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Abstract

We explore some fundamental differences in the phenomenology, cosmology and
model building of Split Supersymmetry compared with traditional low-scale supersym-
metry. We show how the mass spectrum of Split Supersymmetry naturally emerges
from theories where the dominant source of supersymmetry breaking preserves an R
symmetry, characterize the class of theories where the unavoidable R-breaking by grav-
ity can be neglected, and point out a new possibility, where supersymmetry breaking is
directly communicated at tree level to the visible sector via renormalizable interactions.
Next, we discuss possible low-energy signals for Split Supersymmetry. The absence of
new light scalars removes all the phenomenological difficulties of low-energy supersym-
metry, associated with one-loop flavor and CP violating effects. However, the electric
dipole moments of leptons and quarks do arise at two loops, and are automatically at
the level of present limits with no need for small phases, making them accessible to
several ongoing new-generation experiments. We also study proton decay in the con-
text of Split Supersymmetry, and point out scenarios where the dimension-six induced
decays may be observable. Finally, we show that the novel spectrum of Split Super-
symmetry opens up new possibilities for the generation of dark matter, as the decays
of ultraheavy gravitinos in the early universe typically increase the abundance of the
lightest neutralino above its usual freeze-out value. This allows for lighter gauginos and
Higgsinos, more accessible both to the LHC and to dark-matter detection experiments.
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1 Introduction

Our concept of Naturalness — the principle that Nature abhors fine-tunings — is based on
theories with a few vacua. It has led to the proposal of low-scale supersymmetry, in order
to avoid tuning short-distance parameters to 30-decimals. But this principle faces a serious
challenge from the cosmological constant problem, where we see no new physics at the scale

~ 1073 eV required by naturalness.

Recent developments in string theory [I] suggest the existence of an enormous “land-
scape” of long-lived metastable vacua. These can have a significant impact on the criterion
of naturalness, and may provide the key to resolving the cosmological constant problem along
the lines of ref. [2]. They may also have a bearing on the solution to the hierarchy problem.
For example, if the number of vacua that break supersymmetry at high-scale is more than
1030 times larger than those with low-scale supersymmetry, then the breaking of supersym-
metry at high scales is favored [3]. The 30-decimal tuning is compensated by the enormous
“entropy factor” favoring high-scale breaking of supersymmetry. In this case, the simplest
possibility would be that the Standard Model (SM) is preferred to the usual low-energy
supersymmetric SM [H]. This would then account for why we have not seen any evidence for
supersymmetry — either in the spectrum or in rare process, such as FCNCs, CP violation,
proton decay, etc. — at the expense of giving up two major successes of the supersymmetric
SM: gauge coupling unification [5] and natural dark-matter candidate [6]. A more interesting
possibility that preserves these successes is that approximate chiral symmetries protect the
fermions of the supersymmetric SM down to the TeV scale [, §]. So, the sparticle spectrum
of these theories is “split” in two: (7) the scalars (squarks and sleptons) that get a mass at
the high-scale of supersymmetry breaking m, which can be as large as the GUT scale, and
(i) the fermions (gauginos and higgsinos) which remain near the electroweak scale and can
account for both gauge-coupling unification and DM. The only light scalar in this theory
is a finely-tuned Higgs. So, rather than the dull prediction that the LHC will discover just
the Higgs, these theories — coined Split Supersymmetry — predict gauginos and higgsinos at
a TeV, maintain the successes of the supersymmetric SM, and account for the absence of
problematic flavor and CP-violation, of fast proton decay, and of an excessively light Higgs,

caused by the presence of light squarks and sleptons in the supersymmetric SM.

In this paper we address some novel theoretical, cosmological and phenomenological
aspects of Split Supersymmetry'. An important theoretical issue is how the spectrum of

Split Supersymmetry can naturally emerge from a high-energy theory. In sects. Bl and Bl we

1Some consequences of Split Supersymmetry have been considered in ref. [9].



characterize the general class of theories that have this property. We also present in sect. Hl
models where the supersymmetry breaking is directly mediated at tree level to the visible

sector of the theory.

Having abandoned naturalness, the crucial ingredient pinning the gaugino and Higgsino
masses to the TeV scale is the requirement for the lightest supersymmetric particle (LSP)
to form the dark matter of the universe. Novel properties of the gravitino in Split Super-
symmetry can impact this analysis. In sect. Bl we discuss the properties of gravitinos in Split
Supersymmetry, emphasizing their impact on the issue of dark matter. Gravitino decay
generates a non-thermal population of dark-matter neutralinos, which gives an additional
contribution to the energy density on top of the usual freeze-out abundance. This, in gen-
eral, suggests that the mass of the supersymmetric particles can be lighter than what derived
from the thermal abundances — making Split Supersymmetry potentially more accessible to

the LHC and to dark-matter detection experiments.

While the decisive verdict on Split Supersymmetry awaits TeV scale collider experiments,
it is important to examine what signals can show up in other, low-energy experiments.
Having eliminated the new scalars, the rate for anomalous effects in FCNC processes, which
are troublesome for usual low-energy supersymmetry, are predicted to be unobservably small.
Similarly, the proton decay rates from dimension 5 operators become irrelevant — these
problems are eliminated so efficiently that there are no associated signals to be seen. However,
in sect. @ we show that in Split Supersymmetry, the contribution to lepton and quark electric
dipole moments (EDM), arising at two loops, are naturally of the order of the current
experimental limits for CP violating phases of order unity. This is to be contrasted with
usual low-energy supersymmetry, where CP violation is a problematic feature, with electric
dipole moments arising at one-loop being too large by roughly a factor of 10?102 for soft-
term phases of order one. The naturally observable EDM are an exciting generic prediction
of Split Supersymmetry, and may be checked by a new generation of experiments that plan
to improve the limit by a factor of at least ~ 100 — 1000, possibly before the turn-on of the
LHC. We also study proton decay in Split Supersymmetry in sect. [d, and point out scenarios

under which the dimension-6 mediated decays may be observable.

In sect. Bl we conclude with a detailed summary of our results and remarks on directions

for future research.



2 Split Supersymmetry and the Pattern of Supersym-
metry Breaking

The spectrum of Split Supersymmetry is defined by squark masses and B,, term generated
at a large mass scale m, and by gaugino masses and p term of the order of the weak
scale. In this section we want to characterize the conditions under which the mechanism of
supersymmetry breaking leads to such a spectrum, rather than the usual case in which all
supersymmetric partners are approximately mass-degenerate. The question is reminiscent
of the p problem: why isn’t u = O(Mp)) generated in the exactly supersymmetric theory?
In Split Supersymmetry we are encountering an extended p problem: why aren’t gaugino

masses and pu = O(m) generated in the broken supersymmetric theory?

At first sight, it may appear that the ordinary case of mass-degenerate superpartners is
the most generic since, after supersymmetry is broken, all these particles are expected to
acquire masses. We want to show that this is not necessarily the case. The nature of the
mass spectrum depends on the presence or the absence of an approximate (or accidental)
R-symmetry of the observable sector of the theory. Once this symmetry is realized, the mass

spectrum of Split Supersymmetry naturally emerges.

It is known [I0] that there is a connection between the existence of R-symmetries in the
hidden sector and of supersymmetry breaking. If the relevant superpotential is a generic
function of fields (i.e. all interaction terms are present with no tuned coefficients), the pres-
ence of an R-symmetry is a necessary condition for supersymmetry breaking, while a spon-
taneously broken R-symmetry provides a sufficient condition. However, because of the non-
renormalization theorem in supersymmetry, it is not unusual to encounter superpotentials
that are non-generic functions of fields, where certain interaction terms are absent. Many ex-
ample of such superpotentials, leading to spontaneously-broken supersymmetry, are known.
Moreover, R-symmetry cannot be an exact symmetry once the theory is extended to super-
gravity and the cancellation of the cosmological constant is allowed. Indeed, such cancellation
is obtained by tuning the gravitino mass to a value proportional to the scalar component
of the superpotential W. Since R[W] = 2, the condition of vanishing cosmological constant

necessarily leads to a breaking of the R-symmetry.

Let us turn to consider the various patterns of supersymmetry breaking, paying special

attention to the properties of the underlying R-symmetry.



2.1 F-breaking

We start by reviewing standard results regarding the origin of the soft terms, in order to

introduce notations and to allow a comparison with the analysis presented in the next section.
Supersymmetry breaking is parametrized by a spurion chiral superfield
X =1+ 6*m. (1)

The superfield X breaks supersymmetry and R-symmetry, since both its scalar and auxiliary
components have a background value. Masses for the scalar components of visible-sector su-

perfields @ (mg), gaugino masses (Mj), and trilinear A-terms are generated by the operators

/ POXTXQIQ — md =m?, 2)
/ LOXW, W, — M, =1, (3)
/ POXQP — A= (4)

Here W, is the gauge superfield strength, and @Q? is a gauge-invariant combination of visible-
sector superfields. All soft terms are of the order of the mass scale m. Notice that, in the
absence of supersymmetry breaking (m — 0), the interactions in eqs. ([)—() are R-invariant,
once we assign R[X| = 0. Therefore, supersymmetry and R-symmetry are simultaneously

broken by the auxiliary component Fx = m.
For phenomenological reasons, we have to exclude the operator
/ 29N, H, H,, (5)

where H; 5 are the two Higgs-doublet superfields and M, is a mass scale characteristic of the
exact-supersymmetry theory. This can be achieved by: (i) a global U(1) PQ symmetry with
PQI[HHs] # 0; or (ii) an R-symmetry with R[H;Hs| # 2; or (i) a mechanism that does
not allow to embed this term in the underlying GUT. Once this is done, supersymmetry
breaking generates the p-term and B, (the scalar counterpart of the p-term) through the

operators [I1]
/ dOXTHHy, — =, (6)
/ dOXTXH\Hy, — B, =m? p=rn. (7)

These interactions are allowed, in the supersymmetric limit, by a combination of the R and
P@Q symmetries such that the R charges are R[H;Hs] = 0. Consistently, this symmetry
forbids the unwanted operator in eq. (H). In conclusion, all possible soft terms (including )

have been generated at the scale m.



2.2 D-breaking

Next, we want to examine the case in which supersymmetry breaking does not lead to

R-symmetry breaking. Therefore we consider the spurion superfield
Y =1+6% (8)

which breaks supersymmetry, but preserves an R-symmetry if we assign R[Y]| = 0. This
spurion could arise from a genuine supersymmetry D-breaking in the gauge sector. However,
it could also be induced by a chiral superfield X, with (X) = 0 and (Fx) # 0. As an
example, this happens in the simplest of all theories of supersymmetry breaking, with a

linear superpotential for a chiral superfield X
W =X . 9)

This has Fy = p? and broken supersymmetry. The vev of X is undetermined at this level;

however, if there are higher dimension operators in the Kéhler potential of the form
(XTX)?

M2
then X is stabilized at the origin (X) = 0, with m% = u*/M? > 0. (In fact, precisely this

sort of term in the Kahler potential is generated at 1-loop in renormalizable O’Raifeartaigh

SK = —

(10)

models of supersymmetry breaking). If such a field X appears in the interactions with visible-
sector fields only in the combination XX, then the visible sector will have supersymmetry
breaking without R-breaking. In particular, this happens if X is a non-singlet under a
hidden-sector gauge group (as is often the case in models with dynamical supersymmetry
breaking) or if there exists a discrete symmetry X — —X. For simplicity, we will call
“D-breaking” the case characterized by eq. (§). However, it should be clear that we do
not necessarily require that supersymmetry breaking is triggered by a gauge superfield, but

rather that the supersymmetry breaking is not accompanied by R breaking.
Couplings of the spurion Y to the visible sector induce the soft terms
/ dOyQlQ — ml =m? (11)
/ d'0Y H\Hy, — B, =m’. (12)
No other renormalizable operator is allowed. Notice that we have defined our spurions as

dimensionless, and so we are effectively working to all orders in Y. Only visible-sector fields

determine the operator dimensionality.



Since we have excluded the operator in eq. (H), possibly by a GUT mechanism, the visible
sector has an accidental R-symmetry with R[Y]| = 0 and R[H,H,| = 0, even after supersym-
metry is broken. This is the symmetry that forbids the appearance of gaugino masses, A
and p terms. This symmetry is accidental, since it has not been imposed on the theory, but
it is just the consequence of supersymmetry, gauge symmetry, field dimensionality, and the
absence of the operator in eq. (H), once D-breaking is assumed. Notice, in particular, that
imposing on the theory an exact R-symmetry is not justified since, as we have previously
discussed, the cancellation of the cosmological constant necessarily implies an explicit R

breaking.

The situation is analogous to how lepton number is implemented in the SM. Lepton
number is only an accidental SM symmetry and it is expected to be violated in the fun-
damental (possibly GUT) theory by effects of order unity. The smallness of the neutrino
mass is then explained not by small coefficients, but by the large scale hierarchy between the
electroweak and GUT masses. Similarly, in D-breaking, even if the R-symmetry is broken in
the fundamental theory by effects of order unity, gaugino masses and the p parameter will
be suppressed with respect to squark masses and B,,, whenever there is a certain hierarchy

between the fundamental (possibly Planck) scale and m.

Equations () and (I2) allow for the possibility of a cancellation of the Higgs mass term.

In particular, a Kahler structure of the kind
/d49Y (sin BHy — cos ﬁHzT) (sin BH] — cos ﬁHg) , (13)

leads to a massless Higgs superfield, for any value of 5. Although the cancellation needs a
fine-tuning, it is interesting that Split Supersymmetry allows this possibility for the Higgs
mass and not, for instance, for squark masses, so there can be a reason why of all the scalars

of the supersymmetric SM, only the Higgs is fine-tuned to be light.

To generate the other soft terms, we have to include the leading non-renormalizable

operators,
1o, n?
i / OV WoWar — My= o, (14)
1 2
A /d49YQ3r — A= X}* T, (15)
! /d49YD2(HH)r Lo, (16)
M., 1419 H = M., .

Here M, is the mass that characterizes the interactions between hidden and visible sectors.

In supergravity, we identify M, with Mp;, but smaller values of M, are possible in alternative



schemes of supersymmetry-breaking mediation. The mass spectrum of Split Supersymmetry
naturally emerges from D-breaking, whenever m < M,. The parameter r that we have in-
cluded in eqs. ([[4))—(T8) measures a possible further suppression caused by an (approximate)
R-symmetry present in the dynamics that mediates supersymmetry breaking at the scale M,.
It could be viewed as a scalar spurion field carrying an R charge. Indeed, if R[r] = —2, the
interactions in eqs. ([)—(I6) are R invariant. If the underlying dynamics does not preserve

an R-symmetry, we can set r = O(1).

Next, we can establish what is the reasonable minimum value of  in theories where there
is an energy range for which the 4-D supergravity description is valid. This is given by the
effect of gravitational interactions that communicate to the visible sector the unavoidable
R violation coming from the cancellation of the cosmological constant. In supergravity,
the positive vacuum energy associated with supersymmetry breaking is cancelled by having
a non-zero expectation value for the superpotential W which contributes —3|W|? to the

vacuum energy. As W has R-charge 2, this breaks R, and gives a gravitino mass

KW
msg/o = 62M%1 — . (17)
/ M3,
Here Mp; = 2.4 x 10'® GeV is the reduced Planck mass. We can get a reasonable lower

bound on mg/, as follows: given scalar masses of order m, there are contributions to the
vacuum energy of at least order ~ m?/(167%), and therefore we expect at least

w2 2

LM _ = > .
M2, N 1672 T2 A M ey

(18)

Now, in order to generate gaugino masses, we must break both R and supersymmetry. The

minimum amount of R-breaking will come from the non-zero W. Local operators of the form

W W WHQIQ + - -
fao

(19)

where () are generic chiral fields in the visible sector, can not be protected by any symmetries,
and indeed we expect gravitational loops to generate such operators as counterterms with
M, ~ Mp,. Now, only given the supersymmetry breaking of the heavy scalar masses m, we
can expect that the terms QfQ+- - - have a non-vanishing #26% component of size comparable

to the vacuum energy of the low-energy theory beneath m, which is ~ 1’(’;"”—7;42 , leading to

~ 6 3
m ms /9
M; 2 — ~ —2= (20)
MR M
ignoring loop factors. Barring cancellations, this can be taken as a plausible minimum value

of the gaugino mass, since it is the result of just the existence of gravity and the cancellation

7



of the cosmological constant. This magnitude can be estimated diagrammatically in terms of
a one-loop gravitational contribution to gaugino masses (induced by graviton/gaugino and
gravitino/gauge-boson exchange), which is cutoff in the ultraviolet by the supersymmetry-
breaking mass mg/,. The phenomenological requirement that eq. (20) does not exceed the
TeV gives the constraint mg/, < 10" GeV. Incidentally, we remark that in the case of grav-
ity mediation (/M ~ mg/y) this bound is numerically equivalent to the one derived by the
condition that the gluino lifetime is shorter than the age of the universe, which is necessary
to evade the experimental limits from searches of anomalously heavy isotopes [7]. Finally,
notice that considerations similar to those we have made for gaugino masses also apply to
the p term. A Higgs-gravitino loop with a B, mass insertion induces p ~ m3 , /Mg, taking

the gravity-mediation result By, ~ m3 ,.

We have seen that there is some connection between the gaugino/Higgsino and gravitino
masses, as they both break R. Is there any relation between m and mg/,? In fact these
can usefully be thought of as the independent parameters characterizing a model of Split
Supersymmetry. There are theories where m < ms/, — this occurred in one of the models
in ref. [7], where the gravitino mass mg/, came from Scherk-Schwartz breaking with a fifth
dimension as mg/, ~ 1/R, while the scalar masses were m ~ RQ#MPI. Using the fifth dimension
to lower the higher-dimensional Planck scale to the GUT scale actually predicted mg/, ~
1/R ~ 10'% GeV, gaugino/Higgsinos right at the TeV scale, and m ~ 10° GeV. There are

also theories in which 7 >> mg)s, as in the models of direct mediation we discuss in sect. Bl

3 Contributions from Anomaly Mediation

We have argued that the breaking of R required by the cancellation of the vacuum energy
in supergravity will eventually infect the visible sector, generating gaugino masses of order
at least My ~ mj3 /2 /M3,. However, there is a potentially larger effect, coming from anomaly
mediation [T2], which typically generates My ~ a/(4m)mgse. For mg;, < 100 TeV or so,
this will be subdominant to whatever generates the gaugino masses, but what happens for
mg/e > My? Inref. [7], a concrete model of supersymmetry breaking using a fifth dimension
was constructed, where the anomaly-mediated contributions were small, with ms, ~ 10
GeV, in fact predicting gaugino and Higgsino masses near ~ 100 GeV. Our purpose here is to
explore the issue in more general terms: why do we get the anomaly-mediated contribution,

and under what circumstances is it naturally suppressed?



Let us review the origin of the anomaly-mediated contribution to gaugino masses

M = @Fm (21)

g
where 3(g) = dg/dInp and ¢ = 1 + 6?F} is the conformal compensator, which appears in

the Lagrangian in form
L= [dosior + ( [ 0w + h.c.) . (22)

In order to see what the induced Fj is, we set K, W equal to their expectation values in
the supersymmetry-breaking background (with K|y = —3M3, to canonically normalize the

Einstein action), and in components we find that the potential is

Viac = 3ME||Fy]> + (FjA+he)+ V. (23)
Here
A= —BW*|0—K|92, V= —K|94 —2ReW|92, (24)
and the gravitino mass is
W
|m3 2‘ = —F . (25)
P ME
The equation of motion for Fy now simply determines
K|y
Fo—_ — il Ll 26
o= Taag M T g (26)
and this gives the vacuum energy
Al?
V;/ac =V - . 27
3ME (27)
Fine-tuning the vacuum energy to zero, we also find that
V
Fyl=—. 28
7=\ 5z (28)

In theories in which supersymmetry is broken dynamically without singlets in the hidden
sector, the term Klg2/(3MB,) in eq. (Z0) is negligible, and we obtain |Fjy| = mg/2. In general,
however, [}, is not proportional to mg/,, but it is directly determined by V' as in eq. ([£5).

In a theory where supersymmetry is broken already in the global limit, V' can be thought
of as the “vacuum energy” of the supersymmetry breaking sector. More precisely, it is the

Goldstino decay constant; the Lagrangian for the Goldstino x has a quadratic part
VX0"Oux 4+ - (29)

9



Thus in theories where supersymmetry breaking is decoupled from gravity, so that V' and
Klgp> remain constant as Mp; — oo, we have |Fy| = mg/,. However, this is not the case
for theories where supersymmetry breaking is intimately tied to gravity and supersymmetry
is restored as Mp; — oo, so that V' — 0 in this limit. This may appear at first sight to
be a sick limit, since the coefficient of the Goldstino kinetic term is going to zero. But in
fact, in such models, the Goldstino does get a kinetic term via mixing with the gravitino.
This is the secret of the no-scale supergravity structure, and also helps explain why the
no-scale structure is so ubiquitous in compactifications of theories with extra dimensions.
As is familiar, the scalar radius moduli 7" only acquire kinetic terms by mixing with gravity,
and the same is true for their fermionic partners . Indeed, we can see this easily in a
theory with a single extra dimension [I3] with a radius modulus 7' = r + 6¢p + - - -. Since
M3, = 2M3Re(r) we have

K= -3M2(T +T") (30)

and we can add a constant superpotential
W= Mec. (31)

It is easy to see that V' =0 and Fj = 0, since both K|+ and W |p2 vanish, while

3
cM;

e (32)

Fr=c, mgp=
and supersymmetry is broken. This is equivalent [I4] to a Scherk-Schwarz breaking with ¢
setting the phase picked up by the gravitino traversing the dimension.

At this level the modulus r is undetermined; in any case the Kahler potential will be
modified by quantum corrections, and we may also have additional terms in the superpo-
tential. Suppose then that the Kahler and superpotentials are modified by introducing the
functions k(T + TT) and w(T) as follows

K= -3MXT+T+k(T+T", W =cM3+w(T). (33)

Let us work to first order in k,w. By computing the equation of motion for Fr, we find

C*k,// +w/* |C|2k// +w/*c

Fo = 3MZ 3mgpME (34)
While the potential is
Veae(T) = Vi + Vv, (35)
where
Vi = —|c]Pk", Viy = —2Re(w'c"). (36)

10



Note that

F, Vi + 3V T
—Re( qb)_ K+2 w _‘/;/ac( )_I_VK VK (37)

T 3maePM2 T 6lmanPM2  6|masePME,
ULV mg /2|~ Mp mg /2|~ Mp mg /2|~ Mp

where in the last expression we have put in the fine-tuning to make V,,.(7) vanish at the

minimum of the potential. From here we can conclude that

F¢ Vi
Re [ — = (38)
(ms/z) ‘ Olms o] * M

The inequality above is saturated when there are no relative phases between Fy and mj J2-

>

’w

ms/2

We typically expect that the real and imaginary parts of F; are comparable, so the right

hand side of the above is a good estimate for the actual size of |Fy|.

What can we expect for the range of possible natural values for Vi and thus |F,|? Clearly,
Vi gets a contribution at least from the one-loop vacuum energy of the non-supersymmetric

theory beneath the gravitino mass. Barring cancellations, this yields a reasonable lower
bound of

1
LULEYD!
An upper bound on Vi is of order ~ m3, Mg, and therefore we can bound
3
M3
— F,| < . 40
167T2M1:2)1 ~Y | ¢| [ad m3/2 ( )

The lower bound will be saturated in any theory where supersymmetry breaking shuts off
above the mass of the gravitino. An example is provided by the model of ref. [7], where the
gravitino mass is about 1/r and the scale above which supersymmetry breaking shuts off is
also 1/r, with the radius stabilized by balancing Casimir energies scaling as 1/r* ~ mj /2
Note that, when this lower bound is saturated, the anomaly-mediated contribution to gaugino
masses is subdominant to the direct gravitational contribution we discussed in the previous

section.

The expression for Fy, in eq. (B8) has a nice physical interpretation. The Goldstino field
here is the fermionic component of T'; defining ¢y = (Fr)x = c¢*x (to first order), under a
supersymmetry transformation d;x = . The quadratic part of the Goldstino kinetic term
is then, to leading order,

— |e|PK" x50, x = Viexa" 9, x (41)

so we can identify Vi with the Goldstino decay constant. The link between F}, and the

Goldstino decay constant is not an accident, and it is illuminating to understand its origin

11



without any reference to the conformal compensator formalism, directly at component level.
Suppose we have somehow broken supersymmetry and cancelled the vacuum energy to get

flat space. The gravitino 1, is massive and its quadratic action is of the form
M, (€405, 0atbs + M athuo™ ) (42)

Of course, the massive gravitino has extra degrees of freedom — the longitudinal polariza-
tions — compared to the massless gravitino. This is reflected in the fact that the above
Lagrangian is no longer invariant under the gauge transformation .1, = 9,¢ that were used
to reduce the degrees of freedom described by v, to the two transverse polarizations. As
familiar in ordinary gauge theories, it is useful to explicitly introduce the longitudinal modes.
This can simply be done by performing the broken-gauge transformation and promoting the
transformation parameter to a field. For massive gauge bosons, for instance, we have the
familiar

AN = A+ 0,07 D 129,60 (43)

and we see that the gauge boson mass term turns into the kinetic term of the “eaten”

longitudinal mode 6, which shifts under the gauge symmetry.

Doing the same thing for the gravitino, we have

mg/z?ﬂﬂ“”% - m3/2(aMX + ¢M)UMV(0VX + ). (44)

Already we notice a significant difference with the gauge theory case — the only possible
kinetic term for the Goldstino x appears to be of the form (9x)?, which is sick for a fermion.
However, due to the antisymmetry of ¢*¥, this kinetic term actually vanishes (which is in
fact what dictates the use of o rather than n** in the gravitino mass term). The Goldstino
here does indeed get a healthy kinetic term, but only by mizing with gravity. We can now
couple the gravitino to all the other fields of the theory, including all massive regulator
fields, in the standard way, and at this level there is no induced supersymmetry breaking
anywhere else in the spectrum. This analysis is however puzzling if we think of a theory
that breaks supergravity already in the globally supersymmetric limit. There, the Goldstino
exists independently of gravity! How do we describe this situation? After all, in the unitary

gauge we still have a massive gravitino described by the same effective Lagrangian.

The resolution is that the gravitino transformation property under supersymmetry is

changed to
5¢u = uC + 'éfau&' (45)
Before saying anything about the size of f, we can identify f with Fj in the conformal

compensator formalism. Because of the modified transformation law for 1, if we now

12



couple the gravitino to other fields, what used to be supersymmetric will no longer be so,
and the variation can only be compensated by adding supersymmetry breaking terms to the
matter Lagrangian from the outset. It is easy to see that the new term in the variation of ¥,
is simply the superpartner of a conformal transformation (compare h,, = 1,,¢), and the
required change of the Lagrangian is conveniently made by turning on ¥, = f in a conformal

compensator field.

With the modified transformation, in promoting ¢ to the Goldstino field x, we find the
quadratic kinetic term for x
VXG"Oux + -+, (46)

where the Goldstino decay constant Vi is

Vie = | f*ME, + 2 Re(ma o M3, f) = Mg, (|f + 1| — |m3/2|2) : (47)

Inverting this, we can bound |f/msg/,| in terms of Vi as

Vi
m§/2 Mg,

> 14

‘ / P (48)

mg/2

The above expression then bounds Fj; = f directly in terms of physical quantities: the
Goldstino decay constant Vi and the gravitino mass ms/;. Again in theories when all the

relevant parameters are real, the inequality above becomes an equality.

Note as before that in theories in which supersymmetry is already broken in the limit of

global supersymmetry, Vi = 3m3 , M3, and eq. (@8) becomes
@ — 1. (49)
ms/2

On the other hand, in theories where the Goldstino dominantly gets its kinetic term by
mixing with the gravitino, Vi < m3 , Mg, and eq. [E8) gives

I Vs
— < 1. 50
m3/2 2m§/2M1%1 (50)

Summarizing, then, we have a simple characterization of the size of anomaly mediation:
in any theory where supersymmetry is broken by non-gravitational dynamics, so that the
supersymmetry breaking survives taking Mp; — oo, anomaly mediation will persist, but in
theories where supersymmetry breaking is tied to gravity and the Goldstino gets it kinetic

term by mixing with gravity, Fy and anomaly mediation are suppressed.
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Even when Fj is comparable to ms/s, the supersymmetric SM fields can be insulated
from anomaly-mediated soft masses. An example [I5] is provided by the theories where the
SM fields descend from a broken CET or, in an AdS/CFT dual language, live on an IR brane
of a warped compactification. There is now a new dynamical field — the dilaton S of the

broken CFT — and the Kahler and superpotentials for the SM superfields have the structure
K=K, W=e"W. (51)

Including the conformal compensator, the Lagrangian has the form
/ 4'9 (—3MRo16 + 616 €59 K) + ( / 200 + h.c.) . (52)

We can now define a new field w = ¢e”, which then decouples ¢ from direct communication
from the SM sector

/d49 (—BMglngqﬁ + wTwK) + </ 20 W + h.c.> . (53)

Now, even breaking supersymmetry in some generic way generating F, there is no anomaly-
mediated contribution to the soft terms. Of course again the dilaton w must be stabilized,
but the form of the stabilization and the resulting size of the supersymmetry breaking pro-
portional to Fy are model-dependent. It is clear that we can use this mechanism to arbitrarily
shield the visible sector from the breaking of supergravity, which is why ref. [I5] dubbed this
observation “supersymmetry without supergravity”. In particular, we can again consistently

making ms, > Mj.

4 Direct Mediation of Supersymmetry Breaking

One of the ubiquitous features of usual theories of supersymmetry breaking is the presence
of a hidden sector where supersymmetry is broken, and only indirectly mediated to the
visible fields. It is obviously simpler to imagine that the supersymmetric SM fields pick up
a mass directly at tree-level, by renormalizable interactions with a supersymmetry breaking
sector. However, this hope was dashed very early on. First, with only F-term breaking, the
only supersymmetry breaking masses for chiral superfields are B, type terms, which makes
it impossible to make all the scalars heavy — in particular there is always a scalar lighter
than the up quark [I6]. The addition of new gauge factors opens up the possibility of using
D-terms. However, there is a bigger problem: tree-level breaking can generate scalar masses,

but not gaugino masses, which will then necessarily be suppressed at least by a loop factor
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relative to the scalars. This forces the scalars so heavy that a tuning of at least ~ 1073 is

re-introduced for electroweak symmetry breaking.

The situation is clearly different in Split Supersymmetry, where we are allowed to consider
gauginos much lighter than the heavy scalars. Thus, the possibility of direct mediation can be
re-examined in this context. The goal is to find a theory where squarks and sleptons pick up
a mass directly at tree level from the supersymmetry breaking sector. If the supersymmetry
breaking preserves an R-symmetry, the gauginos and Higgsinos can only acquire masses from
higher dimension operators suppressed by a scale M,. As long as M, is sufficiently smaller
than Mp;, all the physics associated with supergravity and in particular the gravitational
breaking of the R-symmetry are irrelevant; in such models, the gravitino mass can naturally

be comparable or even smaller than gaugino and Higgsino masses.

We can illustrate this general idea with a simple model. Since we want to generate m?Q'Q
type masses for the supersymmetric SM scalars at tree-level, the SM fields must be charged
under a new gauge symmetry that gets a D-term. So, let us begin with the simplest example
of a supersymmetry breaking theory of this form. Consider a U(1) gauge symmetry and chiral
superfields X, Z, ¢, ¢, Y, Y with U(1) charges 0,0,—1,1,—1, 1 respectively, together with
other possible fields v; with charges ¢;. The superpotential contains

W = AX (¢ — m”) + moY + NoY°Z (54)

and m,m’ are some comparable mass scales. This theory spontaneously breaks supersym-
metry: the Y equation of motion forces ¢¢ = 0, which is in conflict with the X equation
and D-flatness for the U(1). It is easy to analyze the physics in a limit where we imagine
m’ > m. The U(1) gauge symmetry is broken and we have a vector multiplet of mass gm/,

and Y€, Z also pair up to get a mass \'m/, while the superpotential for Y is
W =m'mY, (55)

clearly breaking supersymmetry. Integrating out the massive vector multiplet at tree-level
also generates new terms in the Kéahler potential for Y and the ;. It is easiest to see this
in superspace: ignoring the 1/¢g?W? kinetic term for the gauge field, and going to unitary

gauge, we have in the Kahler potential
K=m2(V’+ )+ Y (1+V+- )Y+l 1+ gV + ), (56)

and we can trivially integrate out V' to obtain the correction

Y'Y /(Y'Y
T o2 <T + %%‘Twi) . (57)
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The superpotential forces
Fy =mm/ (58)
and this in turn generates soft masses for the Y and v; from the corrected Kahler potential

2

27

2
qm
mi, = 5 (59)

2 _
my =

Of course these are nothing but the D-term contributions to the soft masses of these charged
fields, although it is more appropriate to simply integrate out the heavy field, rather than
using a description with the vev of a heavy multiplet. Note importantly that m2. > 0, so
that Y is stabilized at Y = 0, preserving an R-symmetry with the obvious charges. Also,
note that if we had any couplings of X to other fields, say of the form

W = hX H,H, (60)

then there are induced couplings to Y in the low-energy effective theory, which can be

seen simply by noting that this coupling can be shifted into a redefinition of m as m? —
m? + h/AH,Hy, and so we have

W =mm'Y — \/m? + H,HymY = mm'Y + %YHqu. (61)
m

The fields H,,, H; then pick up a B, soft term of the order of

m2

B, = - "~ m?, . (62)
This can be simply thought of as arising from a non-vanishing Fy.

We now wish to directly couple this sector to the supersymmetric SM. Clearly, we cannot
only have the SM matter: because of anomalies these would have to have both positive and
negative charge, and some of the soft masses would be negative. Also, the usual SM Yukawa
couplings would need to be made invariant. There are a number of ways to proceed at this
point, but a simple possibility is have SM fields f and Higgses H, 4 uncharged under the
U(1), but mixing with a vector like copy of all these fields (F, F€), (H,.q, ﬁ[ﬁ,d), where the
(H,4) fields are completed into (5 4 5)’s. These fields have masses of order p and Yukawa
couplings of the form f¢°F°, so that after the U(1) breaking, the light fields are an O(1)
mixture of the neutral fields and those of charge +1, all of which have positive soft masses
of order ~ p2. Also, the B, term for the Higgses arises from the coupling X H, H, which, as

we have seen, is naturally of the same order of magnitude. Thus, we have found

2 ~ B, ~m? . (63)
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At this level the gauginos and Higgsinos are massless. These in turn can be induced by
integrating out physics at a higher scale M., perhaps near the GUT scale, which can give

rise to couplings of the form

X X
2 « « 4
/MM*” . ’/MM

*

Hqu ) (64)

which generates
m2

M,

Finally, the fermionic component of Y is the Goldstino, which will be eaten by the gravitino

Mg ~ o~ (65)

to pick up a mass of order
2

mgya ~ M—Pl (66)
Meanwhile, without any particular suppression, the anomaly mediated contribution to the
gaugino masses is of order MZ"™ ~ «/(4n)(m?*/Mp), so that even for M, ~ Mp the
contributions we have calculated dominate the gravitational ones. In these theories, the
gravitino can naturally be comparable in mass or lighter than the gauginos and Higgsinos
(the phenomenological consequences will be studied in sect. B3)). If we wish M, to be above

the GUT scale, we have m 2 10° GeV.

Note also that about this same scale m we have all the extra vector-like matter, affecting
the running of the SM couplings above m. In our simple example, we have added an equiv-
alent of 14 (5+5)’s at m. Even with the addition of all these new states, the SM couplings
do not blow up beneath the GUT scale; however, the value of the GUT coupling can become
so large that the rate from dimension-6 induced proton decay can become significant. The
existence of extra vector-like matter charged under the SM is a feature of all direct medi-
ation models, though the precise size of the sector is model-dependent. Therefore, we do
generically expect the p-decay rates to be significantly enhanced in these models. Further

discussion of proton decay in Split Supersymmetry will be given in section 7.

5 Dark Matter and Gravitinos in Split Supersymmetry

In Split Supersymmetry the all-important mass scale of gauginos-higgsinos is decoupled from
the electroweak scale and is set solely by the requirement of obtaining the correct dark matter

abundance. It is therefore crucial to carefully compute the DM abundance in these theories.

A fundamentally new feature of Split Supersymmetry is that the masses of squarks and

sleptons, as well as the gravitino, can be much heavier than a TeV. This can lead to new
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processes contributing to the DM abundance. In particular, the heavy scalars can decay or
annihilate into gravitinos which hover, till they eventually decay into a final state including
the LSP. Since this process occurs in addition to the canonical Lee-Weinberg annihilation,
it typically results in an LSP number density exceeding the usual freezout abundance, and

therefore in a lighter and more accessible LSP.

Another possibility is that the gravitino is lighter than all the gauginos-higgsinos, and
therefore it is the LSP. This leads to interesting laboratory signatures in the decays of the
NLSP and the gluino, summarized in sect.

We will discriminate the various possible scenaria according to the gravitino mass which,
as we have discussed in sect. B, is an important parameter characterizing the theory. Let us

start with some general properties of gravitinos. The gravitino decay width is given by

%) mg/z _( ms/2

3
= 32 sec™ . 67
12 ) 32003, ~ \105 GeV> s (67)

F3/2 = <Ng—|—

Here N, and N,, are the numbers of available decay channels into gauge-gaugino and
fermion—sfermion, respectively. In Split Supersymmetry, we will be mostly concerned with
the case in which decay into squarks, sleptons and one Higgs doublet are not kinematically
allowed, and thus N, = 12, N,, = 1.

Since gravitinos in the early universe decay when I's/, = H, the temperature after decay

is given by

00 I'2,, M2 1" 10.75 1Y4 3/2
Ty = l#] - lil <%) 6.8 MeV, (68)
m g*(T3/2) g*(Tg/g) 105 GeV

where g, counts the effective number of degrees of freedom.

The gravitino number density in the early universe ngz/,, before decay, evolves according

to the Boltzmann equation [I7]

dns /2
dt

n3/2
+ 3Hn3/2 = (’}/sc + Vdec) 1- e({l . (69)
N3 /9
We assume that SM and supersymmetric particles (other than the gravitino) are in equilib-
rium. Two processes contribute to eq. (Bd): gravitino emission in scatterings and decay of

thermalized supersymmetric particles into gravitinos.

The rate of gravitino production in scatterings vs. has been computed in supersymmetric
QCD at finite temperature. Performing a hard thermal-loop resummation, where the con-

tributions from soft momenta are regularized by considering an effective gluon propagator,
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the study of ref. [I§] finds

TG
sc — Csc 70
202
Co=b[1+——1 {1 +0.48n — 0.74 <1 + ﬁ) In [b (1 + ﬁ)} } 8.4x10°2  (T1)
1277@3/2 3 3

Here n is the number of effective quark-squark flavour multiplets (n = 6 if squarks are light,
and n = 0 in Split Supersymmetry with T < m), and b(T) = 2a,(T") /as(Mj) (in particular,
b(T) ~ 1 for T = 10'°GeV). The term proportional to the gluino mass in eq. (1) becomes
important when M, < Mp, since the Goldstino coupling is enhanced. Notice that we
have not included an analogous term proportional to the squark masses. Indeed, while the
effective Goldstino coupling to gluinos is proportional to MzT /M3, the coupling to squarks
is proportional to m?/M3 [19]. Therefore, it will give a contribution Cy. o m?*/(mg,2T)*.
Even for Split Supersymmetry, where m > Mj, this contribution can be neglected, as it is

subleading to the decay process we consider next.

Supersymmetric particles in thermal equilibrium can occasionally decay into gravitinos,

with a rate N
- K1 (Zz) .
=3 i i 72
Yd n; F(2(zl) dec ( )

i=1

where the sum extends over all supersymmetric particles in the thermal bath with mass m;,
and z; = m;/T. The ratio of Bessel functions K;(z;)/K(z;) describes the thermal average
of the time dilatation factor m;/FE. Using, for simplicity, Maxwell-Boltzmann statistics for
both scalars and fermions, the equilibrium density of the supersymmetric particles with 2
degrees of freedom is
T3

ngt = FZ?KQ(Z@). (73)

Finally, the decay width into gravitinos is the same for both gauginos and sfermions

m

L S (74)
d A8Tms3 o M3,

5,0
[

It is convenient to rewrite eq. (B9) in terms of Y3/, = n3/2/s, the gravitino number density

in units of entropy density s. We find the differential equation

d}/é/2 . (’Vsc + ’Vdec) (1 . }/3/2)

(75)

dT HTs Yy

which can be easily integrated. The term proportional to 7. is dominated by the largest

temperature T, to be interpreted as the reheat temperature after inflation or, in general,
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as the temperature after a significant entropy production. On the other hand, the term

proportional to Ygec in eq. ([A) is dominated by temperatures T' ~ 7. The solution is?

Y30 = Yzf/% 1 —exp (—?%qudec) ~ min( 55 + Y‘}C; 7 Y:%/z) (76)

oy = 12%;?) ~2x1073 (77)

3/2 = % ety (1 N 12%,/2) <1010Téev> Bﬁﬂm Lo ()
=S, ) G B @ o

The sum in eq. [[) is over all supersymmetric particles such that mgss, < m; < Tg. If only
the heavy states of Split Supersymmetry satisfy this relation, then N = 46.

In ordinary supersymmetry, the term Yd/‘;: is negligible, unless the gravitino is extremely

light. In Split Supersymmetry with large m, the term Y})d/e; can easily be the dominant source

of gravitino production.

To proceed in our discussion, we consider different ranges of gravitino masses.

5.1 Case my), 2 10° GeV

This is the case in which we have to require Iy < mg/y, or else anomaly mediation gives
an excessive contribution to gaugino masses. This can be done whenever supersymmetry is
unbroken in the flat limit (Mp) — 00), as discussed in sect. Bl In the range of ms/, considered
in this section, the gravitino is too heavy to play any role in collider phenomenology. Also,
gravitino decay occurs before the beginning of nucleosynthesis, see eq. (B8), and therefore
it is not harmful for the prediction of primordial-element abundances, in contrast to the

ordinary case. However, the gravitino can significantly affect the neutralino relic abundance.

The lightest neutralino x is stable and it decouples from the thermal bath at a freeze-out

temperature T

m TeV ¢ [86.25]"?
T, = I — 9841 . 80
f 2 Ty + n{ m, 102 [g*(Tf)] } (80)

*We are using [° dzz3Ky(z) = 3m/2.
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Here we have parametrized the non-relativistic y annihilation cross section as
c
<O'XU1»01> = ﬁ (81)
X
In Split Supersymmetry, ¢ = 3 x 1073 for a mostly-higgsino y, and ¢ = 1 x 1072 for a mostly
W-ino x (including the effects of coannihilation).

If T3/5 > T}, all gravitino-decay products reach thermal and chemical equilibrium. The x
relic abundance will be unaffected by the gravitino decay process. We want to investigate the
opposite case, in which the x produced in gravitino decay are out of chemical equilibrium.

This happens when

m. \ 2/3 g*(Ts/z) 1/6
T T —X) TGN 4.3 % 107 . 2
372 <1y = mg/a < (TeV [ 36.25 3 x 10" GeV (8 )

The gravitino decay generates a population of xy with density

e (£)3 , (83)

where Y3, is given in eq. ([H). The factor (Ty/T3/2)%, where T is the temperature of

Ny

YX (Tg/g) =

? T=T3/2
the thermal bath before gravitino decay, takes into account the entropy generated by the
thermalized decay products. We can compute Ty by balancing the energy density before and

after the decay process, and thus by solving the equation

T\’ (T, 4Y-
EAEAE o
T3/ T35 3139

For small Y35, the solution is (TO/T3/2)3 ~ 1 —Y3/9ms3/2/T3/o and therefore

m
YX(T3/2) ~ )/:3/2 <]_ — }/3/2 T3/2
3/2

) (radiation dominance). (85)
The x number density is equal to the gravitino number density before decay, and a small
dilution factor due to entropy production appears in Y, (73/,).

For sufficiently large Tk and low T3/, or for sufficiently large m and small mg/e, the

universe eventually becomes gravitino-dominated. This happens when

27 1075 Y4

Tr 2 (107?32\/) 9.(Ts/2) 53 10" GeV for Yij, > Y5 (86)
5/6 7 1075 Y12

e <107?ZZV) o Tm) 10°GeV  for Yy > Y3 (87)

21



Then the solution of eq. &) is (To/T3/2)* ~ 3T3/2/(4Y3/9ms,2) and therefore

3132

Yy (T3/2) ~ s

(gravitino dominance). (88)

Indeed, we could have directly obtained this result by noticing that, when the gravitino dom-
inates the universe, all radiation is produced by the decay process and therefore Y, (T3/,) =

Prad/ (8msg/2), which coincides with eq. (85).

Notice that, if the universe becomes gravitino-dominated, the decay erases any primordial
x density. Region of parameter space which are ruled out by an excessive dark-matter density,
as obtained by the standard thermal relic-density calculation, can now be reconsidered. Even
if the gravitino never dominates the universe, its entropy production dilutes the primordial Y,
by a factor (To/Ty/2)* =2 1 — Y39msg/2/T5/2. Large entropy production leads to the potential
problem of diluting any cosmic baryon asymmetry produced at temperatures larger than
T3/9. If the gravitino dominates the universe, we necessarily have to invoke a low-temperature

mechanism for baryogenesis.

In balancing the energy density in eq. (B4) we have neglected the x contribution after
gravitino decay. This is appropriate because neutralinos, although out of chemical equilib-
rium, are in kinetic equilibrium, since their rate for elastic scattering with the thermal bath
is larger than the Hubble rate (7. 5/2001 > H). This means that the y will rapidly lose their
kinetic energy, becoming non-relativistic, with an energy density p, = m,n,. Since n, is
equal to ng, before decay, p, is about m,/ms/, times smaller than the radiation energy

density.

Since we are considering the case T35 < Ty, the particles x produced by the gravitino

decay are out of chemical equilibrium and satisfy the Boltzmann equation

d
% +3Hn, = —(varel)ni. (89)

Using the variable z = T'/T5/9, eq. (89) can be written as

dy.-—!
X — gt 90
= s (90)
H 2 /107 32 11072 25 1V
g= 1 :(mx> <0G6V> <0 )l% 5] 85x 10710, (91)
(O Urel) | ppy P TeV ms /s c 9+(T5)2)

The solution of this differential equation is

Y (today) = Y ' (T3p) + 57 (92)
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Figure 1: Case m > Tx. The yellow bands correspond to a neutralino density from gravitino
decay 0.094 < Q,h? < 0.129, for ¢ = 3 x 1073, and m, = 100GeV or 1 TeV. The region
above the bands leads to an overdensity of dark matter. The red region is excluded by the
nucleosynthesis constraints D/H < 3.6 x 107° and Y}, < 0.249. The dashed line corresponds
to the weaker constraint Y, < 0.253. The region in the bottom-right corner is excluded by

the requirement Tg > my/s.

This result can be easily understood. If n, (o ve) < H at T = Ty (i.e. Yy (T3/2) < [3), then
the neutralinos can never annihilate, and their number density is just diluted by expansion,
and therefore Y, (today) = Y, (73/2). On the other hand, if the opposite inequality holds, the

neutralinos will annihilate until their annihilation rate is equal to the expansion rate H, and

thus Y, (today) = f3.

Using today’s ratio of critical density versus entropy density

(pch™? /s)tmy =35x 1072 TeV, (93)
we obtain
Y, m -1
Q2= I | ( X) Yo (Ty) + 671 2.8 x 101, (94)
X pch_2/8 today TeV [ * i }

where Y7 (T3/2) is given by eq. (83).
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We first consider the case m > T, in which Y})d/e; can be neglected. In fig. [l we show the

parameter region for which the non-thermal population of neutralinos from gravitino decay
can account for the required dark matter density in a 2-c range 0.094 < Q,h* < 0.129 [20].
The result shown in fig. @l is well explained by considering two limiting cases. For Y, (T3/5) <

0, when x annihilation is irrelevant, we find

2 _ [ Mx Tr )
= (Tev> (1010 Gov )P (93)
T
Oh* <0129=  Tx < <miv> 5 % 10° GeV, (96)
X

which describes the horizontal branches of the curves in fig. [l Notice that eq. (05) depends
neither on the microphysics x interactions nor on the gravitino mass. For an appropriate
value of T, we can explain the correct dark-matter density for neutralino masses which are

inadequate to give the right thermal abundance.

On the other hand, for Y, (73/2) > 3 we find

3 710°GeV\Y? (1072 [ 86.25 1/*
Qh2:<m><)< ) ( )l ] 2 % 102, 97
X TeV msz/2 & g*(T3/2> ( )
2 7102\ [ 86.25 1Y/°
Q.2 < 0.129 = >(mx> 2 % 107 GeV 08

which describes the vertical branches of the curves in fig. [l This result depends on mg/,
and on the neutralino annihilation cross section, but it is independent on Tk and on the
initial gravitino density (as long as it large enough to satisfy Y, (75/2) > ). An appropriate
x relic density can be found for interesting values of ms/,, which are consistent with the

requirement T35 < Thec, see eq. (B2).

Next, we consider the mass range

5 Tr V3 Mg\ 6
To> > (frgey) () 4 10cey %)
in which }gd/‘éc > Y37, and therefore the gravitino density is independent of Tf.

In this case, the parameter region in which neutralinos from gravitino decay can account
for the dark matter in shown in fig. B Again, the two branches of the curves can be

simply understood. The vertical branch is given by egs. (@7)—(@8), while the oblique branch

corresponds to Y, (today) =~ Y;}%C and therefore
7 \* (10°GeV)? (N
2= () () (%) 1
X TeV /) \107 GeV ms /o 46 3 (100)
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Figure 2: Case Tg > m > (Tr/10' GeV)Y3(my/2/10° GeV)?/24 x 106 GeV. The yellow
bands correspond to a neutralino density from gravitino decay 0.094 < Q,h? < 0.129, for
¢ = 3x 1073 and m, = 100GeV or 1 TeV. The region above the bands leads to an
overdensity of dark matter. The red region is excluded by the nucleosynthesis constraints
D/H < 3.6 x 107° and Y,, < 0.249. The dashed line corresponds to the weaker constraint

Y, < 0.253.

TeV\"? /' mas \2/3 746\ 1/3
Q% < 0.12 7 ( / ) <—) 108 GeV. 101
<0129 = m<(mx> 5 GV N 3 x 10° GeV (101)

It is interesting that, under the condition in eq. (@), €, from gravitino decay is completely
determined in terms of the mass parameters of the theory and it does not depend on the

cosmological initial condition parametrized by 7.

Figures [M and B illustrate how gravitino decay can lead to the correct dark-matter neu-
tralino density under conditions in which the usual thermal abundance is insufficient. This
has important implications for phenomenological analyses of Split Supersymmetry. Indeed,
we recall that the value of the dark-matter density plays a crucial role in Split Supersym-
metry, since it offers a rationale to relate the gaugino—higgsino masses to the weak scale.
Cases which were excluded by consideration of thermal relic abundances (as an LSP hig-
gsino lighter than 1 TeV or an LSP W-ino lighter than 2 TeV [8]) can be consistent with the

observed amount of dark matter, for appropriate values of ms/,.
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The prospects for direct and indirect dark-matter detection are also affected. Neutrali-
nos with large annihilation cross sections can properly account for the dark matter, be-
cause of gravitino decay. Since squarks are heavy, the only contribution to spin-independent
neutralino-nuclei interactions comes from Higgs-boson exchange [21]. The y scattering cross

section off a proton is given by

2
M 11 4
5= {w (2+7 > f<p> ] _ (%) ?54%x 108 em?, (102)

9mH q=u,d,s

where [22] f{P) = 0.023, fcﬁp) = 0.034, f») = 0.14 and ~ measures the Higgs coupling with
the LSP neutralino
1, _ . N
V= g (9ulNy2Nya — GalNy2Nyz — 3o, Ny1 Nya + GgNy1 Nys) - (103)
Here N,; are the lightest neutralino components in standard notations and g, 4, g, 4 are the
higgsino couplings (see sect. ). The coefficient 7 vanishes if x is a pure Higgsino or gaugino
and in the limit p, My 2 > My becomes (assuming My > M)

(97 + 9:2) My + 2., g4 O<M2 M2>
g3 (p? — Mg) M

The maximum value of v is reached when M; ~ u. In this degenerate limit, eq. (ITH4) is no

v = cos Oy My (104)

longer valid, and it is replaced by

M - ~u 2 ~ ) 2 M2 M2 M -
z 2(9d+9) ~ (9a gu)‘|+0< Z =z ! M). (105)
o M,

Gy, + Gy
= + cos b
2v/2g Y82 |7 My —

The second term in the expansion is actually numerically important because it is enhanced
with respect to the leading term by a coefficient 1/tanfy,. Notice that the maximal value
of 7, given by eq. ([0H), is actually achieved in a large portion of the parameter space of
Split Supersymmetry, leading to an appropriate dark-matter thermal abundance [§]. This is
because an efficient annihilation rate approximately requires M; ~ u. In fig. Bl we show the
spin-independent y scattering cross section off protons, without requiring any constraints
on (), and therefore assuming that gravitino decay accounts for the correct value of €2,.

The rate is within the reach of future experiments, which can reach 10~*-107% cm? for
m, < 1TeV.

We also want to stress that the gravitino decay process does not weaken the link between
neutralino masses and the weak scale. This link is based on the upper bound on the y mass

derived by the requirement that the thermal relic abundance (for s-wave annihilation)

o) - () (40) () [5] 0 (106)
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Figure 3: The maximum value of the spin-independent x scattering cross section off protons,
as a function of the Higgs mass my and for two values of m,. We have assumed eq. (I21))
at the chargino mass scale, and taken tan 3 = 10. No constraints on (), are used, assuming
that gravitino decay accounts for the correct value of €2, .

does not exceed the observed value. The requirement (,h%)y, < 0.129 gives

¢ \V2 (28\"? [g.(T)) 1
- 2T, 1
M < <10—2> <xf> [86.25] eV, (107)

where ¢ and xy are defined in eqgs. (8U)-(BI). The value of the non-thermal €, computed
in this section has to be added to the thermal result in eq. (08) and therefore it can only
lead to an upper bound on m, which is stronger than eq. (Id). Even in the case in which
the gravitino dominates the universe and dilutes the initial x abundance, the upper bound
on m, is tightened. Indeed, for a gravitino-dominated universe, eq. (@7) applies. Then we
can interpret eq. (I8) as an upper bound on m,, as a function of mg/,. This bound becomes
less stringent as ms/, grows, but a maximum allowed value of ms/, is determined by the
condition T3/, < Ty in eq. ([82). For the value of mg/, corresponding to T3/, = T we find an
upper bound on m, which coincides with eq. (II7), while for other values of mj3/, the bound
is stronger. The only exception in which the neutralino mass could be much larger than the

value determined by eq. (II7) occurs in the extreme case when T is of the order of T [23].

5.2 Case m, < myy < 10° GeV

In this ms/, range, the anomaly-mediated contributions to soft masses are acceptable and

they can actually account for the entire values of gaugino masses, since they give [24] M; ~
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ms /o /100, My ~ mg /2 /300 and Mj ~ my /2 /40. The collider phenomenology is then analogous
to the one of anomaly mediation, but with two very significant differences. Squarks and
sleptons can be much heavier than gauginos and higgsinos, depending on the value of M,.
The parameter u is not determined by electroweak symmetry breaking to be larger than My
and therefore the lightest supersymmetric particle could be a higgsino, or have a higgsino

component.

The gravitino lifetime 73/, is long enough to affect the nucleosynthesis predictions. For the
values of 73/, considered in this section, the strongest bounds come from hadronic gravitino
decays [25), 26], 27], while decays into photons [28, 29] play no role. This is because, injected
photons have a high probability of scattering off background electrons and photons, still very
numerous at this stage of nucleosynthesis, and they thermalize before having the chance of
photo-dissociating recently-created nuclei. But, since we are considering the case mg/, > Mj,
we expect that the gravitinos decay into hadrons with a branching fraction of order unity,

and therefore we turn to discuss the nucleosynthesis limits from hadronic decay modes.

In the region 10 TeV < m3e < 100 TeV (30 sec 2, 732 2 3 x 1072 sec), quarks and gluons
produced by gravitino decay quickly hadronize, and the hadrons lose their kinetic energy by
scattering off background electrons and photons without causing hadro-dissociation of nuclei.
However, there can still be an effect on nucleosynthesis, because the slowed-down hadrons
interact with ambient nucleons, converting neutrons into protons and viceversa. This will
change the ratio n/p, which was fixed after weak interactions have frozen out. Since protons
are more abundant than neutrons, the gravitino decay products will increase the ratio n/p
and therefore the predicted *He fraction. Using the results presented in ref. [27], we set the
bounds on Ty in fig. @ and on 7 in fig. B which correspond to a 95% CL limit on the *He
fraction Y, < 0.249 [30]. To illustrate the strong sensitivity of these bounds on Y}, we also
show in figs. [ and B the weaker limit corresponding to Y, < 0.253, obtained from the study
in ref. [31].

In the region 1TeV < myn S 10TeV (3000 sec 732 % 30 sec), injected hadrons can
directly destroy nuclei. In particular, hadro-dissociation of *He leads to an overabundance of
deuterium. Using a 95% CL limit D/H < 3.6 x 107° [32] and the calculation of ref. [27], we
obtain the bounds shown in figs. [ and Bl Notice that in our case photo-dissociation of *He
is irrelevant, since it starts to be effective only after about 10° seconds [29]. Overproduction
of %Li by hadro-dissociation starts to become competitive with the bounds from deuterium

only for ms/, close to 1 TeV.

From the results shown in figs. [l and B, it is apparent that nucleosynthesis provides strong
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constraints on Tr and m. In particular, from this bound we infer that, in the range of ms/,
considered in this section, the gravitino decay process cannot generate a neutralino density
sufficient to explain the dark matter. In this case, the appropriate value of {,h? has to be

generated by the neutralino thermal relic abundance.

5.3 Case mg/ < m,

In this mass region, the gravitino is the LSP. In the absence of R-parity breaking, it is stable

and its contribution to the present energy density is

m3/2Y3/2
(pch’_2/8)today 7

where Y3y is given in eq. ([8) and today’s ratio of critical density to entropy is given in

Qg/ghz = (108)

eq. ([@3). The abundance Y3/2 has three distinct behaviors. If Tk or m are large enough,

gravitinos go in equilibrium and

mg/2 228.75 e
Qg/2h2 = (keV) ( . 0.5 for Y3, = Y3/q2, (109)
Qph® <0129 = mgj < (ﬁ) 0.3 keV. (110)

Here g, has to be computed at the gravitino decoupling temperature. If eq. (@9) holds, than

the decay processes dominate the gravitino density and

7 \3 [(MeV [228.751%% /N
QO 2:<m> <—) 1072 for Vi = yiee 111
3120 TeV mse ) | g«() 46 3> 10 Or ¥3/2 3/2 (111)
1/3 () 12 46\ 1/3
Qs o2 < 0.12 i (m3/2> e (—) 2 TeV. 112
3l <0129= m<({1¥)  |22875 N eV (112)

Otherwise, the scattering processes dominate the gravitino production and

MeV ¢ M \* ¢ Tg 998.751%/*
Q h2 — ( g ) ( ) 2 1 4 f Y _ sc 11
3/2 (mg/z ) TeV 1019GeV/ | g«(TR) x 107 for Y3/, 3/25 (113)

TeV\* [g.(To)1*?
Qs o2 < 0.12 T <m3/2> - 10* GeV. 114
sl < 0129=dr < (3w ) \ g, ) 20875 <1 GeV (114)

Finally the decay of the next-to-lightest supersymmetric particle (NLSP) provides an addi-

tional source of relic gravitinos,

ms3/2
Qy0h? =
3/2 m

(Qxiﬂ)th for NLSP decay, (115)

X
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TeVY [ ¢ N (28) [g.(T5)]"2
2 f 3

We have used the thermal abundance of NLSP (Q,h?%)y, given by eq. (). Around the
inflationary epoch, other sources of non-thermal gravitino production can be present [33], like
the effect of the classical gravitational background on the vacuum state during the evolution

of the universe. We will ignore here these mechanisms, which are more model-dependent.

The limits from eqs. (II2) and ([[I4]) become very stringent for small gravitino masses.
Of course, whenever the inequalities are nearly saturated, then gravitinos can account for
the dark matter. However if gravitinos, rather than neutralinos, form the dark matter, then
we lose the connection between the higgsino-gaugino masses and the weak scale, which is a

critical ingredient of Split Supersymmetry.

Actually an upper bound on m, persists, even when the gravitino is the dark matter
particle. Indeed, €3/, from NLSP decays scales like §3/5 o< mg/omy, see eq. ([IH). Large
values of m, require small values of ms/, to avoid an excessive gravitino dark-matter density.
On the other hand, the contribution to the gravitino energy density from thermal processes
scales like €235 oc my /12, see egs. ([T and (IT3), and a small mg/, gives an excessive {13/,.
Depending on the value of Ty and m, the upper bound on m, can be very restrictive.
However, it is not sufficient to unescapably tie the gaugino-higgsino masses to the weak
scale. For instance, in the extreme case m > Tr ~ M; ~ m,, a dark-matter gravitino of

about 10 GeV is compatible with m, as large as 100 TeV.

The NLSP lifetime

A8TMEm3,,  fmyp\? (TeV’ .
Ty = . :(Me\/) (mx> 6 x 107" sec (117)

has a strong dependence on m, and ms/,, but the decay can occur at late times and affect
nucleosynthesis predictions and the cosmic microwave background. Large ranges of param-
eters are excluded [27, 29, B4]. In particular, the case of a weak-scale gravitino is ruled out

as a dark-matter candidate for a neutralino NLSP [35].

5.4 Collider Phenomenology for Gravitino LSP

The collider phenomenology with a gravitino LSP can be quite different than in ordinary
low-energy supersymmetry, if the NLSP decay occurs within measurable distances. The
NLSP can decay into v, Z, or H and missing energy. The signals will be similar to those of

gauge mediation [36], in the limit of heavy scalars.
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A peculiarity of Split Supersymmetry, in the light-gravitino scenario, is represented by
the gluino. Although the gluino is not the LSP, its dominant decay mode could be into
gravitinos. Indeed, the decay width into gravitinos G is

N M? m2,\° m2
I (G—gG)= ——9 (1 232) [143=22]). 118
(g -9 ) 167TM1;2)1m§/2 < Mg + M; ( )

The ordinary gluino decay is suppressed by the large value of m and by the 3-body phase

space,
aa N M g’

. 119
1927 sin? Oy (119)

I'(g — qqx) =
Here N is a factor which appropriately counts all decay channels into different quarks and
charginos or neutralinos. For mg/, ~ m?/Mp; and mgzs < Mj, the dominant decay mode
is § — ¢G, and each gluino leads to a single jet with characteristic energy distribution.
The same final state could be mimicked, in a theory with heavy gravitino, by the radiative
process g — gx, where x is the neutralino LSP. Such process is induced by the one-loop

generated operator Yo v5g°G? ,, where 5 arises because of the Majorana nature of g and

X- This operator is C (and P; odd, and therefore it is not generated when left and right
squarks are mass degenerate. Therefore, we expect a certain suppression. When the decay
mode § — ¢G dominates over the tree-level 3-body process, it is also dominant with respect
to the one-loop 2-body decay. A dominant gluino decay into a single jet and missing energy

is a very distinctive signature of Split Supersymmetry with direct mediation.

6 CP Violation and Electric Dipole Moments

Split Supersymmetry resolves the difficulties with flavour and CP violation, encountered in
generic supersymmetric models, because squarks and sleptons are taken to be very heavy,
with masses of the order of m. Nevertheless, the effective theory below m still contains

physical CP-violating phases.

Consider the interaction Lagrangian of higgsinos (H,. 4), W-ino (W) and B-ino (B) with
the Higgs doublet H

My~ o My == g -
—L = 72W“W“+TIBB+uHuTeHd
HT HTe

t 7 (Guo“ W + g, B) H, + 7 (~Ga0" W + §B) Hy+ b, (120)

where € = i0y and, at the scale m,

~()

9 =g sinB, gy = g" cos B, (121)

9u
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The gaugino and higgsino masses M, and p are, in general, complex parameters. They
can all be made real by a field redefinition. However, the phase redefinition of gauginos and
higgsinos will induce two independent phases in the couplings g, and g4 (and analogously
in g, 4). There is still the freedom to transform H — ¢“H, H, — ¢H,, Hy — e ¥ H,,
without reintroducing phases in M; » and p. However, this will induce the transformations

Gy — €B=9G, G4 — €@P g, and therefore only one of the two independent phases can be
eliminated. In conclusion, the two quantities Im(gg;Mop) and Im(g/* g/ M) are invariant
under any field-phase redefinition and therefore correspond to physical CP-violating effects?.
In most models of supersymmetry breaking, the phases of the different gaugino masses M 5
are equal, and therefore there is actually a single CP-violating invariant. Notice also that
the invariants vanish in the limit in which M, 5 and p have opposite phases (in the notation
of eq. (IZ0) above) or when either g, or g, are absent (as it is approximately true in the

limit of large tan f3).

The new phases are in the chargino—neutralino sector which does not couple at tree level
to quarks and leptons, and therefore CP violation in processes involving SM fermions occurs
only at two loops. The most interesting effect appears in the fermion electric dipole moments
(EDM). These are induced by the effective operator f ouwYsfFH, where f is a generic fermion
(f = e for the electron EDM, and f = u,d, s for the neutron EDM). As gluinos carry no
phases, there are no contributions from either chromomagnetic or 3-gluon operators [37] at

the leading order.

The fermion EDM is generated by the two-loop diagrams shown in fig. @l Other diagrams
can also be constructed, by replacing the v and H internal lines with various combinations
of Higgs and weak gauge bosons [38]. However, the diagrams shown in fig. @l form a gauge-
invariant set which is expected to give the leading contribution. In particular, notice that
diagrams with Z bosons give a contribution to the electron EDM which is suppressed by the
Z vector coupling proportional to 1 — 4sin®fy,. The contribution of the diagrams in fig. Bl
to the EDM d; of a fermion with electric charge () and mass my is

de  aQmsgKqep

2 m2
L= Im §iUi Vil + 3:Un Vi) m —A 122
e 32V2r Myml ;(gd 2Vir + ,Uin Vi) Xjf (m;+ (122)

Vo —4 \/I— \/_ \/_—\/x— Vr+yvr—4
3If the heavy Higgs fields integrated out at the scale 7 violate CP, the couplings g( ) and gé” can in prin-
ciple have independent phases. In this case, there is a third CP-violating invariant, given by Im(g.g., G;9,)-

However, this invariant vanishes, if the CP violation appears only in the parameter 3 defined in eq. ([ZI])
since, in this case, arg(g.) = arg(g,,) and arg(gq) = arg(g),).
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Figure 4: Feynman diagrams contributing to the fermion EDM in Split Supersymmetry.
To better illustrate the structure of the interactions, we consider current eigenstates with
insertions of My, p, and (H) denoted by crosses. Two other diagrams with reversed directions
of chargino arrows are not shown.

1.2

= 2-Inz)x+ <§ - lnx> 5 + O(2?). (123)

Here Kqgp is the leading-logarithm QED correction in the running from the scale of the

heavy particles to my (or m,, for the neutron EDM) [39]
™

We work in a general basis in which g,, g4, Ms, and p are all complex. The matrices U and
V are defined such that U*M,+VT is diagonal with real and positive entries, where M, + is

the chargino mass matrix

M2 \/éMWEJu/g> ) (125)

M = <\/§MW§d/g I

We can explicitly write the matrices U and V' as

i1 i(p1—0R) —idr,
U:< CRre SRe ) V:( cL  spe” ) (126)

—spel? CRei(¢>2—5R) —s; cpe L
2|X1 Rl " XLR
tan20; p = ’ , el = —, 127
bR 4 | Xr,r|? — | X1,r[? | X Rl (127)
2My (g M- Galt* 2Mw (g5 M. Jult*
X, = V2My (G5 Ms + Gapt”) Xp = V2My (G5 Mo + Gupt®) (128)

g([Ma? = [pf?) 7 o g(IMLE—ur)
where s;, g = sinf, g and ¢g g = cosfp, . The phases ¢; and ¢, are chosen such that m, +

are real and positive. Using the diagonalization properties of the matrices U and V', we
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obtain our final expression for the fermion EDM:

dy _ aQpmsgKqep . T o) i miy m
— = Im (GicLspe F 4+ Ghcrspe ™t ) e 'm — :
e 32V2m3Mym% (gd Lon JuCRSL ) i | mi1+ / mi;

(129)
Notice that dy vanishes if Myt = My Indeed, if the two mass eigenvalues are equal, than
| X1| = | Xg| =0, and this implies that the CP invariant Im(g;g;Mou) vanishes.

To have a better understanding of this result, we expand eq. ([Z9) in small X r. This
expansion is valid for chargino masses larger than My, and not degenerate (|My—pu| > My).

In this case, we have s g ~ | X r|, exp(i¢1) ~ My/| M|, ms = | M| and ms = |ge|. Thus

2 2 2
my my My,

-y (—)] +o( ) (130)
|M2|2> |l | Moyl

Notice that eq. ([30) is exactly proportional to the CP-violating invariant. We can further
simplify the result by considering the limit |Ms|, || > my:
dy

e

ﬂ:a@mwmﬂm@me>f
e 16m3m3, (| Ma]? — |u[?)

M+ 1
1673 Mop

M2, m?2
24+ 2 O W _H ) (131
m%{+ +M%—u? Mz>+ (Mzu’Mzu> (131)

Here (and in the following) all variables indicate the absolute value of the corresponding
quantity and ® = arg(g:gsMaopu).

_aQym;Kqepufasin ® (1 Msp

The result in eq. (I31)) can be rederived with a simple argument. By making a chiral

rotation of the chargino fields we can eliminate all phases in the mass matrix in eq. ([2Z3).
Since this transformation is anomalous, it generates a term in the Lagrangian

2

1g7r2 arg (det M+ ) F,, F*.

(132)
We can expand arg(detM,+) in powers of the Higgs background field using My — g|H|/+/2
in eq. (TZ0),

GGy sin @
arg [detM,+(H)| = arg(Mopu) + %

P H'H + O(H"). (133)
2
Therefore, the chiral rotation has induced the operator
CHy =
Oy = EHTHFWF“ : (134)
e

g = Gufqsin @, A = M.
47

(135)
Through QED renormalization, the operator Oy mixes with the EDM operator 4], gener-
ating
df . Q fmeHl A2

- 272 2
e 4m2A miy

(136)
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Figure 5: The prediction of the electron EDM in Split Supersymmetry. We plot
d./(sin ®sin 23) as a function of the lightest chargino mass m,+. The CP-violating phase is

¢ = arg(g:gsMop) and we have used eq. ([ZI]) at the chargino mass scale. Solid lines corre-
spond to my = 120 GeV and dashed lines to my = 160 GeV. The top two lines correspond
to m,+ / Myt = 1.5 and the bottom two lines to Myt / Myt = 4. The horizontal line shows

the present limit d. < 1.7 x 107%" e cm at 95% CL [41].

This correctly reproduces the leading-logarithm behaviour of eq. (IZ]).

The prediction for the electron EDM in Split Supersymmetry is shown in fig. B taking
the relations in eq. (IZI) to be approximately valid at the chargino mass scale. The deviation
from a straight-line behaviour of the curves in fig. Blis a result of the logarithmic enhancement
explained above. For weak-scale chargino masses and a maximal CP-violating phase, the
result is very close to the present experimental limit d, < 1.7 x 10727 e cm at 95% CL [41].
In ordinary low-energy supersymmetry, EDMs are generated at one loop and therefore small
phases ( < 1072) are necessary to reconcile theory with experiments. Because of the two-loop
suppression, Split Supersymmetry makes the exciting prediction that EDMs are on the verge

of being experimentally tested, if phases take their most natural value of order unity.

EDM experiments are therefore at the frontier of testing Split Supersymmetry. They may
reveal hints of new physics even before the start of the LHC. Ongoing and next generation
experiments plan to improve the EDM sensitivity by several orders of magnitude within
a few years. For example, DeMille and his Yale group [42] will use the molecule PbO to
improve the sensitivity of the electron EDM to 1072 e cm within three years, and possibly

to 107! e cm within five years. Lamoreaux and his Los Alamos group [43] developed a
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solid state technique that can improve the sensitivity to the electron EDM by 10* to reach
1073! e cm. By operating at a lower temperature it is feasible to eventually reach a sensitivity
of 1073° ¢ cm, an improvement of eight orders of magnitude over the present sensitivity. The
time scale for these is uncertain, as it is tied to funding prospects. Semertzidis and his
Brookhaven group [4] plan to trap muons in storage rings and increase the sensitivity
of their EDM measurement by five orders of magnitude. A new measurement has been
presented by the Sussex group [45]. A number of other experiments aim for an improvement

in sensitivity by one or two orders of magnitude, and involve nuclear EDMs.

Improving the EDM measurements by two or more orders of magnitude will test Split
Supersymmetry as well as traditional supersymmetric unified theories with low-energy su-
persymmetry. In the latter, even if all the soft supersymmetry breaking terms are real and
consequently do not give rise to CP-violation, the normal Kobayashi-Maskawa phase can
be transmitted from the quark to the lepton sector because of quark-lepton unification. In
addition, the large flavor breaking, mostly due to the large top mass, results in non-universal
slepton and squark mass matrices [46]. As a result, these theories predict electron and quark
EDMs near the present limits. Improvement of the sensitivity by two or more orders of

magnitude will be a significant test of these theories.

In Split Supersymmetry, CP violation in SM-fermion processes occurs only at two loops.
However, since charginos and neutralinos have tree-level couplings with Higgs and gauge
bosons, we expect one-loop CP violation in processes involving H, W, Z and . One such

process is the CP-violating Higgs decay into two photons, generated by the operator in
eq. (34). The rate is

2
['(H — ~vy)cp- _ (Im I) ’ (137)
['(H — vy)cp+ Re I
4 4m? AMZ\ V2 2 My Am?
I:—F - F W — g5 2V q* i1V F X3 1
31172 (m%) + £ ( 2, ) + p ;(QdUz‘ﬁ + 35U Vig) M. 1/2 w2 | (138)
1\?

Fl/Q(ZL') = 221+ (1 — ZIZ') <arcsinﬁ> :| 5 (139)

Fi(x) = 243z 7

1+ (2—x) (arcsini> } . (140)

Using the same procedure we followed for the EDM, we can simplify eq. ([I38) in the limit

of heavy, but non-degenerate, charginos. For my < 2My,, we obtain
AMZ, G, GaMop sin ® [ <4M2 4 M?2
Iml = wou M;?F 2 —pu PR — || +O0 |
9* (M3 — pi?) 2 e ) T8 T g Mop
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Figure 6: I'(H — vy)cp- /I'(H — ~7)cp+ as a function of the Higgs mass. We take sin @ = 1
with ® = arg(g’g;Mop) and sin 23 = 1 using eq. ([ZI) at the chargino mass scale. The top
line corresponds to M+ = 100 GeV and m, + = 200 GeV, while the bottom line corresponds
to m,+ = 150 GeV and m st = 300 GeV.

2 5 ox 2 2
16 M, Guga sin @ o (MW mi ) ‘ (141)

392 Moy Mop” Mop
In fig. B we show the ratio I'(H — vy)cp-/T'(H — 77)cp+, which takes interesting values

for light charginos. The scaling with chargino masses of the result shown in fig. Bl can be
easily read from eq. (ITZJ).

Measurements of the polarization of the photons from Higgs decay is experimentally
challenging. However, the CP quantum number of the Higgs boson can be measured at a
77 collider 7). The Higgs production amplitude in the photon-fusion CP-even channel is
proportional € - €, where € 5 are the polarization vectors of the two photon beams. On the

-

other hand, the amplitude in the CP-odd channel is proportional to € x € - k., where Ey
is the photon momentum. By varying the linear polarization of the colliding photon beams,
one can test the existence of the CP-odd Higgs-photon couplings induced by the chargino
loop. In Split Supersymmetry the prospects are particularly favorable, since phases of order
one are presently allowed. Also notice that in Split Supersymmetry we have a one-to-one

relation between the prediction of the EDM and of the CP-violating Higgs decay.

If charginos and neutralinos are produced at colliders, experiments can directly test the
presence of CP-violating phases. One effect of these phases is to modify the relations between

model parameters and observables, even for CP-conserving processes. Comparison between
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masses, cross sections and distributions can single out the need to introduce phases for
the underlying parameters. However, it will be crucial to test the phases in CP-violating
processes. At a linear collider, one can study asymmetries in the CP-odd spin-momentum
product 8, - ko X Em in ete” — x;x; (for a recent study see 48] and references therein).
In Split Supersymmetry, we can take advantage of the order-unity phases allowed by EDM,

but we lack the tree-level interference with amplitudes induced by slepton exchange.

7 Proton Decay

In this section we discuss proton decay in Split Supersymmetry with SU(5) unification.
The contribution from the model-dependent dimension-5 operator is suppressed by four
powers of the supersymmetry-breaking scale m and is subdominant for m 2 100 TeV, if (as
is commonly assumed) the amplitude is suppressed by two light quark/lepton masses. In
Split Supersymmetry the dimension-5 p-decay operator does not need to be suppressed by
light fermion masses, since the heavy squarks can provide an adequate suppression. This
can allow for new theoretical possibilities. For example, Yukawa couplings (flavor) can
originate in the right-handed fermion sector and there will be no mass suppressions associated
with the dimension-5 operator gqqqf, constructed out of only left-handed fermions. In such
theories the dimension-5 p-decay would depend on the masses of left-handed squarks and
gaugino/higgsinos, and would be highly model-dependent. We now focus on the dimension-6

operator contribution from heavy gauge-boson exchange, which is model independent.

The dominant decay mode is p — e™7” and the decay width is [49)]

2
T =T(p—etn’) = T 2 (14+ D+ F)? <—QGUT>
8 afz M

where My, is the GUT gauge-boson mass and agyr is the unification coupling. Also, f, =
131 MeV is the pion decay constant, (1+ D+ F') = 2.25 is the chiral Lagrangian factor and we

AL+ A7 (1 + ‘Vud‘2)2:| . (142)

use the lattice result ay = 0.015GeV? for the hadronic matrix element parameter a [50).
Note that the lattice determination is 3-5 times larger than the smallest estimate among
QCD model calculations. The factors Ay, Ar account for the leading-log renormalization of
the operators Or = (ulo,q1)(elo”q), Or = (ulo.q)(dic"(1) (in Weyl notation). They can

be decomposed into four parts,
Arr = Aqep Agit’ Asssn Avissu - (143)
The factor Aqcp accounts for the QCD renormalization-group evolution below M. Since

38



the matrix elements are evaluated at the scale () = 2.3 GeV, we have

Bl 219

Aqen = l ] 195, (144)

The SM running up to the R-breaking scale (gaugino and higgsino masses) and the subse-

quent running up to the supersymmetry breaking scale m give [21]

Ashisson = lfﬁﬂl_lfé%l_l%l_ (145)
Aswsson = [ﬁg@]@[aﬁ%]%[i}%]m- (146)

Here b; are the S-function coefficients b; = —8m%dg; 2/dIn p and (by, by, b3)sm = (41/10, —19/6, —7)
and (by, be, b3)sssm = (9/2,—=7/6,—=5). Above the supersymmetry breaking scale m, the 4-
fermion operators mix with their supersymmetric analogs involving scalars, giving [52] (the
U(1) coefficients have been calculated in ref. [53])

L | as(Mgur) i as(Maur) e M ooy
AMSSM B [ Q3 (m) ‘| [ 9 (Th) ‘| [ a; (m) ] (147)
R ~ |as(Mgur) s a(Mgur) 205 a1 (Maur) 3067
Avigsm = l () ] [ an(m) ] l (1) ] ; (148)

with (b, by, b3)mssm = (33/5,1,—3). The expressions above can be further factorized in
order to take into account the thresholds at the EW, R, supersymmetry and SU(5) breaking

scales. The appropriate G-function coefficients can be found in Table [I.

The proton decay rate crucially depends on the GUT gauge-boson mass My and on the
unified gauge coupling agyur at that scale. The two-loop determination of those quantities
can be found in ref. [§]. The corresponding prediction for the proton lifetime is shown in
fig. [, lowest panel, as a contour plot in the m-M; plane. We have used u = M; and
we have obtained M3 from My(Mgur) = M3(Mgur). The 1o and 20 constraints from
as(Mz) = 0.119 + 0.003 are also shown. Possible GUT thresholds have been neglected.

The prediction in fig. [ can be compared with the present 90% CL limit from SK, 7(p —
etn%) > 5.0 x 103 yr [54], with the expected sensitivity after 10 SK live-years, 7(p —
etn%) 2 1034 yr, and with the expected sensitivity at the next generation of water Cherenkov
experiments [b0, B, B7]. For example, a 650 kton UNO-like experiment could reach a
sensitivity of 1.6 x 103 yr in 10 years of running [58].

The dependence of the p-decay rate on m is quite mild. Actually, at one loop, Mguyr
depends on m only through the heavy Higgs contribution to the (-functions. This has
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Figure 7: Contours of the proton-decay lifetime, with the thicker line corresponding to
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the effect of decreasing Mgyt [8] and therefore of enhancing the p-decay rate. However,
the effect of Mgyt is partially compensated by the smaller values of agyr found in Split
Supersymmetry [§]. Notice that additional matter in complete SU(5) representations at
intermediate scales has no effect on Mgy, but increases agyr. Therefore, a shorter proton
lifetime will be found, for instance, in models with intermediate messenger particles, as in
gauge mediation or in models with direct mediation, as discussed in sect. Fll. We will comment

on this possibility at the end of this section.

The proton lifetime becomes shorter as the value of M increases. Therefore proton-decay
searches can be viewed as complementary to direct searches at accelerators, although they
have a rather modest reach in parameter space. This figure shows that a correct value of a3
implies an upper limit on M, and a lower limit on 7,. As a consequence, larger values of M,

and shorter proton lifetimes are allowed for lower values of m.

We now investigate the effect of three types of thresholds corrections.
e R-breaking scale thresholds due to p # Ms.

e supersymmetry-breaking scale thresholds associated to a non-degeneracy among the sfermion
masses or between the sfermion masses and the heavy Higgs mass my (the latter will turn
out not to play a role at 1 loop). For simplicity, we will assume that all squarks and all

sleptons are separately degenerate with common masses mg, mj respectively.
e SU(5)-breaking scale thresholds. We will consider the effect of the heavy SU(5) vector su-

perfields with mass My, of the color triplet partners of the Higgs doublets with mass My,
and of an adjoint SU(5)-breaking chiral superfield with mass Ms.

The one-loop thresholds can be incorporated in the 2-loop evolution of the gauge cou-

plings by using the following matching conditions at the scales My, my and Mo,:

1 1 bile My bF . My
= + In +—In—
Oéi(MV—) OéZ(MV—l—) 2 MHC 2 ME
1 1 ol my bl
- i g ey (149)
a;(my—) a;(mpg+)  2r mg 21 my
1 1 b M.
= + L ln—2.

a;(My—) a(Me+) 2 p
Here, b7 represents the contribution of the particle x to the J-function coefficient of the
gauge coupling g;. The numerical values are listed in Table [l The coefficients b; = (2,2,2)
are associated to the whole set of sfermions, in a full SU(5) representation. Therefore, the

In(mp/m;j) term does not enter the determination of My and a3 at one loop.

An analytic understanding of the threshold effects on the determination of Mgyt and ag

41



| H|WI[G] H q I v H: S
¥ | 2/5 0 | 0| 1/10 | 11/10 | 9/10 || -10 | 2/5 | O
bt [2/34/310 | 1/6 | 3/2 | 1/2 | 6] 0 |2
0 0 ]2 0 2 0 || 4] 1 |3

Table 1: Contributions to the g-function coefficients from particle . The (-function coeffi-
cients for a theory with the particle content of SM +{xz} (where {z} describes the set of new
particles) are obtained by the relation b; = b?M + 3, 0%, where ™M = (41/10,—-19/6, —7)
and b7 are given in the table.

can be easily gained in the one loop approximation,

1 My, 5! My, 1 my 1 M,
SInMy = ——1 Sy P A PN I
nv R VP VR VAR V R R

9 MV 3 MV 3 lnﬁ 6 Mg)

1
sa;t = — (21 S L T A L B
3 <7nMHc T T, T

— 1
o (150)
1 ( 1 | My 33 My, 11 mg

Sagin =
QuT o

+ —log — + — log

5 M, mpy
- 2 log =2 + 21log A
128 My, "1, T B, TR Toe m~>

i
where dz denotes the contribution to x due to the thresholds. A positive contribution do;*
lowers the ag bands in fig. [, while a positive contribution § In My rises the lifetime contours.

This result is evident in the figures, which however contains the full 2-loop effects.

From the first panel of fig. [ we observe that the Higgs triplet has a significant effect
on az, and a limited effect on 7,. For heavy Hc, it is possible to obtain 7, < 10% yr,
but only at the price of very heavy gauginos. The second panel of fig. [ shows that X
has a considerable effect on 7,, but not on a3. For a heavy X, proton decay is well within
the reach of a megaton water Cherenkov experiment, even for gaugino masses accessible
to the LHC and CLIC. The third panel shows that having squarks heavier than sleptons
improves the chances for proton-decay searches. We should remark however that squarks
much heavier than sleptons is not consistent with the simplest unification relations. The
fourth panel illustrates how a threshold with higgsinos lighter than gauginos modifies the a3
prediction, allowing for larger proton-decay rates. The latter plot illustrates a particularly
interesting and fairly generic case where the p-decay rate may be observable and consistent
with both unification and DM abundance, for a broad range of scalar masses. It corresponds
to My ~ 10TeV and p ~ 1TeV. This is the situation we have if p starts out much smaller
than the gaugino masses at the UV scale. Then, the physical gaugino masses will be roughly
an order of magnitude heavier than the low-energy value of 1 [§], leading to a mostly-higgsino
LSP — which must then weigh about a TeV to be the DM, leading to the parameter choice
of the fourth plot of fig. [ This suggests that potentially observable p-decay will be a fairly

common characteristic of theories which start out with a small x in the UV. On the other
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hand, it will be hard to see such a ~TeV-mass Higgsino at the LHC.

Finally, we consider the effect of additional matter in complete vectorial SU(5) multiplets.
Such extra multiplets arise in simple implementations of direct mediation, see sect. @l. The
leading effect, which we calculate, is due to the increase in agyr. Note that the extra
multiplets also affect the operator renormalization coefficients Ay p at one loop and the

determination of Mgyt at two loops. The effect on agyr is given by

1 1 N M
= ( ) — —log —T (151)
aguT aguT/o

2 m

where the index “0” refers to the determination of agur in the absence of extra matter,
which corresponds to the predictions shown in Fig.[d and N is the Dynkin index of the gauge
representation of the extra matter (N = 1 for a single 5 +5, N = 3 for a single 10 + 10).
In this simple approximation, the perturbativity limit on N is about 15 for m = 10! GeV
and scales with 1/log(Mgyr/m). The limit on N from proton decay is approximately the
same. If the Dynkin index N is sizeable but not fine-tuned to be close to the perturbativity
limit, we can expect an increase of agyr by a factor O(1), which leads to an increase of the

proton decay rate by a factor O(1)2.

In conclusion, some versions of Split Supersymmetry, such as those with higgsino LSP,
naturally allow for the possibility of potentially observable proton lifetime, consistent with
unification and DM.

8 Conclusions

In this paper we have investigated theoretical, cosmological and phenomenological aspects

of Split Supersymmetry.

We have shown that the mass spectrum of Split Supersymmetry, which was originally
motivated by low-energy considerations (dark matter and prediction of «y), can actually
have a natural justification in the high-energy theory. An approximate R-symmetry, which
forbids gaugino and higgsino mass terms, can explain the hierarchies of the mass spectrum of
Split Supersymmetry. Nevertheless, Split Supersymmetry can emerge from the high-energy
theory not necessarily as a consequence of an imposed R-symmetry, but simply as a result
of the pattern of supersymmetry breaking. Using the property that R-symmetric soft terms
correspond to dimension-2 operators and R-breaking soft terms to dimension-3 operators,
we have shown that supersymmetry D-breaking leads to Split Supersymmetry, while F-

breaking leads to the usual mass spectrum with no hierarchies among sparticles. In the case

43



of D-breaking, the underlying R-symmetry protecting higgsino and gaugino masses emerges
as an accidental symmetry, much alike the approximate lepton-number conservation that

protects neutrino masses in the Standard Model.

We have also studied the general structure of Split Supersymmetry as we vary the mech-
anism of supersymmetry breaking or, ultimately, the gravitino mass ms/,. Since the squark
and slepton mass scale m is an arbitrary parameter, no longer tied to the weak scale, the
theory offers novel scenarios with different theoretical, cosmological and phenomenological
implications. In general, the different features of Split Supersymmetry are best parametrized

by the values of ms/, and m.

Whenever mg/, is much larger than the weak scale (which, in particular, is the case
for gravity mediation with m > TeV), then anomaly-mediated contribution can upset the
hierarchy between supersymmetric scalars and fermions. This issue has been addressed in
sect. Bl We have found that in theories where supersymmetry breaking is intimately tied to
gravity, such that supersymmetry is restored in the Mp; — oo limit, the anomaly-mediated
contributions are suppressed and there is no obstacle to considering ms/, far above the TeV

scale.

We have also discussed an interesting option, available in Split Supersymmetry but not in
low-energy supersymmetry, to break supersymmetry and directly communicate it to squarks
and sleptons at tree-level, via renormalizable couplings. These theories naturally generate a
large hierarchy between the scalars and the gauginos/Higgsinos, and also permit an inter-
esting spectrum with a gravitino LSP. Such models inevitably require extra charged matter
at intermediate scales, raising the value of the unified gauge coupling at the GUT scale, and

possible enhancing the proton decay rate from dimension 6 operators to observable levels.

In Split Supersymmetry, the gravitino mass can vary in a much larger range than in
ordinary low-energy supersymmetry and this has new cosmological implications. In sect.
we have revisited gravitino production in the early universe. The decay of thermalized heavy
particles with mass m plays a new and important role, creating a gravitino abundance which
is independent of the reheat temperature Tx, and which depends only on physical particle

masses.

Heavy gravitinos eventually decay into supersymmetric particles. A peculiarity of graviti-
nos with masses much larger than the weak scale (and thus a peculiarity of Split Supersym-
metry) is that the decay occurs well before the beginning of nucleosynthesis, and therefore
the gravitino abundance before decay is not tightly constrained. If the decay happens after

neutralinos have decoupled from the thermal bath, then a non-thermal population of neu-
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tralinos is generated. We have studied the range of parameters for which this non-thermal

x component can account for the observed dark-matter.

The existence of a non-thermal neutralino population has important phenomenological
consequences. The dark-matter argument is a critical ingredient of Split Supersymmetry,
providing a tight constraint on the higgsino and gaugino parameters. The non-thermal
x density gives us more freedom, allowing us to consider neutralino parameters that are
normally excluded, because they lead to an insufficient thermal density. In spite of this
freedom, the upper bound on m,, derived from thermal dark-matter considerations, is not
evaded, but actually reinforced. This is essential, as the bound on m,, provides the necessary

link between gaugino-higgsino masses and the weak scale.

If the scale of supersymmetry mediation is much smaller than Mp;, the gravitino can be
light, and it can even become the LSP. In this case, the neutralino can no longer form the
dark matter, and the connection between its mass and the weak scale disappears (although
an upper bound on its mass still exists, under the condition that gravitinos constitute the
dark matter). A gravitino LSP is a viable dark-matter candidate. The collider signals of
this case are also quite distinctive, whenever the decays into gravitinos occur inside the
detector. A peculiar signature of Split Supersymmetry with light gravitinos is the gluino
decay § — Gg. This decay can dominate over the ordinary 3-body process into neutralinos
and charginos, when the scale of supersymmetry-breaking mediation is close to m. This is

the case of direct mediation.

Next, we have addressed some phenomenological issues. Split Supersymmetry solves the
flavour and CP problem, by considering very heavy squarks and sleptons. However, the
effective theory below the scale m contains a CP violating phase. This leads to predictions
for electron and neutron EDMs, which are just beyond the present experimental limits, for
a phase of order unity and for weak-scale chargino masses. The difference with respect to
ordinary low-energy supersymmetry, where phases have to be smaller than about 1072 to
be consistent with present limits, is that EDM are only generated at two loops in Split
Supersymmetry. Because of the intense experimental activity aiming at improving the EDM
measurements, our prediction offers the exciting possibility that Split Supersymmetry could
start revealing itself even before the LHC is operational. Other tests of CP violation at

colliders are also possible, as discussed in sect.

Finally, we have investigated how Split Supersymmetry affects proton decay. Dimension-5
operators are naturally suppressed, because of the heavy squarks. Since Split Supersymme-

try has the effect of reducing the value of the unification mass, proton-decay dimension-6
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operators can be enhanced. However, in the minimal version of the model, the unification
coupling constant increases, nearly compensating the effect of a lower Mgyr. Low-energy
thresholds can enhance the proton-decay rate, and this is especially true if we consider very
heavy higgsinos and gauginos. In this sense, searches for proton decay can be complementary
to collider searches, since they are most sensitive to a region of sparticle masses hard to test

at colliders.

In conclusion, we have shown that Split Supersymmetry can naturally emerge from a
fundamental high-energy theory. It has specific implications for the origin of the dark matter
and it makes the exciting prediction that EDMs are naturally within the reach of ongoing

experiments.

We acknowledge communications and discussions with D. DeMille, H. Haber, L. Ibanez,
S. Lamoreaux, M. Luty, R. Rattazzi, A. Ritz, Y. Semertzidis and E. Witten.
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