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Gauge unification and dynamical supersymmetry breaking
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Under the assumption that all the gauge groups in supersymmetric theories unify at the fundamental scale,
the numbers and the mass scales of messenger quarks and leptons, as well as the beta-function coefficient of
the sector for dynamical supersymmetry breaking, are constrained depending on various gauge mediation
mechanisms. For this, we use one-loop renormalization group equations and draw constraints on the scales in
each gauge mediation model.@S0556-2821~98!00719-X#

PACS number~s!: 12.10.Kt, 12.60.Jv
um

a

d
re
is
e

rd

al
ld

lik
an
tr

e
m
rd
n

ve
th
a

ion
th
d
t
d
n
SM
ic
r

up
n
u
io

n-
val-

or-
rder

es-

a-
e
the
B

y-
t so
ken

e

-

ass
e
lete

on
Dynamical supersymmetry breaking~DSB! @1# has been
known to occur in some supersymmetric gauge theories@2#.
Recently, following the new understanding of the quant
behavior of supersymmetric gauge theories@3#, the number
of theories for DSB increased rapidly@4#. Concurrently, vari-
ous new mechanisms for transmitting supersymmetry bre
ing through gauge mediation have been proposed@5–10#.
The supersymmetric standard model~SSM! has to be imple-
mented with the sector for supersymmetry breaking an
way of its mediation to the SSM sector. It will be a futu
task to find a right DSB sector and messenger mechan
which can yield phenomenologically acceptable soft sup
symmetry breaking in the SSM sector.

As is well known, the minimal supersymmetric standa
model supports the idea of grand unification@11#. It remains
however to be explained why the grand unification sc
;1016 GeV differs from the fundamental scale which cou
be the string scale;1017– 1018 GeV @12# or the Planck scale
;1019 GeV. This question has been addressed in SSM-
string theories@13# where the masses of extra fermions c
reside anywhere between the electroweak scale and the s
scale. It can be expected that this problem is resolved
gauge mediation models of supersymmetry breaking wh
extra heavy quarks and leptons are necessary and their
scales are determined from the successful prediction of o
nary superparticle masses. The existence of such messe
fermions may remove the discordance between the con
tional unification scale and the fundamental scale. Then
fundamental theory should be such that not only the stand
model gauge interactions but also DSB gauge interact
unify at the fundamental scale of the theory. In this case,
supersymmetry breaking scale can be also determined
namically in terms of the fundamental scale. An attempt
find a realistic string model with such a property was ma
in Ref. @14#. The aim of this paper is to investigate the ge
eral consequences of the ultimate unification of the S
sector and the DSB sector. Specifically, we will draw restr
tions on the various scales in the theory and the numbe
messenger quarks and leptons depending on theories
DSB and mechanisms for gauge mediation.

We begin with considering the renormalization gro
equations of the SSM and DSB gauge coupling consta
Our analysis will rely on a rough order-of-magnitude calc
lation which is enough for our purpose. Gauge mediat
models contain additional vectorlike quarks or leptons~de-
0556-2821/98/58~7!/075007~6!/$15.00 58 0750
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noted by f , f̄ ! whose masses~denoted byMm! can be gen-
erated by the following schematic form of superpotential:

W5lS f f̄. ~1!

Here the fieldS can be a fundamental or a higher dime
sional composite field. The nonzero vacuum expectation
ues~VEVs! of S and its F termFS result from the mediation
of supersymmetry breaking in the DSB sector. Then the
dinary superparticles obtain the soft masses of the o
a/4pLS where

LS'
FS

S
'~10– 100! TeV ~2!

anda is a standard model fine structure constant. The m
senger quarks and leptons at the messenger scaleMm partici-
pate in the renormalization group evolution up to the fund
mental scaleMX at which all gauge groups unify. Th
assumption of the gauge unification allows us to compute
dynamical scaleLD once the gauge structure of the DS
sector~more precisely the coefficient of theb function! is
fixed. For simplicity, we assume that there is only one d
namical scale in the DSB sector. This assumption is no
restrictive since the largest dynamical scale can be ta
when the DSB sector has a product group.

The one-loop renormalization group evolution of th
gauge couplings is given by

aX
215a i

21~MZ!1
bi

2p
ln

MX

MZ
2

ni

2p
ln

MX

Mm

5
b

2p
ln

MX

LD
, ~3!

wherebi is the minimal value of the coefficient of the one
loop b function (b15233/5, b2521, b353), and2ni is
the contribution from the messenger fermions at the m
scaleMm , andb is the coefficient of the DSB sector. Not
that the extra quarks or leptons do not have to form comp
multiplets of a unification group, e.g., (515̄) or (10110) of
SU(5) as also discussed in other studies@14,15#. With the
simple one-loop renormalization group equation~3!, we can
draw information on the values ofni andb which are com-
patible with the unification idea in various gauge mediati
© 1998 The American Physical Society07-1
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models. In our discussion, we ignore the two-loop evolut
which involves also information on the messenger ferm
Yukawa couplings and two-loopb function of the DSB sec-
tor. We expect that two-loop effects cause no essen
change in the prediction of the numbersni and b and the
orders of magnitude of various scales. More precise phen
enological discussions at two-loop order in gauge media
models with conventional unification groupSU(5) have
been performed in Refs.@16#.

First, we get the relation between the messenger scale
the unification scaleMX ,

Mm5MXS MU

MX
D 4/n

, MU[MZe2p~a2
21

2a3
21

!/4 ~4!

where n[n32n2 . Here MU is the usual unification scal
'2.431016 GeV. For the calculation, we use the central v
ues;a151/58.97,a251/29.61,a350.118 at the scaleMZ
@17#. Assuming MX.MU to ensure that the experiment
bounds on the proton lifetime are not violated,n must be
positive or zero. Whenn50, the messenger scaleMm is not
related to the unification scale, andMX5MU . The messen-
ger scale and the DSB scale are related by the equation

2paU
215n2ln

MU

Mm
1b ln

MU

LD
, ~5!

whereaU'1/24 is the usual unification coupling constan
Contrary to the case withn50, the unification scale can b
pushed up whenn>1. The numbern is very restricted. The
upper boundMm,331015 GeV @see below Eq.~9!# implies
n<2 as can be seen from Eq.~4!. There is also a lower
bound on the messenger scale which becomes smaller
largerMX and a smallern. The smallest messenger mass c
be obtained by taking n51 and MX5M pl'1.2
31019 GeV; that is, Mm.23108 GeV. Of course, this
lower bound onMm is not applied to the case withn50 @see
Eq. ~5!#. Note that the messenger scale might be related
the axion scale or the heavy right-handed neutrino sc
when Mm'1010– 1012 GeV, which can be obtained withn
51 andMX'331018– 731017 GeV. Givenn ~or n3) and
n2 , the numbern1 is constrained by the well-known relatio

n12n2

n32n2
5

b12b2

b32b2

from which one gets

n15n22
7

5
n. ~6!

If n50, it is required thatMX5MU andn15n25n3 , which
is the case when the messenger fermions form complete
resentations of a certain unification group. The numbern1
depends upon theU(1)Y charge assignment to the messen
fermions. Later, we will see how relation~6! restricts the
number of SSM-like particles with the standardU(1)Y
charges. We are now ready to discuss implications of
ultimate unification in various types of gauge mediati
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models which can be classified essentially into two class
models with indirect, or direct mediation.

Indirect mediation models

In this class of models, supersymmetry breaking in
DSB sector is transmitted first to the messenger quarks
leptons by an intermediate gauge interaction and then to
SSM sector as described above. As a consequence, the
senger fermions get masses of orderMm'^S&'a8LD/4p
wherea8 is the intermediate gauge coupling constant. If o
considers renormalizable interactions only, the supersym
try breaking scale of the DSB sector is given byAF'LD . In
general, the gravitino mass ism3/2'F/M P whereM P'2.4
31018 GeV is the reduced Planck mass. Generic superg
ity contributions to the soft masses of the superparticles~pro-
portional tom3/2) are not favor blind and thus can genera
too large flavor changing neutral current~FCNC! effects. To
avoid this, we require a conservative constraint on the gr
itino massm3/2,10 GeV, which gives 1% contamination o
FCNC violating contributions for 1 TeV soft masses. Th
gives the boundAF,Am3/2M P.53109 GeV. The bound
on LD ~and thus onAF) in indirect mediation models be
comes stronger due to the naturalness condition. From
fact thatLS'10 to 100 TeV and thatMm is roughly of the
same order or larger thanLS @5#, one may draw the limit
104 GeV,Mm,107 GeV. Now that the hierarchy betwee
Mm andLD is generated by loop effects, the more realis
bound on LD could be 105 GeV,LD,108 GeV. Alto-
gether, we get the hierarchy among the scales:

LS&Mm,LD'AF,108 GeV. ~7!

Note here that the gravitino mass (m3/2'LD
2 /M P) is in the

range 4 eV,m3/2,4 MeV. Such a light gravitino can yield
distinctive phenomenological consequences in cosmol
@18# and collider physics@19#.

The upper bound onLD can be relaxed if the DSB secto
contains nonrenormalizable terms. The interplay between
two scalesLD and M P in the effective DSB superpotentia
can give rise to a VEV v larger than LD : v
'M P(LD /M P)k with 0,k,1 @5#. Now, F/v in the DSB
sector plays a role ofLD in Eq. ~7!. The order of the DSB
superpotential is

W'
vm13

M P
m ~8!

when nonrenormalizable terms of dimensionm13 give the
largest contribution. Then the supersymmetry breaking sc
is given byF'vm12/M P

m , and henceF/v'vm11/M P
m . As-

suming the supersymmetry breaking scaleAF is below the
DSB scale, we obtain

LS&Mm,
F

v
,AF,LD,v,331015 GeV. ~9!
7-2
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Here the upper bound onv comes from vLS,F
,m3/2M P . In this case, the natural range of the DSB sc
can be inferred to be 106 GeV,LD,331015 GeV.

As shown, the messenger mass in renormalizable indi
mediation models has an upper boundMm,107 GeV which
is below the smallest valueMm'23108 GeV in case ofn
Þ0. Therefore, indirect mediation models can only emp
n50, and thusMX5MU . In this case, the conditionn1
5n25n3 has to be satisfied. A trivial way to achieve such
condition is to take the charge assignments such that
messengers form complete representations of a unifica
group as noted before. For renormalizable indirect media
models, the allowed ranges of the messenger scale and
DSB scale@discussed above Eq.~7!# can be realized for a
quite restricted ranges ofn2 andb. From Eq.~5!, one finds,

1<n2<5, 1<b<7. ~10!

Here the lower limits are trivial and the upper limit onn2
comes from the perturbative unification conditionaX,1/3.
In fact, two numbersn2 ,b are correlated and roughly spea
ing, n21b56,7,8 has to be satisfied. This result is consist
with Dubovskyet al. @20#. A difference results from the fac
that the unification of all gauge sectors at once is assu
and the change ofaX due to nonzeron25n3 is taken into
account in our case. Indeed, in the case ofn50, identifica-
tion of the unification scaleMX with, e.g., M pl instead of
MU is possible if there is two step unification; the SS
gauge sector unifies atMU and then the ultimate unificatio
including the DSB sector occurs somewhere betweenMU
and M pl as considered in Ref.@20#. This scheme then re
quires an explanation of how the scales different from, e
M pl can be generated.

To summarize, renormalizable indirect mediation mod
require a DSB sector with a smallb<7 to achieve unifica-
tion. The number of DSB models with such a smallb in the
literature is very limited. To our knowledge, there are only
few models withb,10. They areSU(4)3SU(3)3U(1)
model withb58 @21#, and the models listed in Ref.@20#. In
order to construct more DSB models with a smallb, one
would need to find a way to use higher dimensional rep
sentations of a given DSB gauge group. For nonrenorma
able class models whereLD,331015 GeV, a quite gener-
ous upper limit onb (b,73) can be drawn.

Direct mediation models

The above conclusion can change a lot in this type
model where the value ofMm ~or LD) can be larger. In this
scheme, the fieldS belongs directly to the DSB sector an
thusFS5F. As in the case of indirect mediation, there cou
be renormalizable and nonrenormalizable classes of mod
In the nonrenormalizable class of models, a higher dim
sional DSB superpotential as in Eq.~8! generates a large
VEV of S. On the other hand, since the dimension of t
field S can be one or bigger, the messenger mass is in gen
given by

Mm'^S&'M P~v/M P!d, ~11!
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whered is the dimension of the operatorS. The case with
d51 is explored in Ref.@6#, and a model with a composit
field S (d.1) is presented in Ref.@8#. In the former case,
there could be other messenger quarks or leptons wh
masses can be much smaller thanLS . These light messenge
fields are known to drive the soft mass squared of the o
nary squarks to a negative value@8,9#. Therefore, we assum
the models without such a light messenger fermion. In th
cases, the mass scaleLS is given byLS'F/v. Therefore,
we have

LS'
F

v
,AF,LD,v,331015 GeV. ~12!

RecallingF/v'M P(v/M P)m11 @see below Eq.~8!#, the up-
per bound onv puts a limit:m<3. Furthermore, the fact tha
the messenger mass„Mm'M P(LS /M P)d/m11

… must be
heavier than around 100 GeV restrictsd: d<m11.

A large VEV v can be obtained dynamically also in th
renormalizable class of models. In this case, one conside
one-loop effective scalar potential of the formV5 f (v)LD

4

where f (v) is a function of a field with a VEVv. Then, the
function f (v) may be minimized at a largev.LD @10#. In
these models, we obtain

LS'
LD

2

v
,AF'LD,v,331015 GeV. ~13!

Here the messenger scale is given byMm'v and LD,5
3109 GeV as above.

Let us now extract rough constraints on the numbersn,
n2 , andb for each class of direct mediation models. To
specific, let us take two canonical candidates ofMX : the
Planck scaleM pl and the string scaleMst'531017 GeV
@12#. For n50, the earlier discussion applies here as w
However, we will concentrate on the cases withn>1 for
which the unification scaleMX can be made close to th
Planck scale. As we discussed, givenMX andn determines
the messenger scale residing in the range:Mm'23108;3
31015 GeV. Furthermore, puttingMm5LD,331015 GeV
in Eq. ~3! one finds the upper bound:n21b,„2paU

21

2 ln(MX /MU)…/ ln(MX/331015 GeV)'17(29) for MX
5M pl(Mst). The numbern2 is constrained individually as
suming a perturbative unification: n2 /n,2p(aU

21

2aper
21)/4 ln(MX /MU)21/4. Takingaper51/3, we getn2 /n

,5.8(10.8) forMX5M pl(Mst).
Given specific models, only certain combinations of t

numbersn2 andb can be consistent with unification, whic
can be seen from Eq.~3! together with Eqs.~12! and ~13!.
For the nonrenormalizable class of models, the dimension
ties (d,m) are also constrained due to the relations:Mm
'MU(MX /MU)n24/n, v'M P(Mm /M P)1/d and LS
'M P(v/M P)m11 implying that fixing n, d and m deter-
mines the valuesv andLS for eachMX . First, the numberd
is restricted by the boundv,331015 GeV:
7-3
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TABLE I. Various scales in units of GeV and allowed numbers ofn, n2 , andb in the nonrenormalizable
class of models. The messenger massMm for eachn is the same as in Table II.

For MX5M pl

n (d,m) v AF n2 b LD LS

1 ~3,3! 131015 93 109 5–0 2–15 131010– 131015 83104

2 ~1,2! 531013 13 109 10–0 1–11 23109– 231013 23104

For MX5Mst

2 ~1,3! 131015 131010 12–0 5–24 231010– 131015 13105
r
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-
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-
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la-
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M-
d,

ln
MU

M P
1

42n

n
ln

MU

MX

ln
331015 GeV

M P

. ~14!

This shows that the bound ond becomes larger for a large
MX and a smallern. Whenn51, one hasd<3(2) for MX
5M pl(Mst). On the other hand, onlyd51 can be compat-
ible for n52. The integerm is constrained by the bound o
LS'M P(Mm /M P)m11/d'104– 105 GeV:

m11

d
'

ln
LS

M P

lnS MU

M P
D1

42n

n
lnS MU

MX
D . ~15!

The integer pairs (d,m) most closely satisfying this relatio
are shown in the second column of Table I. Now, the
stricted ranges ofn2 and b can be obtained from the con
straints: AF,LD,v and AF'M P(v/M P)11m/2,5
3109 GeV whereLD is obtained by equating the first an
the third line of Eq.~3!. In selectingn2 ,b, we impose also
the perturbative unification:aX,1/3. The allowed combina
tions of (d,m) and (n2 ,b) for givenn andMX together with
the corresponding supersymmetry breaking scaleAF and dy-
namical scaleLD are presented in Table I. As one can s
the allowed values ofb can be very large and become larg
for a smallerMX . The numbern2 is restricted to a smal
value whenb is large, and vice versa, as discussed ear
@see below Eq.~10!#. Therefore, most DSB models using th
nonrenormalizable direct mediation mechanism can be c
sistent with the idea of unification. Note, however, that t
07500
-
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r

n-
e

supersymmetry breaking scale tends to be large (AF
>109 GeV), and becomes larger for a smallerMX . Such a
large scale gives rise to a heavy gravitino;m3/2>0.4 GeV
which is dangerous cosmologically@22#. However, such a
heavy gravitino could be diluted away by a late-time entro
production, e.g., thermal inflation@23#. From Table I, we see
that the nonrenormalizable direct mediation models are
much restricted that only one case can be allowed forMX
5M pl , (n,d,m)5(2,1,2), and none forMX5Mst .

In the renormalizable class of models, the upper bou
on n2 and b are more restrictive because ofLD,5
3109 GeV. Following the above process now with the re
tion, LS'LD

2 /Mm , we can get constraints onn2 and b
which are summarized in Table II. Contrary to the nonren
malizable models,n51,2 are allowable for both ofMX , but
a largeb>9 is not permitted. On the other hand, the sup
symmetry breaking scale can be as small as 23106 GeV
implying a light gravitino (m3/2'2 keV) which can form
warm dark matter.

Let us finally discuss how relation~6! constrains more the
content of messengers. To see this explicitly, we take SS
like particles for the messengers: that is,N323@(3,2)
1(3̄,2̄)#1/6, N33@(3,1)1(3̄,1)#2/3, N383@(3,1)1(3̄,1)#1/3,

N23@(1,2)1(1,2̄)#1/2, andN13@(1,1)1(1,1)#1 are added.
Here the subscripts denote the absolute values of theU(1)Y
charges. It is trivial to calculate the numbersni in this case:

n15
6

5 F1

6
N321

4

3
N31

1

3
N381

1

2
N21N1G ,

n253N321N2 ,
TABLE II. Various scales in unit of GeV and allowed numbers ofn, n2 , andb in the renormalizable
class of models.

For MX5M pl

n Mm n2 b LD LS

1 23 108 0 5 23106 33104

2 531013 10–1 1–6 73108– 43109 13104– 33105

For MX5Mst

1 331012 9–0 2–7 23108– 93108 23104– 33105

2 131015 10–0 5–8 33109– 93109 73103– 83104
7-4
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n352N321N31N38 . ~16!

Then relation~6! tells us that any set of integersN3 , N1 , N32
andn satisfying the equation:

N31N122N321
3

2
n50, ~17!

is compatible with the unification. Therefore, in the case
SSM-like messengers, the unification of DSB sector with
SSM sector can be achieved if the messenger contents
n52 and N31N122N32523 are taken. It is straightfor
ward to generalize this argument to the cases with any ex
selection of messenger contents.

In conclusion, we investigated the consequences of
assumption that the weak scale and the supersymm
breaking scale are generated dynamically from the scale
fundamental theory,MX , at which gauge couplings of th
supersymmetric standard model and the supersymm
breaking sector unify. Considering one-loop renormalizat
group evolution, the number and the mass scale of e
vectorlike quarks and leptons~messenger fermions!, and the
structure of the dynamical supersymmetry breaking se
are constrained depending on the ways of mediating su
symmetry breaking.

In indirect mediation models where the messenger
mion masses are smaller than about 107 GeV, the unification
scale can not be changed from the usual grand unifica
value'231016 GeV. In its renormalizable class of mode
the one-loopb-function coefficient of the DSB sectorb has
to be less than 8 corresponding to the condition of the D
scaleLD,108 GeV. We notified that there are only a fe
known examples with such a smallb. For the nonrenormal-
izable class of models, essentially no bound onb can be
found.
,

tt.
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In direct mediation models, the messenger mass can
larger than about 23108 GeV but smaller than about 3
31015 GeV. Furthermore, the mismatch between the us
unification scale and, e.g., the Planck scale, can be remo
For this, we need a kind of doublet-triplet splitting for me
senger quarks and leptons with a small difference betw
the numbers of triplets and doublets (n5n32n251,2). A
large value of the messenger mass is obtained when
fields in the DSB sector get large vacuum expectation val
(,331015 GeV) by the presence of nonrenormalizab
terms or by a loop-improved effective scalar potential.

In the former case, phenomenologically acceptable m
els are shown to be compatible with onlyn52 for which b
<11 or n2<10 are allowed with a DSB scaleLD in the
range: 23109– 231013 GeV. The supersymmetry breakin
scaleAF tends to be large indicating a large mass of t
gravitino: m3/2'0.4 GeV. This heavy gravitino may caus
cosmological troubles unless some dilution mechanism b
late-time entropy production takes place. In the latter ca
due to the restrictionAF'LD,53109 GeV, a smallb is
acceptable:b<8, similarly to the indirect renormalizable
models. The gravitino can be as light as 2 keV to form da
matter.

As noted, most supersymmetric gauge theories exhibi
dynamical supersymmetry breaking in the literature haveb
larger than 10, and thus can be used mostly in a uni
theory with the nonrenormalizable indirect mediation mec
nism. Finally, let us mention that onlyn52 can be compat-
ible with the gauge unification if one takes a SSM-like pa
ticle content for the messengers.
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