Intersecting D-branes, Fluxes and
“"Realistic’’ Particle Physics

|. Supersymmetric Standard Model constructions w/ D-branes

Recent progress w/ systematic constructions: w/ |. Papadimitriou 03
w/ T. Liand T. Liu, hep-th/0403061
w/ P. Langacker, T. Li,and T. L.iu, hep-th/0407178

1. D-branes and Fluxes (moduli stabilization)
Standard-like Models with 3 & 4-chiral families & up-to 3-units of flux

w/ T. Liu hep-th/0409032; w/ T. Liand T. Liu, hep-th/0501041
Phenomenology of flux models w/P.Langacker,T.Liand T.Lliu, to appear

Pedagogical revicw
w/R. Blumenhagen,P.Langacker&G. Shiu, hep-th/0502005



Outline
e Constructions w/ intersecting D-branes:

Geometric origin of non-Abelian gauge symmetry&chirality
[Standard Model SU(3): x SU(2), x U(1)y &
3-families: Q, ~ (3, 2, ¥/¢) —quarks L~ (1, 2, -1) —leptons]

o Supersymmetric intersecting D-branes on orbifolds:

— explicit constructions of supersymmetric Standard Models
(spectrum, couplings)

— systematic constructions
e Moduli stabilization — Fluxes

— explicit examples of Standard Models w/ fluxes
e Conclusions/outlook



D-branes & non-Abelian gauge theory
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D-branes & non-Abelian gauge theory
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Compactification
D=10 » D=4

&
‘ N=1 supersymmetry
Xq- Calabi-Yau x M, 3y Minkowski

D p-branes — W= 1T, 3x M3y

Wrap — (p-3) cycles of X,

[T, 3N I, 5 Rich
structure

D g-branes
Wrap (g-3) cycles



Focus on D6-branes — Realistic Particle Physics
wrap 3-cycles I'l

In internal space intersect at points:
[I1.] ° [IL,] - topological number

[1,= I '®I1°®II3- Factorizable 3-cycles

0, 0, 05

e e

At each intersection — massless 4d fermion !

i . . Berkooz, Douglas & Leigh *96
Geometric origin of chirality!



Engineering of Standard Model

0

N_- D6-branes wrapping II,
N,- D6-branes wrapping 11, %
UN.) % U(N,) - i,
v ~( N, , N,) -[L]J°[L]-numbef of families
N.=3, N,=2, [IL]°[II]= 3
URB)e x U@2),
v ~ (3 , 2) - 3copiesof left-handed quarks

&
global consistency conditions & supersymmetry (later)

Building Blocks of the SLpersymmetric Standard Model



Toroidal/Orbifold compactifications
(calculation of spectrum w/ CFT-techniques)

T%/(Z\xZy,)
T6 = T2 ® T2 ® T2
[0,] [0,] [04]
o [a,] [a,] | [as]
(M= (1,1) (1,0) (1,-1)
[IL]= [I1,] ® [11,°] ® [IL]]

[Hai]:nai[ai: T mai[bi]
homology class
of 3-cycles

[Na’ nai’ mai:



Toroidal/Orbifold compactifications
TG/(ZNXZM) CFT-technique

T6 = T2 ® T2 R T2
[b,] [b,] [b;]

o [a,] [a,] | [a]
(M= (1,1) (1,0) (1,-1)

[[1,]= [I1,'] ® [I1.°] ® [I1,°]

oy IINaT mTb ]

of 3-cycles

[N, n,"m.] [Ny, ny m,T]

Intersection number: =[] © [ITy] = ITi3(n, my'- ng-m,)



Global Consistency Conditions

Cancellation of Ramond-Ramond (RR) Tadpoles
Blumenhagen, Gorlich, Kors & Lust *00

D6-brane — source for C(7)
eqg. for C(7) Gauss law for D6-charge conservation

N a [ 11,] = 0

Impossible to satisfy of CY spaces (" total’’tension~charge=0)
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Global Consistency Conditions

Cancellation of Ramond-Ramond (RR) Tadpoles
Blumenhagen, Gorlich, Kors & Lust *00

D6-brane — source for C(7) - RR potential
eqg. for C(7) Gauss law for D6-charge conservation*
Na ([M,] + [;]) = -4[g]
< Constraints on wrapping numbers

Impossible to satisfy of CY spaces (" total’’tension = charge = 0)
Orientifold plane - fixed planes w/ negative D6- charge




Global consistency conditions
for toroidal/orbifold compactifications

Z N, n,nin’ = 16
ZN nim:m’ = 16
ZN myngm, = 16
ZN m.min’ = 16



Spectrum on toroidal orientifolds

Sector Representation
ab + ba [, (O,.Os) fermions
ab’ 4+ b a [op (.. fermions

! ! § % - -
aa 4+ a'a %Hmr = :1—31".9,_{]) [T]  fernuons

%'::ffm' +=l;.fﬁ,,ca] H fermions




Angelantonj, Antoniadis,Dudas&Sagnotti’00
Non-Supersymmetric Standard-like Models (infinitely many)

Blumenhagen, Gorlich, Kors & Lust ’00-01
Aldazabal, Franco, Ibanez, Rabadan & Uranga *00-’01

Mestring ~ Mplanck large NS-NS tadpole
large radiative corrections

\4

Supersymmetric Standard-like Models (constrained)

w/ G. Shiu & A. Uranga ‘01



Supersymmetry (toroidal example)

R R®? (3)
- 2 Rg
rrjl1 Hg
R} h
v + 2 + O3 = 0

111 111 111
arctan (—)\']) + arctan (—1{[) + arctan (—;\']) =0 _
11 11 11 Réll'
Constraints on complex structure moduli- Ui  ~ Xi= RO
1

{62}y £0 U(N,)
{67y =0 Sp(N,)




.. .. w/G. Shiu & A. Uranga "01
Original Model (Z2 x Z2 orientifold)

SM x U(1) x Ul x Sp(2) x Sp(2) x Sp(4)

~ electroweak scale "~ Hidden Sector”’

+ 3-families beta-functions R <0

- 12 pairs of Higgs doublets Infrared strong dynamics:
- chiral exotics gaugino condensation:

(SM branes intersect w/hidden sector)  SUSY breaking,{S,Ui}- moduli stabilisation
w/P. Langacker and J. Wang ‘03
-3chiral superfields on each set of D-branes-
-brane moduli (due to non-rigid cycles)
[3-adjoints for U(N); 3-antisymmetric rep. for Sp(N)]
~ablessing™ and “acurse’

Brane splitting- Flat directions in moduli space
Gauge symmetry breaking

[c.f., work on rigid cycles: w/R.Blumenhagen,F.Marchesano&G.Shiu,hep-th/0502095]



Further Developments

(i) Systematic Construction - Z2 X Z2 orientifolds:

(a) More Standard-like Models (4)
SM x U(1)B-L-r X U(1)” x “Hidden Sector’’
Fewer exotics, 8-pairs of Higgs doublets w/l. Papadimitriou’03

(b) Systematic search for left-right symmetric models w/realistic features (11)
Only SM at electroweak scale; 2 models w/ only 2-Higgs doublets;
2-models with gaL=Qzr; w/T. Liand T. Liu hep-th/0403061

(c) Standard-like Models w/ electroweak Sp(2f). x Sp(2f)r sector (3)
Splitting of branes parallel w/ O6 planes;
f=4-family model w/no chiral exotics, gz.=g2r

w/P. Langacker, T. Li & T.Liu hep-th/0407178
(i1) Other orientifolds

(a) Zs-orientifold (1) - brane recombination Blumenhagen, Gorlich & Ott’03
(b) Za x Z2-orientifold (1) - brane recombination Honecker’03
(c) Zs-orientifold - just SM (1)-Yukawa couplings (?) Honecker & Ott 04



Further Developments

(i) Systematic Construction - Z2 X Z2 orientifolds:

(a) More Standard-like Models (4)
SM x U(1)B-L-1» X U(1)” x “Hidden Sector”’
Fewer exotics, 8-pairs of Higgs doublets w/l. Papadimitriou’03

(b) Systematic search for left-right symmetric models w/realistic features (11)
Only SM at electroweak scale; 2 models w/ only 2-Higgs doublets;
2-models with gaL=Qzr; w/T. Liand T. Liu hep-th/0403061

(c) Standard-like Models w/ electro-weak Sp(2f). x Sp(2f)r sector (3)
Splitting of branes parallel w/ O planes;
f=4-family model w/no chiral exotics, gz.=g2r

w/P. Langacker, T. Li &T.Liu hep-th/0407178

(i1) Other orientifolds

(a) Zs-orientifold (1) - brane recombination  Blumenhagen, Gorlich & Ott’03
(b) Za x Z2-orientifold (1)- brane recombination Honecker’03
(c) Zs-orientifold (1) -Yukawa couplings (?) Honecker & Ott 04



Building blocks of Pati-Salam Models

U(d)cx U2)L x U2)rR X &)(Zm) X Sp(2n2) X 2

3 (4 , 2 , 1)
at least two confining group factors
3 4 , 1 , 2) (SUSY breaking, moduli stabilisation)
Symmetry breaking:
SU(4)c x SU(2)Lx SUR)rR X [U(1)ecx U(1)L x U(1)R]
brane brane (anomalous, Mz’ ~ Mstring)
\ splitting | splitting

SUB)c x U(1)s-L U(1)Tsr
| |

l vector pair Dr= (4,1,2)  D-and F-flat Higgsing
DL=(4,2,1)  (brane recombination)

SU(3)c x SU(2)L x U(1)v
Just Standard Model!



Brane Splitting | | w/orientifold planes
[f-family SM from Sp(2f)L x Sp(2f)r electroweak sector]

Splitting of branes in VEV’s to
one, two, three =) one, two, three
toroidal direction (antisymm. rep.) moduli
ical SnfAlY ONE g, /oL .
Typical:Sp(4k) == Sp(2k) x Sp(2k) [Sp(4k+2) »Sp(2)xSp(4k)}

two ., .. not suitable, e.g., 3-families
— Sp(2k) ’

thee (k) |

f=4: U(4)c xSp(B)L x Sp(8)r —— U(@)c x U(2)Lx U(2)r

1 ( 4 , 8 , 1) ———4(4 , 2 1)

1 ( 4 1 , 8) ——4(4 , 1 , 2)
one —family four-families

f=2: U(4)c x Sp(4)L X Sp(4)R ——  U(4)c x Sp(2)L x Sp(2)r

1 ( 4 , 4 , 1) —— 204 , 2 , 1)

1 ( 4 , 1 , 4y — 2 (4 , 1 , 2)
one-family two-families

Chirality change due to splitting from orientifold singularity




Tahble 2:

Four-familv Standard Model

family Standard-like model.

[n the table.

Dio-brane L'H]l[i}_{lu'él[iH]]h and intersection numbers for the four-

Xi 1= the L':J]ll[ﬂ:*}: modulns for

the i—th torns, and 47 is the beta funetion for the i—th Sp group from the

1 —th stack of branes.

no inter-
section w/
hidden sector

no cniral
exotics!

1 [U(d) e = Sp(8)r, = Sp(8) glabserved = [U{4) = Sp(8) = Sp(8)|hidden
stack || N | (nh 1) = (2 02) = (02, 8) || nm .'.'|:| ble|d|d ]| 1|2
il & (1,0) = (1.1) = {1, 1) A 0 11 /—il L I BV
b 8 (0,1) = (1,0) = (0, 1) (] 0 (-A0 (0[O0 ]|0]0
¢ & (0,1 = (0, —1) = [1.0) () () - (ofo o]0
el & (0,10 = (1, —1) = (1, —1) i o /-1 -1-101f-1]1
1 & (1,00 = (1.0} = (1,0 Y2 =Yz =1
2 | & | (1.0)x (0. —1) % (D,1) =3 = 4
¢ N\
Sp(8). x Sp(8)r  1-Higgs (8,8), one-family confining "hidden sector
| brane splitting | brane splitting |}
UjZ)LXU(Z)R 16- Higgs (2,2), four-families

U(1). broken at electroweak scale



Three-family SM model w/Sp (2)L x Sp(2)r directly (Z2 x Z2 orientifold)

111

— — — — —
[L" (4) = SU(2), = SU(2) H]rjn.’:n#r--i-'rr-'zhfr: s [L'IIEJ s 5]’*'|.E'.|]|‘iérfrfr-ri

staclk

il
h

i

(1.0) = (1.3) = (1,
(0, 1) = (1.0} = (0,
(0, 1) = (0,

1y = (2.0)

el

2

2, 1) = (1,3) = (1.3)
(1,00 =/0,

X1 = 24xa/ (4

1) = (0.2) Xz = 23, 3 =

non-zero
Intersections
w/hidden sector
chiral exotics

wrapping nos. of SM-prgposed for toroidal orientifold (did not cancel RR-tadpoles)

Z2 X Z2 orientifold-all

Cremades, Ibanez & Marchesano’03
s for cancellation of RR-tadpoles

““hidden sector’’ unitary symmetry- necessary for RR-tadpole cancellation
*U(2)-no global discrete Witten anomaly (original U(1)-Witten anomaly)

w/ Langacker, Li &Liu hep-th/0407178

[one torus tilted: 2 Higgs (2,2), Yukawa couplings give mass to 2" and 3" family]



Moduli Stabilization

|. "Hidden sector’’ strong dynamics (3 < 0)- gaugino condensation

_ 1.2 3¢ 1.2 3 1.2 3 1.2 3
f, = n,n; n; K—A m, n; n; LT1—\H“1I1;1 n, Us — n, n;m; s
l dilaton complex structure moduli

gauge Kkin. function
Example of S, Ui-fixed, SUSY broken
w/Langacker&Wang’03

1. Supergravity Fluxes:

Type I1A- less understood; study of superpersymmetry conditions

examples of nearly Kahler spaces and chiral non-Abelian D-brane sector (no time!)
w/K. Behrndt hep-th/0308045, 0403049, 0407163

Type 11B- examples of SM with fluxes
Marchesano&Shiu hep-th/0408058,0409132
w/T.Liu/hep-th/0409032, w/T.Li&T.Liu, hep-th/0501041



Fluxes in Massive Type IIA w/Behrndt hep/0408178

Supersymmetry conditions for general fluxes (w/components in the internal space&
warped metric Ansatz):

dsf, = exp(Afy)) [d s1 4+ exp(B(y)) (hyy, dy™ dy“‘]]

Ad§4
(i) SU(3) structures: internal space nearly Kahler
unique solution w/ all fluxes turned on; warp factor and dilaton fixed;

Example: coset space [SU(3)]3/SU(2) ~ S x S3 allows for non-Abelian chiral
Intersecting D6-brane sector
(within M-theory c.f., Acharya,Denef, Hofman& Lambert’03)
H3- homology non-trivial,
{(1,0); (0,1); (-1,-1)}-Total homology 0!
Supersymmetric calibrated 3-cycles wrapped by D6-branes without orientifold planes!

U(N) x U(N) x U(N) & orbifolding of S3 x S8
Y~( N, N, 1)
v~ ( N, 1 , N)
Pr3a~( 1, N, N)



Fluxes in Massive Type IIA w/Behrndt hep/0408178

Supersymmetry conditions for geneal fluxes (w/components in the internal space &
Freund-Rubin Ansatz & warped metric Ansatz):

dsly = exp(A(y))|ds] + exp(B(y)) (hum dy™ dy™)]

AdS4 l
(i) SU(3) structures: internal space nearly Kahler
unique solution w/ all fluxes turned on; warp factor and dilaton fixed

Example: coset space $3 X S3- non-AbeIia;n chiral intersecting D6-brane sector
. (within M-theory c.f., Acharya,Denef, Hofman& Lambert’03)

v

Minkowski
(i) SU(2) structures: example of conformally flat internal space

A+IB=F(u+iv); 3 (u,v) & explicit fluxes; (u,v) —coordinates of an internal two-torus

Difficulties in accommodating orientifold/orbifold projection for D-brane sector



Type 1B theory &
[D1,D3,D5,D7-branes]

Fluxes better understood:

Gukov,Vafa&Witten’99
Sethi etal. .
Giddings, Kachru&Polchinski’01

Kachru, Kallosh,Linde&Trivedi’03

E.g.:specificflux: (G4 = Fy — 7Hs4

Fluxes

[ C(2n) — RR potentials]

supersymmetry conditions,
back-reaction due to fluxes,
potential for moduli etc.

rich phenomenologocal studies;
cosmology; landscape etc.

/
. \I\rS—NS—?;form

RR-3form dilaton/axion

Supersymmetry: self-dual, primitive (2,1) form

Four-dim superpotential: W ~ [ @ A G =

1 PI
\

complex structure moduli



Type HHA: Intersecting D6-branes

) . Ru:i:u R L
\ T-duality ( Ri RY )
Type IIB: Magnetized D9-branes Cascales&Uranga’03
Blumenhagen,Lust&Taylor’03
i i -1 . )
{Nél LY SHE 1 Ny } m. — F;i — '”-:i

l
a2 QW - T2 o
1

Q3, = N,n'n2n?,

(Q7:)a = NanimImE, i #4j#k
Flux: C;B’ - Eﬂ o THB’ N — : ?. / | (+ A Ei
! N

Aux — = : :
(dm2a)2 271

Contributes to QD3 charge

Quantisation conditions: Ngyw = n¢gN, ngeZ N, = 64

l

Specific to Z2x Z2 orbifold



Global consistency conditions
For toroidal/orbifold compactifications

Z N, n,nin’ = 16
ZN nim:m’ = 16
ZN myngm, = 16
ZN m.min’ = 16



D-branes & Fluxes (Type IIB)

Global consistency conditions

for toroidal/orbifold compactifications

% N, n,n:n
ZNanlQO
ZN m
ZN m

m

QI\DQ
S W 2 W 2w 2w

1
all
1
alll

Ql\.')

n

nm 'i[l — leﬁm

More Constrained !

16 -Nrux
16
16
16



Three-family SM model w/Sp (2)L x Sp(2)r directly (Z2 x Z2 orientifold)

111 [U(4)e x SU(2)r x SU(2) plobservable [L-"["E”J*f SP(8)| hidden
stack || N | (nt 1Y)« (02, 12) = (n®,1%) N ”H bl e |d|d |2
a || 8 | (1,0) % (1.3) % (1, -3) 0 o [3l3l0o]0]0 Non-zero
h 2 (0,1) = (1,0} = (0, —2] () O |-]0]-6]6/[0 Intersections
e 2 (0,1) = (0, —1) = (2.0] (0 O [-]-[-6]6 1[0 w/hidden sector-
d 1 (2, 1) % (1,3) = (1.3) Y1 = 24y3/ (4 — 9x2) Chiral exotics
2 8 (1.0] %n. 1) = (0.2) Xz =1xs, 93 = -5

wrapping nos. of SM-proposed for toroidal orientifold (did not cancel RR-tadpoles)
Cremades, Ibanez & Marchesano’03
Z2 x Z2 orientifold-allgws for cancellation of RR-tadpoles
““hidden sector’’ unitary symmetry- necessary for RR-tadpole cancellation
*U(2)-D9-brane w/ negative D3-charge contribution
w/ Langacker, Li & Liu hep-th/0407178



Three-family SM model w/Sp (2)L x Sp(2)R directly (Z2xZ:orientifold)

& Fluxes
11 [Ulr"‘ljf-' x SU(2) = SU(2) H]rjn.’:n#r--i-'rr-'zhfr: s [L'r[.-gm.'*f -Slufﬁj]hérfrir-ri
stack || N | (nt 1Y)« (02, 12) = (n®,1%) N ”H bl e |d|d |2
a | 8| (1,0)=(1.3)x(1,-3) o | o falalofolo Non-zero
h 2 (0,1) = (1,0} = (0, —2] () O |-]0]-6]6/[0 Intersections
e | 2| (0,1) % (0, 1) % (2.0) o | o |-|-|6|6]0 w/hidden sector
d 1 (2, 1) = (1,3) = (1.3) Y1 = 24y3/ (4 — 9x2) Chiral exotics
2 8 (1,0) =0, —1) = (0, 2) Xz =1xs, 93 = -5

wrapping nos. of SM-proposed for toroidal orientifold (did not cancel RR-tadpoles)
Cremades, Ibanez & Marchesano’03
Z2 x Z2 orientifold-allows for cancellation of RR-tadpoles
““hidden sector’’ unitary symmetry- necessary for RR-tadpole cancellation
%-D&brane w/ negative D3-charge contribution

w/ Langacker, Li & Liu hep-th/0407178
U(1) x U(1) nf=1 flux units Marchesano & Shiu, hep-th/0408058,0409132
[no untilted tori- 1 Higgs (2,2); Yukawa couplings give mass to 3 family only; chiral
exotics]



f-family Standard Model w/Sp(2f)L xSp(2f)r & ns-units of flux
w/T. Liu hep-th/0409032

TABLE VII: D-brane configurations and intersection mmmbers for the consistent f-family Standard-
like Models with np-units of quantized Hux. y; is the Kihler modulns for the it two-torus, .ff i=

the heta function for the Sp gronp from the ™ stack of branes. The allowed models have f = 2.1

with (1f Jmar = 2. 1. respectively.

-
[U(4d)e = Sp(2f)r = Sp(2f ks = [IF(2) = Sp(8(4 %'Jz + 16 — 32n4)]n
i N (nt.mt)(n2,m?)(n®,m®) |[n HH bl ¢ d d’ 1
a 8 (1,0)(1,1)(1, —1) 0 [0 (1]-1]@a- L2 1|4 LZ+1o intersections
i 8 (0,1)(1,0)(0, —1) 0 |ol-|o| 20a- 4 24— 4y o w/hidden sector
o o , _ , , chiral exotics
. 8 (0,15(0, —13(1,0) 0 (0][-|-] 2044 24— 4) |o
d 4 (—2,-1)(4 - £, 1)(4 I%.u x1= (16 —2f)xa/(x2 - (4 - L)?)
1||8(4 — £)2 + 16 — 32n; (1,0)(1.0)(1,0): Xz = Xa. 3 = -5

I
ni=1, f=4: Sp(8)L x Sp(8)r, prane splitting ., U(2)L X U(2)r
ni=2, f=2. Sp(4)L x Sp(4)R brane splitting _ SP(2)L X Sp(2)r

* U(2) w/ specific wrapping nos to cancel flux contrib. to Qo3 charge



A number of models have all toroidal Kahler moduli fixed due to SUSY constraints
OR in some cases the "hidden sector’” has confining Sp-type gauge symmetry
(negative [ function), leading to gaugino condensation:

BIA® 812 Vi ..
39e 72 exp( 39 Jw )) + W,

Wess =

Kahler modulus flux contrib. (fixed complex structure moduli)

Kahler modulus - stabilised & SUSY restored (a la KKLT), however since nf=1,2,3

Wo ~ (Mstring)® and thus the volume size- string size
The other two toroidal Kahler moduli - fixed by SUSY conditions for D-branes

]

An explicit chiral SM-like construction w/all toroidal moduli stabilised.

{However, twisted closed sector moduli not stabilised.

D-brane sector moduli: brane splitting moduli (non-chiral)-massive due to flux back-
reaction; brane recombination moduli could combine w/ Kahler moduli to form D-
and F-flat directions with Kahler moduli-problem!}

SUSY Dbreaking meesd> anti D3-branes (ala KKLT)



w/T. Li &T. Liu hep-th/0501041

New Sets of Flux Models: D9-branes w/ negative D3 charge
part of the Standard Model

Gauge symmetry: U(4)c X U(2)L X U(2)r X Sp(2N.) X Sp(2N.)...

or or N J
/ (Sp(2)L) (Sp(2)r) Hidden sector’”

SM sector contains D- branes with negative D3-charge

New models (on the order of 20) of three- and four-family
Standard Models with up to 3-units of quantized flux.



Three -family SM with 3- units of flux (supersymmetric)

Table 5: D-brane conlipurations and intersection numbers for Model — T, — 1.

Model — Ty — 1 [(d)e = U{2) L x U(2) ] oteeroatie

i N[ (et ) m®) (0 om?) | e rJH blw | e | ¢ [ Kibhler moduli

a 8 (1,031, 1)(L. 1) 0 | o [alrf]ao]ys=v=24
h 4 (1,1)(2, —1)(1. 0y T I T A vs = 2/T0
¢ 4 (—2,—1)(4, 1)(3.1) G || - |- -

Three -famlly SM with 2- nlts o(fm]

Table 6: D- ]11 ane confignrations and intersection 11111 ers for

| Modet — T2 — 1 | [U(4)e = U(2)e % U2 elosservarie * [59(12 — 400 )] pritten

i N (et mb)n® m* et m) || r.lH bW e] &

a 5 (1, 0) (1. 1)(1, 1) 0 [0 [3]1]8] =

;; 4 (2,1)(2, —1)(1,0) o | o |-|-]0

¢ 1 (—2,—1)(2. 1)(3.1) VN [T I I I
Lo || ¢+ | wunrmo -1 | Y3 =Xz=Y¥1=val |

Three -family SM with 1- units of flux

Table 7: D-brane configurations and intersection numbers for Model — T} — 1.

| Muodel — Ty — 1 | [T(4) = Sp(2)r = U(2) plotservatte * [SP(8)] Hidden |

i N R TR TR r.-F' Bl e |&

a S (L 0)(3 1)(3. 1) TN EIERE

b 2 (0, 1)(0, —1}(2, 0) o | o0 |- |16 -

: 4 (=2, —1)(4,1)(3, 1) 6 |-w06|-|-]-
: v 0 — 1z X

D3 3 (1, 0)(L, 0)(L, 0) X2 = Xs. 2 + 1L




More three-family

Table 8 D-brane conlipnrations and’intersection numbers for Madel — T}
| Model —T1 —2 | [U(4)c = U1 x U(2) r|omservatie e |
i N (ntomt)(n® m* ) m®) | nFI b|&|e| ¢
a 5 (1,0)(1.1)(L, —1) 0 o [al1]4]
b 4 (2.1)(2. —1)(1.0) o o |-]-]o| o
e 4 (—2, ~1)(2.1)(3.1) g | as | |- -] -
n3 8 (1)1, 01, 0) g =¥2 =% =4
(D7 || s (0,1)(1, 03(0, —1)
Table 9: D-brane configurations and intersection numbers for Model
Model —T1 — 3 | [U{4d)e = U{2)1 = Sp(d) rlotservatie ¥ [SP{A)] fridden
i N (n'.mb et om?) (0, m®) | rq:| bl B | e
0 5 (—L—1)(2.1)(2.1) EENEIEE
b il (L.0)3, 131, 1) 4 - - It
e 4 (1.0)(0, 1)(0, —1) o o -] -] -
D3 5 (1,001, 0)(L. 0] Iy = —1
L Xix2

SM’s with 1-unit of flux

T

o



Four -family SM with 3-units of flux (supersymmetric)

Table 10; D-brane conligurations and intersection munbers for Model — s — 1.

Model — Fq —1 [L{4) e = U215z » Spld) | cobservabie
] N | (ntom e m®yntm T ”E Kiihler modnli
" 2 (1,00(2. 1){1, 1) a | 2 Va2 = Dy
h 4 (0,130, —1)(1.0) ( () A2+ =1
’ X3 ' XXz
e 4 (=2, 1304, 133, 1} -G -106




Four-family SM’s with 2-units of flux

Table 11: D-brane conlipurations and intersection numbers for Model — F,

Model — Fz — 1 |Ir.-l_r4 b DI = TT(2Y J-,-]r_-_-.,,. roable X |-'::-';JI:-1]]J-_r,=,|_,-, -
] N in!, mYin2 m3ind, m) T r.'|:| b | & | o

il ]

b

(10921901, —13 a -2 A0 (4] -10
(1,192, 101,00 -a a - - | h 3
(—2 133, 13,1 -39 112 ) - - | - -
(011000, —17%

o

I:.DT:I:

; P 3 J/n
vz = dya =2y = Fvio

EE | I S S

Table 12: D-brane conlipnrations and intersection numbers for Madel — F, — 2.

Model — Fy — 2
i N

[U{4)e = Spid)r, % U(2) gl otservavte * [SP(8) % SPA)] i sdden
:I r.]:l:l r,I|:| |'_| [ i

(1,003, 101, -1 2 -2 24 -10
(0,10, —13(1,0) 0 0 - |6 -

(!, mNin?, m)nd, ms

Fi

[

b

i

= =

(=2 =173, 13, 1)

-112

D3
|.I:|I|_I|_-

s

(101, 0L, 0y
(0,101,000, -1

1=

g

Iz =2

1=

4B —

L

Table 13; D-brane confipurations and intersection numbers for Model

F

M eadel

||r|r4| w U2y = |r_'|:2:|1-|.]r_._.u. rrable |5'p[-l]];r:|

dedaers

(75

(0,151,050, —17%

i N (nb, mY e, m*in®, m® r & |e

il i) (1,002,151, -1 Ao A1 4

] 4 (2,151, =101, 07 2 - -0

[ 4 (—2, 113,113, 1) 112 | - - |-
4

3.



Four- family SM’s with 1-unit of flux

Table 14: D-brane confisurations and intersection munbers for Model — F} — 1.

Model — F; —1 (L) = U(2), = Spi8)n|observasic = [SPI8) fidden

i i (', mYyn m*n®. m™ T r.lH BlE | =&
i S (1,001,132, —1) -2 2 1410 1
b 4 (—2 10212 1) A0 [ B4 |- | - | -4
S & (0,100, —131. 0% 0 o |-1- -
(D7)s 8 (0,131, 0900, -1} Yz = 2xa. T' + U"'w — 1

Table 15: D-brane conligurations and intersection munbers for Model — F, — 2.

Model — F; — 2 ||':'H B e DTN w0 DT ,-,-]r_-_-.,,, rrale ™ |.‘_5-'!J|:lﬂ:| = .‘.‘:"‘rJI:-l:I],-.r.:Iuln, =
1 N (', mbyn®, m* (et m Lnn rr|:| b | b | e e
i 8 (1,001,131, —1) 0 n1-4]1214 -6
f 4 (2,153, 1)1, M -2 2 - - 10 -4
c 4 (—2, =132, 1903. 1 -1E | -TE |- - | - =
(D)2 8 (0, 1301, 050, —1) Xa = 2ya =4y, = 24/19

Table 16: D-brane configurations and intersection munbers for Model — Fy — 3.

Model — F; — 3 [Sp(16) = D20 o D20 5] ctse roanis

i N (n'om' ) om®) (0" wm®) || n r.'I:I Bl W | e | e || Kihler moduli
16 (1,001, 0)(1,0) o o 1] -]-1]- v = 6

b 4 (2, =100, 133, -1 -10 |- -f(64]0 -::L + ﬁ =1
[ 4 (2, —1uw4,.131.1) i 1 N




|.Moduli Stabilization: Toroidal somplex structure moduli-fixed by fluxes.
In some cases all toroidal Kahler moduli fixed by SUSY OR

Examples of two Kahler moduli fixed by SUSY & a hidden sector, w/ negative 13
function, resulting in gaugino condensation and non-perturbative superpotential:

f} "'Li _H_JTE 1[]
W eff = j‘:’( (“u]}i 39 &
1 s

)+ W

third Kahler modulus flux contrib.(fixed complex structure moduli)

All toroidal Kahler moduli stabilized & SUSY restored
An explicit chiral SM-like construction w/all toroidal moduli stabilized.

[1. Further Phenomenology: w/P. Langacker, T. Li & T. Liu, to appear
(mainly right) chiral exotics w/ Yukawa couplings to SM Higgs sector (M~ TeV);
Higgs sector non-minimal, allowing for quark and lepton masses

[11. Analysis of soft SUSY breaking mass terms:

One- and two-units of fluxes (and no hidden sector strong dynamics) break SUSY -
Camara,lbanez&Uranga, hep-th/0408064; Lust, Reffert&stieberger, hep-th/0410074;
Kane,Kumar,Lykken&Wang, hep-th/0411125; . .. ..



Flux SM’s with Confining Hidden Sector that
stabilizes the left-over Kahler modulus

Model — Fl — 5 [U(il)(j X Sp(S)L X U(2)H}Ob“r.vabgﬁ X [Sp(il) X ,STp(il)]Hiddtﬂn

] N (nt,mb)(n?, m?)(n3,m?) N n.E b | ¢ ¢/

a 3 (1,0)(1,1)(1, —1) 0 0 |-1]6 -4

b 8 (0, 1)(0,—=1)(1,0) 0 0 - |3 -

( 4 (=1, =1)(3,1)(2, 1) -4 44 ) - - -
(07), [ 4 (1,0)(0,1)(0, —1) X2 =X S+ i =1
(D7) 4 (0,1)(1,0)(0, —1) 5(:"5)?)1 —3(0), J’E'Dﬂ = —5(=2)




Conclusions/Outlook

(1) Overview/status of supersymmetric intersecting D-brane
constructions w/realisitic particle physics:

(a) Major progress: development of techniques for consistent
constructions on toroidal/orbifold orientifolds (geometric):
explicit spectrum & couplings (no time!)

(b) Sizable nos of semi-realistic models (on the order of 20);
within Z2 x Z2 orientifolds - systematic search (w/ SM, 3 families)
leading to construction of (most) classes of models there.
Ready for landscape study (??7?)

(c)  The devil isin the details!’’:
chiral exotics (except a 4-family example)
realistic Higgs sector and/or Yukawa couplings
[geometric w/hierarchy (no timel!)]



(1) Intersecting D-branes and Fluxes

(a) Type HHA: fluxes less explored, but recent progress:
examples of nearly Kahler internal spaces
w/ chiral non-Abelian intersecting D-brane sector

(b) Type IIB: Chiral SM constructions w/fluxes
Intersecting D-branes = magnetized D-branes
On the order of 20 SM’s with 3- and 4-families and
up to 3-units of quantised flux.
Just scratching the surface!

FULLY REALISTIC CONSTRUCTIONS —at least at the level of
spectrum, coupling and all moduli stabilization (???)

TECHNIQUES TO ADDRESS THE LANDSCAPE
OF REALISTIC MODELS (?7?)



