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. Spontaneous SUSY breaking in Global SUSY
leads to a CC at the SUSY breaking scale
- cannot be fine-tuned to zero.

. Adding a set of explicit soft SUSY breaking
terms to a global theory (like the MSSM)
has far too much arbitrariness - does not
give us a theory.

. A theory of SUSY breaking is therefore
necessarily a SUGRA with a scalar poten-
tial which has a minimum that breaks SUSY
spontaneously.

. As is well known such a theory allows the
fine-tuning of the CC to zero (i.e.107120M%).

. A SUGRA needs to be embedded in string
theory.



Experimental inputs:
e CCis tiny ~ O((1073eV)%)

e No light scalars with gravitational strength
coupling

e SUSY partner masses = O(100GeV)
e Lightest Higgs > 114GeV

e Flavor changing neutral currents (FCNC)
suppressed

e No large CP violating phases

Theory of SUSY breaking must satisfy these.

Better still these should emerge naturally from
the theory!



Work within general framework of SUGRA
Set

K2 =8rGy = Mp2=1

d8z = d%zd*0, d°z = d*zd?6

Action depends on

K(®A, o4, W(dd), f(dA).A=1,...N



At two derivative level this structure is fixed by
SUGRA.

Quantum corrections only have effect of chang-
ing the classical form of the functions K, W, f
with following caveats.

1. W (holomorphic) - no perturbative correc-
tions

2. f (holomorphic) - No higher than one loop
perturbative corrections

3. K (real analytic) - Has both perturbative
and NP corrections.



Starting point of String Phenomenology.
Classical K given by String theory.
W, f obtained from string theory with NP ef-

fects in Was suggested by field theory and/or
string instanton calculations.



Chiral (super) Fields ®4:
®t: ‘Moduli’ (gauge singlets)

C%* MSSM Fields Hy 5 Higgs.

W o= W(P) + figs(P)CCP +
1
gYam(CD)CO‘CﬁC'V + ...,
K = K((®,®)+ K, z(®, &)C*CP
+[Zo5(P, )CCP + hec] + ...
Jao = fa(cb)-
~ __ cHycHp _
a labels gauge groups. p,g = poq 55 , Lo =

751 1552



Potential:

V(®) = FAFPK , 5 — 3lmg 0 (®)2 + Y fou DD

FA = KRKABD W, DAW = 04W + KW

2
m3)al® = MW, Ky = 04K, K 5= 040K
D = fOLAD W/ W

fup = fadap, ka = Killing vector



Any theory of SUSY breaking must start from
finding a minimum for V which breaks super-
symmetry with zero CC:

' 2 2
FZ?’J:O7 |F| :377’2,3/2,

Note: Required for consistency of GMSB also!
Without a theory of modulus stabilization it is
impossible to claim the dominance of one or
other mechanism of SUSY breaking and trans-
mission. Even with such a theory it becomes
a matter of landscape statistics!



Predictions for LHC physics from a general
SUGRA:

KL formulae for soft terms Kaplunovsky—+Louis,
Brignole+Ibanez+Munoz

Hap
B,uozﬁ

Ma

ma/g

Aapy

K12 fiag +m3/0Z05 — F 3AZa5,

F DAM@B — m3z/oHagB;

FAaAfa
2fy

VoK .7+ (m?2 _FAFBR - ).
02ap 3/2 aB ABaj/)

A K/2
FAD el /2Y, ..

Here Dy = K4/2+ V4. PQ symmetry o = 0.



The fact that these formulae are valid even
after including quantum effects can hardly be
over emphasized.

This means that for instance that AMSB for-
mulae are also contained here! All one needs to
do for that is to use the expression for f, given
in another KL paper! SdA hep-th/0801.0578
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Effective physical gauge coupling:

C: Weyl compensator, ¢, = T(Gq) — ., Tu(r)
sum over all light matter reps of gauge group
Ga.

Hu(®) = fo(®) =~ >2InC -

Ta(r) In - _ Tu(Ga)

47T2 matter 471‘2
C Weyl compensator - Second term cancels
Weyl anomaly. To get Kaehler-Einstein gauge
set:

Tgauge-

_ 1
InC +1InC = §K|harmonic
7 chiral rotation on matter fields. From nor-

malizing matter Kinetic terms:

Tmatter + Tmatter = Indet K ’I“|ha7’monz'c

K, matter metric in rep r
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From normalizing gauge Kinetic terms:

Tgauge + Tgauge = — INNHa|parmonic

LLowest component gives NSVVZ formula for gauge
coupling.

F-term of H gives:

7:—5 = [RF'Oifa(®)] — S 5 F'K; -
7;‘:(7")5*%3 (Indet &,)] x

8 2
NSVZ type formula for gaugino mass. Valid at
any scale to all orders in P. T.! SAA to appear

All forumulae at a given scale - i.e. mg/g2 at
scale u given by RHS with f,, K etc evaluated
at that scale. Contains entire contribution of
AMSB.



Identify classical theory at scale A (chosen fixed
independent of moduli) needs to be below string
thresholds. To one loop can take K, K, at clas-
sical values.

Identify original classical coupling f at A. If no
thresholds

by,
872

N
In —.
5

Note second term gives no contribution to mq/g2
contrary to usual AMSB arguments where fac-
tor of C inserted in log!

fa(P; ) = fa(P;N\) —

Suppose intermediate threshold at X (with F-X #
0) (as in GMSB)

ba , X b, A
fo(@, X p) = fa(P;A) — ——5In— — = In

82 u  8rm2
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Then contribution to mg/g2

bg — b, FX
812 Xp

If FX/X ~ mz/p> Can lead to additional term

o mg3/p as in the usual argument but coefficient
is different!

Rfa(P,p)|p ~ Rfa(P,N)|Fp —



Generic possibilities after moduli stabilization
- Mgofr ~ 1TV

e MSUGRA: my,pp ~ mg/o. Quantum effects
suppressed. Cosmological problems

e Sequestered mMSUGRA: No scale and ex-
tended no-scale type my,r < mg/o. Quan-
tum effects comparable to classsical. AMSB
special case usually additional contribution
of same order.

e GMSB: Need to have mgz /o K Mgopy. Addi-
tional sector for SUSY breaking. Need to
stabilize with moduli and additional sector
X and find a minimum such that Fx/X
dominates over Fiuoquius/Mp- Highly fine-
tuned from Landscape point of view. Also
need a messenger sector.
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String Theory IIB input:

Moduli Kaehler potential (classical): o correc-
tion included. & > O for hio > h11.

- §((S+5)
R = —2|n<v+§< ! ))

—In (z‘/Q/\Q(U, (7)) —In(S +9),

S -dilaton, U = {U%} -a=1,...,h1o - cOmplex
structures

Even with only one T, (with race track)

2
m3/o

V
minimum possible for fine tuned Wy, < 1.

FT~m3/2, FS,FU<<m3/2, |VO| ~
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Much nicer to have (with at least two T%)

“Swiss Cheese” type- h homogeneous function
- degree 3/2.Conlon, Quevedo+-...

G

= %(Tl + Tl_), Il =1,...,h11 - Kaehler struc-

tures. 7 = 7!

LVS minimum
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Estimate of F-terms:

T =T 2

A\

S =S
F°F”Kgg <
2
m3/o
V
LLast two can potentially give classical uplift!

=
FUF'K = <
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Matter:

On D3 brane at a singularity or D7 brane wrap-
ping a four-cycle. Dynamics of potential mini-
mization drives this below string scale to a col-
lapsed cycle: Maharanna, Conlon, Quevedo—+

Matter metric Large volume behavior:

kaB(Ti, UU,S,S) N ko53(U, T, S, S)
V2/3 T

KOéBN

ZaB(Ti, UU,S,S)

T
LLast formula from requiring finite non-zero phys-
ical Yukawas as V — oo.

Zag ~
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To leading order in large volume (large T') ex-
pansion

1. -
Brrag = 38rmHRap
so to leading order
2 2 _ TrTp _ _ _
miy=mz ;= P Rppry =

Similarly Bu A-terms are also zero. As in no-
scale!

Sub-leading effects, FCNC?
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By
Hap

Bu/p

A\

A\

FZ(9 S
ifa _ 7 _ o (3/2
2 fq 25 ™~ ’

Vcla88|0f<a§ +
5 - _

m2
ol 32z
( ( V ))KQB—I_"')
mg/2

W) Yad

m A
F DAYQB,YNO<

Wil

ms3/2
0 ( Vv ) Zap
o <m3/2>

VYV )

19



Effective Field theory quantum effects:

Need cutoff.

AN > Moy ~ 101°GeV ~ 1072 Mp
/\2
1672
Coupling constant unification - only piece of

experimental evidence for SUSY!

> 107 °M3.

Should be taken seriously even at cost of ad-
ditional fine tuning.
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Quadratic divergence issues and mSUGRA

Coeff of divergence:

Strf? (@) = 3 (~1)2/(2J + 1)trM?(®) # 0
J

B __ 5 (N —5)A?
Vip = (F"F"Kpn — 3m3/2)(1 + 1672 )
AP T &T
+167T2(m3/2(N_ 1) - F'F RTT))
2 _ 2 T T
mozB T V|OZO¢B + (mS/QZIfaB - F RTTQB) X
(N — 5)A2
1
At+—c2)
AN o, 2
—167'('2( R )O(m3/2)

Gaillard and Jain, Ferrara Kounnas Zwirner,
Choi, Lee, Munoz hep-ph/9709250.
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Classical4+1 loop CC:

/\2

Vclassz'cal |O +—

Need to finetune Classical CC to cancel this.

Estimate of F-terms and soft terms: SdA-08

/\2
F = fm3/2‘|-0(h21 Te.2"3/2)
Fil ~ FS|~ [FY ~ O ms o)
m2 =~ AD —— —m2,,[(h ONNK =4+ 0K’ 4]
af3 162 13/21\121 = <Vv) R of

~ 10 m3/2[(h21 - QNU)KQB + O(?)K&B]

Need hoy > 2Ny ~ 102,
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For A, u and Bu terms also classical contribu-
tion from F! is zero - as in no-scale.

Subleading classical plus leading quantum ef-
fect:

A terms:

N -5

2
1672 A°)

Apgy = {F'DieR/?v 5 (1 +

/\2

1672

Generically terms not proportional to Yaﬁ*y as
welll

O(F1)}

23



w and By terms:

_ N
Hap — _Faac_zzaﬁ = O( hQIEmS/Q)Zaﬁ

/\2
B,uozﬁ — Vclassical|OZozﬁ ~ O(h21mm§/2)-

Gaugino masses:

2

m N
O — MOy fo ~ FSana ~ O(l)—m3/2
g5 41
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Summary (physical):

Mg nrv h21—4ﬁm3/2
. A
Aapy ~ T Yapy
_ b A
~ —m
M 21, M3/2
. N2 5
B~ haigg 3m3)2

2
Ma ™~ Ya , 1M3/2



Comparison with String loop calculations*: Berg,Haac
et al, Cicolli,CQ

S,S,U,U 1
q = (5,5, = ) + O =
I'+T (T +T)?
In simple models a independent of 7

2
M3 /2

(T'+1T)?

VqNO( )

O(mg/z/(T—l—T) leading term cancels - extended
no-scale structure.

Compare with effective field theory:

1
T+T

Y

*In collaboration with F. Quevedo-+7
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MSSM part expected to acquire similar correc-
tion (CMQ)

(no calculation so far!)

_ o coch 5
K = -3In(T+T
(T+ )+T+T T+T( +T+T
This generates a soft mass contribution
2(a/3 — ) ~
2 2 _

Vo3

Implies

™m
mg 3/2 ~/ \/Km?)/z

JT+T

e Larger than classical mg ~ mgz,o/(T+T)3/4,

e Contradicts effective field theory calcula-
tion ms ~ Amgz /5 unless (a/3 =) = 0!
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Suppose this is the case.

@ ™32 4
° (T+T) (T+T)5/?

Note this is smaller than classical contribution

(cl) m3/2 44

mg g — g —
(T+T)3/4 (T+T)%4

LVS phenomenology - No fine-tuning of W to
be smalll

To have ms ~ 1TeV need

M
Y~ 1010 = Mypping ~ =& ~ 1013GeV

o,

This is well below GUT scale! Also:

1
A~ Myg ~ T 1011 —101%Gev
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In general this scenario will not be valid.
Eg: in Kg~ a/(T+T) a dependent on (7¢/17).
2 2
m3/2 m3/o

V ~J — ~J
(T +T) ()~ 3273
Compare with cut-off Field theory:

1
T+ T

N\ ~

_mgyo(e/3 - 3)1/2

ST+ T

In agreement with effective field theory - no
need to demand «/3 — 3 = 0!

Mg ~ /\m3/2
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AlsO here

1/6
N~V / Mst’ring > Mstring

Actually here LVS classical vacuum destabi-

lized!

p 2
m3/o < Vil ~ m3/o
q V2/3

Assuming a new min exists get,

14

V4/3

So ms~ 1TeV, W ~ O(1) = V ~ 101!

|Vcl| ~

ms ~ ml ~

Mpring ~ 1013GeV, A ~ 101°GeV

To get GUT scale Mg4ing and TeV soft masses
need |W| ~ 10~101
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FCNC Problems with > 2 Kaehler moduli?

N |y

K=-2InY —....Y=V+

Simple “Swiss Cheese’ V = 75’/2 3/2

T+ TP = 270 4 2piw’, qu%‘s/? +
For D3 (or D7 on collapsed cycle) GGJL

1 1 /7
b S S
Ko =l =)

1 wp (ws [Ts

RTT@B_ KTTC[T_b_ZT_b T_b]aﬁ

31



: T T _ 2
Using F+ F KTT_3m3/2

_ 2 T T
miz = Mm3pi.g— I Rypag

3 /T
2 Syl

K:xB = chB/Tb not proportional to KozB' FCNC!

Cannot be fine-tuned away but still under dis-
cussion!

IIB Phenomenology only with one T'7?
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How generic is this?

Can we have IIB (F-theory) MSSM on 7-branes
on a finite 4-cycle?

If so get classical soft terms O(m3/2) would
need to have a gravitino as LSP to avoid cos-
mological problems - GMSB?

Note: Not a prediction - just a phenomenolog-
ical requirement!

Without a theory of moduli stabilization it is
unclear whether it can in fact be achieved.
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Tuning issues:
Compare to one Kaehler modulus case

Tuning (in addition to CC and mg/5) 1 part in
1037

But high m3 /o compared to EW scale!
To get low value additional tuning

m3 2 (high)
m3/2 (low)

6
by a factor ( ) needed Douglas.

So even if classical MSUGRA solution existed

104 6
Need additional tuning by (1—02) — 1012

In GMSB no FCNC tuning needed. So factor
is 10°.

Also additional sector (X) needed to break
SUSY with FX ~ Fmodull  my o Mp but <
X >< Mp.
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Hard to achieve. SdA hep-th/0703247

Basically problem comes from lightness of mod-
uli stabilized by NP effects

Also generically a component of SUSY break-
ing lies in modulus direction.

Eg in IIB models with extended no-scale can-
not meaningfully integrate out

the T modulus to get a theory of GMSB SUSY
breaking.

In the coupled T, X theory it is very difficult
to ensure a small < X ><K< T >~ Mp to get
FX/X > FY/(T+T) ~mg)s.

Not a no-go theorem!

But shows that getting GMSB is highly unnat-
ural in string theory.
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Generic property:

Kaehler potential for Kaehler T* (and complex
structure z%) moduli satisfies.

K K4 =3

Broken by o/ and quantum corrections.

Classical shift symmetries imply Windependent
of T® giving no-scale property. Classical soft
masses suppressed relative to gravitino.

Broken by NP quantum corrections.

If perturbative string theory is to make sense
corrections must be small.

Results may be generic consequences of these
properties.
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Predictive models?

Anything beyond the above - flux dependent.
Eg: sparticle couplings

Argr(z%) = a(U)Yr g (U) + €Y] 1 5(U)

Models must be such that FCNC violating sec-
ond term suppressed.

a,Y' predictions - but flux dependent!

Can have very large number of solutions satis-
fying std model constraints.
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