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Abstract

We study gauge extensions of the MSSM that contain non-decoupling D-terms,
which contribute to the Higgs boson mass. These models naturally maintain gauge
coupling unification and raise the Higgs mass without fine-tuning. Unification con-
strains the structure of the gauge extensions, limiting the Higgs mass in these models
to my <150 GeV. The D-terms contribute to the Higgs mass only if the extended
gauge symmetry is broken at energies of a few TeV, leading to new heavy gauge bosons
in this mass range.

*The work of AM and AP is supported by the U.S. Department of Energy under contract number DE-
AC02-76SF00515.

tJGW is supported by National Science Foundation Grant PHY-9870115 and by the Stanford Institute
for Theoretical Physics.



Contents

1 Introduction 1
2 Motivation: The Higgs Mass in Unified Models 3
2.1 Increasing the Higgs Mass . . . . . . . . . . .. .. . . ... 3
2.2 Unification in the MSSM . . . . . . . . . . .. ... 5
2.3 Two Minimal Gauge Extensions of the MSSM . . . . . ... ... ... ... 6
2.3.1 Product Unification . . . . . . .. ... ... ... 6

2.3.2  Accelerated Unification . . . . . . ... ... .. ... ... ... ... 7

3 Non-Decoupling D-Terms 9
3.1 Decoupling the D-Terms . . . . . . . .. .. ... ... 9
3.2 Recoupling the D-Terms . . . . . . . .. ... ... 11

4 Product Unification 12
4.1 Omne Loop Running . . . . . . . . . . .. . . 12
4.2 The Higgs Mass . . . . . . . . . . 13
4.3 Precision Unification . . . . . . . . . ... L 14

5 Accelerated Unification 16
5.1 One Loop Running . . . . . .. . . ... o 16
5.2 The Higgs Mass . . . . . . . . . . . e 17
5.3 GUT Scale Physics . . . . . . . . . . 19
5.3.1 A Trinified NMSSM . . . . . . .. .. ... 19

5.3.2  Proton Decay and the Four Higgs Doublets . . . .. .. .. ... .. 20

5.4 Precision Unification . . . . . . . . . ... ... 22

6 Conclusions 24
6.1 Constraints . . . . . . . . . .. 24
6.2 Future Directions . . . . . . . . . . .. 25

A Precision Unification and Holomorphy 26
B D-Terms and Tadpoles 27

1 Introduction

The Minimal Supersymmetric Standard Model (MSSM) makes a firm prediction for the
mass of the lightest Higgs boson. Supersymmetry (SUSY) relates the quartic coupling of the
Higgs boson to the Standard Model (SM) gauge couplings, resulting in a tree-level prediction
for the Higgs mass: m;, < Mz = 91 GeV. The current Higgs mass bound from LEP II



(mp, > 114.4 GeV [1]) can be accommodated, but only if the parameters are somewhat fine-
tuned — proponents of the MSSM would have been more comfortable had the Higgs boson
been discovered closer to the tree-level prediction. (See [2] for a discussion of fine-tuning in
the MSSM.) The alternative to fine-tuning is new physics at the TeV scale that contributes
to the Higgs mass. For recent attempts, see [3, 4, 5, 6, 7].

There are two hints as to the nature of this new TeV scale physics. The first is the
striking unification of the gauge couplings in the MSSM [8]. We will demand that any
modifications to the Higgs sector maintain unification. Second, the theory be should as
natural as possible; some mechanisms raise the Higgs boson mass only by introducing a
substantial fine-tuning. As we will discuss in section 2.1, these two criteria lead us to study
particular gauge extensions of the MSSM. In these extensions the Higgs mass is increased
through non-decoupling D-terms [3, 9]. To have a significant effect, the new gauge group
under which the Higgs is charged must have a large coupling.

Unfortunately, the simplest gauge extensions of the MSSM spoil gauge coupling unifica-
tion. In these cases, the only recourse is to include additional particles whose sole purpose to
restore unification, “unifons.” In this paper, using the success of the MSSM as a guide, we
will describe two models without these designer particles. In these models, gauge coupling
unification constrains the size of the non-decoupling D-terms, limiting the potential increase
in the Higgs mass. This is easy to see: in our approach, we mix the electroweak SU(2) x U(1)
with additional gauge groups. This increases the SU(2) x U(1) gauge couplings, which are
related to the Higgs quartic coupling by supersymmetry. Unification relates these new elec-
troweak gauge groups to a new colored gauge group, which is in danger of becoming strongly
coupled. This puts an upper bound on the size of the SU(2) x U(1) coupling, and therefore
on the D-term contribution to the Higgs mass.

In Sec. 2 we present two gauge extensions of the MSSM that naturally maintain unifi-
cation, and can contribute to the Higgs mass without invoking fine tuning. The first model
adds an extra copy of a GUT gauge group, which is coupled to the standard model gauge
content by bi-fundamentals. We call this approach “product unification.” The second model
is one of accelerated unification [10], where the additional gauge content is a copy of the
standard model gauge group. In this case unification is maintained, but occurs at a much
lower scale. Notably, this model requires the presence of a second pair of Higgs doublets at
low energy, which might seem an ad hoc addition to the model, resurrecting the “unifon”
specter. On the contrary, we will argue in Sec. 5.3 that their existence can be related to the
observed stability of the proton via a missing-partner mechanism [11].

The organization of the rest of the paper is as follows. In Sec. 3 we discuss in detail
non-decoupling D-terms, focusing on the specific potential that arises in both of the models
described above. In Sec. 4 we apply these results to the product unification model and
discuss implications for the Higgs mass. We find that in this case the non-decoupling D-
terms can contribute roughly 10 GeV to the Higgs mass. In Sec. 5 we turn to the minimal
accelerated unification model, and conclude that D-terms can easily raise the Higgs mass
by 30 — 40 GeV. We discuss precision unification in both cases. Finally we conclude and
present an outlook for these two models.



2 Motivation: The Higgs Mass in Unified Models

In Sec. 2.1, we will begin by outlining various modifications to the MSSM that can raise the
Higgs mass. Of these, we will argue that only two — the NMSSM [12] and non-decoupling
D-terms — can accommodate unification without fine tuning. We will focus on the second
of these, and give in Sec. 2.2 a more detailed description of the restrictions that unification
places on this approach. There are two distinct possibilities: the unification scale may be
preserved by the new gauge structure, or it may be lowered. In Sec. 2.3 we briefly describe
the two simplest implementations of these alternatives. The first involves adding an extra
unified gauge group, while the second requires the addition of a copy of the standard model
gauge content.

2.1 Increasing the Higgs Mass

We will now discuss various ways of raising the Higgs mass in supersymmetric models, and
conclude that gauge extensions and the NMSSM are the two most attractive alternatives.

SUSY Breaking in the MSSM

The simplest way to increase the Higgs mass requires no new physics; it simply uses the
SUSY breaking effects associated with the top squark [13]. In general, a Yukawa interaction
between the Higgs and some other particle will contribute both to the (mass)? of the Higgs
boson and to its quartic coupling, as

N.y* mp a? N,(1+ a?)y?
=t (sl (1-5,) ) o= RO (o o (1)

Here N, is the number of colors, mp and mp are the boson and fermion masses, and we have
included the SUSY violating A-term

'Csoft D yamp hf.fc (2)

At loop level, these effects give a logarithmically divergent contribution to the Higgs boson
(mass)?, but only a finite contribution to the Higgs quartic coupling. The result is fine-
tuning, making this mechanism rather unattractive. For example, every 10 GeV increase in
the Higgs mass above 115 GeV requires a doubling of the top squark mass.

We could use the A-term to improve this situation, but such contributions are typically
small. The A-term contribution is maximized at a = v/6, a parameter choice that has been
dubbed “maximal mixing.” SUSY breaking scenarios often have much smaller A-terms,
reducing potential contributions to the Higgs mass!. For example, as a decreases from /6 to
1 the contribution to d\ decreases by a factor of 3. Moreover, radiative corrections from A-
terms increase fine tuning in the MSSM. We therefore conclude that A-terms are not useful
for raising the Higgs mass.

For example, anomaly mediation and gravity mediation lead to a ~ O(1), gaugino mediation to a ~
O(a?), and gauge mediation to a ~ O(a). Dilaton mediation gives the largest value, a ~ v/3 [2].



Additional Matter

It is possible to add Yukawa interactions to new particles, but precision electroweak con-
straints make this unlikely. Chiral multiplets that get their masses from electroweak sym-
metry breaking are very strongly constrained. Vector-like matter makes the already modest
SUSY-breaking logarithm in Eq. (1) even smaller, so is not a useful alternative.

New F-Terms

A more attractive way of raising the Higgs mass is to add new fields that directly couple to
h, or hg in the superpotential. At the renormalizable level the only possibilities are a gauge
singlet, n, and an SU(2) triplet, T". The possible superpotential terms are

o I<Q+T+ Rnph —+ HoTO hu
W= ( hu hd ) ( Iinn—i‘lioTo k_T_ ) ( hd ) ’ (3)

where we have included three different triplets T4, Ty with hypercharges +1, 0. These inter-
actions contribute to the quartic coupling of the Higgs bosons at the tree-level, so can raise
the Higgs mass without fine-tuning [14]. However, the triplets will disturb gauge coupling
unification unless additional matter is added to fill out an SU(5) multiplet. The smallest
such multiplets are the 24 of SU(5) for Tp, and the 15+15 for T.. Absent an obvious ra-
tionale for adding the remainder of the GUT multiplets, we find this possibility somewhat
distasteful. Moreover, the addition of so much matter raises the prospect of a Landau pole.
Finally, if the triplets acquire a small vacuum expectation value (vev), they can have dan-
gerous contributions to the 7" parameter. On the other hand, the presence of a singlet n
will not affect the unification of couplings at the one-loop level, making it a more promising
candidate. This coupling has a positive beta function and will lead to a Landau pole at large
coupling. This constrains the size of the nh,hy coupling at the weak scale, thus limiting its
contribution to the Higgs mass [15].

New D-Terms

Finally, one can introduce new gauge groups. The associated D-terms will then contribute
to the Higgs quartic coupling. In the SUSY limit, these new contributions exactly decouple
when the gauge groups break down to the MSSM. On the other hand, if the scale of SUSY
breaking is close to the scale of the breaking of the gauge groups, there are non-decoupling D-
terms which can raise the Higgs mass — essentially, when integrated out these terms introduce
hard SUSY breaking into the MSSM [3].

These contributions to the quartic coupling (and hence the physical Higgs boson mass)
arise at tree level, while contributions to the (mass)? occur only at loop level. This allows
an increase in the Higgs boson mass without significant fine-tuning. However, this new non-
supersymmetric quartic coupling generates a quadratic divergence in the Higgs mass, which
is cut off at the mass of the new vector bosons. To prevent fine tuning, we therefore require



that this contribution not be too large, since

o\ M
A+ 0\ 167202

This constrains the breaking scale to be in the 3 — 10 TeV range. The lower limit is set by
precision electroweak considerations.

We have seen that non-decoupling D-Terms have the potential to raise the Higgs mass
without fine-tuning, but we must still require that the new fields do not upset unification.
We will now proceed to outline the two different ways that extended gauge sectors can
accomplish this, and present two minimal implementations of this mechanism.

~ Fine Tuning . (4)

2.2 Unification in the MSSM

At one loop, gauge coupling unification can be tested by examining the following relation
between the inverse gauge couplings and the one loop beta functions for the gauge groups:

Oégl(Mzo) — Oé2_1(Mzo) . bg — bg

= = B3 3
oy {(Myo) — a7 Y(Myo) by — by 21 (5)

where b; are the one loop beta function coefficients. Using the experimentally measured
values of the gauge couplings at the weak scale [16],

gy (Mgo) = 127918 £0.018
sin? Oy (M) = 0.23120 & 0.00015 (6)
s (Mzo) = 0.1187 4 0.0020

the left hand side of Eq. (5) is 0.719 + 0.004%2. In the MSSM, we have (by,bq,b3) =
(33/5,1,—3), so B3? = 0.714. This agreement summarizes the success of gauge coupling
unification in the MSSM at one-loop.

We must now ask what mechanisms allow us to raise the Higgs mass without changing
B3%. One possibility is to add extra matter only in complete GUT multiplets. Then all the
b; are all shifted by a fixed amount — in this case the unification scale is unchanged, but
the value of the gauge couplings at unification may be altered. The NMSSM is a trivial
implementation of this strategy (all b; are unchanged), and, as described above, is effective
in raising the Higgs mass. If we wish to consider gauge extensions to the MSSM, we must
add a complete unified gauge group to the model. A model of this form, which we refer to as
product unification, will be described in the next subsection, and in greater detail in Sec. 4.

The other natural possibility that keeps B unchanged is to add matter in such a
way that the b3 — by is changed, but a proportional change is made in by — b;. In this
case unification still occurs, but at a lower scale. A specific implementation of this idea is
accelerated unification [10], where the unification scale is brought down to the intermediate
scale. The extra gauge content is simply another copy of SU(3) x SU(2) x U(1). A model
of this form will be described below, and in more detail in Sec. 5.

2We have converted here ay to the GUT normalized o = (5/3)ay-.
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Figure 1: A minimal model of product unification. The extended gauge group breaks down
to the diagonal subgroup (the SM gauge group) at the TeV scale.

2.3 Two Minimal Gauge Extensions of the MSSM

We will present two minimal models that contain non-decoupling D-terms and preserve
unification. Product unification adds a full GUT gauge group; accelerated unification adds
a second copy of the MSSM gauge group.

Both of these are closely related to deconstructed dimensions [17]. The first model,
product unification, is equivalent to having an extra dimensional GUT with SU(3) x SU(2) x
U(1) gauged on the boundary. The second model is equivalent to a bulk SU(3)x SU(2)xU(1)
gauge theory with power-law “unification” at a low scale. In order to have non-decoupling
D-terms the effective radius must be 1 — 10 TeV, meaning that the bulk of the running occurs
above the naive five dimensional cut-off. In both examples we will consider the minimally
deconstructed theories, which we now describe.

2.3.1 Product Unification

In this approach, the high energy gauge group is G = SU(3) x SU(2) x U(1), augmented by
a grand unified gauge group, Ggyr. Near the TeV scale, the product G x Ggyr is broken
down to the standard model gauge group, Ggys (See Fig. 1). The matter and Higgs fields of
the standard model are charged under GG. After the breaking, they inherit the usual standard
model quantum numbers.

The breaking to the MSSM occurs when link fields, ¥ and 3¢, acquire a vev. These
fields transform as bi-fundamentals of the global symmetry associated with the GUT gauge
group. The structure of this model is similar to that of minimal deconstructed gaugino me-
diation [18]; however, we will remain agnostic about the exact mechanism of supersymmetry
breaking?.

While any GUT representation for the link fields will leave unification undisturbed,
here we take the fields to transform under a trinified [20] representation (See Fig. 2). The

3Gaugino mediated SUSY breaking, along with a TeV diagonal breaking scale, would give a too light 7,
unless we take the gauginos masses to be unnaturally heavy [19].



Figure 2: A theory space diagram of the product unification model discussed in the text. In
addition to the usual SU(3) x SU(2) x U(1), there is an SU(3)? gauge group. The X, ¥:¢ fields
are bi-fundamentals connecting these groups. The three generations of matter, denoted 1,
and the pair of Higgs doublets, h, are charged under SU(3) x SU(2) x U(1). We consider
a model where SU(3) x SU(2) x U(1) unifies into the trinified group SU(3)* at the GUT
scale.

Msusy  Mpreak Yeur
MSSM x MSSM
SM MSSM 2 GUT
G=[ SU(3) x SU(2) x U(1) ]
— > <« > - > —>
TeV 107 TeV

Figure 3: The minimal accelerated unification model, with A = 2, where two copies of the
MSSM gauge group break down to the diagonal subgroup at the TeV scale.

reasons are two—fold. First, this representation is the smallest possible. In trinification,
the ¥ fields fall into representations of SU(3) that only contribute Ab = 3 to each beta
function. In SU(5) and SO(10) unification, the link fields add 5 and 10 to Ab, respectively.
Thus trinification contributes the least possible amount to the gauge coupling beta functions,
which helps keep the theory perturbative. Second, this model is closely related to the minimal
accelerated unification model, which we now discuss.

2.3.2 Accelerated Unification

In accelerated unification models [10], the Standard Model gauge group, Gy, is the remnant
of an enlarged group, G/S\fM, that breaks to the diagonal subgroup at the TeV scale. The
presence of extra matter changes the gauge coupling beta functions, causing the theories to
unify at a much lower scale (see Fig. 3).

The gauge and matter content of the NV = 2 trinified model is summarized in Fig. 4.
There are two copies of the low energy gauge group, which we denote [SU(3)¢ x SU(2)L X
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Figure 4: A theory space diagram of Minimal Accelerated Trinification. There are two copies
of SU(3) x SU(2) x U(1), labeled by subscripts A and B, each of which unifies into SU(3)3.
The X, ¥¢ fields are bi-fundamentals connecting these groups. The three generations of
matter, denoted 1, and two pairs of Higgs doublets (h, h') are also shown.

U(1)y]as. The matter and Higgs bosons of the MSSM, as well as a new pair of Higgs
bosons, are charged under [SU(3)c x SU(2), x U(1)y]a. Again, a vector-like pair of link
fields, ¥ and X, is responsible for breaking the gauge groups down to the diagonal subgroup.
These fields should form complete GUT multiplets, so as to not contribute to the relative
running of the gauge couplings. A similar situation occurs in theories of gauge mediated
supersymmetry breaking, where additional complete multiplets are used so as not to spoil
unification. Because these fields make up full GUT multiplets, rather than the minimum nec-
essary for the breaking of the gauge symmetry, some components of the ¥ fields can become
pseudo-Goldstone bosons (PGBs). These particles can have important phenomenological
consequences, which we will address in Sec. 5.

While accelerated unification can accommodate any GUT representation for the link
fields, trinification is particularly elegant. SU(5) and SO(10) models contain gauge boson
mediated dimension-six proton decay operators, now dangerous due to the lower GUT scale,
which are difficult to remove in 4-D GUT models. Moreover, the dynamics of the breaking
G%,; — Ggyr is simplifier in trinified models, since it is possible to stabilize the potential
for ¥ in the D-flat directions by adding renormalizable terms to the superpotential. This
is in contrast with the SU(5) case, where there is only a D-term potential; no stabilizing
superpotential can be added without additional matter [10]. Directions that are not D-flat
would lead to fine-tuning. In addition, as already described above, trinification has the
smallest representation for the X fields, ameliorating Landau pole issues.

We must also choose A, the number of copies of the MSSM gauge group. In principle
we may add as many copies as desired, as long as 2N Higgs doublets are added at the same
time. But the expected threshold corrections to unification grow with N, so at large N
unification appears accidental. Moreover, the gauge couplings scale as VN ggas, so strong
coupling problems can arise at large N. For these reasons we focus on N' = 2, where we
expect to have the best control over unification?.

Finally, the N/ = 2 trinified model presented here has an elegant mechanism to prevent

4For N = 3, there is the interesting possibility that the three pairs of Higgs doublets are related to the
three families (i.e. Higgs-Matter unification), but we will not explore this model here.



proton decay. As noted above, this model includes an extra pair of Higgs doublets in addi-
tion to the usual pair present in supersymmetric models. We may then couple one pair of
Higgs doublets to the leptons and the other to the quarks, which suppresses baryon number
violating interactions. We will discuss this mechanism in more detail in Sec. 5.3.2.

3 Non-Decoupling D-Terms

In this section we discuss the breaking of the extended gauge sector down to the SM gauge
group. The breaking is essentially identical for the product and accelerated unification
models, and will ultimately be the source of the non-decoupling D-Terms that raise the
Higgs mass.

Breaking occurs when the link fields 3, 3¢ get a vev. In both of the models described
above, the link fields can be organized into global [SU(3)?|4 p multiplets as

Yo~ (3¢a,3cB) Y6 ~ (8¢B:3ca)

Y~ (304,3L8) %% ~ (315,3L4)

Yk ~ (3r4,3rB) %% ~ (3rB; 3r4). (7)
The hypercharge generator is given by

1 1 -
Y:—ETE—gT}%, (8)
with T8 = diag(1,1, —2) and T§ = diag(—2,1,1). These fields come in a complete GUT

multiplet and do not disturb unification.

3.1 Decoupling the D-Terms

To give the X fields a vev, we must include a potential V(X). The most general SU(3)
symmetric superpotential is

Wy = A(det ¥ + det ) + p Tr XX 9)
There is one such potential for each of ¥, Y, ¥ r. The Kahler term is
K = TrefaVaxe 98Venl 4 Ty e9BVEY Com9aVaY e, (10)

This potential has two D-flat minima at:
B =()=0 (O=()=-L1=/L (1)
We focus on the second solution, which breaks SU(3) x SU(3) — SU(3). The small fluctu-

ations around the vev can be grouped into four complex fields S, n, 7 and ¢:
S = "V exp(ear/f)Soexp(ep/f)
5 = eV exp(—cpm/f)Soexp(—car/f) (12)

Sy = <f+%)ll+¢,

9



where c4 p are normalization constants. S is the fluctuation of the vev, while n and 7 are
the Goldstone boson superfields for the broken global U(3) symmetries. Only a subgroup of
this U(3) is gauged. The determinant superpotential breaks the U(1) of this U(3) explicitly,
giving 1 a mass. The fields transform under the unbroken SU(3) as

S~1, ¢~8, n~1, 7~8. (13)

Expanding the superpotential around the vev, we find:

W = 2\ cosh \/g%det Yo + p Tr 32, (14)
This yields masses

fs = —f,  He=2u,  py=-=3u,  pr=0. (15)

The D-terms decouple in the supersymmetric limit. To see this, define the vector superfields
Vo and Vg by

gaVa = goVo — goz—AVH 98VB = g0V + goz—jVH, (16)
B

with g;2 = g2+ 95" It follows that V acquires a mass while V; remains massless. Ignoring
Vb, the Kahler term may be expanded to leading order as

K=2Tr¢l¢p+ ‘f+ %‘Q(GJF Tr lgugVy + (x 4+ 7))/ f]?) +nin+--- (17)

where g% = g% + g%. Using the gauge transformation V — V +a + o' we can go to unitary
gauge, with m = 0. Now consider a field, H, charged under G4. The Kahler term contains
the coupling to Vy (for the moment we suppress the e%'0)

K:HTQQAVAH:HTH_MHTVHH_i_... (18)
9B
The superfield propagator at zero momentum in unitary gauge is given simply by 1/MZ. So,
integrating out Vy gives

993 1

Kg=H'H— i
9% 9hf?

|\HT*H|? + - - - (19)

The second term contains several interactions that provide important constraints on our
models, but no scalar potential. The scalar potential comes from restoring the e%®" to
the first term. This is the just the standard decoupling of the D-terms, automatic in the
superspace formalism. In component field language, this decoupling arises after integrating
out the C-component (i.e. the lowest component) of Vj, which corresponds to the lowest
component of 7 + 7' in unitary gauge.

10



3.2 Recoupling the D-Terms

To avoid decoupling and increase the Higgs mass, we must include SUSY breaking effects. In
unitary gauge, this is accomplished by giving the lowest component of Vg a supersymmetry
breaking mass. This can be done in the superspace formalism with a D-term spurion®

K = My (1+0'mq) Tr Vi, (20)

with M2 = g% f*. Integrating out Vy, we find the effective Kahler potential for H

2.2 1 2 94
Ko = HiewVo — 94 ( oy et ) [H'TH* + - (21)
9B ng ng +msoft

where we have used the modified vector superfield propagator

1 mgoft94
+ 2 2
p2_M‘2/ pz_(MV+msoft)

Ap(p,0,0) = — 4 (22)

In the limit m2; — oo, the supersymmetry breaking coefficient in Eq. (21) is maximized,
and the Higgs quartic coupling becomes (including the supersymmetric D-term from the
unbroken gauge theory)

2

g
Miges = 93 (1+ %5 ) = 63 (23)
9B

The quartic coupling is equal to the D-Term of the unbroken theory.

The D-term contributions the Higgs mass will be maximized if two conditions are sat-
isfied. First, SUSY breaking must be effectively communicated to the vector boson mass
from the soft Lagrangian. Second, the gauge coupling g4 must be large. We will postpone
the discussion of g4 in specific models to Sec. 4.2 and 5.2, where we will see that unification
restricts its size. Here we concentrate on how SUSY breaking is communicated to the vector
boson soft mass. First, we write down the most general soft Lagrangian for 3 using spurions

W = (1+af*)A(det X + det X¢) + (1 + b0*)pu Tr X° (24)
K = (1+m®0") (Tr e?V4Xe 98V 4 Ty e98VB 0% 94VAxCT) (25)

Rewriting in terms of the physical fields, we have
W = 2(1+ af*)\cosh \/gg det ¥o + (1 + b0*)pu Tr 35 (26)

NRE: 1
K = (1+m294)<Tr¢T¢+‘f+%‘ (6+g§ITrV§)+§(nT+n)2+-~-). (27)

5In principle, one could also add 6% and ° masses.

11



The lowest component of Vi has already acquired a mass from m?. In principle, the addition
of SUSY breaking can induce a tadpole for S. This can be removed by a 6 dependent shiftS.
Such a shift can contribute to the vector mass (see Appendix B). For simplicity, we assume
no tadpole is generated, which amounts to enforcing

m? + by — ap = 0. (28)

Relaxing this condition can lead to additional sources of non-decoupling, but this choice
is sufficient to demonstrate that a significant non-decoupling is possible. Taking a = 0 in
Eq. (28), it follows that the masses of all the fields (S, ¢, n) are positive for m? > —pu?/2.
After integrating out the massive vector superfield the effective action is

shor __ m?0"
9 () +m

Keg = Hle®YH + (H'T*H)? + - - - (29)

In fact, as long as A is not too small, m? ~ pu? ~ —bu gives O(1) re-coupling without
destabilizing any modes.

4 Product Unification

We now return to a more detailed discussion of the model of Sec. 2.3.1. We begin with a
discussion of one-loop running in this model, and derive the relations between low energy
SU(3) x SU(2) x U(1) parameters and the high energy SU(3)? parameters. We then address
the central question of the Higgs mass in 4.2. We close this section with a discussion of
unification beyond one-loop.

4.1 One Loop Running
This model unifies at one loop by construction. At one loop, the beta functions are

d 8r?

Loy,
agm " )

Here i runs over the possible gauge groups, and the energy scale ¢ is defined to be log (1/3 TeV).
The coefficients by ; are listed in Table 1. The trinified gauge group [SU(3)p]? starts at a uni-
fied coupling, and maintains unification under renormalization group (RG) flow. We denote
this coupling ¢gg.

Using the standard MSSM beta functions, we can run the measured gauge couplings in
Eq. (6) up to 3 TeV (¢ = 0). There we match on to the extended gauge sector via

87 o S SR ol (31)
= = i,Al + ———= + Opt.
giz,SM(()) QE,A(O) 9%(0) Q?,A(t)

95(t)

6This 6 dependent shift would induce a 6? soft mass for the vector field, giving an effective 6%|H|*
interaction.
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U(1)a | SU(2)a | SUB)a | [SU(B3)s)
Vi o -6 -9 -9
| 6 6 6
H| 2 1 0
X 3 3 3
bo | 92 4 0 -6

Table 1: Beta function coefficients for the different gauge groups.

Unification is maintained in this extension because the same quantity (the last two terms in
the above equation) is added to each of the SM gauge couplings. In Sec. 4.3 we will discuss
higher order corrections to unification. Since the relative running of the gauge couplings
is unaffected, the unification scale t, is unchanged: t, = 29.5, corresponding to the usual
EGUT ~ 1016 GeV.

From Table 1, we see that the SU(3)p beta function coefficients are negative, so the
corresponding couplings run strong at low energies. The requirement that SU(3)p remain
perturbative above the TeV scale sets a maximum value for g, p, the value of the unified
gauge coupling at t,. If we define the low scale coupling 87%/g%(0) = A, then

2 2
S ST gt =177 4 A (32)
9«8 95(0)
We require A to be reasonably large to ensure that SU(3)p stays weakly coupled.

Similarly, 872/ gi 4 can be obtained by matching the A, B gauge couplings onto the
measured gauge couplings at the weak scale,

872 872 872 82  8m?
oy = 04 = — + =5t
95(0) gg,A(O) 95(0) 954 9B

— (bg.a + bp)t.. (33)

This implies that 872/ gf’ 4 = 64 —A. In Fig. 5 we plot the one loop running of the gauge
couplings’.

4.2 The Higgs Mass

From Eq. (23) we see that the maximum fractional gain in the quartic depends on the gauge
couplings. Making g4 as large as possible, we find:

OAsu@) g%,A 1 <1 OAu() giA —1 <1 (34)

Asu)  Ghsm 3 Aoy Gism T
"We could include GUT multiplets charged under the [SU(3)]% gauge group without spoiling unification.
However, once we fix the low energy gauge couplings, these extra multiplets will contribute to low energy
observables only at higher order, so may be neglected.
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Figure 5: The running of the gauge couplings, with ;' = 3 at the GUT scale.

We have used the values of the gauge couplings computed in the previous section — higher
loop corrections will be considered in in Sec. 4.3. The change in the quartic leads to a Higgs
mass bound
2 2
ms < (1.3¢g 2+ 1./125g )
9-+g
a modest 11 GeV gain over the MSSM tree-level prediction. With top squarks of 400 GeV
the Higgs mass can be lifted to the LEP II bound of 114 GeV. The fine-tuning of the MSSM
may be ameliorated, but the Higgs cannot be made significantly heavier.

In this model D-term contributions to the Higgs mass are tightly constrained. This is
because the value of gs 4(Myzo) is bounded by the total amount of relative running between
SU(3)¢ and SU(2) . This conclusion is fairly robust in any model with a product unification
structure. Adding either more gauge groups or matter charged under [SU(3)]3 will not effect
the relative running between SU(2)4 and SU(3)4. One could charge some of the Standard
Model matter (such as the first two generations) under B gauge groups rather than A, but
this would cause SU(3)¢ 4 to run asymptotically free, tightening the bounds on g4(A). The
only way to increase the Higgs mass bound, Eq. (35), is to charge the Higgs doublets under
[SU(3)]%. In this case, renormalizable Yukawa couplings are not possible, and some ad hoc
change must be made to the A sector to recover unification.

M2, = (102 GeV)?, (35)

4.3 Precision Unification

While unification in this model is guaranteed at the one-loop level, several effects may alter
the accuracy of this prediction, such as higher loop contributions, TeV scale supersymmetric
threshold corrections, GUT scale threshold corrections, and SUSY breaking threshold cor-
rections. The second two are model dependent, depending in detail upon the GUT scale
physics, as well as the mechanism of supersymmetry breaking. The first two are, however,
calculable. We now quantify the deviation from the one-loop prediction due to these effects.
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Fortunately, the holomorphicity of gauge couplings in supersymmetric theories simplifies
the analysis®. At first, it might appear that unification is disturbed by splittings of the ¥
masses, which are induced by renormalization group evolution. This could lead to a TeV
scale supersymmetric threshold correction. However, this correction cancels against certain
two-loop contributions. The result is that higher loop effects can be encapsulated in the
change in the anomalous dimensions of the light fields [22, 23].

Integrating the NSVZ exact beta function, we can derive an RG invariant matching
equation (see Appendix A). We match the diagonal MSSM gauge coupling at the cutoff, A,
and run down to low energies via

2 82 82

— 4+ Cylog ¢? = + Oy lo A+ ——— + CBlog g% (A
20 T O loag (1) am e gga(A) am e g9p(A)
A2 A
~CPlog ==~ +b log—
<zz> * T my
—l—bohghtlog ZTQ )log Z, (1, A). (36)

The sum is over the light fields of the MSSM, Cy and CF are quadratic Casimirs, bo,light 1S
the one-loop beta function of the light fields, and b, = 3 is the contribution of the ¢ fields
to the beta function.

Our goal is to find the multi-loop analog of B3?, defined in Eq. (5). We start by consid-
ering the gauge couplings of the SU(3) and SU(2) sectors:

82 82 A gi(A) g4 ()
A = — = AbZlog — + 3log AL — 2log + 6237 + 627, (37
g 9w MBSMETE g3 (u) D) 50
where Ab32.\; = —4 is the difference between the one loop beta functions. The final terms
come from the log Zs of the light fields:
3
1 Zus Zas 1
32 _ | s 32 _ —Zloc Z, Z
02y 5 ogg—zqulf , 6z, 5 108 Zh, Zny: (38)

all of which are evaluated from A down to u. Similarly, for the SU(2) and U(1) couplings
8> 8> A gi(N)

A = — = Abilgy log = + 2log + 625 + 6z 39
B gi(n) MESMTE g3 (n) " (39)
where Abfiggy = —52. The log Zs of the light fields are given by
1 Zg, 2 1
21 f 21
(Szw = glognfm, 5Zh = glOgZthhd. (40)

8We stress that the method used here is equivalent to the more traditional approach of multi-loop running,
where gauge couplings are matched at each mass scale. This formalism packages the results in an elegant
way, but is only applicable when SUSY breaking effects are small.
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We can now summarize the deviation from MSSM unification. In the MSSM?

A3? —4 —0.11
_ 0L o707 (41)

A —B _0.05

Here we have evaluated the MSSM expression at moderate tan 3, where the top Yukawa, y; ~

1, but other Yukawa couplings are insignificant. This is to be compared to the experimental

ratio of Eq. (5) (run up to 3 TeV and converted to the DR scheme) which yields 0.718.

However, corrections due to the SUSY breaking spectrum (in particular the mass splitting

between the wino and gluino) can be significant. In the product unification model, we find
A3 —4 —0.07

= ~ (.722 (42)

A —2_0.03

for a;xl = 3. While both the numerator and denominator vary with agl and A\, the ratio
is fairly insensitive to the choice of parameters. We conclude that the calculable deviation
from the MSSM prediction is roughly one o. This is not particularly significant, since the
threshold effects from SUSY breaking and GUT scale physics are likely larger than the above
deviation.

5 Accelerated Unification

In this section, we analyze the minimal model of accelerated unification described in Sec. 2.3.2.
In Sec. 5.1 we will discuss one-loop running. We then describe the Higgs mass bounds in this
model. In Sec. 5.3, we discuss some basics of the GUT scale physics, and conclude that the
extra pair of Higgs doublets can suppress proton decay in this model. Finally, we analyze
unification beyond one-loop.

5.1 One Loop Running

Again, one loop unification is incorporated into this model by construction. The RGEs are
given by Eq. (30), with coefficients by ; listed in Table 2.

As before, we use the MSSM beta function to run up to 3 TeV (¢ = 0), where we match
on to the extended gauge sector via

87 87" + 81" 8T 4+ b; 4t + 87" +b; gt (43)
= = i, AL+ —5—~ 1 0; BL.
Bam(0)  g24(0)  g25(0)  gPa(D) 9;5(t)

The unification scale is now given by
82 __ 8nx?
93m,1(0) 93m,2(0)

> i(bri — ba)

In this case the numerical values of §z change and Egs. (37) and (39) are modified by the replacement
9ga — 9sm-

te =

= 15, (44)
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U | U5 | ST | SUQR)s [ SUG)L | SUG),
\% 0 0 -6 -6 -9 -9
" 6 0 6 6
qH| ¢ 0 2 0
by 3 3 3 3
bo | 101 3 5 3 0 -6

Table 2: Beta function coefficients for the different gauge groups.

82 82
9% (0) 9%(0)

U(1) | 206—A | 142+ A
SU@2) | 123=A | 59+ A
SU®3) || 64— A A

Table 3: Gauge couplings of the different gauge groups at 3 TeV, where the full gauge group
[SU(3) x SU(2) x U(1)]? breaks to SU(3) x SU(2) x U(1).

i.e. at energies Egyr ~ 107 TeV . The scale of unification has been lowered to the geometric
mean of the MSSM GUT scale and the TeV scale.

Note that SU(3)c,p has a negative beta function coefficient, so runs strong at low en-
ergies. The requirement that SU(3)c p remain weakly coupled above the TeV scale sets
a minimum value for 872/ gi 5, constraining the value of the unified gauge coupling at ¢,.
Defining the low scale coupling 87%/g3 5(0) = A,

8 8
2y 350 by pt. = 90 + A. (45)

Table 3 shows the various TeV scale gauge couplings as a function of A. Finally, in Fig. 6
we plot the one loop running of the gauge couplings.

5.2 The Higgs Mass

Before discussing the Higgs mass bound in this model, we should address the basic structure

of the Higgs sector in the presence of the extra doublets. Electroweak symmetry breaking

with four Higgs doublets is complicated, and a detailed discussion lies beyond the scope of

this work. In [21] the supersymmetric four Higgs doublet model was studied in some detail.
The Yukawa couplings for the Higgs are (ignoring neutrinos)

WFlavor = yuqhuuc + ydqhddc + yelheec- (46>
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Figure 6: The running of the six gauge couplings, with a ;' = 3 at the GUT scale.

We need h,, hg, and h, to acquire vevs, which constrains the mass terms of the theory. We
start with a four Higgs doublet model, with superpotential

W, = (h, h,,)(““d ““)(Zd) (47)

Hvd  Hue

In the absence of off-diagonal terms, . and pu,q, the quark and lepton Higgs sectors are
completely isolated. Thus only h, and hyg or h. and h, acquire vevs. We therefore need
non-zero mixing terms.

To get a limit on the Higgs mass, consider the case where one p is much larger than the
rest. Then the corresponding pair of Higgs doublets may be integrated out, reducing the
Higgs sector to the standard one with two Higgs doublets. This procedure does not lead fine
tuning. For the purposes of our discussion, we will give a large mass to hgh,. This decoupling
limit also has the effect of suppressing the masses of the down type quarks relative to the
up quarks. Away from this limit many Higgs bosons become light, and the couplings to the
gauge bosons are significantly altered. In this case, the LEP limit for the Higgs mass may
be altered over sizeable regions of the parameter space — this question certainly warrants
further investigation, but will not be pursued here.

For the remainder of this section, we assume the above decoupling limit applies. The
limit on the tree-level Higgs mass bound in minimal accelerated unification is significantly
relaxed compared to the previous model:

SAsu@)  95a SAuy  9ia

= —-1<1, == —1<1. (48)
Asu(2) g%,SM Au() 9%,31\4
The new bound on the Higgs mass is
mio < 2Mzo = (128 GeV)?, (49)
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so we can easily accommodate the LEP II bound without fine-tuning. This considerable
improvement over the product unification model is possible because both the A and B gauge
couplings split in accelerated unification. This means that SU(3)p remains perturbative for
much larger values of the SU(2)4 coupling, allowing a larger Higgs mass.

In fact, if we charge the second pair of Higgs doublets under the B groups rather than
A groups, the limit is relaxed even further. However, as we will see in Sec. 5.3.2, if both
pairs of Higgs doublets are charged under the A groups the model has a natural mechanism
to suppress proton decay.

We could also increase the Higgs mass bound by considering ' > 3 models. This reduces
the relative running of the Higgs gauge groups, but lowers the GUT scale at the same time.
In addition, as more gauge groups are added, threshold corrections increase and precision
unification is lost. In Sec. 5.4 we will see that unification is quite delicate in accelerated
unification models, and becomes more so as N is increased. Thus, there seems to be a
tension between increasing the Higgs mass and ensuring accurate gauge coupling unification.

5.3 GUT Scale Physics

At the unification scale the gauge groups unify into (SU(3)¢ x SU(3), x SU(3)g)a.5. The
usual MSSM matter and Higgs fields combine with additional vector-like matter to form a
chiral 27 of [SU(3)]>. We will assume that this new exotic matter acquires a mass at the
GUT scale, so is not relevant to our discussion.

At the unification scale the matter fields, ¥, and Higgs fields, ®, form the chiral 27 of
SU3)%

U, @g ~ (3¢, 3L)a, UM ®p ~ (31,3R) 4, Uor, e ~ (35,3¢) . (50)

The subscript indicates the transformation properties under the gauge charges. Throughout
this section capital Greek letters (¥, ®,3) will denote representations of the trinified GUT
group. Lower case Latin letters (q, h,, hq) will denote fields that transform under SU(3) x
SU(2) x U(1).

5.3.1 A Trinified NMSSM

The NMSSM is naturally embedded in trinification. The Higgs multiplets contain a singlet
®;, often dubbed the neutretto. As discussed further in Sec. 5.3.2, the superpotential det ¢,
gives rise to the NMSSM coupling nh,hg. The trilinear n® term does not typically appear.
However, a source term for the scalar can appear after SUSY breaking and cause n to acquire
a weak scale vev [24].

We start with four Higgs bosons and two singlets at the high scale, and RG flow the
superpotential

1,0 / /
Waassut = (B by ) ( (Kgng + grgmi) (K + Kgng) ) ( hq ) (51)

(K + Kkyng) (kg + %/{;nq) he
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down to the low scale. We add soft breaking A terms, soft masses for all the fields, and
linear soft terms for the singlets.

The analysis of the previous section assumed that the sole new contribution to the
quartic coupling came from the gauge sector. However, it is quite possible that an NMSSM-
like structure might be a part of the trinified model presented here. In this case, just as in
the NMSSM, there is an additional contribution to the quartic coupling. The size of this
effect is constrained by the requirement that the coupling not reach a Landau pole below
the GUT scale!®. In this section we will describe how this bound is relaxed in models of
accelerated unification — this occurs because the unification scale is lower.

The one loop RGE for the NMSSM-like superpotential coupling &,, (W 3 k,nhh) above
the TeV scale is

d Kn, 3
EK% ~ 1672 (4“2 - QS,A - gﬁ,A) . (52)

We have neglected the contribution of SM Yukawa couplings, which depend on which «
parameter is being studied. This equation is readily solved in the limit x,, > g,

2

2
K2(0) < f

*

= kn S 1.15. (53)

This is a modest increase over the standard NMSSM coupling bound. The lowered GUT
scale has relaxed the bound on the quartic contribution.

A secondary effect is that the NMSSM coupling is supported by running of the gauge in-
teractions. Accelerated unification increases the gauge couplings, which changes the bounds
on Kk, [4]. However, it is not possible to get the maximal benefit described in [4] in the more
restricted accelerated unification framework. From Eq. (52), this would require increasing ei-
ther the SU(2) or U(1) gauge couplings. However, the size of these couplings is restricted by
the condition that SU(3)¢ 4,5 coupling, which is larger than the SU(2) and U(1) couplings,
must be small.

To summarize, the NMSSM couplings can contribute to the Higgs quartic couplings in
accelerated unification models.

5.3.2 Proton Decay and the Four Higgs Doublets

In trinified models there is a Zs symmetry that relates the three gauge couplings to each
other. This leads to the introduction of proton decay. This is a model dependent feature —
for instance in some string inspired models there is no Zs symmetry, and the unified gauge
coupling is set by the vev of a dilaton. Here, we will take the Zz symmetry seriously, and
consider implications for proton decay. Proton decay occurs through the exchange of colored
Higgs triplets (see [25] for a recent study). These triplets will get a GUT-scale mass which,
depending on the flavor structure of the model, may not be enough to suppress proton decay
via dimension five and six operators, in which case further model building is necessary. As

0This condition has recently been reexamined in [5].
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we will see, the addition of a second pair of Higgs doublets can easily suppress proton decay
in our accelerated unification model.

To see how this occurs, we must first discuss the implementation of flavor in this model.
There are two pairs of Higgs doublets in accelerated unification. We will couple one pair, ® |
to the leptons and the other pair, ®¢, to the quarks. Assuming that the flavor structure obeys
the Zs symmetry, the MSSM Yukawa interactions are schematically given by the following
superpotential terms

Whaor = yo (V5 @LUE! + WP L WEY + Ui af Up)
yn (VPPN + WUy + Ul UG Dy ). (54)

At the level of the superpotential, baryon number symmetry is exact if we assign <I>Z2 and ®%.
baryon number j:% and assign CIJlQ and ®.,. baryon number $§. We have suppressed proton
decay through a missing partner mechanism, as long as the colored triplet Higgs boson does
not mix quark and lepton sectors at the GUT scale.

However, the ¢ and [ Higgs sectors must not be completely decoupled: if this were the
case, then only one Higgs pair would acquire a vev at the electroweak scale, leaving the
second sector massless. Moreover, we need p terms for Higgs fields, which may be generated
by giving a vev to the NMSSM fields in both Higgs sectors. The trilinear superpotential is

1 1 1 1 .
Wimssm = §m(CDZL)?’ + gliq(q)%)g + 5%2(@2)%)% + 5&2(@%)24# + cyclic.  (55)

5 (e ) ( (Kqng + 3kpm1) (kg + Kong) ) ( ha ) . (56)

(K + King) (Ko + 3K[ng) he

The low energy theory is similar to the NMSSM, but without n3 terms!'. The cyclic permu-
tations of the interactions in Eq. (55) no longer preserve baryon number exactly. The x; and
Kk, Interactions give rise to dimension seven p — e*tvr and n — 7 oscillations. The K, and
k) interactions lead to dimension seven proton decay processes of the form p — K*wv. All of
these come with three powers of Yukawa couplings, and three powers of the GUT scale in
the denominator.

For example, consider the baryon number violating operator

qqqqd‘e”
which is generated by the diagram in Fig. 7. The interactions in this diagram come from

the cyclic permutations of the terms in Wy and Wyussm. Taking into account the small
Yukawa couplings and CKM mixings, this leads to a proton lifetime

M 6
7, ~ 107rs. (i) , (58)

Mgur

UNormally, the n® terms explicitly break a Peccei-Quinn (PQ) symmetry, preventing the appearance of
massless Goldstone mode. Here, the PQQ symmetry is partially contained within SU(3)?, so the Goldstones
are given a mass via a tadpole for n.

Wp (57)
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Figure 7: A leading operator contributing to baryon number violation.

where My, is the mass of the colored Higgs triplet mediating the proton decay. We can
therefore take the mass of the Higgs triplet to be quite low without leading to unacceptable
proton decay, unlike in the MSSM.

5.4 Precision Unification

In Sec. 4.3, we showed that the effects of higher loop running are encoded in the anomalous
dimensions of the light fields. In accelerated unification models, we must also include contri-
butions from the new light fields. In addition to the second pair of Higgs doublets, there are
also pseudo-Goldstone bosons (PGBs), as we will now discuss. The mass of these particles
is the largest source of imprecision in the gauge coupling unification prediction.

The superpotential of Eq. (9) has a global SU(3) symmetry. The breaking to the diagonal
will in general give rise to Goldstone bosons. In the SU(3) color sector, all such particles get
a mass from gauge interactions. For the SU(3); and SU(3)g sectors, this is not the case.
The condition to lift these PGBs is det iy # 0. While renormalization group evolution splits
the p parameters, it will not cause the determinant to flow to a non-zero value, although
GUT-scale threshold corrections could make this determinant non-zero. The mass of the
PGBs will then RG evolve as det p evolves. If the SU(3) breaking couplings are larger than
the SU(3) preserving superpotential couplings, then det 1 will flow away from zero. We will
not specify the mass of these particles, but will summarize their possible effect on unification
at the end of this section.

We now apply the formalism of Appendix A to accelerated unification. The difference
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between the SU(3) and SU(2) couplings is

872 872 A A
A® = — = A, log — + Ab32 log
2 B MssM 08 o)
2 2 2 2
95 (1) 95(1)
¥) (%)
+4b;? 1o <— + 0by, 1o , 59
& HH pa 08 MpaBy (59)

where gz is the mass of the second pair of Higgs doublets, Ab{iq is the difference between
beta functions in the MSSM, and Ab%%; = AbV?Z + Ab¥ — Ab¥l, is the difference between
beta function coefficients for the additional accelerated unification fields. When N = 2,
A%, = Abf2i; = —4. The quantity in brackets reproduces the MSSM one loop prediction.
The log Z’s of the light fields

1 Zus Zas

0232 = = log
()
2 - quZlf

1
5222 = _§lOgZthhtheZhV7 (60)

are evaluated by integrating the anomalous dimensions from A down to p. The final terms
arise from the second pair of Higgs doublets and the PGBs in the left sector, with

5b32 - _]. 5bPGBL _1 (61)

If the masses of these particles were precisely at the scale of diagonal breaking, they would
not contribute any additional deviation. However, in the model presented here the masses
are essentially free parameters. The mass of the extra Higgs multiplet depends sensitively
on the values of the various p parameters. A similar calculation for the SU(2) and U(1)
couplings yields,

N = e W = |Miklon g+ Al x5
+ 2log % + 523,1 + 023" + 6b;! log % (62)
+ oy log mi; + b2, log mi;, (63)
with Ab3sqy = Ab3y = —18/5. The log Zs of the light fields are
5,212!,1 = %log Hfzf;%, W %log Lo Znyg Zng Zon, - (64)

Finally, the additional Higgs doublets and the PGBs contribute to the beta function coeffi-

cients
2 2 12

obpt = 5 5bPGBL = g> 5bPGBR - _3 (65)
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For the moment, let us assume that these additional light fields are degenerate with the
remainder of the multiplet. In this case, we find the ratio

A32

Ao 0.721. (66)
This result is insensitive to the choice of a;'. Making the more reasonable choice that the
PGBs and the extra Higgs multiplet are two e-folds below the rest of the multiplet, we find
A3 /A = (.716. Again, we conclude that none of the calculable corrections to unifications
are very large. However, if the masses deviate too far from the diagonal breaking scale the
corrections from the PGBs can be non-negligible. Moreover, when A > 2, there are more
PGBs, which can amplify these effects.

There are of course additional threshold corrections. As before, there are the corrections
from SUSY breaking. Also, since there are two copies of SU(3)? near the GUT scale, the
high energy particle content is double that of the MSSM. So, the naive expectation for GUT
scale threshold corrections is that they should be roughly double those of the MSSM. An
interesting possibility arises in accelerated unification that is not present in the MSSM. In
Sec. 5.3.2 we showed that proton decay is suppressed, so it is possible for the colored Higgs
triplets that mediate proton decay to be much lighter than the GUT scale. This leads to a
threshold correction that improves the unification of the couplings. In the minimal SU(5)
GUT, such a threshold correction would be desirable, but is forbidden by proton decay [26].

6 Conclusions

Gauge coupling unification places a natural constraint on the structure of potential gauge
extensions of the MSSM. Moreover, it limits the size of the new gauge couplings under which
the Higgs boson may be charged. The result is that the Higgs mass cannot be too heavy,
even in models with extended gauge structure. Accelerated unification seems to be the best
hope for realizing a heavier Higgs mass, but due to the presence of pseudo-Goldstone bosons,
unification becomes somewhat delicate.

In the models discussed here, a host of new states associated with the breaking should
be found at the 3-10 TeV scale. In the accelerated unification model, it is likely that the
lightest state would be one of the PGBs. The precise mass of this particle depends on the
breaking of the GUT symmetry. We now discuss precision electroweak constraints, which
set the mass of the new vector bosons.

6.1 Constraints

Precision electroweak constraints on these models arise from interactions between the heavy
vector bosons and the Standard Model fermions and Higgs. One might worry that these
considerations significantly constrain the theory; in order to maximize non-decoupling D-
terms we need the Standard Model gauge couplings to be as strong as possible, which means
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that the heavy vector bosons couple with O(1) strength to the Standard Model fermions.
However, because these new vectors are not responsible for cutting off the gauge quadratic
divergences to the Higgs, they can be quite heavy without fine-tuning. Instead, the heavy
vectors cut off divergent contributions to the Higgs mass arising from the modified quartic
coupling, so the vectors may comfortably lie in the 3 — 10 TeV range.

To see this, it is useful to introduce mixing angles 6; for the gauge fields, obeying

2
_ Yism cos? h, = 91,281\/1‘ (67)
9i A 9B

The heavy vectors, which we denote A;, couple to the to the MSSM via the interaction

933Mf2
sin 20;

;Ceff = _gi,SM cot 92 A?juist + (A/;)2 (68)

At low energies the A; may be integrated out to give the current-current interaction

cos*f, ., .
Leg = 2—Jc2]ffSM]uSM- (69)

These terms contribute to the W,Y, Z extended oblique corrections, which are constrained
experimentally, implying a constraint [27]

JLR
T 3.5 TeV (70)

Thus even for cosfr, r ~ 1 the breaking scales can be 3.5 TeV and vectors will be under 10
TeV.

6.2 Future Directions

There are several potential directions for future work. As noted in the text, the theories under
consideration are very similar to deconstructed models of gaugino mediation. It would be
interesting to determine whether the link fields can communicate SUSY breaking to the
MSSM. Once a SUSY breaking scenario is specified, either this mechanism or another, it
would be possible to discuss spectroscopy and unification in further detail. It would also be
of interest to explore the supersymmetric four Higgs doublet in more detail. In principle,
the experimental limits on the Higgs boson can be modified.
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A Precision Unification and Holomorphy

In supersymmetric theories, threshold corrections are constrained by holomorphy. This tech-
nique can be applied to calculate corrections to unification in any model where holomorphy
is a useful constraint (i.e. when there are large supersymmetric masses).

Our first result is that threshold effects from mass splittings cancel against higher loop
corrections [22, 23]. To see this, consider the exact NSVZ beta function [22]

93 bo - Za T2(a)7a

= 1
69 167T2 1_ 02% Y (7 )
where by = —3C5 + Y, T>(a). This can be integrated to give
8 8 A
——— 4+ Cylog ¢* (1) = ——~ + Colog g*(A) + by log — — Ty(a)log Z,(u, A). 72

Now consider integrating out a massive matter field (like the link fields, ). Gauge couplings
are matched at the physical mass of the field, m,, which differs from the holomorphic mass
m (which appears in the superpotential) by a factor of the wave function renormalization:
m = Z(m,, A)m,. Thus, the log Z that appears in the NSVZ formula can be combined with
a holomorphic mass to recover a running mass. So, it is possible to write a RG invariant
matching equation exclusively in terms of holomorphic quantities:

872 872 A
——— + Cylog gPp(A) = —— + Oy log gig(A) — log —. 73

Here g7 (A) and g5 (A) are the low energy and high energy gauge couplings defined at the
cut-off A; they have one loop beta functions by g and by ug respectively that differ by one.
Using the NSVZ beta function, one can verify that Eq. (73) is equivalent the matching the
high energy and low energy gauge couplings at the physical mass scale. However, Eq. (73) is
valid all scales, including at the cut-off, where there clearly has been no running to split m.
Thus, complete GUT multiplets will lead to a small deviation from the MSSM prediction.
The dominant effect is indirect: the gauge coupling RG trajectories are deflected by the
presence of the ¥ fields, which in turn contributes to the last term in Eq. (72) for the light
MSSM fields.

A second potential source of modifications to unification comes from the breaking of
extended gauge symmetry. We must apply a matching condition when G X Ggur — Gsur-
The usual matching conditions

872 B 872 N 872 ( 872 ) B ( 872 ) (74)
P (Mvphys)  Ga(Myphys) 95 (Mvphys)” G*(Mxphys) ) — \g*H(Mxphys) )
are reproduced by the RG invariant matching equation
872 872 872 A?
———— + Oylog *(A) = —— + Colog gA(A) + = + CPlog g% (A) — CPlog ———. (75
() T s = Gy + ol Gy + o () = G108 1oy (79)
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Here (3) and (X°) are the vevs of the fields that break the gauge symmetry, and we have
used C5M = C4' = Cy. We have also used expressions for the renormalized gauge boson
masses:

My = Z(My, A)(EZ) (g5 + 95)w (76)
M% = Z(Mx,N)(E)(95) 2 - (77)

Applying the above RG invariant matching condition gives rise to Eq. (37) for product
unification.

For accelerated unification, the RG invariant matching equation is similar. The analog
of Eq. (75) is

872 872 872
+ 5 lo = —— 4+ Cylog g4 (A) + —— + Cylog g4 (A
2 O 29 (1) am e gga(A) a2 T ggp(A)
2 A
—02 log <ZZ > +b¢ log—¢
_'_b(] Jight log ZTQ lOgZ M7A> (78>

We have used Cy = C3' = CZ, and integrated out the ¢ multiplet at its holomorphic mass. In
this case, there are additional light states in the sum, namely the pseudo-Goldstone bosons
and Higgs multiplets discussed in the text.

B D-Terms and Tadpoles

In this appendix, we give general expressions for the masses of My,,, S, ¢, and 7, taking into
account the possibility of a SUSY breaking induced tadpole for the S field. After including
the supersymmetry breaking, as in Eq. (24), and restricting attention to the field S, there
is a linear source term:

W = ((a—bu—m?)0VEES — u(1+ (20 — b)92)5—2 + L(1 + af*)S?
A 2 36

K = (14+m?0")S's. (79)

We may shift S by a constant to remove this term,

S—S+T T =2 (isu+ jent?). (80)
Solving for jg and jp,
jr = —js — ja (81)
2 2 2
' —m?+ (2a — b)p . ay o 3 (M7 4 (b—a)p)
12 Js+ (3+u)95+295_ I ’ 5
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This shift affects the Kahler term for V:

2 -2
K:gz%(r+ﬁf<1+<m?+ﬁai§;ﬁ)%)iﬁvg (83)

This expression summarizes how SUSY breaking is communicated to the vector multiplet.
We must also check that the other scalar masses

m2 N2 m? 2a — b .a.

m2 N2 m? a+b ‘ a .

_;75 = <2+]s> +—2i< _<]F__]S>)

7 u 7 7

m; . o m? . om? N

v i 03+%ﬁﬂﬂﬁ+jﬁ)¢3Fﬁ—5m—ﬁg+ﬂ+%hj (84)

remain positive. It may be shown that these masses remain positive over large regions of
parameter space. However, as described in the text, it is sufficient to note that when a =0
and jg = jp = 0 the masses are positive whenever m? > —pu?/2.
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