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ABSTRACT: The naturalness of a Higgs boson with a mass near 125 GeV is explored in a
variety of weak-scale supersymmetric models. A Higgs mass of this size strongly points
towards a non-minimal implementation of supersymmetry. The Minimal Supersymmetric
Standard Model now requires large A-terms to avoid multi-TeV stops. The fine-tuning is
at least 1% for low messenger scales, and an order of magnitude worse for high messenger
scales. Naturalness is significantly improved in theories with a singlet superfield S coupled
to the Higgs superfields via A\SH, Hy. If X is perturbative up to unified scales, a fine-tuning
of about 10% is possible with a low mediation scale. Larger values of A, implying new strong
interactions below unified scales, allow for a highly natural 125 GeV Higgs boson over a wide
range of parameters. Even for A as large as 2, where a heavier Higgs might be expected, a
light Higgs boson naturally results from singlet-doublet scalar mixing. Although the Higgs
is light, naturalness allows for stops as heavy as 1.5 TeV and a gluino as heavy as 3TeV.
Non-decoupling effects among the Higgs doublets can significantly suppress the coupling
of the light Higgs to b quarks in theories with a large A, enhancing the vy and WW signal
rates at the LHC by an order one factor relative to the Standard Model Higgs.
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1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs
boson with a mass of 124-126 GeV [1, 2]. The 7 channel yields excesses at the 2-3 o level
for ATLAS and CMS, insufficient for a clear discovery. Yet the concordance between the
ATLAS and CMS excesses increases the likelihood that this is indeed the Higgs boson, and
motivates us to study the implications for natural electroweak breaking in the context of
weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson
is lighter than about 135GeV, depending on top squark parameters (for a review with
original references, see [3]), and heavier than 114 GeV, the LEP bound on the Standard
Model Higgs [4]. A Higgs mass of 125 GeV naively seems perfect, lying midway between
the experimental lower bound and the theoretical upper limit. The key motivation for
weak-scale supersymmetry is the naturalness problem of the weak scale and therefore we
take the degree of fine-tuning [5-24] as a crucial tool in guiding us to the most likely
implementation of a 125 GeV Higgs. In this regard we find that increasing the Higgs mass
from its present bound to 125 GeV has highly significant consequences. In the limit of
decoupling one Higgs doublet the light Higgs mass is given by

mi = M2 cos® 283 + 67 (1.1)

where 67 arises from loops of heavy top quarks and top squarks and tan 3 is the ratio
of electroweak vacuum expectation values. At large tan 3, we require d; ~ 85 GeV which
means that a very substantial loop contribution, nearly as large as the tree-level mass, is
required to raise the Higgs mass to 125 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in figure 1 as a function
of the lightest top squark mass for two values of the top squark mixing parameter X;. The
red/blue contours are computed using the Suspect [25] and FeynHiggs [26—29] packages,
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Figure 1. The Higgs mass in the MSSM as a function of the lightest top squark mass, m;,, with
red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal top
squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass for mgz,
in the range of 350-600 (500-800) GeV, while the two lower lines are for zero top squark mixing
and do not yield a 124 GeV Higgs mass for m; below 3TeV. Here we have taken tan 8 = 20. The
shaded regions highlight the difference between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

which have differing renormalization prescriptions and the spread between them, high-
lighted by the shading, may be taken as a rough measure of the current uncertainty in the
calculation. For a given Higgs mass, such as 125 GeV, large top squark mixing leads to lower
and more natural top squark masses, although the mixing itself contributes to the fine-
tuning, as we will discuss. In fact, stop mixing is required to raise the Higgs mass to 125 GeV
without multi-TeV stops. Even at maximal mixing, we must have ,/mg,m., 2, 600 GeV
(which, for degenerate soft masses, results in stop masses heavier than have been directly
probed by existing LHC searches [30-33]) and, as we will discuss in the next section, this
implies that fine-tuning of at least 1% is required in the MSSM, even for the extreme case of
an ultra-low messenger scale of 10 TeV. Hence we seek an alternative, more natural setting
for a 125 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [34]) the
supersymmetric Higgs mass parameter y is promoted to a gauge-singlet superfield, S, with
a coupling to the Higgs doublets, ASH, Hy, that is perturbative to unified scales, thereby
constraining A < 0.7 (everywhere in this paper A refers to the weak scale value of the
coupling). The maximum mass of the lightest Higgs boson is

mi: = Mz cos® 283 + \2v?sin? 28 + 62, (1.2)

where here and throughout the paper we use v = 174 GeV. For Av > My, the tree-level
contributions to my; are maximized for tan 8 = 1, as shown by the solid lines in figure 2,
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Figure 2. The Higgs mass in the NMSSM as a function of tan 5. The solid lines show the tree-
level result of equation (1.2) while the shaded bands bounded by dashed lines result from adding
the A2v?sin? 26 contribution of equation (1.2) to the two-loop Suspect/FeynHiggs MSSM result,
with degenerate stop soft masses and no stop mixing. The top contribution §; is sufficient to raise
the Higgs mass to 125 GeV for A = 0.7 for a top squark mass of 500 GeV; but as A is decreased to
0.6 a larger value of the top squark mass is needed.

rather than by large values of tan 8 as in the MSSM. However, even for A taking its maximal
value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and
0; = 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach
125 GeV, as shown by the shaded bands of figure 2, at least for low values of tan 8 in the
region of 1-2. In this case, unlike the MSSM, maximal stop mixing is not required to get
the Higgs heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the
fine-tuning of the NMSSM is significantly improved relative to the MSSM, but only for
.6 < A <7, near the boundary of perturbativity at the GUT scale.

In the “A-SUSY” theory [35], A is increased so that the interaction becomes non-
perturbative below unified scales; but A should not exceed about 2, otherwise the non-
perturbative physics occurs below 10TeV and is likely to destroy the successful under-
standing of precision electroweak data in the perturbative theory. The non-perturbativity
of A\ notwithstanding, gauge coupling unification can be preserved in certain UV comple-
tions of A-SUSY, such as the Fat Higgs [36—41]. The A-SUSY theory is highly motivated
by an improvement in fine-tuning over the MSSM by roughly a factor of 2A2/g% ~ 4)2,
where g is the SU(2) gauge coupling. Equivalently, for the MSSM and A-SUSY to have
comparable levels of fine-tuning, the superpartner spectrum can be heavier in A-SUSY by
about a factor 2)\. The origin of this improvement, a large value of A\ in the potential, is
correlated with the mass of the Higgs, which is naively raised from gv/v/2 to Av. However,
this now appears to be excluded by current limits [42], with A > 1 giving a Higgs boson
much heavier than 125 GeV (for other theories that raise the Higgs mass above that of the
MSSM see [43-46]).
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Figure 3. The Higgs mass in A-SUSY, as a function of the singlet soft mass mg. Here, A = 2,
tan 8 = 2, and the other parameters are as described in table 1, which gives the light Higgs a mass
of mj, = 280 GeV in the limit of heavy singlet mass. However, we see that lowering the singlet mass
mg results in a lighter Higgs due to mixing of the singlet with the Higgs.

Most studies of \-SUSY [35, 47-51] have decoupled the CP even singlet scalar s by
making its soft mass parameter, m%, large. This was often done purely for simplicity to
avoid the complications of a 3 x 3 mass matrix for the CP even Higgs scalars. However,
this decoupling is itself unnatural since the soft Higgs doublet mass parameter is generated
by one-loop renormalization group scaling at order )\Qm%. For A = 2, avoiding additional
tuning at the 20% level requires mg < 1TeV [35]. Once s is no longer decoupled, it
is crucial to include doublet-singlet Higgs mixing. In the limit of decoupling one Higgs
doublet, s mixes with the remaining light neutral doublet Higgs h at tree-level via the
mass matrix

M2 </\202 sin? 28 + M cos® 23 )\’U(M,Ms,A)\)> . (1.3)
Mo(p, Mg, Ay) m%

In general there are several contributions to the off-diagonal entry and these will be dis-
cussed in section 4; but all are proportional to Av, which is large in A-SUSY, so that mixing
cannot be neglected even for rather large values of m%. This is illustrated in figure 3 where,
for a set of reference parameters of the model discussed later, the two eigenvalues of this
mixing matrix are shown as a function of mg. At the reference point A = 2 and tan 8 = 2,
so that in the absence of mixing the Higgs mass would be 280 GeV, but this is reduced
to 125 GeV for mg ~ 500 GeV. As the blue curve of figure 3 crosses 125 GeV its slope is
quite modest — a central claim of this paper is that a 125 GeV Higgs from doublet-singlet
mixing in A-SUSY is highly natural. However, moving along the blue curve of figure 3, the
tuning rapidly increases as the Higgs mass becomes lighter than 100 GeV.



The theory with A ~ 2 and a light Higgs, due to singlet-doublet mixing, has a number
of interesting consequences for LHC physics. First of all, despite the light Higgs mass of
125 GeV, as discussed above the large value of A implies that the Higgs potential is less
sensitive to corrections to the doublet Higgs soft masses, and the superpartners can be
a factor of 2\ ~ 4 times heavier than in the MSSM before they spoil naturalness. This
means that stops can be as heavy as 1.5 TeV, and the gluino as heavy as 3 TeV, before
fine-tuning reaches the 10% level. The usual interpretation [30, 31] of the null results for
supersymmetry at the LHC is that the stops should be lighter than the other squarks to
maintain naturalness. The situation in A-SUSY is drastically different and we should not
be surprised that we have not yet seen supersymmetry: the entire colored spectrum may
be sitting, naturally, well above 1 TeV with flavor degenerate squarks!

A-SUSY with a light Higgs boson also presents the possibility of interesting deforma-
tions of the SM Higgs branching ratios. In A-SUSY, we find that mixing between the light
and heavy Higgs doublets leads to a depletion of the light Higgs coupling to bottom quarks,
which has the effect of increasing the Higgs branching ratio to vy and WW. This is the
opposite of the usual non-decoupling effect in the MSSM [52], where the Higgs coupling
to bottoms is enhanced as the heavy Higgs mass decreases. The effect is also numerically
larger in A-SUSY because the non-decoupling is enhanced by large A. We will see that,
depending on parameters, the gg — h — v rate can be enhanced by up to about 50%
relative to the SM rate, in the most natural regime of parameter space. Meanwhile, the
branching ratio to bottoms can be depleted by a similar factor. Usually, the conception
is that supersymmetry should be first discovered by discovering superparticle production,
however in A-SUSY the first discovery of supersymmetry may be through exotic Higgs
branching ratios.

The rest of the paper is structured as follows. In section 2 we discuss the implications
of a 125 GeV Higgs boson for the MSSM and conclude that a Higgs of this mass disfavors the
MSSM, motivating study of an alternative model. In section 3 we consider the implications
for the NMSSM, where the fine-tuning can be significantly reduced relative to the MSSM,
although only at the edge of the (A, tan 3) parameter space. Then in section 4 we consider
A-SUSY and show that a light, 125 GeV Higgs boson emerges naturally from theories with
a large value for A. Section 5 contains our conclusions.

2 A Higgs mass near 125 GeV in the MSSM

In this section we review the Higgs sector of the MSSM [3] and assess the consequences of
a Higgs boson mass of 125 GeV. We determine which parts of the parameter space allow
for a Higgs mass of 125 GeV and how much fine-tuning is required.

The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs, tan 3,
and on the pseudoscalar mass m 4, which determines the mixing between the two CP even
scalars. In this section, we focus on the decoupling limit, m 4 > m, where the lightest CP
even Higgs is SM-like in its coupling and has the largest possible tree-level mass (away from
the decoupling limit, mixing drives the lightest mass eigenstate lighter). In the decoupling



limit, the tree-level Higgs mass is given by myz cos 2 and is maximized at high tan 3, but
is always far below 125 GeV.

At the one-loop level, stops contribute to the Higgs mass and three more parameters
become important, the stop soft masses, mg, and m,,, and the stop mixing parameter
Xy = Ay — pcot 8. The dominant one-loop contribution to the Higgs mass depends on the

2

geometric mean of the stop masses, ms = MQy Mg, and is given by,

3 mf | mi o X7 X7
mi ~ m% cos® 23 + e U—; [ln L+ tg 1-— 127;2 : (2.1)
7 i

The Higgs mass is sensitive to the degree of stop mixing through the second term in the
brackets, and is maximized for |X;| = X = \/6m;, which is referred to as “maximal
mixing.” The Higgs mass depends logarithmically on the stop masses, which means, of
course, that the necessary stop mass depends exponentially on the Higgs mass. Therefore,
an accurate loop calculation is essential in order to determine which stop mass corresponds
to a 125 GeV Higgs.

We use the Suspect [25] and FeynHiggs [26-29] packages to calculate the Higgs mass,
which include the full one-loop and leading two-loop contributions. In figure 4 we give the
myp, = 124 and 126 GeV contours in the (X;, m;) plane, with Suspect shown in red and
FeynHiggs shown in blue. For both curves, the axes are consistently defined in the DR
renormalization scheme. The left and right-handed top squark mass parameters are taken
equal, mg, = my,, since the Higgs mass depends only mildly on the ratio. As we shall
show, this choice results in the lowest fine-tuning for a given mjy, since the stop contribu-
tion to fine-tuning is dominated by the largest soft mass. The loop contribution depends
slightly on the choice of some of the other SUSY parameters: we have fixed all gaugino
masses to 1 TeV, the Higgsino mass to u = 200 GeV, and myg = 1 TeV. We find that the
Suspect and FeynHiggs results have considerable differences. The two programs use dif-
ferent renormalization prescriptions, and we take the difference between the two programs
as a rough estimate of the theoretical uncertainty in the Higgs mass calculation. For an
earlier comparison, see [53]. The uncertainty should be reduced if one takes into account
the results of recent three-loop calculations [54, 55|, although this is beyond the scope of
our work. For a detailed discussion of the two-loop calculations, see for example [56]. For-
tunately, the two programs agree to within a factor of two on the necessary stop mass in the
maximal mixing regime: m; = 500 — 1000 GeV for X; ~ v/6m; and m; ~ 800 — 1800 GeV
for X3 ~ —\/ém;, for a Higgs mass in the 124-126 GeV range.

We now consider the degree of fine-tuning [5—24] necessary in the MSSM to accommo-
date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order
to boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that
heavy stops lead to large contributions to the quadratic term of the Higgs potential, 5m%{u,

2
omy = —g’% (m), +mi, + |A*) In (%) : (2.2)
where A is the messenger scale for supersymmetry breaking. If 5m%{u becomes too large
the parameters of the theory must be tuned against each other to achieve the correct scale
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Figure 4. Contours of my, in the MSSM as a function of a common stop mass mg, = My, = m;
and the stop mixing parameter X;, for tan8 = 20. The red/blue bands show the result from
Suspect/FeynHiggs for my, in the range 124-126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, A,,, , and we see that A,,, > 75(100) in order to achieve a Higgs mass of
124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always heavier
than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

of electroweak symmetry breaking. We see from equation (2.2) that large stop mixing also
comes with a cost because A; induces fine-tuning. At large tan 8, X; ~ A;, and maximal
mixing (|4;> = Gm?) introduces the same amount of fine-tuning as doubling both stop
masses in the unmixed case.

In order to quantify the fine-tuning [19], it is helpful to consider a single Higgs field
with a potential

Ak
vzmymﬂwzwé (2.3)

Extremizing the potential we see that the physical Higgs mass, my, is related to the
quadratic term of the potential by m}zZ = Mo? = —meq. The amount of fine-tuning is
determined by the size of the Higgs mass relative to the size of corrections to the quadratic
term of the potential. In the MSSM at large tan 5, the Higgs vev is in the H, direction,
myp, corresponds to the Higgs mass, my corresponds to mpg,, and Ay is determined by the
D-terms at tree-level and is logarithmically sensitive to the stop mass at one-loop. We gen-
eralize to more than one Higgs field (2 in the MSSM and 3 in the NMSSM) by considering
the sensitivity of the Higgs mass eigenvalue to variations of the fundamental parameters
of the theory. This is closely related to variations of the electroweak VEV, v? = m,% /An,
which is also often taken as a measure of fine-tuning.

The dashed purple lines on the left panel of figure 4 show contours of the fine-tuning
parameter, A,,, , which we define to be the maximum logarithmic derivative of the Higgs
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Figure 5. A blowup of the maximal mixing regime, X; ~ 2my, in the MSSM, with tan 8 = 20 and
ma = 1TeV. The purple contours show R, the ratio of 0(g9 — h) x Br(h — ~7) in the MSSM
to the Standard Model, computed with FeynHiggs. The one-loop contribution from stops depletes
the rate to be ~ 80 — 95% of the SM rate. Had we chosen non-degenerate squark soft masses, this
effect could be larger, at the cost of increased fine-tuning. The other contours are the same as the
right side of figure 4.

boson mass with respect to the fundamental parameters, p;,

A, Oln mi

= max
i

h ) (2.4)

dlnp;

where we take the fundamental parameters, defined at the messenger scale A, to be u, By,

2 2
MQs» Mug>

Aq, m%{u, m%{d. We compute equation (2.4) at tree-level and also include the
one-loop leading log contribution to m%lu, given by equation (2.2), which allows us to relate
the value of m%lu at the cutoff to its value at the weak scale. For a 125 GeV Higgs mass
the fine-tuning is smallest near maximal mixing, but even here the fine-tuning is severe,
with A, > 100(200) for X; > 0(< 0). Deviating away from maximal mixing, the squark
masses quickly become multi-TeV in order to raise the Higgs mass to 125 GeV, and the
fine-tuning is dramatically increased. Furthermore, we stress that the fine-tuning has been
computed for an extremely low value of A = 10 TeV for the messenger scale. For high-scale
mediation schemes, such as gravity mediation, the fine-tuning is an order of magnitude
worse. The dashed green lines of the right panel of figure 4 show contours of the lightest
top squark mass, which can be as low as 400 GeV at maximal mixing but can rise to over
a TeV with only a mild increase in fine-tuning.

In figure 5 we show one of the regions of large stop mixing in the (X, m;) plane with
an expanded scale. The red, blue and green contours are the same as in figure 4 and the
dashed purple lines show contours of R, the size of o(g9 — h) x Br(h — v7) in the
MSSM, computed using FeynHiggs and normalized to its value in the Standard Model.



Here we have chosen m4 = 1TeV, so that non-decoupling affects the rate at < 3%. This
rate is depleted relative to the SM because stop loops lower the Higgs coupling to gluons
when the stops have a large mixing angle [3]. In this region the suppression of the v signal
for a 125 GeV Higgs varies from about 0.8 to a little over 0.9. The theoretical uncertainty
on o(gg — h) in the SM [57] is about 10%, and so a suppression at the lower end of this
range may therefore be observable after enough statistics are accumulated.

3 A Higgs mass near 125 GeV in the NMSSM

We found above that a Higgs boson mass of 125 GeV introduces considerable fine-tuning
into the MSSM. This motivates us to go beyond the MSSM and look for a more natural
theory of the Higgs sector. A promising alternative is the Next-to-Minimal Supersymmetric
Standard Model [34], where a new singlet superfield couples to the Higgs in the superpo-
tential, ASH,H4. The singlet coupling to the Higgs can contribute to the Higgs mass,
potentially reducing the fine-tuning relative to the MSSM [45, 58—62]. In this section, we
require the theory to remain perturbative up to the scale of gauge coupling unification,
which requires A < 0.7 at the weak scale. In the next section, we will consider the \-SUSY
scenario, where X is allowed to be larger.
We take the Higgs-sector of the superpotential to be,

W D ASH,Hy + i H,Hy + %52. (3.1)
We have included an explicit u-term and an explicit supersymmetric mass for S [63], in
contrast to many studies of the NMSSM which focus on the scenario with no dimensionful
terms in the superpotential. We define the parameter p = i + A (S), which acts as the
effective pu-term and sets the mass of the charged Higgsino.
We also include the following soft supersymmetry breaking terms,

Viott D miy, | Hul* +mi; | Hal* + m&|S|* + (Bu HyHyg + AA\ SH,Hy +hc.).  (3.2)

For simplicity, we have not included the trilinear interaction S in the superpotential or
scalar potential because we do not expect its presence to qualitatively change our results.
We neglect CP phases in this work and take all parameters in equations. (3.1) and (3.2) to
be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly
doublet, with doublet-singlet mixing not too large. The lightest CP-even scalar mass that
results from the above potential is bounded from above at tree-level [34],

(th)tree < m% cos® 283 + N\2v? sin? 2. (3.3)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs

mass.! The first term is the upper bound in the MSSM, while the second term is the

Tt is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then,
singlet-doublet mixing can increase the mass of the dominantly doublet eigenstate [62].
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Figure 6. Contours of m; = 125GeV in the NMSSM, taking mqg, = m,, = m; and varying
tan 8 = 2,5, 10 from left to right, and varying A within each plot. We add the tree-level Higgs mass
(with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from Suspect.
The tree-level Higgs mass is largest at lower values of tan 8 and larger values of A\, where only
modestly heavy stops, m; ~ 300 GeV, are needed to raise the Higgs to 125 GeV. Heavy stops are
still required for lower values of A and larger values of tan 3.

contribution from the interaction involving the singlet. The above bound is saturated when
the singlet is integrated out with a large supersymmetry breaking mass, m% > M L% [45],
which, in practice, can be realized with mg several hundreds of GeV. For large enough
values of A, the second term dominates the tree-level mass. The A\ term grows at small
tan B, and this means that the largest Higgs mass is achieved with low tan 8 and as large
A as possible. Plugging in A = 0.7, we find that (m2)tree is always smaller than 122 GeV.

Because the tree-level contribution is insufficient to raise the Higgs mass to 125 GeV,
we also consider the loop corrections to the Higgs mass arising from stops. In figure 6,
we show contours of mj, = 125 GeV, in the stop mass/mixing plane, with tan§ = 2,5, 10
and varying A between 0 and 0.7. We take the tree-level mass to saturate the bound of
equation (3.3) and we add to it the one and two loop contribution from stops using Suspect,
taking degenerate stop soft masses, mg, = m,;,. Here, and for the rest of this section, we
have set u© = 200 GeV and we fix Bu by taking the MSSM-like pseudoscalar mass to be
500 GeV, in the limit of no mixing with the singlet-like pseudoscalar. Suspect includes only
the MSSM contribution, and this means that we are neglecting the one-loop contribution
proportional to A2, which is a reasonable approximation since A < y;. For low tan 8 and
A close to 0.7, the lightest stop becomes tachyonic near maximal mixing. Furthermore, for
sub-maximal stop mixing, the stops are light enough to give O(1) corrections to o(gg — h);
however, these corrections may take either sign, depending on the size of the mixing [3],
which is relatively unconstrained by naturalness for large A\. Furthermore, the stop mass
quickly rises as A is decreased or as tan 3 is increased, decoupling this effect.

Next we consider the fine-tuning in the NMSSM when my, = 125 GeV. As in section 2,
we measure fine-tuning in terms of the sensitivity of the Higgs mass to the parameters

of the theory using the maximum logarithmic derivative of equation (2.4). We consider

2
us?

derivatives with respect to the MSSM parameters u, Bpu, mQQB7 m: ., Ag, m%[u, and m%{d,

~10 -
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Figure 7. Contours of Higgs mass fine-tuning, A,,,, in the NMSSM with the maximal value of
A = 0.7 for tan § = 2 and 5, moving from left to right, with mg, = m,, = m; and m4 = 500 GeV.
Contours of my = 124 and 126 GeV are overlaid, including loop corrections from Suspect and
FeynHiggs. When tan 8 = 2 the tuning can be low, A,,, < 15, while for tan 8 = 5 heavier stop
masses are required because the tree-level Higgs mass is lower.

defined at the cutoff, which we conservatively take to be the low scale of A = 10TeV. We
also take derivatives with respect to the NMSSM parameters m%, Mg, and Ay. We include
the one-loop contribution of m% to m%]%d, which is proportional to A2. The result is shown
in the stop mass/mixing plane in figure 7, taking \ as large as possible, 0.7, and taking
tan 8 = 2 on the left and tan 8 = 5 on the right. For tan § = 2, where the tree-level Higgs
mass is larger, we find that the fine-tuning is typically around 1/15 for moderate to low
stop mixing. The tuning is mild because the stops are light, and in fact for low stop mass
the tuning is dominated by the choice of p, and can even be lowered to the 10% level if
i is lowered to 100 GeV. For tan 8 = 5, the tree-level Higgs mass is smaller and heavier
stops are required to raise the Higgs to 125 GeV. This results in more fine-tuning, and
for tan f = 5, we find that maximal mixing is required to avoid multi-TeV stops, and the
fine-tuning is always worse than ~2-3%. As tan 3 rises, the fine-tuning as a function of
stop masses and mixing quickly reverts to that of the MSSM.

Finally, we conclude this section by looking at how the necessary stop mass and fine-
tuning depends on A, which is shown in figure 8. We fix the Higgs mass to 125 GeV and
tan 8 = 2, and we look at the stop mass given separately by FeynHiggs and Suspect for
maximal stop mixing and no stop mixing, with degenerate stop soft masses. We see that
the necessary stop mass drops dramatically from multi-TeV at A < 0.5 to hundreds of GeV
near A of 0.7. We also show the fine-tuning in the Higgs mass as a function of A and see
that the fine-tuning drops from 1/1000 at low A to 1/100 near A = 0.5 — 0.6 for maximal
mixing, and finally to close to 1/15 near A = 0.7. Note that, while the required stop mass
for a given Higgs mass can be dramatically smaller at maximal mixing, the fine-tuning is
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Figure 8. The necessary stop mass (left) and fine-tuning (right) in order to achieve a Higgs mass
of 125 GeV in the NMSSM, as a function of A. We see that larger values of A allow for lighter stops
and much less fine-tuning. We consider two cases for the stop mixing: (1) maximally mixed stops
and (2) zero mixing. We cut off the plot for maximally mixed stops when m; ~ m;. For both
plots, the loop corrections are computed using Suspect and FeynHiggs, and we fix tan 8 = 2.

significantly worse than in the case of no mixing, since A; contributes to the running of
mp,. Clearly, the most interesting regime of the NMSSM is where A is as large as possible.
This motivates us, in the next section, to relax the requirement that the theory remain
perturbative until the scale of gauge coupling unification, and to consider the implications
of a 125 GeV Higgs for theories with A > 0.7.

4 A Higgs mass near 125 GeV in A-SUSY

In the previous section we found that, at low tan 3, increasing A in the NMSSM improves
naturalness and allows for much lighter stops. Motivated by this, we now consider values
of A > 0.7, larger than is allowed for perturbative unification. However, in certain UV
completions such as Fat Higgs models [36-41], successful gauge coupling unification can
occur even with A > 0.7 and a non-perturbative sector well below unified scales. In this
section we study values of A up to 2, beyond which the running value of A2(10 TeV) becomes
of order 47, and non-perturbative effects are likely to upset precision electroweak data [35].
Many features of this A-SUSY framework have been studied [35, 47-51, 64—66], but always
with the SM-like Higgs boson heavier than about 160 GeV.

Here we study the theory defined by the interactions of egs. (3.1) and (3.2) from the
previous section, but with large A. We begin by considering the Higgs mass, which is
naively of order Av ~ 200-300 GeV in the limit of small tan § (see eq. (3.3)). However, this
estimate neglects mixing between the Higgs and the CP even singlet within .S, which would
be a good approximation in the limit of large singlet soft mass, mg — oo. However, this
limit cannot be taken consistently with naturalness, because the singlet scalar soft mass
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affects the H, and Hy soft masses through the one-loop RGEs,

dqu m2
d — 25 4 ., 4.1
dt 82 o (4.1)
dm%{ m2 3
T = N2 SR (i il A+ (12)

Naturalness requires the singlet scalar to be relatively light, mg < 1TeV, and so singlet-
doublet mixing between the CP even mass eigenstates must be considered, as in the mass
matrix of eq. (1.3) from the introduction. The off-diagonal mixing terms arise from the
soft A-term and the cross-terms in the F-terms of the potential,

LD M[(Ax+ M)cosp —2usin ] shy + v [(Ax+ M) sin f — 2ucos 5] shqg,  (4.3)

and they become large as A is raised and mg is dropped. Level-splitting then drives the
smallest mass eigenstate lighter, as shown in figure 3, allowing for much smaller Higgs
masses than would be expected from the singlet-decoupling limit.

We now proceed to calculate the Higgs mass at tree-level, which is a good approxima-
tion when X\ ~ 2 because \2v? is large relative to one-loop corrections from stops. For the
purpose of illustration we choose a reference point in parameter space, shown in table 1,
with a maximal value of A = 2 and other parameters shown in the table. At this point,
we see that mg ~ 500 GeV leads to a Higgs mass of 125 GeV due to the level-splitting.
In figure 9 we show contours of the Higgs mass in the (mg, Mg) plane and in figure 10
the contours of the Higgs mass in the (A, tan3) and (A, mg) planes. For each figure, we
hold the parameters not being varied fixed to the values of the benchmark point in table 1.
Several Higgs mass contours are shown in blue, with the 125 GeV contour solid and the
others dotted. The black dot shows the reference point. In the right panel of figure 9
and in figure 10, as the singlet scalar mass mg is reduced below the reference point, the
Higgs mass rapidly drops to zero and the tachyonic purple region with m% < 0 is reached,
demonstrating that the Higgs mass is being affected by singlet-doublet Higgs mixing, as
illustrated in figure 3.

Obtaining a Higgs mass much smaller than Av requires a tuning in the level splitting.
Thus, a light Higgs could signal an additional fine-tuning not captured by standard mea-
sures which seek to quantify cancellations inherent in the weak scale. In order to capture
both effects, we once again consider logarithmic derivatives of the Higgs mass, rather than
the weak scale, as a measure of fine-tuning. Here we include one-loop LL contributions
from the stop masses and A. Since A increases rapidly with energy, we improve the LL
contribution by integrating its RGE up to a messenger scale of A = 10TeV, obtaining

smi, (A) =~ m In <1 A In A> , (4.4)
4 2m2 MG, T
om3 (A) ~ m—%ln <1 - >\21nA>
" 4 2m2 gy
3y?

=L (m, + mo, + |A*) In

a5 (4.5)

A
AV 1MQ3 Mz .
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parameters H properties

A=2 tan 8 = 2 my, = 125 GeV Ops = 0.12
uw =200 GeV Mg =0 GeV Mp, 5 = 521,662 GeV
mg = 510 GeV | my+ = 470 GeV ma,, = 579,617 GeV
mQ, = My, = 500 GeV Ay, =52
A, Ay =0 &b sy ww = (0.27,1.03,0.79,0.84)
R,, =167 Rww =179 Ry, =0.46

Table 1. A benchmark point in A-SUSY with a large A of 2 and a 125 GeV Higgs boson mass,
which results from Higgs-singlet mixing. The parameters are shown to the left and various masses,
mixing angles, and phenomenologically relevant Higgs couplings are shown to the right. The Higgs
boson mass is not fine-tuned relative to the fundamental parameters, A,,, ~ 5. Here, the R;
parameters represent the ratio of o x Br, relative to the SM, with ¢ corresponding to gluon fusion
for the vy and WW final states and associated Z/W + h production for h — bb.

-

mhz <0

-1000 —800 -600 —400 -200 O 200 400
M (Gev)

Figure 9. The Higgs mass in A-SUSY varying the singlet supersymmetric mass, Mg, and soft
mass, mg. The Higgs mass contours are shown in blue, contours of Higgs fine-tuning, A,,,, are
shown in red, and the region where the Higgs is tachyonic, due to Higgs-singlet mixing, is shown in
purple. The fine-tuning is increased when the Higgs mass drops, however, a Higgs mass of 125 GeV
is achieved in a region of low fine-tuning, A,,, ~ 5. The orange region is where the lightest
neutralino is lighter than half the Higgs mass, and in this region the Higgs would dominantly decay
invisibly.

Contours of the fine-tuning parameter A,,, are shown as red dashed lines in figures 9
and 10. In each plot, the region with mj; approaching zero has a high density of red
contours, and this area is highly fine-tuned, demonstrating the sensitivity of the Higgs
mass to the parameters entering its mixing angle with the singlet. However, a large
range of relatively light Higgs masses lies just outside this area, as expected from the
mild slope in figure 3. In fact, the reference point lies near the edge of a large region of the
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Figure 10. The Higgs mass and fine-tuning contours, A,,, in A-SUSY. On the left, we vary A
and tan 8 and on the right we vary A and the singlet soft mass, mg. The rest of the parameters
are fixed as in table 1. We find that there is a preference for large A, small tan 8, and moderate
values of the singlet soft mass, mg ~ 500 GeV. Overall, there is a large region of parameter space
where a Higgs mass of 125 GeV is consistent with very mild tuning, A,,, ~ 5. Within the purple
region, the Higgs is driven tachyonic due to Higgs-singlet mixing, and in the orange region on the
right plot, there is a light neutralino and the Higgs dominantly decays invisibly.

(A, tan 3, mg, Mg) parameter space where A,,, ~ 5. The A-SUSY theory has a large region
with mj; = 125 GeV that is less fine-tuned than the NMSSM. In a portion of this region,
which we have shaded in orange in figure 9 and the right panel of figure 10, the lightest
neutralino mass is less than one half of the Higgs mass, so that Higgs decays to neutralinos
becomes kinematically accessible. Due to the large coupling, one expects that such invisible
decays will occur with an order one branching ratio as soon as they are allowed.

It is clear from figure 10 that the fine-tuning is only a mild function of A. However, large
A has a very important effect: it protects the Higgs mass from heavy sparticle corrections,
decreasing the Higgs mass sensitivity to the sparticle spectrum. At large A, the fine-tuning
is dominated by the sensitivity to the parameters entering the singlet-doublet mixing, while
at small A (and large mg) the mixing becomes less important, and the fine-tuning comes
from stop loops correcting mlzqu. For a given fine-tuning the stop mass must be lower for
a lower value of .

In figure 11 we show the maximum stop, chargino, or charged Higgs mass required to
raise A, to 10 and 20, fixing the light Higgs mass to be 125 GeV. Here we have chosen to
show A, because it results in more conservative mass values than A,,,. Raising \ to 2
allows the stop mass to be twice as large for the same fine-tuning as would a A of 1. Recall
that the MSSM and NMSSM with a stop mass at 1.4 TeV are at least an order of magnitude
more fine-tuned. We also see from this plot that, as in the MSSM, the chargino and the
charged Higgs masses should not be too large. We may understand this by considering the
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Figure 11. The maximum values of the stop, charged Higgs, and Higgsino masses, before the
fine-tuning of the electroweak vev becomes worse than 10% (5%) is shown with solid (dashed) lines.
We vary A along the horizontal axis and for each choice of A (and p, mg+), we choose Mg in such a
way as to fix the Higgs mass to 125 GeV. We see that larger values of A allow for heavier sparticles
while maintaining naturalness. For A = 2, the stops can be as heavy as 1.4 TeV, the charged Higgs
can be 1 TeV, and the Higgsinos can be around 350 GeV.

minimization conditions for the potential in the limit of small singlet-doublet mixing, as
was done in [45]. One finds

2B
2.2 _ L 2 2 2
Av® = 028 (2|p|* +miy, +my,) (4.6)
23 M+ + myy, (4.7)

so that neither p nor my+ should be far above Av.

Keeping the charged Higgs relatively light has interesting phenomenological conse-
quences in A-SUSY: the non-decoupling effects turn off slower than in the MSSM, resulting
in modified Higgs couplings and branching ratios. Expanding in powers of v/(ma, mg+)
the light Higgs coupling to bb in the MSSM normalized to the SM is?

B yg N @ 2 % 2
Eob = TRV 1+2 (1 — <mh> Cos 25) <mA> (4.8)

2
— 1+ |sin4f|tan <mZ> at tree level, (4.9)
maA
while in A-SUSY we have
. o\ 2
Ep ~ 1 —[sindfB|tan g | — | , (4.10)
My

2The formula given here includes the approximate one-loop contribution to the Higgs mixing angle from
the stops, with the assumption that they only affect the m%u element of the Higgs mass matrix [3].
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A SUSY MSSM
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Figure 12. The ratio of Higgs couplings squared relative to the Standard Model for bb, t£, W~W+
and 77 as a function of the charged Higgs mass, my+. A-SUSY is shown to the left and the MSSM
is shown to the right. In A-SUSY the couplings are computed at tree-level, and the Higgs mass is a
function of my+; in the MSSM we approximate the one-loop correction to the couplings [3], given
that the stop contribution raises the Higgs mass to 125 GeV. We see that in A-SUSY, unlike the
MSSM, the Higgs coupling to the bottom quark drops dramatically away from the decoupling limit,
leading to a depleted Higgs width and an enhanced 7y signal. The A-SUSY parameters, other than
the charged Higgs mass, are as in table 1; for the MSSM we choose tan 8 = 20.

neglecting corrections from singlet-doublet mixing. In A-SUSY the non-decoupling effect is
a factor of ~ 2)\? /¢? larger and takes the opposite sign as compared to the MSSM, tending
to reduce the Higgs coupling to bb. We show the ratio of light Higgs couplings to various
particles in the MSSM and in A-SUSY relative to those in the SM in figure 12 as a function
of my+. The MSSM Higgs coupling to bb can be enhanced by an order one amount as the
charged Higgs mass approaches the b — sy limit near ~ 300 GeV [67], while the couplings
to WW, ~v, and tf remain nearly unperturbed by decoupling effects. In contrast, it can
be seen that the bb coupling may be decreased dramatically in A-SUSY, reaching a value of
0.3 relative to the SM at our benchmark point from table 1. The depletion of the coupling
to WW is not as severe because it first appears at order (Av/mpy+)* in the expansion.
Furthermore, the & do not asymptote to 1 because of the singlet-doublet mixing, which
tends to deplete all couplings uniformly.

For a SM-like Higgs at 125 GeV, decays to bb contribute 58% [68] to the full width.
Thus, a depletion of the bb coupling can generate a large increase in the branching ratios
to other final states relative to a SM or MSSM Higgs. In figure 13 we show contours of
oxBr(gg — h — ~v) relative to the SM in the (A, tan 3) plane for two values of mg+. We
compute the modified branching ratios by weighting the partial widths of the SM Higgs [68]
by the &; factors discussed above. As expected from eq. (4.10), the enhancement to R,
grows with A, and can be greater than 1.5 in a large region of parameter space with low
fine-tuning and a light Higgs. The enhancement turns off quickly as mpg+ is raised, but
my+ cannot become too large without inducing fine-tuning, so that naturalness prefers
a larger-than-SM rate to . Since doublet-doublet mixing has a comparable effect on
Eww as to &, the depleted Higgs width should similarly enhance the rate to WW*,
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Figure 13. The ratio R,y of o x Br in A-SUSY relative to the SM for the process gg — h — 7.
The red contours show R, and the blue contours show the Higgs mass in the A,tan /3 plane. We
see that this process generically has a larger rate in A-SUSY than in the SM, this is due to the
depletion of the Higgs coupling to bottom quarks in the non-decoupling limit. The left and right
panels correspond to charged Higgs masses of 350 and 470 GeV, respectively.

Rww ~ R,,. Large enhancements to the vy rate can also be found in the NMSSM,
although typically for Higgs masses lighter than 125 GeV [69, 70]. Even in the MSSM,
stop loops can have a similar effect on the Higgs production cross section and therefore the
overall rate to photons [3]; thus, in order to distinguish these non-decoupling effects from
stop contributions, the rate to bb and 77 must be measured as well, since they should be
depleted relative to the MSSM by the decrease in the Higgs coupling. At the benchmark
point described in table 1, we find Ry, = R, = .46 when the Higgs is produced either by
vector boson fusion or associated Z/W + h production, which are the relevant channels
for Higgs discovery in the bb and 77 modes. It is also possible to distinguish these effects
by measuring the vector boson fusion rate to photons, which will also be enhanced by
non-decoupling effects, whereas stop loops mainly affect the Higgs coupling to gluons.

5 Conclusions

The LHC experimental collaborations have presented data that can be interpreted as the
first evidence for a Higgs boson with a mass of about 125GeV [1, 2]. In this paper, we
have studied the implications of a 125 GeV Higgs boson for naturalness in supersymmetric
theories. We considered three scenarios: the MSSM, the NMSSM with a coupling A that
can remain perturbative until the scale of gauge coupling unification, and A-SUSY, where
A can be larger. Our main results concerning naturalness are,

e In the MSSM, maximal mixing is required to avoid multi-TeV stops. Fine-tuning
is at the 1% level or worse with a low mediation scale of 10 TeV, and an order of
magnitude more with a high mediation scale.
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A Natural SUSY Spectrum
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Figure 14. An example of a natural SUSY spectrum in ASUSY with A ~ 2. The fine-tuning of the
Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the Higgsinos
at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs and the singlet
lowers the Higgs mass to 125 GeV.

e The NMSSM can accommodate a 125 GeV Higgs with only ~ 5 — 10% tuning if the
mediation scale is low and stop mixing is non-maximal. In order to achieve such
mild fine-tuning, the NMSSM is pushed to the edge of its parameter space, with low
tan 8 < 2 and large A ~ 0.7, so that A is very nearly non-perturbative at the GUT
scale.

e A-SUSY presents a highly natural theory of a 125 GeV Higgs, with tuning in the
range of 10-20% for a large portion of its parameter space. The Higgs mass can
be 125 GeV in theories with large A, because it is naturally driven light by Higgs-
singlet mixing. Alternatively, a 125 GeV Higgs mass can be achieved in theories with
somewhat smaller A or larger tan 3, if Higgs-singlet mixing is not an important effect.

We have discussed a number of phenomenological consequences of the A-SUSY theory
with large A ~ 2. Even though the Higgs mass can be as low as 125 GeV, the stops can be
very heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry
breaking. In figure 14 we give an example of such a natural superparticle spectrum. This
possibility presents a new twist on the null supersymmetry results: maybe superparticles
are above the 7TeV reach of the LHC because the Higgs potential is protected by a large
value for A. Of course, since the tree-level contributions are large in A-SUSY, the stops
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are not required to be heavy in order to raise the Higgs mass. Thus it is also possible that
the superparticle spectrum is about to be discovered. We have also found that A-SUSY
has the possibility of interesting non-decoupling effects. Mixing between the two doublets
depletes the coupling of the lightest Higgs to bottom quarks (the opposite of how non-
decoupling usually works in the MSSM), enhancing the vy and WW rates and depleting
the branching ratios to b’s and 7’s. In A-SUSY, non-SM Higgs branching ratios may present
the first experimental clue for supersymmetry, instead of the direct discovery of sparticles.

Of course, the experimental results remain at a preliminary stage and whether or not
the Higgs boson is really present at 125 GeV will be fleshed out by data presented in the
coming year. We conclude by discussing how our results might be modified if the Higgs
signal at 125 GeV goes away and the Higgs is instead discovered with a lower mass in the
window between the LEP limit of 114 GeV [4] and the current LHC limit of about 130 GeV.
A lower Higgs mass would have crucial implications for the MSSM and NMSSM. Recall that
the necessary stop mass, and therefore the degree of fine-tuning, depends exponentially on
the Higgs mass. If the Higgs is found closer to the LEP limit of 114 GeV, the MSSM, and
a larger portion of the NMSSM parameter space, would look a lot more appealing than
it does if the Higgs has a mass of 125 GeV. On the other hand, our results pertaining to
A-SUSY carry over, basically unmodified, for any Higgs mass within the currently allowed
window. A Higgs mass of 125 GeV is most naturally achieved at tree-level in theories with
large A, and the amount of fine-tuning is not terribly sensitive to whether the mass is close
to 114 GeV or 125 GeV. New data over the coming year will determine if the current excess
is robust and thus whether naturalness points towards non-minimal supersymmetry.
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