BRANE-TO-BRANE GRAVITY MEDIATION
OF SUPERSYMMETRY BREAKING

Claudio Scrucca

University of Neuchatel

e SUSY breaking and standard scenarios.
Flavor problem and SUGRA models

Weakly coupled and sequestered models

e Gravitational loop effects in sequestered models
Soft scalar squared masses and their sign

Generalizations of the minimal setup

e Dynamical radius stabilization
Naturalness of magic value for the radius

Concrete models and their viability

Rattazzi, Scrucca, Strumia (hep-th/0305184)
Gregoire, Rattazzi, Scrucca, Strumia, Trincherini (hep-th/0411216)
Gregoire, Rattazzi, Scrucca (hep-ph/0505126)



SUSY BREAKING

Direct spontaneous supersymmetry breaking at the tree-level
implies, in a renormalizable and anomaly-free theory, a sum
rule on the mass spectrum:

STr (M = (-1D)¥(2J +1)m5 =0

J
This predicts rather generically that one of the superparticles

is lighter than its ordinary partner, in contradiction with ex-

perimental observation.

The standard paradigm to evade this difficulty is to assume
that SUSY breaking occurs spontaneously in a hidden sector
and is transmitted to the visible sector only indirectly, through

some interactions.

The effect of SUSY breaking on the visible sector can be
parametrized through super-renormalizable soft breaking terms,
which depend both on the details of the hidden sector theory

and on the mediation mechanism.

The relevant effective Lagrangian to be considered has then

the following general form:
L= £susy + Esoft
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The supersymmetric part is schematically

Lousy = [<I>;’ eg“V“CIJZ-]D + Re [Wg]F
1 1

+ Re [5 tij i ®; + 3 Yijk (I)z'q)jq)k] 7

whereas the breaking part has correspondingly the general form
Lsott = — m(z)z'j G; 9j — M1/24 A
1 1
— Re [gBij Wij Qidj + 3 Aijk Yijk ¢z‘¢j¢k]

This general situation is however generically unacceptable both
from the phenomenological and the theoretical point of view.

In fact, the two main delicate points are the following:

e Flavor: m3 must be positive and have a flavor struc-

ture that is nearly universal or aligned to that of y,

in order to preserve the GIM mechanism.

e Hierarchy: u, «/Bu, mp and my/, must all be close
to the electroweak scale Mgw, in order to naturally

explain electroweak symmetry breaking.

The main issue is then to find a microscopic setup providing
these needed peculiarities in a natural and robust way. This
has led to two main classes of models, which each have distinct

appealing properties.



Gauge mediation

SUSY breaking occurs at a scale M in a hidden sector and
is transmitted to the visible sector through heavy messenger
fields with mass My > M, direct couplings to the hidden
sector and gauge couplings to the visible one.

Dine, Nelson, Shirman

The microscopic theory is a renormalizable theory. But below
My, and in particular at M, it is effectively described by a
non-renormalizable SYM theory. Soft terms originate from

higher-dimensional operators with scale M.

The gaugino and squared scalar masses are generated at the
1-loop and 2-loop levels:
- N gz M2 m2~ ( g2 )2(M2)2
27 16m2 My 0 \1672) \ My
The soft masses have therefore a common scale given by

92 M2
167‘(‘2 MM

Mgoft ™~

The main characteristics are that:

e m3 comes out automatically universal and turns out

to be positive.

e It is difficult to make u and /By both of the order

Mgoft at the same time.



Gravity mediation

SUSY breaking occurs at a scale M in the hidden sector and
is transmitted to the visible sector through gravitational inter-

actions, whose strength is set by Mp > M.

Chamseddine, Arnowitt, Nath

Barbieri, Ferrara, Savoy
Hall, Lykken, Weinberg

The microscopic theory must be some fundamental theory.
But below Mp, and in particular at M, it is effectively de-
scribed by a non-renormalizable SUGRA theory. Soft terms

originate from higher-dimensional operators with scale Mp.

The gaugino and squared scalar masses are both generated at

the tree-level:

M2 0 (M2)2

My ~Y — mon~ | —
2T M 0T \Mp
The soft masses have therefore a common scale given by
M?2
Megoft, ~ ———
0 MP

The main characteristics are that:

e m3 is in general neither universal nor positive.

o It is easy to make pu and /By both of the order

Mgoft at the same time.



Extra symmetries

To naturally solve both problems, one can try to introduce

new symmetries. Main options:

e Gauge mediation 4+ complications for hierarchy.
No really simple and compelling model so far.
e Gravity mediation + constraints for flavor.

Difficult to forbid mixing of the two sectors.

Extra dimensions

An interesting possibility, which is natural in string theory, is
to separate the visible and the hidden sectors along an extra
dimension. This framework has very peculiar characteristics
going beyond symmetries:
e Geographic distinction between visible sector, hidden
sector, and mediating interactions.

e New physical scale M acting as cut-off for the mixing

between the two sectors.



SUSY FLAVOR PROBLEM

The flavor structure of Yukawa couplings should ideally be ex-
plained by some physical mechanism, associated to some phys-
ical scale My, where the distinction between different species

of fermions takes place.

If Mg is not larger than the scale at which soft terms are
generated, these will in general acquire a non-trivial and inde-

pendent flavor structure. This is the case of gravity mediation

(Mg < Mp), in contrast to gauge mediation (Mg & My).
There exist very severe experimental constraints on the rela-
tive size of non-universal versus universal scalar soft masses.
The strongest bounds come from ex for squarks and from
Br(y — e + ) for sleptons. The present limits are

dm? .
( 2ux;ﬁv) < 3 x 10—4 (mumv)
Miyniv / squarks Mgw

om? .\ 2
uxﬁv) < 3 x 103 (mumv)
( m2 sleptons M, EW

univ

The accuracy of the relevant experimental measurements will
further improve in the next few years, and we clearly need at

least a partial theoretical explanation for these small values.
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SUGRA MODELS

Consider a general SUGRA theory with:
Visible: & = (¢, x0; Fo), Vo = (AF, Ao; Do).
Hidden: @, = (¢r, Xr; Fx), Ve = (A%, Ar; Dy).
Interactions: C' = (&%, ¥u; au, by), S = (s,9s; Fs).
After SUPCONF gauge-fixing, b, =0, s =1, ¥g =0, and:
L = [®,'")SSY +Re|P(®)S]  +Re [r(@)W?],
The functions 2, 7W? and P have expansions of the type:

Q= —3M32 + ®}e9V0d, + dlesVrd_
-+ 1\% Dl Bles Vo + ...
P
1
P=—NA+ Mo, +...
16m2 " T MO+

k
W2 = W2+ W2+ —dW2+...
Mp

We assume that SUSY breaking originates only from a singlet

®,, and none of the V.. To have a vanishing CC, we need to

tune A3 ~ 16m2M?2Mp. The SUSY breaking VEVs are then:
B M

16m2M3  Mp

|Fr| ~ M7, |Fs| ~



Therefore, there are two correlated sources of SUSY breaking:

| F'r|
Fol ~
|F's| Y

~ M3/

with the scale
Mﬁ
2™ A

Classical theory

The leading soft masses at classical level are:

|F'x|

my/e ~ k ~ km3/2

|Fx|?

Mg

mZ ~ h ~hm§/2

The coefficients h and k are model-dependent. The former
is generically expected to be of order unity and non-universal,

since the fundamental theory is supposed to explain flavor.
Quantum corrections

The corrections coming from gravity loops give

m1/2 ~ (
m2 ~ A2 |F7T|2 ~ A2 m2
077 16m2M2 M2 16m2MZE 3/

They are not reliably calculable, but their size can be estimated

by using a cut-off scale A that depends on what is assumed

for the fundamental theory.



Assuming nothing special corresponds to taking the highest

possible range of validity of the effective theory, with a cut-off
given by A ~ 47 Mp.

In that case, the loop corrections to my/y are negligible, due
to R-symmetry, but those to myp are generically large. This

means that it makes sense to choose k, but not h.

There are also corrections coming from gauge loops. These
induced an anomalous logarithmic dependence on S through

the superconformal anomaly, which yields:
2 2

g
My~ 765 sl ~ 763

2 2 2
2 g 2 (9 2
Mo ™ (16 ) [Esl” ~ (167r2) 3/2

These are reliably calculable, model-independent and smaller

mg/o

than the tree-level effects. They are universal and have a

definite sign: positive for squarks and negative for sleptons.
Randall, Sundrum

Giudice, Luty, Murayama, Rattazzi

To reach a satisfactory situations for the soft masses, one
needs therefore to introduce some selection mechanism going

beyond symmetries and suppressing non-universal effects.

This calls for some specific assumption about the fundamental
theory. These should however concern only its general struc-

ture, not its details, to represent a robust situation.
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SPECIFIC SCENARIOS

Weakly coupled models

A first possibility is to assume weak coupling. Loops are then

cut off at A ~ Mg < 4w Mp and suppressed by the factor
2

S
— K1
16w2 M2

In this situation, it is technically possible to assume that classi-

cal effects are for some reason universal and that non-universal

loop corrections are small.

The requirement that the underlying theory should provide a
unified description of interactions however naturally suggests

that (gravity loop) ~ (gauge loop) at the scale Mg, that is:
M? g* Ms )
—~ = = — ~ g~ 7 X107
16m2 M2 1672 Mp

This applies, for instance, to standard superstring models.

Louis, Nir

Brignole, Ibafiez, Munoz
In this setup, the leading contributions to mg and my/y come
thus from tree-level gravitational effects that are assumed to

be universal and have the standard scale:
Muniv m3/2
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The leading non-universal corrections come from gravity loops
and have a relative suppression factor given by:

om? 2
v d 3 x 107

2 2
ME iy 167

The main issue in this scenario is the possibility of having at the
same time non-universal Yukawa couplings and universal scalar
soft masses at the classical level. This seems to be possible in

certain string models, thanks to special superselection rules.
Sequestered models

A second possibility is to assume the existence of an extra
dimension, along which the visible and hidden sectors are sep-
arated and interact only gravitationally. The relevant loops
are then cut off at A ~ Mg < 4mMp and suppressed by
2
_ Mg

1
16w2 M3 <

In this situation, higher-dimensional locality forbids any lo-
cal classical effect and allows only non-local quantum effects,
which are generated at the scale Mg and are thus universal

and reliably computable within a 5D SUGRA description.

It is then conceivable that all the soft masses are induced by

universal loop effects.
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To get a satisfactory situation, the gravity loop contribution

to m3 should be positive, and large enough to overcome the

negative gauge loop contribution for sleptons. This requires

that (gravity loop) ~ (gauge loop)? at Mg, that is:
L%N (9_2)2 - MCN g ~ 4 % 102
16m2M%z  \16m2 Mp Ax

This is reasonable and interesting.

Randall, Sundrum

In this setup, the leading contributions to mg and my/y come
thus from tuned 1-loop gravity effects and 1-loop gauge effects

that are automatically universal, with a common scale:

Mc g°

AnMp 32T Tgpz B2

Generic non-universal corrections come from gravity loops in-

Y

Muniv

volving couplings with two extra derivatives. This implies two
extra inverse-powers of the bulk gravity scale (47TMP)2/3M(13/3.
By dimensional analysis, these effects are thus suppressed by

om2., 4/3 2\ 4/3
b (Mo Y95 (8 YR o g
m2 A1 Mp 1672

univ

The main issues in this scenario are the possibility to get the
right sign and size for the gravitational effect and to keep
possible extra model-dependent non-universal effects related

to radius stabilization small enough.
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MINIMAL SEQUESTERED MODELS

The simplest example of sequestered models can be constructed
by compactifying a 5D SUGRA theory on the orbifold S*/Zs,
with a flat background geometry, and locating the visible and

the hidden sectors at the two fixed-point or branes.

The geometry is parametrized by the radius R of the internal

dimension and the 5D Lagrangian has the general form:
L(z,y) = Ls(x,y) + Lo(z) 6(y— OR) + Lr(x) 6(y— TR)

where

1
65—1£5 — —5 3R5 —|— PP
1 1 ,
eZlﬁo,w = —§M53L0,7r7'\’,4 + |3ﬂ¢0m|2 _F(Féfw)z 4.
0,m

The bulk fields can be expanded in towers of KK modes with

masses proportional to

1
- 7R
The low-energy effective theory for B < Mc, which is ob-

Mc

tained by integrating out the heavy KK modes, is a 4D SUGRA

theory, with an extra chiral multiplet:

Radion: T = (t,v¢r; F'1).
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This new multiplet describes the dynamics associated to the
extra dimension. The VEV of t controls the size of the ex-
tra dimensions, Ret = mR, whereas the VEV for F'r can in

general give additional SUSY-breaking effects.
The functions 2, 7W?2 and P have now the form

Q =—3M(T+T"+Lo+Ly) + Ble?"0d) + Bl d, + ...

P=LA3+M3<I>W+J‘(T)+...
1672

W2 =Wi+W2+...
From the matter-independent terms we deduce that:

ME = ME(2Ret + Lo + L)

We assume as before that SUSY breaking comes only from a
singlet ®, and no V7, and also that the radion potential is not

significantly influenced by gravitational effects.

A vanishing CC again requires the tuning A3 ~ 1672 M?2Mp.
The SUSY breaking VEVs are then

B M
16m2M3  Mp
and, generically assuming that f'(t)/f"(t) ~ t,
') A
f”(t)‘ 1672 M2

|F7T|NM7%) |FS'|N

|Fr| ~

M2
~ |t Mw
P
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In this situation, there are therefore three correlated sources

of SUSY breaking

F F
P L 4

Mp ||

~ Mg/2

with the scale
M
mgsg ~ ﬁp
There exist no local operators that can mixing the visible and
hidden sectors at the classical level, and the only effect comes

from non-local operators generated at the quantum level.

The dominant effects come from the 1-loop correction to 2.
This has a divergent T-independent part, renormalizing the
operators that were already present, and a finite T'-dependent

part, containing new operators.

The effect under consideration is similar to a Casimir effect.
The relevant bulk-brane interactions are the field-dependent
localized kinetic terms for the bulk fields, which are determined

by the brane Kahler functions:
Qo = —3LoxM; + ®f 00 ;

By power counting and dimensional analysis, the correction

must then have the form:

ad Cm,n 96"’ 94k

AQQ, T+T) = Y ’ T
( ) Myml M53(m+n) (T + TT)2+m+n
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By explicit computation, one finds:

AQ(Qo,, T+ T

- QO Qﬂ' -
1+—zl1+—zx

_ 920 % M MZ " _6(r+Tt) My

= —;M5/Oda:xln 1— P Q. € 5

i 7k _

Rattazzi, Scrucca, Strumia

Expanding this expression in powers of € /M2, one deduces

that all the cpmn are positive. The first few ones are:

42’ 7 7 RN

The first three coefficients have been independently derived

C0,0

also in other ways.

Buchbinder et al.
Gherghetta, Riotto

Ponton, Poppitz
Falkowski

The relative sign of the first three terms can be checked by
noticing that the leading-order dependence on 2 » of both the
kinetic terms and the boundary conditions of the bulk modes

can be obtained through the replacement:

Qo 0
T+TH T +TF — S
H Y 7 R V7

This is related to the fact that a displacement of the branes

can be accounted for by a flow of the local operators that they
support.

17



In the general case with non-vanishing localized kinetic terms,
Lo, Ly # 0, all the operators with coefficients ¢y, p, give a non-
vanishing contribution to m2. The result depends on the di-

mensionless variables:
L0,7r
2R

ror =

One can vary the parameters 7o r, but one must correspond-
ingly change the bulk gravity scale Ms(ro ), to keep a fixed

value for the 4D effective Planck scale:

Mp ~ 53/2 M51/2(1+ro+rw)1/2

In terms of the constant Mp and the parameters g, the

induced m(z) is the sum of RB and BB effects:

M2 |Fqf?
2 C
Mg |Fx|?

2
+ fB(r0, ) (1+70+77) 167202 T2

3/2
1672023/

The functions frp and fgp are known and reflect the depen-

~ ¢(T0o,Tr)

dence of the masses and the wave functions of the bulk KK
modes on the parameters 7y . There are then three substan-

tially different regimes.
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Regime where 1o <1 and ;<1

The KK modes have an integer spectrum and symmetric de-
localized wave-functions. The RB and BB effects are both

negative and sizable:

fRBN—l, fBBN—l = cn~ —1

Regime where 79>1 and ;<K 1

The KK have a half-integer spectrum and wave-functions that
are localized at the hidden sector. The RB effect is negative

and suppressed, whereas the BB effect is negative and sizable:

1 1
frB~——, fBB~—5 = ¢c~—1
To To

Regime where rg <1 and . >1

The KK have a half-integer spectrum and wave-functions that
are localized at the visible sector. The RB effect is positive

and enhanced, whereas the BB effect is negative and sizable:

1
JfrB ~ +1, ]‘!‘BBN—T—2 = Cc~ +Tg
T

Summarizing, in this minimal setup the sign of the induced
m(z, tends to be negative, and can become positive only if the
bulk modes are significantly more localized on the visible sector

than on the hidden sector.

Rattazzi, Scrucca, Strumia
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GENERALIZATIONS

Warped models

A natural generalization of the minimal setup can be obtained
by switching on a non-trivial curvature and considering warped

geometries with an arbitrary warping parameter k.

It is known that warped models share many specific features
with flat models in the presence of asymmetric distributions
of kinetic terms, because of the similarities of the spectra and

the wave functions of their KK modes.

It is then a priori conceivable that a sizable warping could lead,
as localized kinetic terms, to a positive sign for the induced m(z),
and provide a more satisfactory justification for the underlying

asymmetry between visible and hidden sectors.

However, a detailed analysis of the general case with non-
vanishing warping and arbitrary localized kinetic terms has
shown that warping cannot give on its own a positive effect,

and localized kinetic terms are still necessary.

These models, though very interesting, do therefore not offer

really new possibilities.

Gregoire, Rattazzi, Scrucca, Strumia, Trincherini
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Models with both F' and D type SUSY breaking

An other possible generalization is to consider models where
SUSY breaking occurs not only through a chiral auxiliary field

F'; but also a vector auxiliary field D.

This is generically the case in models where the fields @, are
not all singlets under the fields V.. One needs however a more

complicated superpotential P.

The basic point is that F'; and D, can lead to effects that
differ in sign. This is easily seen from the way the various

superspace structures contribute to the action. One has:

Lo '<I>;freg7r"w<1>ﬁ] +Re [wﬁ] +Re lPW(CDw)]

D F F

D -|FW|2+D7rg7r<I>;’TT<I>7r] - BD?TI - [FWP;T(@?T) - h.c.]
The au;<i|iary field equations of motion are then:
Fr=—P(®:), Dy=—g.PIT®,
Substituting back gives:
Lo [|F7,|2—D72T] + [%Di] + l—2|F7r|2]
Thus, Fr and D, contribute differently to [---]p and [--]F

terms, although they enter similarly in the total potential:

LD —(|F7r|2 + %Di)
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Quantum effects are of [- - - |p rather than |- - - | type, and are
more sensitive to [--+]p than [-- -] classical couplings, due

R-symmetry. The effects due to F';r and D, can then differ.

This applies in particular to gravitational corrections that are

relevant for sequestered models. Their form is unchanged:

> Cm,n 2T 7
AQQ., T+ T = : u
( ) m§=0 M53(m+n) (T + TT)2+m+n

The m3 that they induce is however different. The RB effect

still comes with |Fr|?, but the BB effect now involves the

combination |F'z|> — D2, which is no longer positive.

It is quite natural to expect that |Fz|? ~ D2 and that the sign
of the BB effect is not an issue in general. We have verified
this by working out various examples. Tuning the CC to zero,

one finds then four correlated VEVs:

Fel _|Dsl _|Fal

F Y ~Y
Sk v T
This leads finally to
MZ |Fpl|?
2 C

Mg |Frl> = DF
16m2M2 M3

+ fBB(To, 'rw) (1+’I"()+’l"7r)2

Mg

2
16m2MZ 2/

~ d(ro,Tr)

Gregoire, Rattazzi, Scrucca
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RADIUS STABILIZATION

There exists a natural way to stabilize the radius at the magic
value for which gravity-mediated effects are of the same order

of magnitude as anomaly-mediated effects in soft terms.

Luty, Sundrum

It relies on an additional bulk vector multiplet, for which gaug-
ino condensation takes place. To preserve sequestering, the

boundary fields must be singlets under the new symmetry.
The additional 5D Lagrangian has the form
L(z,y) = Ls(z,y) + Lo(z) 6(y— OR) + Lr(z) 6(y— 7R)

where now

1
-1 u2|
£ — T — F# e o o

].
_1: v\2
ﬂ—__KﬂFM —I—.oo

The NDA estimate for the 5D cut-off scale is:

Ag ~ 16mg: 2

The classical 4D effective gauge coupling is given by

96" = 95 *(2Ret + Ko + Kr)
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Quantum effects induce a logarithmic running of the 4D effec-
. . . C1Rn2,=2
tive coupling, which becomes strong at the scale Ag e 197 %",

Gaugino condensation induces then the superpotential

f(T) ~ 1 A:é e—Ag(2T+K0+K7r)

1672
The full theory has the following scales, after the CC tun-
ing: the overall fixed Mp, the arbitrary mg/, from the SUSY
breaking sector, and the arbitrary Ag and Ko from the radion

stabilizing sector.

The crucial dimensionless parameter for the minimization of

the potential turns out to be:

€ (ln Ag —EKA —EKA )_1
16m2M2mg;, 2 © 2 "0

Under the assumption that 0 < € < 1, one finds that the ra-

dion is stabilized with:
Mc~elAg, mpr~ e mg /o

and the SUSY-breaking VEVs are given by

| F'r| |Frl
Faol ~ ~ L
7S] Mo T2 t]

At the minimum of the potential, € can be identified with

~ em3/2

the loop factor for the new bulk gauge interactions at the

compactification scale:

Mc  g2Mc

ENV —— ~V

Ag 1672
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The value of mg/y is fixed by requiring the anomaly-mediated
my/2 to be around Mgw. This means that mg/y should not

be much beyond Mgw.

The value of Ag is practically fixed by requiring that M¢ has
the magic value needed for the gravity-mediated myg to also

be around Mgw. This implies that Ag should be close to Mp.
The values of Ky, are instead free and allow to change €.

This setup therefore realizes in a natural way the required
situation, independently of the distribution of kinetic terms,

which is controlled by the two dimensionless quantities
. K0,7r
2mR

The stationary values of these can be used to parametrize the

S0,7

quantitative features of the model. In particular, using the
fact that the In term in € is numerical about (g?/4m)~1, one

can rewrite the latter as:

€ ~ (1+SO+3w)§

The bulk fields can mediate non-universal loop effects, due
to higher-derivative couplings that are generically expected.
These new effects can be dangerous. They have a RB part

that can be ignored and a BB part that must be studied.
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POSSIBLE MODELS

F'-type breaking with a large localized kinetic term

2

In the universal gravity-mediated effect, RB o< r - € must be

larger than BB oc 1+ 1 = assume r; ~ €72,

The non-universal gauge-mediated effect has an extra €2 sup-

pression but is o< (7r/87)? -1 = assume s, ~ (g?/4m)~! so
that e ~ 1 and r; ~ 1. We get then:

dm? 2\ 2
Y 57 (j—) 22107

univ T

m
D-type breaking with small localized kinetic term

In the universal gravity-mediated effect, RB o< 1 - €2 must be

smaller than BB o< 11 = always fine.

The non-universal gauge-mediated effect has as before an ex-

2

tra € suppression and is now o< 1-1 = assume s; ~ 0 so

that € ~ g?/4mw. We get then:

5m 2\ 2
2u1ﬁVN62N(g_) Z2X10_3
4

Gregoire, Rattazzi, Scrucca
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CONCLUSIONS

e Sequestered models can provide a robust explanation
for the flavor problem, the crucial issue being the
dynamics that is supposed to stabilize the radius at

its magic value.

e The leading non-universal effects are in general con-
trolled by model-dependent physics stabilizing the ra-
dius, and viable concrete examples have been shown

to exist.

e These scenarios represent a valid alternative to weakly
coupled models, where the crucial issue is the selec-
tion rule that is supposed to be responsible for the

universality of soft terms at the classical level.
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