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ABSTRACT: Recently, an excess of events consistent with a Higgs boson with mass of about
125 GeV was reported by the CMS and ATLAS experiments. This Higgs boson mass is
consistent with the values that may be obtained in minimal supersymmetric extensions of
the Standard Model (SM), with both stop masses less than a TeV and large mixing. The
apparently enhanced photon production rate associated with this potential Higgs signal
may be the result of light staus with large mixing. Large stau mixing and large coupling
of the staus to the SM-like Higgs boson may be obtained for large values of tan 3 and
moderate to large values of the Higgsino mass parameter, ;. We study the phenomenolog-
ical properties of this scenario, including precision electroweak data, the muon anomalous
magnetic moment, Dark Matter, and the evolution of the soft supersymmetry-breaking
parameters to high energies. We also analyze the possible collider signatures of light third
generation sleptons and demonstrate that it is possible to find evidence of their production
at the 8 TeV and the 14 TeV LHC. The most promising channel is stau and tau sneutrino
associated production, with the sneutrino decaying into a W boson plus a light stau.
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1 Introduction

Searches for the Standard Model (SM) Higgs boson are ongoing at the Large Hadron
Collider (LHC) at CERN, with an 8 TeV center of mass energy for the proton collisions,
recently upgraded from 7 TeV. The relatively modest amount of data accumulated in 2011
has already led to interesting bounds on a SM-like Higgs well beyond those from LEP and
from the Tevatron. Higgs boson masses in the (129-539) GeV range are excluded at the
95% C.L. both by ATLAS [1, 2] and CMS [3, 4], unless there is new physics affecting the
production and/or decay rates in a relevant way. Additionally, the presence of a SM-like
Higgs boson in the allowed mass range is consistent with constraints coming from precision
electroweak data [5]-[7], and therefore extensions of the SM which induce weak effects
on precision electroweak observables are favored. The ATLAS experiment has further
constrained a SM-Higgs boson with mass below 122.5 GeV, apart from a narrow window
around 118 GeV. Moreover, an interesting excess of events, consistent with the production
of a Higgs boson with a mass of about 125 GeV has been reported by both CMS and
ATLAS. Most of the significance comes from the diphoton production rate, which, in spite
being consistent with the SM prediction at the 2-o level, is somewhat larger than expected
from a SM Higgs boson. The Tevatron experiments also see an excess of events, consistent
with the production of a (115-135) GeV SM-like Higgs boson in associated production with
vector gauge bosons, decaying into bottom quarks [8].

The range of masses at which the Higgs-like signatures are observed is also consistent
with the Higgs mass range predicted in the minimal supersymmetric extension of the



Standard Model (MSSM) [9-11], with third generation squarks at the TeV scale and a
large mixing parameter, A;. Indeed, due to the relation of the tree-level Higgs quartic
coupling with the weak gauge couplings, the MSSM predicts a relatively light SM-like
Higgs boson [12, 13] with a mass of the order of the weak gauge boson masses. The
precise value of this Higgs mass is strongly dependent on loop corrections which depend
quartically on the top quark mass and logarithmically on the scale of the stop masses.
The SM-like Higgs mass has also relevant quadratic and quartic dependences on the stop
mixing parameter A;. For both stop masses at the TeV scale, there is a maximal value
for the SM-like Higgs mass, which has been computed at the one and two-loop level by
different methods, and is about 130 GeV [14]-[25].

There have been many articles interpreting the Higgs mass range of about 125 GeV in
minimal supersymmetric extensions of the SM [26]-[43]. Regarding the rates, it is worth
noticing that although the best fit value of the diphoton production rate is larger than the
one expected for a SM Higgs with a mass close to 125 GeV, the uncertainties are still large
and the enhancement of the rate with respect to the SM expectation is only slightly more
than a standard deviation at each experiment. In this article, following ref. [30], we shall
analyze the possibility that the observed diphoton rate enhancements are not a statistical
fluctuation, but a result of the presence of light supersymmetric particles. In ref. [30] it was
observed that in minimal supersymmetric models, a large Higgs diphoton decay rate may
be obtained in the presence of light staus, with large left-right mixing. Such large mixing is
obtained for large values of the ratio of vacuum expectation values, tan 8, and a moderate
to large Higgsino mass parameter, u. Values of the Higgs diphoton decay rate as large as
~1.5-2 times the expected SM Higgs decay rate may be obtained for stau masses close to
the LEP limit [44], without affecting other Higgs production modes in any significant way.

In this article, we shall analyze the phenomenological properties of this scenario, with-
out assuming any particular high energy supersymmetry-breaking structure. In section 2,
we review the relevance of light staus and summarize their main properties, including the
current experimental limits, their impact on the Higgs rate and on precision electroweak
observables. We also discuss the corrections to the muon anomalous magnetic moment
in the presence of light sleptons. In section 3 we concentrate on the predictions for the
Dark Matter relic density. In section 4 we study the renormalization group evolution of
the supersymmetry-breaking parameters, and study the constraints on the messenger scale
obtained from demanding flavor universality of the scalar mass parameters at this scale. In
section 5 we concentrate on possible searches at the LHC of light, highly mixed staus, which
decay promply into a 7 lepton and either a light neutralino or a light gravitino. We focus
on searches for weakly associated production of staus and sneutrinos and weakly produced
pairs of staus, since these are the channels that would probe this scenario independently
of the mass of other supersymmetric particles. We reserve section 6 for our conclusion.

2 Sfermion effects on the h — ~~ rate

The three main effects on the h — ~~ rate are

e Squark effects on the gluon fusion rate and on the v+ Higgs width.



e Light stau effects on the Higgs diphoton decay width due to stau mixing effects
controlled by utan .

e Higgs mixing effects controlled by A, and m4, modifying the Higgs bb decay width
leading to a suppression/enhancement of both the vy and ZZ Higgs rates.

In this section we shall expand on these three different effects.

An enhancement of the branching ratio of the Higgs decay into photons can be obtained
through the presence of light third generation stops in the presence of large mixing. How-
ever, in general such a modification is overcompensated for by a decrease of the gluon fusion
production rate [45]-[49]. Hence for stops at the TeV scale, the production of photons in
association with the Higgs tends to be reduced. One could also consider the possibility of
increasing the gluon fusion production cross section. However, such an enhancement, in
the presence of a very light stop with small mixing, demands that the heaviest stop mass
be very large to achieve a Higgs mass in the 125 GeV range. Additionally, this situation
also tends to lead to a suppression of the branching ratio of the Higgs decay into two pho-
tons [50, 51]. Therefore, the WTW ™~ and ZZ production rates tend to be enhanced more
than the 47, in some tension with current LHC results.

On the other hand, relatively light third generation stops, with large mixing parameter,
Ay, are consistent with a myp ~ 125 GeV Higgs mass value. The stop effects on the Higgs
mass have been calculated by many authors in the past [26]-[43]. For completeness, we have
computed the Higgs mass constraints on the stop mass parameters with FeynHiggs [52, 53],
which includes the negative light stau effects. We have also verified the consistency of these
results with a modified version of CPsuperH [54, 55], which includes the same effects. The
on-shell scheme values of the stop parameters necessary to achieve a Higgs mass in the range
(124-126) GeV are shown in figure 1, for tan 8 = 10 (left panel) and for tan 5 = 60 (right
panel), with ¢ = 650GeV, mr, ~ me, ~ 280GeV and A; = 500 GeV. The comparison
of the results for tan 8 = 10 and tan 8 = 60 shows that the slight gain in the Higgs mass
that is obtained by the increase in tan 8 is compensated for by the small negative effects
associated with light staus [30] with relatively large values of p. Both stops can get masses
smaller than 1TeV. On the other hand, one of the stops can acquire a mass as small as
about (100-200) GeV, provided that the heaviest stop mass and the stop mixing parameter
are somewhat larger than 1TeV, for example A; ~ mg, < 1.5 TeV.

Note that a light stop is related to a light sbottom only when mg, is small. Therefore,
to render the light stop scenario independent of present experimental lower bounds on the
sbottom mass [56], one should consider the scenario where mg, is large. As can be seen
from figure 1, a light stop with mass in the few hundred GeV range, with the large mixing
necessary for a Higgs mass ~ 125 GeV, can only be obtained for large mq, when m,,, is
small. The heavy stop mass is then associated with approximately the left handed soft
mass, mq,, which must be larger than about 1TeV.

!Similar arguments can also be applied to third generation down-type squarks. Light sbottoms with
small mixing can enhance the diphoton rate, due to the enhancement of the gluon fusion production rate,
however the W W™~ and ZZ channels would be even more enhanced than the vy channel.



A and m; for 124 GeV < m;, <126 GeV and Tan 8 =10 A, and m; for 124 GeV < m;, < 126 GeV and Tan 8 = 60
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Figure 1. Contours of the stop mixing parameter, A;, necessary for a Higgs mass ~ 125 GeV given
in the plane of the left- and right-handed stop soft supersymmetry-breaking mass parameters, mqg,,
My, for p = 650GeV, mg = 1500 GeV and A, = 500GeV. Left: tan 5 = 10. Right: tan 8 = 60,
which is where stau effects can be relevant for the diphoton production rate.

A positive contribution to the v production rate, without modifying the gluon fusion
rate, may only be due to loops of sleptons and charginos. Due to the fact that charginos
couple with tan 8 suppressed weak coupling strength to the Higgs, their impact on the
branching fraction of the Higgs decay to photons is very small, of the order of a few percent
at values for tan 8 > 5 [57]. Similarly, first and second generation sleptons do not induce
a relevant change of this branching ratio.However, at large values of tan 3, staus have an
enhanced coupling to the SM-like Higgs, induced by the Higgsino mass parameter, u. Large
values of 1 and tan 8 induce large mixing in the stau sector leading to an enhancement of
the branching ratio of the Higgs decay into photons. This behavior can be understood by
looking at the stau mass matrix, given by

M2 ~ mi +m2 + D.L th(élT cos 62— wsin 3) 7 2.1)
hyv(A; cos 8 — psin f3) my, +mz + Dp
where h, ~ m,/(vcos) and Dy and Dg are the D-term contributions to the slepton
masses [9-11]. At large values of tan 3 these are approximately given by D; ~ — (T4 —
Q' sin? HW)mQZ, where T§ and Q' are the SU(2) isospin component and electromagnetic
charge of the corresponding taus.

However, for the mixing effects to be relevant, another condition must be fulfilled: the
lightest stau has to be rather light, with a mass close to the LEP limit.

An intuitive way of understanding the effects of light staus with large mixing on the
h — 7y rate is related to the fact that the contribution to the diphoton amplitude including
scalar particles with masses comparable or larger than the Higgs mass is approximately



proportional to [58, 59]

% Olog [det MZ(v)]

ASM 4 AA —13
Ay 3 dlog(v) ’

(2.2)

where —13 comes from the SM contribution. Here Qg are the charges of the scalar particles
and M g is the mass matrix. A relevant contribution to AA,, must be negative and of order
one to contribute in a significantly constructive way to the dominant W¥ amplitude. For
staus, ignoring subleading terms, the above expression is approximately given by

2,2
AAy, o — 2(ptan §)my . (2.3)
3 [m%Smgg — m2(utan 5)2}
For equal soft breaking masses for the left and right-handed staus, this simplifies to
2
AA i B (2.4)
"X g = s . .

In order to get a sizable contribution, the splitting of the stau masses should then be
such that msz,/mz 2 3. Since we assume mr, = me, and tan = 60, for a light stau
mass of order 100 GeV this can only be obtained for p 2 300 GeV (or, in general, p 2
300 GeV(60/tan 3)). Larger values of ptan 3 lead to stronger effects, and for values of
p ~ 1TeV and tan 5 ~ 60, enhancements of the rate of order 2 may be obtained. In this
article, we will work with more moderate values of >~ 650 GeV, and tan 8 ~ 60, for which
enhancements of order 50% may be obtained (see figure 2).2 Note that in our analysis
we are always taking m4 beyond the current exclusion bound coming from A, H — 77
searches [60]-[63].

The dependence of o(gg — h) x BR(h — v7) in the mr,—me, plane, for tan 8 = 60,
p=650GeV, Ar =0GeV, my =1TeV , as well as in the mr,—u plane for mp, = me, is
shown in figure 2. Solid lines represent contours of the diphoton rate, normalized to the
SM value. Dashed lines represent contours of the lightest stau mass. The squark sector is
fixed at mg, = my, = 850GeV and A; = 1.4TeV, consistent with a Higgs mass of about
125 GeV. A clear enhancement of the order of 50% in the total photon rate production is
observed in the region of parameters leading to light staus, close to the LEP limit. For
this set of parameters the Higgs mixing effects, as well as the effects coming from the stop
sector, are small. Hence, both the production rate of weak gauge bosons, shown in figure 2,
and the branching ratio of the Higgs decay into bottom quarks, remain very close to the
SM ones.

As discussed briefly in ref. [30], the mixing parameter A, and m 4 play a relevant role
in the Higgs mixing and therefore in the width of the Higgs decay into bottom quarks. In

2In ref. [30], we noticed that there was a small discrepancy in the computation of the Higgs diphoton
rate between the results obtained by FeynHiggs and CPsuperH [54, 55]. This has been resolved and we
display the corrected results.

3We recently noted that the bound on ma may be modified analyzing the A, H — bb channel with a
Higgs produced in association with a b quark at the LHC [64].
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Figure 2. Contour plots of the ratio of the o(g9 — h)x BR(h — VV) to its SM value, in the
(a) & (c): p—myg, plane with m., = mp,, and (b) & (d): me,~mp, plane with u = 650 GeV.
tan 5 = 60, my = 1TeV and A, = 0GeV are kept fixed for all the plots. The relevant squark
parameters are A; = 1.4TeV and mg, = my, = 850GeV giving m; ~ 125 GeV. Red dashed lines
are contours of lightest stau masses. The yellow shaded area denotes the region satisfying the LEP
bound on the lightest stau mass. Enhanced branching ratios are obtained for values of p for which
the lightest stau mass is close to its experimental limit, of about (85-90) GeV.
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Figure 3. Contour plots of the ratio of BR(h — bb) to its SM value, in the m—A, plane with
tan 8 = 60, me, = mr, = 250 GeV. We fix mz = 90 GeV, hence p varies in the range 500-550 GeV.
The relevant squark parameters are A; = 1.8 TeV and mg, = m,, = 1.5TeV corresponding to
mg, , ~ 1.4,1.6 TeV and mjp, ~ 125 GeV.

particular, the mixing in the Higgs mass matrix is given by ~ —m? sin 8 cos 8 + Loopia,
where Loopia includes the dependence on A, [30]. Large negative (positive) values of A,
and moderate values of m4 can lead to an enhancement (suppression) of the width of
the Higgs decay into bottom quarks, and a subsequent suppression (enhancement) of the
photon and weak gauge boson production rates. Contours of the BR(h — bb) normalized
to the SM, are presented in figure 3 in the ma-A; plane. The squark masses are all
heavy so that they have a minimal impact, and therefore the effects shown in the plot are
dominantly due to the Higgs mixing effects. We fix mz = 90 GeV, with tan 5 = 60 and
Me, = mp, = 250GeV and hence v varies in the range 500-550 GeV. As can be seen,
smaller (larger) values of m 4 allow for a larger (smaller) variation of the h — bb branching
ratio due to A,. Since the bb decay width is the dominant one for a Higgs with a mass of
125 GeV, the variation of BR(h — bb) is relatively small. We verified that a 5% change in
BR(h — bb) corresponds to approximately a 20% variation of I'(h — bb) with respect to
the SM quantities.

Figure 4 summarizes the above discussed effects on the diphoton rates. In this figure we
present the diphoton and weak vector boson production rates as a function of the slepton
masses, with mp, = me,. Each plot shows the dependence on three different values of the
stau mixing parameter A.. We fix tan 8 = 60 and vary p such that the lightest stau mass
is 90 GeV. The CP-odd Higgs mass has been fixed to 1.5 TeV in figure 4(a) and to 1 TeV
in figure 4(b). Moreover, in figure 4(a) we have chosen a case in which one stop is very
light while the other is heavy, while in figure 4(b), instead, the stops are heavier.

The effect of the sleptons on the diphoton rate depends on the ratio of p/me, (see
eq. (2.3)). To keep the stau mass constant at 90 GeV, p is very small for small values
of me, (~ 150GeV) and hence the sleptons have no effect on the Higgs decay width into
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as a function of m., = my,, for tan f = 60 varying p such that mz = 90GeV for different values
of A.. The Higgs mass varies with m.,, but remains ~ 125 GeV. (a): mg = 1.5TeV, A; = 2TeV,
mqg, = 2.5TeV, m,, = 100GeV leading to m;, ~ 140GeV. (b): m4 = 1TeV, 4; = 1.4TeV,
mq, = 1.5 TeV, my, = 500 GeV leading to mj ~ 500 GeV.



photons in this regime. Therefore, the values of the rates shown for the smallest values of
Me, in both the plots in figure 4 determined only by the squark sector effects. In figure 4(a),
since the lightest stop is very light and A; is smaller than the heaviest stop mass, A; < mg,,
the gluon fusion rate is somewhat enhanced. Instead in figure 4(b), the gluon fusion rate is
close to the SM one, which is the generic expectation in the regime of squark parameters
necessary to achieve a 125 GeV SM-like Higgs boson. Stops have the opposite effect on the
diphoton width as on the gluon fusion rate. Therefore the light stop in figure 4(a) leads to
a slight suppression of the Higgs diphoton width compared to figure 4(b). This is seen as
the gap in figure 4(b) at me, ~ 150 GeV, which is missing in figure 4(a), between the 7y
and ZZ rates.

Since we keep the mass of the lightest stau and tan 8 fixed, as we increase meg, f1/Mey
is increasing for each constant value of A,. Thus the enhancement of the ~v rate with
increasing values of ptan §/me, is illustrated in the figure.

The parameter A, directly affects the CP-even Higgs mixing, and therefore the Higgs
bb decay width. Positive values suppress this width and negative values enhance it. The
change in the bb width impacts both the vy and ZZ branching ratios in the same way,
through a variation of the total Higgs width. Additionally, the CP-even Higgs mixing effects
depend on A, ;3 [30] and hence, larger values of i lead to a larger enhancement /suppression
of the vy/Z Z Higgs rates. Finally, mixing effects are suppressed by my4 (see, for example,
ref. [65]). We note that if one has smaller values of m4 for the same value of ptan /3, one
should expect a larger difference for the rates between negative and positive values of A,
. This can be seen by comparing the spread in the rates from A, = —1.5 to 1.5 TeV, in
both plots in figure 4 for a given value of m.,. As can be clearly seen, the spread in (a),
corresponding to my = 1.5 TeV is much smaller than in (b) where m4 = 1TeV.

One interesting observation is that for negative values of A, and light staus, one can
obtain an enhancement of the bottom quark width, resulting in a ZZ and WW weak
boson production rate that is of the order or smaller than the SM values, while keeping
an enhanced Higgs diphoton rate. Such modified branching ratios would be in qualitative
agreement with the signals observed by the Tevatron and LHC experiments [1, 3, 8].

A word of caution is in order here. Large values of the stau mixing may lead to
the presence of additional minima in the scalar potential, spoiling the stability of the
electroweak vacuum. In such a case, one should demand that the physical vacuum has a
lifetime larger than the one of the Universe. A first study of the metastability condition
has been done in ref. [66] at the tree level, leading to an interesting constraint on ptan 3
which is satisfied by approximately

|ptan 8] S 40 (/mr, + \/mE3)2 — 10 GeV. (2.5)

This constraint would disallow the possibility of a light stau, with a mass close to the
LEP limit for mass parameters me, ~ mr, 2 250 GeV, and therefore enhancements of the
diphoton rate due to staus larger than about 50%. The analysis of figure 4 shows that
enhancements of the diphoton rate up to 80 % may be obtained in region of parameters
where the above bound is violated by < 15%. Hence, it would be relevant to study the
stability of the above bounds by analyzing the full, one-loop stau-Higgs effective potential.



2.1 EWPTs and the muon anomalous magnetic moment

Light staus may have a relevant effect on precision electroweak measurements. For instance,
they modify the predicted value of myy [67, 68] (or analogously of Ap), the central measured
value of which is somewhat above the predicted value in the SM for a light Higgs with a
mass of about 125GeV [6, 7]. Figure 5 shows the predicted value of my in the MSSM,
in the region of light staus, for third generation squark values consistent with a SM-like
125 GeV Higgs. These values have been obtained from the prediction for Ap, which is
related to the dominant contribution to my by the relation [69]

mw cos? Oy

Amyy ~ Ap, (2.6)

2 cos? Oy — sin? Oy
where 0y is the weak mixing angle.

In general, the squark sector gives a very small contribution to the W mass in the
region of parameters consistent with my ~ 125GeV. On the other hand, as shown in
figure 5, light staus consistent with the enhanced Higgs diphoton decay rate, lead to an
enhancement up to 40 MeV compared the SM value, m*gvM ~ 80.36 GeV. The composition
of these light staus is important for the determination of the myy corrections. The larger
the left-handed component (the smaller my,), the larger the effect (see right panel of
figure 5). Since the light stau effects on myy are positive, and of the order of the current
experimental uncertainties, the present measurement, myy ~ 80.385 + 0.015 GeV, places
only a marginal constraint on this scenario. For instance, in the example of figure 5,
models with mp, ~ me, 2 350GeV and large values of p may lead to values of myy
larger than 80.40 GeV, which is 1 ¢ above the current experimental bounds. On the other
hand, for values of me, ~ mp, < 350 GeV, and a light stau mass close the LEP bound as
required to enhance the Higgs diphoton width, one obtains values of myy that are in good
agreement with current experimental constraints, and actually in better agreement than
the SM predicted values. The same is true for non-equal values of the slepton masses, for
1 =650 GeV and tan 5 = 60, as shown in the right panel of figure 5.

Light sleptons may also affect the predicted value of the anomalous magnetic moment
of the muon, (g, — 2) [70]-[74]. The anomalous magnetic moment is of interest since its
current measured value differs by more than 3 standard deviations from the predicted value
in the SM [75, 76]

Aay =aS® —aM~ (3+£1) x 1077, (2.7)

Although (g, — 2) is not sensitive to the stau masses, it is interesting to investigate
what would be the necessary value of the smuon masses in order to obtain a predicted
value for (g, — 2) consistent with the experimental value at the 1-o level. The most
important contribution to the anomalous magnetic moment comes from a diagram including
charginos and muon sneutrinos. Their effect is proportional to (Ma ptan 3) and inversely
proportional to the square of the slepton and chargino masses running in the loop. This
contribution is given by the approximate expression [72]

(g — 2)MSSM G%SSM ~15 tan 8\ (300 GeV
2x1079  1x10°9 10

2
" )sign(,uMg), (2.8)

~10 -



1000
340 1
320 ]
800
300
=
o~
z & 20
o 600 -
Pt g
= g 2060 J
400 240 1
220
200}, L P L I Pl i | | 2007\|L||\|\\‘,I\IIA\‘\\\'I\I\\7
200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340
mp, (GeV) my, (GeV)

Figure 5. Contour plots of my Light blue fill denotes regions experimentally consistent within
1-o for the W mass (80.385 + 0.015 GeV), with darker blue contours specifying the values of myy.
Light green fill denotes allowed region for the lightest stau mass (mz > 90 GeV), with red lines
denoting contours of the stau mass. In the right panel, we present results for p = 650 GeV and
tan = 60, while in the left panel tan 8 = 60 and my, = me,. All the other soft parameters are
fixed to 2 TeV.

N ] 1000 -
900 \
g MSSM 1
800 ] 800 —
o " i s MSSM
% E Ay
S ooop 12 600 1
~ <
= 5001 ] 8
400 - — 400 il
3000 ]
00 a0 600 T80 1000 200 600 $00 1000
my, (GeV) mp, (GeV)

Figure 6. Contour plots of a)®%M, for M;=35GeV, p = 650 GeV and tan 3 = 60. On the right
panel, My = 400 GeV, and on the left panel tan 8 = 60 and mr, = m.,. Green fill denotes regions
consistent with the experimental measurement within 1-o.
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valid under the hypothesis that the charginos and second generation sleptons are degenerate
in mass. From eq. (2.8) we see that for tan 5 = 60, charginos and sneutrinos with masses
of about 500 GeV are necessary to get a value of (g, — 2) close to its current measured
central value.

Figure 6 shows the predicted values of a,l\L/ISSM for different values of the smuon soft
supersymmetry-breaking masses, for the values of u and tan 8 for which light staus lead
to an enhancement of the Higgs diphoton rate, for instance, for equal values of myp, ~
Me, =~ 280GeV, tan S ~ 60 and p ~ 650 GeV. We see from figure 6 that the values of
the smuon soft supersymmetry-breaking parameters do not differ significantly from the
analogous stau values. Since the chargino-sneutrino loop gives the dominant contribution
to (gu — 2), the result is mostly sensitive to the left-handed smuon mass parameter and
only weakly sensitive to the right-handed smuon mass parameter, as shown in the right
panel of figure 6. For instance, for the values of © = 650 GeV and tan 8 = 60 represented
in figure 6, and for relatively small values of My, values of mp, ~ (500 + 200) GeV are
necessary to obtain a value of (g, —2) within 1 o of the experimental value. On the other
hand, for large values of the chargino masses, there is still a subdominant contribution that
is governed by smuon neutralino exchange proportional to (M; ptan ). This contribution
is important only for small values of the left- and right-handed soft mass parameters and
becomes relevant in determining the asymptotic value of the slepton soft mass parameters
for large values of My shown in the left panel of figure 6.

Observe that due to the small muon mass, the smuon mass eigenvalues are of the order
of the soft supersymmetry-breaking parameters. Hence smuons, at least left-handed ones,
tend to be heavier than the lightest stau.

3 Dark matter

An interesting possibility in the light stau scenario is the generation of the proper dark
matter relic density through the light stau co-annihilation with the LSP, generically con-
sidered to be the light neutralino (x1) [77, 78]. In order to compute these effects we have
used the public programs DarkSUSY[79] and MicrOMEGAs[80], which give consistent results.

The top two plots in figure 7 show the dependence of the mass difference between
the neutralino and the stau as a function of the neutralino mass to get the correct relic
abundance. In the bottom panels of figure 7 the same results are represented in the stau-
neutralino mass planes. Light staus are obtained by varying the left- and right-handed
stau soft supersymmetry-breaking masses, keeping mr, ~ m.,. We look at two examples
keeping ptan 8 a constant, but with different values of 1 and tan .

The mass difference between the stau and the neutralino parametrizes the strength
of the co-annihilation contribution. Light staus can co-annihilate with neutralinos leading
to a neutral gauge boson, (Z/v), and a 7 lepton in the final state. In the region of
parameters under study, the stau is relatively strongly coupled to the Higgs and therefore
the coannihilation into a light Higgs and a 7 through the t-channel exchange of a stau
becomes very relevant,

X171 —hT, (3.1)
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Figure 7. (a) & (b): Difference between the lightest stau and the lightest neutralino masses, and
(c) & (d): lightest stau mass necessary to obtain the observed Dark Matter density as a function
of the neutralino mass, for (a) & (c): p = 1300 GeV, tan 8 = 30 and (b) & (d): u = 650GeV,
tan 5 = 60. The 1st and 2nd generation soft slepton masses are 500 GeV to be consistent with
(9p —2). The relevant squark parameters are: mg, = m,, = 850GeV, A, = 1.4TeV. All other
parameters are 2 TeV, apart from M, = 400 GeV.
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and in fact turns out to be the dominant channel for most of the range of light neutralino
masses under consideration. Since in our analysis we fixed a sizable value of My (400 GeV)
and we have relatively large values of u, x1 will tend to be mostly a bino. Therefore, the
7T1x1 coupling is dominated by the hypercharge coupling, but receives small modifications
depending on the values of u, My and tan 8. Hence, the amplitude of this annihilation
channel is approximately proportional to ptan 8 due to the 717 h coupling, but will have
small variations with the explicit values of p and tan 8 individually (we have kept M, the
same for all the plots). This is clearly seen by noting that the maximum mass difference
between the stau and the neutralino decreases by about 5 GeV when comparing figure 7(a)
and (b), where ptan 8 is constant. For relatively large values of the neutralino and stau
masses, for both plots, a proper Dark Matter density requires mass differences of the order
of 20 GeV. As the neutralino mass goes below about 80 GeV, the co-annihilation cross
section starts to increase due to the proximity of the energy threshold for the production
of Higgs and tau. At some point, the neutralino and stau masses become sufficiently small,
my, S 30GeV and mz S 90GeV, so that the Higgs and tau can no longer be produced
by annihilation of the stau and the neutralino. At this point the mass difference starts
decreasing from a maximum value of order 50-60 GeV at the threshold energy for Higgs
and tau production.

There are also the Higgs and Z induced s-channel contributions that grow for smaller
values of p due to the increase of the Higgsino component of the neutralino, and lead to
the presence of small peaks in the mass difference, as is most apparent in figure 7(b).

It is clear from figures 7(c) and (d) that for stau masses close to the LEP limit, the
neutralino mass is of order 30 to 40 GeV, associated with the mass difference of about
50 to 60 GeV mentioned above. Additionally we checked that for large values of the stau
soft supersymmetry-breaking parameters, mr, and me,, for which larger values of p are
necessary for the same tan 8 to obtain a stau mass ~ 90 GeV, the stau-neutralino mass
difference required to get the proper relic density increases by a few GeV, but the results
remain qualitatively the same. Hence, in general, a proper relic density may be obtained
in the region where the diphoton Higgs decay width is enhanced, for stau masses close to
the LEP limit and neutralino masses of about 30 to 40 GeV.

4 RG evolution to high energies

As we have discussed in the previous sections, the values of the third generation squarks
and sleptons are constrained by the requirement of a 125 GeV Higgs with an enhanced
diphoton decay rate. Although most of the interesting low energy physics properties are
governed by the coupling of the light staus to the Higgs, which is proportional to utan 3, the
renormalization group (RG) evolution of the soft supersymmetry-breaking parameters [81]
depends strongly on the 7 Yukawa coupling and weakly on the exact value of u. Large
values of tan 8 lead to large 7 and bottom Yukawa couplings. The effect of strong Yukawas
has been extensively discussed in the literature (see, for instance [82]-[86]). They tend
to suppress the value of the scalar masses at low energies, and therefore large RG effects
on the slepton soft supersymmetry-breaking masses are expected in their evolution from
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Figure 8. mj, evolution from the TeV to the Messenger scale, M. Blue: 1st/2nd generation, Red:
3rd generation. tan 8 = 60 is associated with u = 650 GeV and tan § = 30 with u = 1300 GeV.

the messenger scale. These effects would be stronger for large values of the messenger
scale, close to the GUT scale, and become weaker for values of the messenger scale of
order 10° GeV. It is important to stress that the hypercharge D-term contributions to the
RG evolution are also important, in particular due to the large values of the Higgs and
squark soft supersymmetry-breaking masses compared to the slepton ones. Moreover, the
7-Yukawa coupling effects depend on the value of the Hy soft supersymmetry-breaking
square mass parameter, which at large values of tan § tends to increase with energy due to
the large bottom Yukawa effects.

One may also require that the first and second generation sleptons are in the range
consistent with a relevant contribution to (g, — 2). In the previous section, we have seen
that an explanation of the observed anomalous magnetic moment of the muon may be
obtained by assuming left-handed smuon masses that are of order 500 GeV, only somewhat
larger than the third generation ones.

If, in order to suppress dangerous flavor effects, we demand flavor independence of the
soft supersymmetry-breaking parameters at the messenger scale, we can obtain relevant
information on the value of the messenger scale. In order to do that, we shall take a
bottom-up approach, noting that the first and second generations have negligible Yukawas
and therefore small RG running, governed by the weak gaugino masses and couplings. At
large tan 8 ~ 60 and relatively large values of the stop masses and mixing, the CP-odd
Higgs mass and the Higgsino mass parameters required in this scenario, flavor universality
can only be obtained in a natural way for low values of the messenger scale. Such low
values of the messenger scale are associated with light gravitinos, for which our previous
computation of the Dark Matter density would be invalid.

The stau effects on the Higgs spectrum and properties depend only on the product
ptan 5. One can soften the RG evolution of the slepton mass parameters while keeping the
Higgs properties intact by decreasing the value of tan § and simultaneously increasing the
value of p. Figure 8 shows the evolution of the left-handed slepton soft supersymmetry-
breaking parameters as one raises the energy towards the GUT scale, for low energy values
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of the left-handed stau soft breaking parameter mp, ~ 320 GeV (the evolution of the other
soft supersymmetry-breaking parameters is shown in appendix A). Values of tan 5 = 60 are
associated with u = 650 GeV and tan S = 30 with p = 1300 GeV. The previously described
properties are clear in these figures. For tan 8 = 60, flavor independent values close to the
ones necessary to obtain the muon anomalous magnetic moment can only be naturally
obtained for relatively small messenger scales M (of order 107 GeV for the example given
in figure 8), as can be seen by comparing the RG evolution in figure 8(a) and (b) for
tan 8 = 60. However, for tan 8 = 30, the 7 Yukawa effects become significantly weaker
and the weak scale slepton masses consistent with (g, —2) can acquire flavor independent
values at the GUT scale, shown in figure 8(b). Moreover, as we have shown in the previous
section, a proper Dark Matter relic density can be also obtained for these conditions.

Let us stress in closing that we have not performed a detailed scanning of the parameter
space consistent with a 125 GeV Higgs with enhanced diphoton decay widths. Neither have
we considered variations of the finite threshold corrections to the bottom Yukawa coupling
at low energies [87, 88]—-[89]. Modifications of the specific values of the squark and Higgs
mass parameters, and of the gluino mass, may induce relevant changes in the running of
the different parameters of the theory. Therefore, one cannot exclude the possibility of
obtaining flavor independent parameters at energies of the order of the GUT scale even for
large values of tan 5 ~ 60. Finally, the most relevant flavor violation effects are related to
the first and second generation squark and slepton mass parameters. Therefore even if the
first and second generation masses do not unify with the third generation at the messenger
scale, there is still the possibility of avoiding problems in the flavor sector.

5 Probing the light stau scenario at the LHC

Light staus, with masses of order a 100 GeV and large mixing are interesting since they
predict the presence of a light sneutrino and an additional heavier stau. Therefore, although
the staus are only produced weakly, the collider signatures associated with this scenario
may have a very complex and rich structure.

In this work we will focus on the direct weak production of staus (and tau sneutrinos)
through an s-channel exchange of Z (or W) gauge bosons. We further restrict ourselves to
the most generic possibility, where the lightest stau decays promptly to a tau + LSP: If
the lightest neutralino is the LSP, the staus decay promptly into a tau and a neutralino.
Observe that even when the gravitino is the LSP, there is a large region of parameter space
where the stau NLSP decays without a detectably displaced vertex. We give an estimate of
the discovery reach at the LHC for both 8 TeV and 14 TeV center of mass energies. These
channels turn out to be quite model independent, since they depend only on the masses
and mixings of staus (and sneutrinos) and would be open even in the scenario of very heavy
squarks and gluinos. As shown in the second column of table 1, the typical signature will
be multi-taus, missing energy and weak gauge bosons, giving rise to additional leptons.

In our analysis, we used parton level results obtained from Madgraph 5 [90]. We
emphasize that a more realistic simulation would necessarily include parton showering,
hadronization, and detector simulation. A properly matched matrix element plus parton
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shower simulation can be particularly important for the estimation of W+jets background.
However, our simplified analysis is suitable for our goal of obtaining a rough order of
magnitude estimate of the discovery reach.

5.1 Status of current LHC stau searches

At present, the ATLAS collaboration is investigating the presence of third generation
promptly decaying sleptons produced through cascade decays. They analyze final states
containing taus, leptons, hard jets and large missing energy, arising from (relatively light)
squarks/gluinos decaying directly or through cascades into the 7 NLSP [91, 92]. This
channel is complementary to the ones we investigate, but is more model dependent.

On the other hand, final states similar to the ones we are interested in have been
already investigated by CMS [93] in the context of searches for charginos and neutralinos.
However, comparing the cross sections listed in the third column of table 1 to the CMS
results, we note that the CMS multilepton searches are still not sensitive to our scenario.*

Recently CMS has also performed a search for long lived staus [94], putting stringent
bounds on their mass, ms > 223 GeV. However, the most stringent constraint on the mass
of a stau which decays promptly into a 7 and a neutralino, is given by the LEP bound
which is around (85-90) GeV when there is a large mass difference between the stau and
the neutralino [44]. In the following, we will propose search strategies which are optimized
to enhance the sensitivity to the particular light stau scenario considered in this paper.

5.2 Weakly produced staus

We propose searches for the direct production of staus, with
Al —xiT, or 7 — GT. (5.1)

Dark Matter relic density, associated with large messenger scales and hence a neutralino
DM, tends to predict a large mass difference between the stau and the DM candidate (see
section 3). Alternatively, we could have a low messenger scale and a very light gravitino.
In both cases, the missing energy tends to be sizable, which could facilitate searches for
light staus. To simplify our presentation, we choose mysp = 35 GeV, as preferred by the
neutralino LSP scenario. We have checked that lowering the neutralino mass does not
significantly alter our conclusions.

Possible channels to look for stau and sneutrino direct production are shown in table 1.
In particular, we show the possible signatures of several channels at the LHC and the
production cross sections for an example point in parameter space where mr, = me, =
280 GeV, tan 8 = 60, 1 = 650 GeV and M; = 35GeV, giving a light stau, mz ~ 95GeV,
a very light LSP, m,, ~ 35GeV and a light sneutrino, mg_ ~ 270 GeV. Typically, at the
8 TeV LHC, we expect cross sections of the order of tens of fb only for the 717 and 710,
channels.

“The most promising channel (717, production) would produce at most only ~ 4 events at the 5fb~!
7TeV LHC. This rate is below the CMS uncertainty on the number of expected events in the two taus/one
lepton channel (see their table 2) [93].
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| Signature | 8 TeV LHC (fb) | 14TeV LHC (fb) |

pp — T1T1 27, B 55.3 124.6
pp — T1T2 21, Z, Fr 1.0 3.2
pp — Tofa | 27,27, B 0.15 0.6
pp = 1oy | 21, W, Ep 14.3 38.8
pp — Toly | 21, W, Z, B 0.9 3.1
pp — Uiy | 27, 2W, Fp 1.6 5.3

Table 1. Possible stau and sneutrino direct production channels with their signatures at the LHC.
The cross sections shown are computed for mr, = m., = 280GeV, tan = 60, p = 650 GeV and
M1 =35GeV.

The most promising channel seems to be pp — 717, because of the additional W boson
in the final state. More specifically, for the relatively large mass difference between the
sneutrino and the lightest stau obtained in the region consistent with an enhanced diphoton
rate, the dominant production and decay mode is expected to be

pp = Tivr = (W) = mxaWrx - (5.2)

The final state is two hadronic taus, missing energy and the W decaying leptonically, which
leads to a much cleaner signal than the 717 production. The competing mode would be
the direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends
to have a smaller branching ratio due to the relative smallness of the hypercharge gauge
coupling. In the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 27 + W + J, signature is given by
W + Z/~*, with a cross section of 900fb at the 8 TeV LHC. We also need to include the
W+ jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring
taus (jets) with a pp threshold, p;(j) > 10GeV, AR > 0.4 and |n| < 2.5. We demand two
loose T-tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification
is about 60%, independent of pr, while achieving a jet background rejection factor of 20 -
50 [95]. The cross sections for signal and backgrounds associated with these requirements
are given in the second column of table 2.°

Due to the sizable mass splitting between the sneutrino and the stau, the lepton
coming from the W decay in the signal is expected to be more boosted than the one from
background. For this reason, strong cuts on the pr of the lepton and on the missing energy
can significantly improve the signal over background ratio. In the third column of table 2,
labeled “Basic”, we show our results after imposing peT > 70GeV and Fp > 70GeV. As
we can see from the table, this set of basic cuts can efficiently suppress the W + Z/~*
background to a rate comparable to the one of the signal. In addition, we note that the
two taus coming from the physical background are typically expected to have an invariant

5For the W+ jets background we generated events with up to 4 jets in the final state. In the table we
are presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.
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‘ Total (fb) ‘ Basic (fb) ‘ Hard Tau (fb) ‘

Signal 0.6 0.16 0.07
Physical background, W + Z/~v* 15 0.25 <1073
W+ jets background 4 x 103 26 0.3

Table 2. Cross sections for the signal and the physical and fake backgrounds after 7-tags at the

8 TeV LHC: after imposing acceptance cuts p;(]) > 10GeV, AR > 0.4 and and |n| < 2.5 (second
column); with the additional requirement p% > 70 GeV and 7 > 70 (third column); imposing that
the 7 is not too boosted p7. < 75GeV (fourth column).

mass close to the Z peak. Therefore, a veto of the 779 invariant mass close to my will
further suppress the physical background. However, given our stringent cuts of pfr and
P+ (and the further cut on the pr of the leading 7 presented below), we notice that the
additional improvement from Z-veto is marginal. Since our signal is statistics limited, we
choose not to further impose this cut in our study. On the other hand, in a fully realistic
study, one could certainly include Z-veto as a possible variable to be optimized together
with other cuts.

The W+jets background is still significant at this stage. As shown by the blue distri-
bution in figure 9, the leading fake tau will recoil against the lepton and hence will also be
rather hard. On the other hand, in the signal process, the 7| only receives a small boost
even if it is one of the decay products of the 7. The pr of the leading tau is always largely
determined by mz — mpgp and remains sufficiently soft (see black dashed distribution in
figure 9). Consequently, a veto on hard 7s can reduce the fake background, while keeping
the signal almost unchanged. In the fourth column of table 2, labeled “Hard Tau”, we show
our results for signal and backgrounds, after requiring the leading 7 to have pj} < 75 GeV.
Due to this veto on hard taus, signal and (fake) background are approximately the same
order of magnitude.

In spite of low statistics, we believe that this channel deserves attention, especially in
view of the possible 200 fb~! of luminosity expected from the 14 TeV LHC run.®

In table 3 we present the cross sections for the signal, physical background and the
W+ jets background for the 14 TeV LHC with a set of cuts very similar to the ones used
for the 8 TeV LHC: the requirement on the pr of the lepton and on the missing energy are
slightly more demanding, péT > 85GeV and Fp > 85, and the veto on hard taus has been
slightly relaxed, p7. < 80 GeV. From the numbers in table 3 we see that the ratio between
signal and (fake) background is of O(1) and that one can expect tens of signal events with
200fb~! of luminosity.

We would like to briefly discuss the 7174 channel. As shown in table 1, the total
production cross section for two staus is a factor of four larger than the direct production
cross section of a stau and a sneutrino at the 8 TeV LHC. However, the present double

SNote that reducing the mass of the sneutrino sizably increases the direct production cross section of
sneutrino - stau pairs. However, the mass splitting between the sneutrino and the stau would decrease,
reducing the boost of the W boson coming from the sneutrino decay. Therefore lighter sneutrinos will not
necessarily enhance the LHC reach for the 0,7 channel.
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Figure 9. pr distribution for the leading jet faking a tau of the W+ jets background (in blue)
and for the leading tau of the signal (black dashed) at the 8 TeV LHC. The events shown satisfy
the basic set of cuts (p4 > 70GeV and F > 70GeV). The signal has been scaled by a factor of
100 for visibility.

‘ Total (fb) ‘ Basic (fb) ‘ Hard Tau (fb) ‘

Signal 1.6 0.26 0.11
Physical background, W + Z/~v* 27 0.32 <1073
W+ jets background 104 39 0.25

Table 3. Cross sections for the signal and the physical and fake background after 7-tags at the
14TeV LHC: after imposing p,?) > 10GeV, AR > 0.4 and and || < 2.5 (second column); with
the additional requirement peT > 85GeV and F; > 85 (third column); imposing that the 7 is not
too boosted pT. < 80 GeV (fourth column).

hadronic 7 trigger is rather demanding: the pp thresholds are 29 GeV and 20 GeV for the
leading and sub-leading hadronic 7s [96]. Imposing this basic requirement to trigger and
asking for two loose taus decreases the cross section of the 717, channel from the 55.3 fb
presented in table 1 to 7fb at the 8 TeV LHC.

The main sources of physical backgrounds are Z + Z/v*, and WTW~. A veto on the
invariant mass of the 77 system close to the Z peak helps in considerably reducing the
Z + Z/~* physical background. In particular, we checked that demanding the invariant
mass to be outside the interval 70 GeV < m,, -, < 130 GeV [62], reduces the Z+ Z/~* phys-
ical background to 0.4 fb while keeping the signal still at 4fb. The W™W ™ background is
however still significant after the Z-veto: 27 fb. We could further reduce the W W~ back-
ground by noticing that most of the taus from the W decay have p7. < my /2. Imposing
p;w > 50GeV and Fp > 80GeV brings the W+ W~ background down to about 0.3 fb,
about the same as the signal (0.4fb) after these cuts.

However, the real challenge for this channel is the background from jets faking taus.
Such fake background is dominated by W +1 jet, which has the jet faking a tau and the W
decaying to an additional tau. In comparison, Z+ jets, where the jets fake taus and the Z
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decays invisibly, is subdominant. Even after the set of cuts mentioned above,the signal over
background ratio is still ~1% (due to the large W + 1 jet background: 57fb), with signal
and fake background having very similar distributions for the kinematical observables. For
this reason, we believe that the 717, is a more promising channel than 77. However,
the latter channel could have room for further improvements. An enhancement of jet
rejection power could significantly improve the sensitivity. In addition, polarization of the
two final 7s could be a very important discriminant between the 717 signal and the W + 1
jet background [97]. Further enhancement of the signal cross sections quoted above may
be achieved by considering the contributions coming from b-quark annihilation and gluon
fusion to the production cross section of staus, as recently shown in ref. [98].

Finally, an additional very interesting channel is pp — 77y — h7171 since it would
directly probe the coupling between the Higgs and the two staus entering in the Higgs
to diphoton rate. However, as shown in table 1, the cross section is rather small for this
channel to be relevant at the LHC.

6 Conclusions

Recent Higgs searches are consistent with the production of a light Higgs, with a mass of
about 125 GeV, and a somewhat enhanced o(gg — h)BR(h — 7). No such enhancement
is observed in other Higgs production channels, suggesting that this effect can at least in
part be due to an increase of the Higgs decay branching ratio into photons.

Within the MSSM, light staus, close to the LEP limit of ~ 85-90 GeV, with large
mixing may produce an enhancement of the Higgs diphoton rate without affecting the
Higgs ZZ rates. In this article, we have studied the phenomenological properties of this
light stau scenario.

We have shown that in general one should expect an increase of Ap, which leads to
an enhancement of myy by 10 to 40 MeV with respect to the value predicted in the SM.
Moreover, values of (g, — 2) may be obtained for smuon masses slightly larger than, but
of the order of, the required stau supersymmetry-breaking parameters.

The RG evolution to high energies demonstrates that to obtain the weak scale parame-
ters consistent with the light stau scenario and flavor universality at Mgy, large values of
the soft supersymmetry-breaking parameters, of the order of a few TeV, may be required.
However, this requirement maybe softened by lowering tan 8 or by lowering the messenger
scale.

The model is consistent with the observed Dark Matter relic density, provided the
neutralino is a few tens of GeV lighter than the light stau. For instance 35 GeV S my, <
55 GeV when 90 GeV < m# < 100 GeV.

Finally, the light stau coupled with a relatively light sneutrino presents distinctive
collider signatures. We propose possible strategies to probe this scenario through direct
weak production of stau and tau sneutrino. We demonstrate that the associated production
of 71U, is within reach at the next run of the LHC at 8 TeV. While this could be the first
signal of this scenario, 7,71 production may also prove to be useful with improvement
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of 7-identification and further optimization of the cuts. A dedicated study of the search
potential is necessary and highly motivated.
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A Soft parameter evolution

We present here the RG evolution of the soft supersymmetry-breaking parameters that lead
to flavor independent mass parameters at the messenger scale for the light stau scenario.
The running of all the soft parameters for the three cases discussed in section 4, are shown
figures 10, 11, 12.

As stressed in the text, we have not performed a detailed scanning of the parameters
consistent with a 125 GeV Higgs boson with an enhanced diphoton decay rate. We are
interested in showing the qualitative behavior of the running of the soft supersymmetry-
breaking masses in the region of parameters under study. For this analysis, the threshold
corrections to the bottom and tau Yukawa couplings [83, 87-89] have been neglected, since
in a bottom-up approach they depend strongly on parameters which are not fixed in a
direct way by the Higgs sector. The gluino mass is kept at 1.2 TeV, while My ~ 400 GeV
and M; ~ 200 GeV. Variations of M; lead to only a small modification of the RG running
of the other parameters. The gluino mass, however, has a strong impact on the running
and also modifies the threshold corrections to the Yukwas in a strong way.

We see that values of the messenger scale close to the GUT scale imply boundary
conditions for the squark and slepton mass parameters of a few TeV for the example given
in figure 8(a). One interesting effect is that one can obtain a large hierarchy between the
third generation and first and second generation mass parameters, with low energy values
for the third generation slepton and squark mass parameters that are of the order of the
weak scale. This hierarchy of masses would be induced by the running and would not signal
a breakdown of flavor universality at large energies [84, 85].

The gaugino masses at the messenger scale may be an order of magnitude smaller
than the scalar masses. Large values of the third generation Yukawa couplings also lead
to the interesting property that the value of the stau mixing parameter, A,, tends to be
driven to small values. On the other hand, for the relatively large values of the top and
bottom Yukawa couplings that are obtained for tan 8 ~ 60, the large values of A; that are
necessary to obtain a 125 GeV Higgs require large values at the messenger scale [31].
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