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Motivation

SUSY is nice framework for physics beyond the Standard Model (to be

experimentally confirmed at LHC)
@ Solve the hierarchy problem
@ Unification of gauge couplings

@ Provide some candidates to Dark Matter
If exist, SUSY must be broken on the accesible energy scale

@ Spontaneous SUSY breaking Q,]0 ># 0

Qilo>#0
o Explicit SUSY breaking
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Motivation

SUSY is nice framework for physics beyond the Standard Model (to be
experimentally confirmed at LHC)

@ Solve the hierarchy problem
@ Unification of gauge couplings

@ Provide some candidates to Dark Matter
If exist, SUSY must be broken on the accesible energy scale

@ Spontaneous SUSY breaking Q,]0 ># 0 QL0 >#£0
o Explicit SUSY breaking

We want to do this without introducing quadratic divergences.

Loote = MaAX? + m26'd + By &/ + A/ 6

This is called soft SUSY breaking
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SUSY breaking basics

It is difficult to directly couple a dynamical SUSY breaking to the visible

sector.
F-term SUSY breaking (F¢") #0

@ Require C% to be a SM singlet

@ Does not lead to a phenomenologically viable of pattern of
supersymmetry-breaking parameters.

o Gauginos masses cannot arise in renormalizable SUSY theory at
tree-level.

D-term SUSY breaking (D,) # 0
@ Does not lead to a acceptable spectrum of sparticles.

Soft SUSY-breaking terms should arise indirectly or radiatively, not from
tree-level couplings to the SUSY breaking sector.
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Hidden sector framework

Particles with no direct (or tiny) coupling to visible sector (i.e moduli
sector in String Theory).

SUSY is spontaneously broken in the hidden sector by (F”i> #0
Asusy = (F)1/?

Both sectors share some mediating interactions that transmit
supersymmetry breaking from the hidden sector to the visible sector (i.e

gravity )
Fields in the visible sector feel SUSY breaking at the scale

2
ASUSY

Mgoft, =
M
p

If we expect mgof, ~ O(TQV) = /\SUSY ~ 1010—11 GeV
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SUGRA effective field theory

Expanding K and W in powers of the matter fields Soni & Weldon ‘83
Brignole, Ibafiez & Mufioz ‘93 , Kaplunovsky & Louis ‘93

N . 1 . 1 .
W = W(H) + aa(h')C* + S pras(h) C* P+ gyam(h')cacﬁ CY 4.
N . R - 1 R
K =K(h,b)+ K,z(h",B)C*CP + <§zag(h', hhcec? + h.c> + o
Expanding the SUGRA scalar potential
o B 1 a B 1 a B
Vioft = maﬁ—C C” + EAQQ,YC CPCT + EBaﬁC CP + hc

The soft SUSY breaking terms are

m2s = (Ml + Vo) Ras — F (Om0nesy — Omee, K00,R55 ) F”
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SUGRA effective field theory

W+ & 5
Aapy = W e"/2FT {Kmyaﬁv +0mYapy

_ (Raﬁamkmyw +(aef)+(ae 7))}

W+ . L
Ba :TeK/z Fm Km (Y +8m aff — KépamK'a + (a0 <>
7 { ( fapB o ( pakss + ( 5)))
—m3/2ua5} + IT)3/2Fm [8,"2&5 — <R6ﬁ3mkﬁa2&3 + (a <~ 6)):|
+(2m§/2 + V())Zaﬁ — m3/2F"_78,;,Za5
M [ana,ﬁzaﬁ - (Réﬁankﬁaan-,zw t(ao 5))]
The tree-level cosmological contant

Vo = etk [RonF"F™ = 3m2, |, F" = i3RIk Dy W*
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Any prediction of soft-SUSY breaking parameters require
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Any prediction of soft-SUSY breaking parameters require

o Knowledge of the Kahler metric for matter fields (normalization of
the matter fields).
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Any prediction of soft-SUSY breaking parameters require
o Knowledge of the Kahler metric for matter fields (normalization of
the matter fields).

@ Determine the underlying source of SUSY breaking ( related to
moduli stabilisation ).

Soft SUSY breaking terms from string compactifications

Heterotic compactifications Brignole, Ibafiez & Mufioz ‘93 , Brignole,
Ibafiez, Mufioz & Scheich ‘96 , Kim & Mufioz ‘96
Lack of potential to stabilise moduli

Type IIB compactifications (KKLT,LVS), Camara, Ibafiez & Uranga '04
,Conlon, Cremades & Quevedo ‘05, Conlon, Quevedo & Suruliz ‘06 ,
Aparicio et al. ‘14

SUSY is broken by background fluxes (non-perturbative effects to stabilise
K&hler moduli)
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Type A Orientifolds
Compactification of Type IIA String Theory on CY orientifolds.

Discrete symmetry O = (—=1)ftQ,R P

R:J = —J

R:Q = &Q
N =1 SUGRA theory in 4d (closed string sector) Grimm & Louis ‘05
Massless spectrum: AY) Kahler moduli, A(21) complex structure moduli,

axion-dilaton multiplet and hg:’l) vector multiplets
The Kahler potential

K=—In %/cabc(ra + Ta)(TP + ThY(Te + TC)}

~2m [JT;L (NK 4+ K (NE + L)

If background fluxes are turning on

A~ . 1 imo
Wiia = €0 + iea 77 = SKabeq” TPTC — = Kane T TPTC — he N
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Dp-branes

String Theory contains extended objects with p-spatial dimensions where
the endpoints of open strings are attached Polchinski ‘95

Space-time filling Dp-branes Wy.1 = M3 3) x M3
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String Theory contains extended objects with p-spatial dimensions where
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Space-time filling Dp-branes Wy.1 = M3 3) x M3
Properties of Dp-branes
e U(1) gauge theory for a single
Dp-brane.
@ N concident Dp-branes support
U(N) gauge theory on their

worldvolume.
Gauge coupling constant g; 2 ~ Vol (Mp—3)
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Dp-branes

String Theory contains extended objects with p-spatial dimensions where
the endpoints of open strings are attached Polchinski ‘95

Space-time filling Dp-branes Wy, 11 = M1 3) X M3
Properties of Dp-branes

e U(1) gauge theory for a single
Dp-brane.

@ N concident Dp-branes support
U(N) gauge theory on their

worldvolume.
Gauge coupling constant g; 2 ~ Vol (Mp—3)

Type A String Theory contains Dp-branes with p =0,2,4,6,8
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D6-branes and Supersymmetry

We may include D6-branes preserving the A/ = 1 supersymmetry of the
bulk theory Blumenhagen et al. ‘02, Kachru & McGreevy ‘99

D6 06 D6

Taken from Blumenhagen et al. ‘05

W6+1 = M(173) X |_|3

Dagoberto Escobar (IFT) Soft SUSY breaking

11/ 26



D6-branes and Supersymmetry

We may include D6-branes preserving the A/ = 1 supersymmetry of the
bulk theory Blumenhagen et al. ‘02, Kachru & McGreevy ‘99

R M5 is a Special Lagrangian 3-cycle
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. R M5 is a Special Lagrangian 3-cycle
; , Supersymmetry conditions
W  Jjn, =0, Im (e_iGQ) In, =0
’ Van |/ e B— %F =0
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D6-branes and Supersymmetry

We may include D6-branes preserving the A/ = 1 supersymmetry of the
bulk theory Blumenhagen et al. ‘02, Kachru & McGreevy ‘99

. R M5 is a Special Lagrangian 3-cycle
; Supersymmetry conditions
W o Jn, =0, Im (e Q)|n, =0
’ s/ o B—LEF=0
D6 06 Db

Tadpol llati diti
Taken from Blumenhagen et al. ‘05 adpole canceflation condition

K
> N, [M3] =4 [N%]
=1
W6+1 = M(173) X |_|3 2
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Model building

Berkooz et al.'96
N,

Intersecting D6-branes support chiral
fermions at their intersection, charged in the
bifundamental representation (N, Np)

Nice geometric interpretation of chirality

UV, x U(V)

The chiral spectrum is computed from intersection numbers I, =, 0o I,
of the 3-cycles

Sector Representation

ab + ba Lap (. 0) fermions

ab/ +a| Iy (Ca.0) fermions

ad’ +a'a|§(laa — $lap) [ fermions
3w + $1a0) B fermions

Non-chiral spectrum is unknown in

general.
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Model building

Berkooz et al.'96
N,

Intersecting D6-branes support chiral
fermions at their intersection, charged in the
bifundamental representation (Na, Nb)

Nice geometric interpretation of chirality

7 UN,) x U(N)

The chiral spectrum is computed from intersection numbers I, =, 0o I,
of the 3-cycles

Sector Representation aa_Sector
ab+ba Iap (D, ) fermions
: e U(N) gauge bosons
alf +Va Iy (o, [b) fermions
I P T — @ p — 3 chiral multiplets in the

$luw + $la0) B fermions adjoint representation,
parametrising continuous
displacements and Wilson lines

Non-chiral spectrum is unknown in

general.
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Toroidal example
On factorizable tori T® = T2 @ T2 @ T2

T? T3 T3
& homology class of 1-cycles
[b1] [ba] [ba]
< 4o = nilai] + mi[bi]
[a4] [as] [as]

homology class of 3-cycles I, = ®?:17r;
SUSY condition ¢S + ¢ + 6P =0

m} m> m3 Ry
arctan | —71 | +arctan | —7, | +arctan (| —'73 | = 0, T = R
n n n ¢

a a a

Intersection number

3
Ly =T,0M, = H (nhmj, — n,my)
i=1
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Toroidal example
On factorizable tori T® = T2 @ T2 @ T2

T? T2 T3
homology class of 1-cycles
[b1] [ba] [Ba] . ' '
7, = njlai] + m;[bi]
[a1] [a] las]
homology class of 3-cycles I, = ®?:17r;
SUSY condition ¢S + ¢ + 6P =0
Ry

m; m; m3
arctan ( —'71 | +arctan [ — 7 | +arctan | —73 | =0, T = =
na na na R)’(

Intersection number
3

lap =M 0 My = [ ] (nimj, — nymi)

i=1

Dagoberto Escobar (IFT) Soft SUSY breaking

13 / 26



T6/Z2 X ZQ orbifold

Orbifold action 8, w : z' — e*™Viz/ (3 generation models) Cvetic, Shiu
& Uranga ‘01

Tg:(1/2,-1/2,0) 7, :(0,1/2,-1/2)

R,
[b:] 4 R, Under the Z; x Zy symmetry
4 3 R;
: U(N,) — U(N,/2)
1 o5 L&

;]

Closed string sector (without discrete torsion)

A1) Kihler moduli: 3 untwisted T' (volume of T?), 16 at f-fixed points,
16 at w-fixed points and 16 at Hw-fixed points.

h(1) Complex structure moduli: 3 untwisted U’ (shape of T?)
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Kahler metric for chiral matter

D6,

List et al. ‘04
D6, Akerblom et al. ‘07
Honecker ‘11

T

@ ab-sector Bifundamental chiral matter C3,

@ aa’-sector Chiral matter C(O;a) and C[‘;a] transforming in the symmetric
and antisymmetric representations of U (N,/2) respectively.

sen(e'))

g ( (o) )”
ab — [6)
r(l - ¢ab)

Supersymmetric configurations require 2?21 (bgib) =0
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Kahler metric

o Bifundamental non-chiral matter (a 1T b on T?)

gr V()
. — _,—2 D e ab _ H H
KC;ZCﬁ] 5(15 Ky € \/(Tj + TH)(Tk + Tk)’ i#j#k

with Va(,;) = Ti_ln;ni, + T,-rﬁ";rﬁg

@ aa-sector Adjoint matter CS, (3 chiral multiplets)

RAdj - (5 _ vV 271' I'i4_2 eD Va(é') Va(;()
CaClh — 7B Ti Ti Va(Q

Additional dependence on the dilaton and complex structure moduli

(U + Th) (UK + OK) b |1 T
7';—\/ . e _[E(S+S)E(U + 0"

(U+0)(S+5)
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Soft SUSY breaking terms

Soft gaugino masses

1
M, =3 (Refy) ™ F O, fy

Diagonal Kahler metric and vanishing Z-terms lead

my, = (m};,+ Vo) — FTF 00, 0K,
Aagy = Vo F™ (R + OmLog Yo, — Omin(Ra K K.))

N

Bag = [iap [F’" (Rm + Omln ptog — Om lnf(a&g) — m3/2}

The VEV's of the F-terms can be parametrized Brignole, Ibafez & Mufoz
‘03

o : Vi
Fs = \/§Cm3/2KS§1/2 sinfe™"s, C?=1+ 2
3m3/2
FU' = ﬁCmg/zk&E/,? cosf @Y e
FT' = \/§Cm3/zk;.lf/,.2 cos0 O] e~ Z o2+ 18] )P=1

i=1
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Gaugino masses

The gauge kinetic function f, for the gauge fields living on the worldvolume
of N coincident D6-branes is Cremades, |bafiez & Marchesano ‘02

3
L 123 i ki C
f, = 2 (nananaS—ZnamfamaU , i#j#k

i=1

Soft gaugino masses
MaziCmg,/z Refy)” {n1 2 3(5+5)S|n9e s
3
—cosHZn mimk (U'+ U') ©¥ e ’W}

i=1

Non-universal gaugino masses are possible
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Soft-term for bifundamental chiral matter
Soft masses (independent of the D6-brane configuration and the phases on

the parametrization)

3
m(2b)2 — (M52 + Vo) — %szg/z lsin2 0 + cos? OZ 216/ >+ 16!
i—1

/ﬁA\—terms

Ausy = V3Cmz)nYogp, { ( (S+5) 9sln Yaﬂv) sinfe= s

-Ml—\

1 )
+COS€Z { <§ —+ T' —+ T ) 87’: In YO(B’Y) @’T e_”YT"

+ <—% + (Ui + U’) Oyi In YaB’Y) @,U eiyui}}
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Soft-term for bifundamental chiral matter

B-terms
. _ 1 .
Bos = V3C m3pafiag { ((5 +5) OsIn puaps — 5) sinfe” s

3
+COSQZ {(Ti + 7_") 0] e oy In p1a
i=1

. 1 ; 1
+ ((U' + U’) Oy In prapg — 5) @,U eWui} _ W}

The normalized Yukawa couplings and pu-terms

. W* g (o~ o~ 12 W* o (o o\ "1/2
Vagy = e/ (KaK,BKv) Yogy, Pag = e/ KaKﬁ) fap
W W (
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No-scale Minkowski vacuua
Camara, Font & Ibafiez ‘05
k2K =—In(S+5) — iln(Ui + 0" - iln(Ti +T9
i=1 i=1
The superpotential (mirror to the Type IIB superpotential with ISD fluxes)
Wia = eo + ihoS + ii:e,-T’ —uT?T — T T3 — T T2+ img T T2 T3
i=1

The cosmological constant
Vo = r2e™K | S K™D, WDy W+ZK”’"D WDAW — 3| W2
S,Ti

2 A= ~ ~
= rze™" > " K™D, WDHW

F-term conditions D,W =0 = V=0
. , 2 _
m7T =9 Ims=3M"9NPRB  ppes_ myReT ReT2ReT? = 0
mo homo
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U-dominated SUSY breaking
SUSY is spontaneously broken by (FY") = ims;»(U' + U)

hom .
Asusy =2mgponJuf + 0 + 03 m3, = 0 Wo = 2ihgs

32U1U2U3
lsotropic case Ut = U? = U3 = U

The parametrization requires sinf =0, ©] =0, OV = 1,yy = —7/2
Gaugino masses
mi, U+ 0
Ma — —im3/27' ZI 1 na m 7_2 ( + _)
nn’nk—i—ﬂzllngmfm (5—{—5)
Universal soft masses for bifundamental chiral matter

b)2 3 1
m(ga) = m§/2 <1 — Z|9U2> = Zm§/2

The A and B terms are

. _ . 3 _
AD&ﬁ’Y = —im3 Yag,y |:Z — (U + U) Oyln Ya57:|

A . . 3 . -
Baﬁ = —/m3/2 Hap 5 — 1 — (U + U) aulll,uaﬁ}
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A toy model

Ibafiez & Uranga '12

Sector  Fields U(3), xUi2h Q. @ @ Qa ¥

No  (n}m}) (nm]) (nl,m)) P @ 1 -1t 0 0 16
No=6  (1L,0) (3,1 (3,-1/2) o L
X ) ) ae Uy -1 0 1 0 -3
Ne—d4 (L1 Lo (1,-1/2) w o o o s
N.=2 (0.1) (0,-1) (2,0) L 0 -1 0 1 -12
Ng=2  (LD) (3,1)  (3,-1/2) o ¢ 1 01 R

ed vr o 0 1 -1 1]
L. ot Ep 00 -1 -1 —1/2
SUSY Cond|t|0n T — T3 = %7‘3 b Hy 0 -1 1 0 -2
More D-branes to cancel RR tadpoles T

The hypercharge Y = £Q, — 3Qc — 3 Qq
gauged Ug_;(1) symmetry

The Kahler metric for the bifundamental chiral matter

. 1 i, I
chgizcab(a(5+5)(U+U)> (7 +7)

i=1
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Soft-terms (U-dominated SUSY breaking)

Universal soft masses for squarks, sleptons m2 ~ m§/2
The Yukawa coupling allowed are

W =Y,q H,Ug + YgqLHy Dr + Y Hy Er + Y Hy VR
The Yukawa couplings Yz, ~ e e Cremades, Ibafez & Marchesano

‘08
A-terms involving three bifundamentals (Universal trilinear terms )

~

.3 ~
Aaﬁv = —IZm3/2 Yaﬁ'y

A p-term pH,Hy is forbidden by Up(1) symmetry (but it may be
generated instantons) No bilinear term
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Conclusions

@ Type IlA compactifications provide a nice framework where we can
set up all the necessary ingredients (K&hler metrics, moduli
stabilisation,Yukawa couplings,... ) to determine the structure of the
soft SUSY breaking terms from string compactifications.

@ Here, we focus on structure of the soft SUSY breaking terms
involving bifundamental chiral matter and soft gaugino masses.

> Universal soft masses for the bifundamental chiral matter mcs ~ mz 5.
» Universal bilinear and trilinear terms for the bifundamental chiral

matter.
» Gaugino masses depend on the choice of the lattice (universal gaugino
masses M, = —im3 > only appear for D6-branes with some n, =0 )
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Thank you for your attention
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