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1. Introduction

Once LEP-II failed to observe a light Standard Model-like Higgs, the Minigaglersymmet-
ric Standard Model (MSSM) has been faced with an awkward questimm:nimuch fine-tuning is
too much fine-tuning? It's an awkward question for a theory whose dapitla of theoretical
success, compared to the Standard Model (SM), islisencef fine-tuning. (See[[1] for a review
of the MSSM.)

The challenge posed by the LEP-II bound is a bit surprising. Thougk tire approximately
100 free parameters in the MSSM, the Higgs quartic couplings are notiigread are fixed to be
of orderg? by the strict requirements of supersymmetry (SUSY). These couplingepractree-
level, that the lightest CP-even Higgs state is lighter than the Z-bogpens mz. SUSY breaking
effects modify this bound, especially those from the stop/top sector due tartfeetop Yukawa
coupling.

Briefly, in the effective field theory below the mass of the two stops, SUS¥ling contri-
butions to the quartic come from two sources: threshold corrections friagrating out the two
stops, and logarithmic renormalization group running of the quartic belowctile sf the stops.
The first depends on the trilinear mixing terf, and the average mass of the stdgs, The sec-
ond second depends on lwg/m¢. To increasen,, as much as possible, one waAtgM; > 1, and
me > m [B]. Typically, one needsy ~ 500— 1000 GeV to escape the LEP-II bound, depending
on the size of;.. Since this stop mass feeds back into the Higgs soft mass parameter, ggch lar
stop masses reintroduce fine-tuning back into the theory at the level wfgefeent [B].

In fact, the situation is a bit more subtle. The mediation scale of SUSY brealdagkays
a role in the amount of fine-tuning, by controlling the amount of renormalizaionp running
in the Higgs soft mass. A true solution to the SUSY hierarchy problem shawd both a low
mediation scale and a large value&f Within the MSSM, | am aware of only one proposal that
solves the SUSY little hierarchy problem: the recently discovered 'Miragdidfien’, discussed
by K.Choi elsewhere in this volume.

Given that it appears so difficult to make the MSSM natural, perhaps it's tineensider
supersymmetric alternatives to the MSSM, with the goal of explaining the LLE&sults while
maintaining the overall naturalness of the theory. There are two distinctodattack. One can
extend the MSSM via new fields whose sole purpose is to increase thevetgdkie of the Higgs
guartic, and lift the physical Higgs mass above the LEP-1l bound: Tlysigal Higgs escaped
detection because LEP-II couldn’t probe high enough energies. naligely, the physical Higgs
can be disguised through non-standard couplings, e.g. from a lagietsiwimixture which doesn’t
couple to the SM: the physical Higgs escaped detection because LE&llinable to probe the
proper decay channels with sufficient sensitivity. Here, | will focustordels of the first type,
which increase the value of the physical Higgs mass above the LEP+itbou

In fact, even among models which lift the physical Higgs mass through né&ig fidnere are
two mechanisms: D-terms or F-terms. Recently, models incorporating D-teriribzdions have
been used]4] 5], which can reach physical Higgs mass as higt8&6 GeV. A good review of F-
term models is in[[6], and many more recent models exists in the literature, ingltrdiunnatural
version presented by K.S. Babu elsewhere in these proceedingsthisdemarios, large physical
Higgs masses can only be achieved with large low energy couplings, wéqcire some form of
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asymptotic freedom in the UV to maintain perturbative control. D-terms pressimiple method
of UV completing these large low-energy couplings while maintaining naturglnes

The rest of this contribution is an updated review{¢f [4]: Secfjon 2 desstire mechanism of
producing the large-low energy quartic and Secflon 3 has updated @iotstn the ultimate size
of the physical Higgs mass.

2. Non-Decoupling D-terms

In the MSSM, the only Higgs quartic couplings come from the D-termSW2)w x U (1)y
gauge groups:

2 2 o2 2
%(HJGaHU+HJGaHd+...> +%(!Hu]2—\Hd]2+...) , (2.1)

where. .. indicate the remainder of the MSSM scalars. The physical Higgs mass is $@isnmdy
because these couplings are proportionabfp+ g2)/8.

To enhance the quartic coupling, deconstruct $u2),y group into two separat8U(2)y
groups,SU(2)1 x SU(2),, which are broken to the diagonal subgrdsig(2)w at the TeV scale
by a bi-fundamental scalar VEV; ~ >= 1u. The low energy gauge coupling for the unbroken
SU(2)w subgroup is

11,1
% 9 9
Any doublet undeBU(2)yy must be embedded ag3/2,0) or (0,1/2) underSU(2)1 x SU(2)».

What's most interesting is that the low energy coefficient of $h&2),, D-term is not nec-
essarily given byga,. In particular, if the field> has a SUSY breaking soft-mass2 which is of
order its VEV,u, then 'memory’ of both quartics will filter down to the low-energy theory thgiou
a modification of the D-term coefficient. Of course,r@ﬁ 0 this memory is erased entirely and
out pops the low energy MSSM, with the standard ineffectual MSSM quarkie opposite limit,
which looks like a hard-breaking of SUSY, leads to a substantial gain iniihsiqal Higgs mass
bound.

Specifically, let's charge the Higgs fields un@#(2);. Above the scale of diagonal symmetry
breaking, theSU(2)1 x SU(2), D-term is

(2.2)

2 2
% (Tr [270%%] + Hlo®Hy +H] GaHd) "+ 9_82 (Tr[z0%1])". (2.3)

I'll specify where to add the remaining MSSM fields in a bit. Add the superg@te”” =
AS(323 +w?) with an additional soft-mass? for %, leading to the scalar potential

2
Vs = %BZZ+h.c.+m§\Z\2+%\ZZ|2. (2.4)

Here,Z3 is contracted with two epsilon tensors aBe= Aw?. For sufficiently largeB, = acquires a
VEV, (%) = ul, with u? = (B—m2) /A2, which breaksSU(2); x SU(2); to the diagonal subgroup.
The minimum lies in @&-flat direction, leaving both Higgs fields massless at tree-level.
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Figure 1: Modified SU(2)? gauge setup. The Higgs doublets and third generation sefoksréire charged
underSU(2);. The first two generation superfields are charged uBt£R),. A bi-fundamentalx, breaks
SU(2)? down toSU(2)w.

Under the remainin@U(2)y, Z contains a complex tripleT;, along with a complex singlet.
Integrating out the real part of the heavy triplet at tree-level givesetfertive Higgs potential
below the triplet mass,

2 2 o2
%A (HJ&HU+Hd6Hd> +&(!Hu!2—|Hd!2)

8

14201

with A= W& (2.5)
T .

U gi+g;

The MSSMSU(2)y D-term is recovered in the limit? > m2, because SUSY protects tBeterm
below the gauge-breaking scale.
The tree-level Higgs mass now is enhanced by the non-decoupling Daethsatisfies

Mfo < % (950 +d%) VP cos 2. (2.6)

To maximize the upper bound, should be made as large as possible by sengling «, go — g
andm§ > u? by as much as possible without introducing fine-tuning.

3. Maximizing the Physical Higgs M ass

Naturalness, perturbativity, and electroweak precision constraintsmraes from pushing the
physical Higgs mass to arbitrary large values. Naturalness puts an bpped on the scale of
the heavy vectors, who cutoff the hard-breaking effects from the neadiGw-energy D-term.
Naturalness also puts an upper-bound on the masszpfvhich feeds in at two loops into the
Higgs soft mass. Choosingy ~ TeV andm;s ~ 10 TeV generate fine-tuning no worse than 10%.
There is no fine-tuning from the rest of the MSSM soft-sector since thaireng soft-masses are
set to the weak-scale.

To pushg; as large as possible, place as little matter as possilgjg B0 thatg; runs asymp-
totically free in the UV. The moose which describes this deconstruction isrsiowigure][]L.
Yukawa couplings for the first two generations can be generated bggaddnassive Higgs-like
pair of doubletsH’,H’, that are charged und&U(2),. They couple to the first two generations
via Yukawa-type couplings and mix with the regular Higgses via superpotepéaators such as
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Figure 2: 95% CL bounds on the mass of the heavy vector bosépsnd the diagonal breaking scale
as a function of co@ (with g1 = gw/sing andg, = gw/cosg). Large values of cop corresponds to large
values ofg;, which is where corrections to the light generation cowgsiare negligible, and corrections to
the third generation couplings can be substantial.

A'HZH’. A supersymmetric magsy > () for the new doublets generates naturally small Yukawa
couplings for the first two generations at low energies.

The deconstructe8U(2) setup shifts the tree-levél andZ mass due to heaw/, W’ mixing,
but this only occurs at order*/u*. However, due to the non-universal flavor setup, there are
important corrections to the other electroweak precision measurement& Weesfirst analyzed
in the context of extended technicolor moddls [7]. There are tree-l@retaions toGg and
non-oblique corrections to fermion couplings. Constraints on the modelcaanguted from the
corrections to the leading dimension six operators, as describgfl in [8]cdifistraints are most
severe when one of the gauge couplings start to become non-pexteylatl the 95% confidence
level bounds are plotted in Figufe 2.

The model also contributes a shift in tpeparameter from a neutral triplet VEV, as well as
shifts to the oblique parameters from the physical Higgs itself. Model dipgrshifts to the
oblique parameters come from the remainder of the two-Higgs doublet seaotbalso from the
mass splitting between scalar superpartners. The large effAamiances splitting between scalar
members of anyU(2)w doublet at the same time that it raises the Higgs mass. These effects are
not included in the above constraints.

Using the minimum value fou shown in Figurd]2, there is a new physical Higgs mass bound
as a function ofy;, as shown in Figurgl 3. As can be seen, the physical Higgs mass cashedpu
to as large as 350 GeV or larger if the non-perturbative scatg & tuned to be close to a few
TeV.
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Figure 3: Tree-level bounds on the lightest CP-even stafe,in the MSSM andin theSU(2)-extended
model.

Here are a typical set of parameters:

e 01(u) = 1.80, g2(u) = .70, inspired by a GUT witly; (AcuT) = .97. Additional spectator
fields (see the full description at the end of the section for details) arediediun the running
to aid in unification.

e U= 2.2 TeV, above the lower limit from electroweak constraints, giMifig, Mz ~ 4.5 TeV.

e m=10 TeV. One-loop finite corrections to the Higgs mass parameter fromssuparetry
breaking are< 300 GeV whereas two-loop RGE contributions can be somewhat large if on
assumes high-scale supersymmetry breaking.

For this reasonable set of parameteng~ 220 GeV at tree-level in the large tBrand decoupling
limits. Loop corrections to the effective potential from the top sector and ddé&ianal physics
will make a relatively small shift in the tree level result.

One interesting feature of this model is that because there is a gauge golapgjer than
that of SU(3) color, the top Yukawa “fixed point” has a much larger value than in the MS8M.
this sense, a favorable region of parameter space includes somefo&tanwhich can both be
consistent with the Higgs mass bound and avoid a Landau pole for the tepvauk

This model can also be made consistent with gauge coupling unification. ullhgrdup
SU(3)¢ x SU(2)1 x SU(2), x U(1)y can be embedded i8U(5) x SU(5) [f] broken by a bi-
fundamental field at the GUT scale with a VE¥) = diag{M,M,M,0,0}. Gauge coupling uni-
fication is predicted (with theoretical uncertainty beyond one-loop) lsecthe standard model
gauge couplings are only a function of the diagonal gauge couplingnétamp, one can track the
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diagonalSU(2) through its beta-function coefficiebtas it is the sum of those of the tv8J(2);. It
receives an extra -6 from the additional triplet of gauge bosons eTdreralso two triplets charged
underSU(2), which, with the diagonal-breaking field, contribute +6 to the diagonal beta func-
tion, and an additional vector-like pair of triplets to effectively complete acdbmwith the extra
pair of Higgs-like fields (however, they should be from a split multiplet ag thast not share the
Yukawa couplings with the doublets due to proton decay). With these additie@SU(2) model
achieves the same unification accuracy as in the MSSM at one loop. Thoerghs a gauge cou-
pling that gets relatively strong, its two-loop effect is still smalbass quite perturbative for nearly
all of the running.

4. Conclusion

Whatever one’s take on the little hierarchy problem in the MSSM, it seems inmpéoteinder-
stand the physical Higgs mass bound in SUSY theories excruciatingly weleothe LHC turns
on. Though many supersymmetric extensions are possible, it still seemdiffeylt for models
which have weak-scale superpartners to exceed a physical Higgomagd0GeV.

Since this work was first completed, many models using F-terms and D-termappgared in
the literature, in an attempt to evade the LEP-Il bound. The model basedenmis presented here
has a rich phenomenology of new states, heavy vectors and scalar ttipdetsppear near a TeV.
Additional uses of D-terms have also been found: As a means of enlgaRd¢erm contributions
[Ld] and for producing viable baryogeneqis|[11]. Further work waigsticular in exploring the
full space of beyond-the-MSSM phenomenology at the LHC.

References

[1] S. P. Martin, arXiv:hep-ph/9709356.

[2] M. Carena and H. E. Haber, Prog. Part. Nucl. P5@5.63 (2003) [arXiv:hep-ph/0208209].

[3] J. A. Casas, J. R. Espinosa and |. Hidalgo, JHE®1, 008 (2004) [arXiv:hep-ph/0310137].

[4] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP2, 043 (2004) [arXiv:hep-ph/0309149].
[5] A. Maloney, A. Pierce and J. G. Wacker, JHB806, 034 (2006) [arXiv:hep-ph/0409127].

[6] J. R. Espinosa and M. Quiros, Phys. Rev. L&1t.516 (1998) [arXiv:hep-ph/9804235].

[7] R. S. Chivukula, E. H. Simmons and J. Terning, Phys. ReS3[5258 (1996)
[arXiv:hep-ph/9506427].

[8] Z. Han and W. Skiba, Phys. Rev.T1, 075009 (2005) [arXiv:hep-ph/0412166].

[9] G. D. Kribs, Prepared for 10th International Conference on Supersymnaetd Unification of
Fundamental Interactions (SUSY02), Hamburg, Germany3.Jun 2002

[10] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEB6, 032 (2004) [arXiv:hep-ph/0404251].

[11] M. Carena, A. Megevand, M. Quiros and C. E. M. Wagner, INRhys. B716, 319 (2005)
[arXiv:hep-ph/0410352].

J. Shu, T. M. P. Tait and C. E. M. Wagner, Phys. Rev5)063510 (2007) [arXiv:hep-ph/0610375].



