
(38)

1

This means:

D t9(07) — ][ ta(07) = 0 (39)

\o Note that, for fixed nﬁb, mz, this condition depends on the geometric compley
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~

structure T7;, it is a dynamical condition.

When that happens one bifundamental scalar becomes massless at each
intersection providing for the N = 1 SUSY partners of the massless chiral

fermion.
A small deviation corresponds to turning on of a Fl-term.

It turns out that SUSY configurations of a,b,c,d branes necesarily have some
wrapping numbers contributing negatively to the nmm, mnm, mmn

RR-tadpole conditions.

We need new orientifold O6 planes contributing positively to 2% — 4"
RR-tadpole.

Precisely this happens in the simple 2R orientifold of the T6/Z2 X Zio
orbifold.

/

61



L.E. Ib4fiez; D-BRANE MODEL BUILDING PART I, July 2008, PITP School, IAS Princeton

-

[ N = 1 Type IA Z5 X Z5 orientifold ]

e The T6/ZZ x Zio orbifold is generated by the reflections

0 : (z1,22,23) — (—z1,—22,23)

w: (21,22,23) — (21,—22,—23)

with z; the 3 complexified coordinates in T6. We mode this theory under

OR <21,22,23) — (21722723)

e Now D6-branes have mirrors under (20, Qw, 20w, () R. 3 more sets of

orientifold planes appear

~

(40)

(41)

/
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nnn mmn
S X [—>—X+—> A | X X
QR QR6
nmim mnm
> X X X=X
N AN

QORw QROW

e There are 8 orientifold planes of each type. They wrap 3-cycles in the 6-torus:

(170)<170><170) ; (071><Oa_1)(170) (42)
(170)(071)(07_1) ; (07_1)(170)(071)

- /
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e The RR tadpole cancellation conditions are now modified (there are 8

orientifolds of each type).

> Nonbning = 16 %2, Nanim2mi = —166:6;
Z N, méngmg = —16618s >, Na mim2n3 = —16313;

e Now one can find SUSY brane configurations consistent with tadpole

conditions.

N
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[ D6-branes in Type IIA Z5 X Z5 orientifold ]

e Now D6-brane configurations must be consistent with both the Z5 X Z5 and

()R projections.

e The Zy X Z5 orbifold has 4 x 4 x 4 fixed points. One simple invariant
configurations is locating )6-branes passing through orbifold fixed points

(and adding the orientifold mirror D6, * branes):

= /
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D6. o—oe & O O @ 0]
d
G = g 6 o © C S
o)
d = ea —

)
X
O
o

QRa

e If we have a stack of 2N D6-branes passing through fixed points the

K projections give rise to a gauge group
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— @ projection

U2N)—U(N) x U(N) (43)

— W projection

UN)xU(N)—U(N) (44)

e Chiral fermions, given by [, essentialy unaffected by the Zo X Z5 twist.

Same rules as toroidal case apply in practice.

= /
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A MSSM-LIKE EXAMPLE

N; (n},m}) (n?,m?) (n?,m?)

Ny =6+ 2 (1,0) (3,1) (3,—1)
Ny = (0,1) (1,0) (0,—1)
Ne =2 (O, 1) (O, —1) (1, 0)

[V

\

\

a

U(3+1)D6 SU(2) D6

LA
i

Su(2) D6
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plane. The p-term is the distance of b,c branes in 1-st torus.

SU(S) X SU(Q)L X SU(Q)R X U(l)B_L X U(1)33_|_L
e |t contains 3 quark/lepon generations, one Higgs multiplet at intersections

e Itis supersymmetric if Us = Us, i.e. same angles on 2-nd and 3-d complex

e This model may be embedded into a RR-tadpole free N = 1 Zy X Z5 Type
IIA orientifold if appropriate hq, ho, ho D6-branes added :

No.o=2 I (=2,1) | (=3,1) | (=4,1)
No, =2 || (=2,1) | (=4,1) | (=3,1)
Np, =40 || (1,0 (1,0) (1,0)

The full spectrum is shown in the table....

~

(45)
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Sector SU(4) x SU(2)x Qa | Qn, | Qny Q'
xSU(2) x [USp(40)]
(ab) Fr, 3(4,2,1) 1 1/3
(ac) Fr 3(4,1,2) —1 —~1/3
(bc) H (1,2,2) 0 0 0 0
(ah)) 6(4,1,1) -1 ] -1 0 5/3
(ah2) 6(4,1,1) 1 0 —1 | —5/3
(bh1) 8(1,2,1) 0 -1 0 2
(bh2) 6(1,2,1) 0 0 -1 —2
(chi) 6(1,1,2) 0 -1 0 2
(ch2) 8(1,1,2) 0 0 -1 —2
(h1h)) 23(1,1,1) 0 -2 0 4
(hahl) 23(1,1,1) 0 0 -2 -4
(h1hl) 196(1,1,1) 0 1 1 0
(fh1) (1,1,1) x [40] 0 -1 0 2
(fh2) (1,1,1) x [40] 0 0 -1 -2
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/o There is asingle U (1) which remains massless after B A I’ couplings \
operate (in addition to U (1) 5_r):

U1y — %U(l)a 2T, — U1, (46)

e The singlets in the h; — ho* sector can get vevs along flat directions, U (1)’

is broken and the charged spectrum is reduced to:

Sector | Matter | SU(3+ 1) x SU(2) x SU(2) x [USp(40)] | Qo | Qn Q'
(ab) Fr, 3(4,2,1) 1 0 1/3
(ac) Fr 3(4,1,2) -1 0 -1/3
(bc) H (1,2,2) 0 0 0
(bh) 2(1,2,1) 0 1 2
(ch) 2(1,1,2) 0 -1 -2

e This spectrum is just a left-right version of the MSSM with a single Higgs and

\ some leptonic exotics which can become massive at the electroweak scale./
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e Itis remarkable how close to the content of the MSSM one can get with such

a simple brane configuration. We will compute the Yukawa couplings for this

model later.

e The model has no gauge unification. Has also extra massless adjoints. One

can construct models without adjoints in which D6-branes wrap rigid 3-cycles

a

Models based in other orientifold orbifolds (e.g. Zg °) have been constructed

with the low-energy spectrum of the MSSM.

4Blumenhagen,Cvetic, Marchesano,Shiu.
G.Honecker, T. Oftt, hep-th/0404055.

= /
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