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ABSTRACT: Exploring MSSM parameter space after the discovery of Higgs Boson at
125 GeV naturally demands large top-squark mixing or large trilinear coupling parame-
ter A; in particular, so as to avoid excessively heavy squark, specially for the universal
models like CMSSM. We study stability of electroweak symmetry breaking vacua in pos-
sible presence of deeper charge-color symmetry breaking minima within MSSM. Besides
stable vacua, we consider scenarios characterized by the presence of global CCB minima,
with SM like charge and color conserving vacuum, having stability over cosmologically large
lifetime (long-lived states). We allow vacuum expectation values for both stop as well as
sbottom fields, since these belong to the third generation of sfermions with larger Yukawa
couplings that have immediate effect on the tunneling time. Moreover, for large p regions,
radiative corrections to Higgs boson mass from bottom-squark loop is quite significant.
Regions of MSSM parameters space become viable for large A; and large 1 zones which are
generically excluded via the traditional analytical CCB constraints. For a large value of
tan 3, safe vacua associated with large values of |u| and |A;| are predominantly long-lived
and may be associated with relatively light stop masses. We also identify low u regions
associated with long-lived states. Both the above zones can be friendly to muon g — 2
constraint. We also impose constraints from Br(B — X,v) and Br(Bs; — ptup~). We do
the analysis for a moderate and a large tan 8. We choose an example parameter point in
the gaugino mass plane of My, M, that satisfies the dark matter constraints, basically a
decoupled sector with respect to CCB.
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1 Introduction

In the Standard Model (SM) [1-4] of Particle Physics the electrically neutral component of
the electroweak scalar doublet (Higgs) takes a non-zero vacuum expectation value (vev) in
the ground state leading to spontaneous symmetry breaking (SSB). This leads to genera-
tion of mass of SU(2)1, gauge bosons and mass for fermions through Yukawa terms. Lorentz
invariance of the vacuum prevents any object other than a Lorentz scalar from acquiring
a non-zero vev. The only scalar present in SM is the Higgs scalar which is singlet un-
der SU(3) color (SU(3)¢). The presence of physically equivalent continuum of degenerate
minima in SM Higgs potential, enables one to define the unbroken U(1) generator as the
electric charge. This along with unbroken SU(3)¢ leads to charge and color conservation
for the ground state of SM, where the Higgs field acquires a non-vanishing vev. Supersym-
metry (SUSY) that can potentially ameliorate the hierarchy problem associated with SM
is one of the most viable candidates for Beyond the Standard Model (BSM) physics [5—
12]. In the simplest SUSY extension of SM, namely the Minimal Supersymmetric Standard
Model (MSSM) [5-13], SM fermions and bosons are supplemented by bosonic and fermionic
partners transforming under the same SM gauge group SU(3)¢c x SU(2)r x U(1)y. Thus
there are new scalars like squarks (§) and sleptons (1) that are charged under SU(3)¢ and
U(1)gm. The full MSSM scalar potential may indeed have several minima where squarks
or sleptons may additionally acquire non-zero vevs. Since the violation of charge and/or
color quantum number is yet to be observed, it is understood that the Universe at present
is at a ground state which is Standard Model like (SML), with only Higgs scalars acquir-
ing vevs. A priori it indicates that those parts of the multi-dimensional parameter space



corresponding to MSSM scalar potential that allow a deeper charge and color breaking
(CCB) minima [14-27] should be excluded. This puts severe constraints on the parameter
space. However, truly there is no reason to assume that the present SML minima where the
Universe rests is a true vacuum. The Universe, in principle can rest in a local minima/false
vacuum, provided the lifetime of this SML minima with respect to the decay time into a
deeper CCB minima transition is cosmologically large (larger than the age of the Universe).
The Universe is then said to reside in a long-lived state [28-34]. Analytically minimizing
MSSM potential containing large number of scalar fields is very difficult unless one con-
siders simplifying assumptions. This may even put more stringent constraints than what
are actually required [30-33, 35]. Hence, for a given point in the multi-dimensional param-
eter space it is important to check the existence of any deeper CCB minima numerically
as exhaustively performed in codes like Vevacious (version 1.0.11) [36] that in turn uses
CosmoTransitions [37]. In case such minima exist one should compute the lifetime of the
false vacuum and decide on the validity of the given point of parameter space depending
on the computed lifetime. A parameter point which would either correspond to a stable or
a long-lived vacuum state would be referred to have a safe vacuum.

Since the Higgs boson has been found to have a mass of around 125 GeV [38-40] which
is not very far from the upper limit of MSSM predicted value (~ 135 GeV), it has become
important to explore the phenomenological MSSM (pMSSM) [41] parameter space that
may give large radiative corrections to the Higgs boson mass and provides with a relatively
lighter top squarks. This may be handled by properly considering the trilinear coupling
parameter A; and the Higgsino mixing parameter u, both of which may on the other hand
be sensitive to the CCB constraints. After the Higgs boson is discovered, analyses have
been performed considering the existence of long lived states both in Constrained MSSM
(CMSSM) as in ref. [42] as well as in pMSSM context as worked in refs. [43-45]. All the
above works that probed CCB minima numerically, considered values of u less than a TeV
or so while exploring A; appropriately via satisfying the requirement of long-lived states and
the Higgs mass constraint. In this work we probe the pMSSM parameter space in a wider
area of u — A; plane for specific zones of tan 8, where tan § is the ratio of Higgs vacuum
expectation values, and explore the possibility of long-lived states that would also satisfy
phenomenological constraints from Br(B — Xv), Br(Bs — u™p~), muon g — 2 and dark
matter. We will specifically explore the above scenario for large values of tan 8 that may
have important effect on the existence of long-lived states. We should mention here that
both Br(B — Xsv) and Br(Bs; — p™p~) may have important characteristics for large pu,
Ay and tan 8. While analyzing large p scenarios we also allow non-vanishing vevs for third
generation of scalar fields beyond top-squarks. We will additionally highlight the issue of
radiative corrections to the Higgs boson mass from the bottom-squark and the tau-slepton
sectors for large values of ptan 8 that could potentially reduce the mass of Higgs boson
while p is increased. Furthermore, as we will see soon, validity of both large and small
regions, with large A; may be highly interesting in relation to the muon g — 2 result.

This work which is done using Vevacious [36] is organized as follows. In section 2
we briefly discuss essential theoretical aspects of CCB minima, decay of false vacuum and
its theoretical implication on MSSM. In section 3 we present the results of our analysis as



follows. First, we will discuss the results for low values of u showing the conformity with
past analyses and extend the work for a given large value of u. Thereafter, within the
above section we will show the results of scanning over a wide region of y — A; plane for
a moderate as well as for a large value of tan 3. We also discuss the compatibility of our
analysis with relevant low energy constraints like those from B-physics and cosmological
constraints from neutralino dark matter [48-51]. We will further discuss the issue of muon
g — 2 in the context of long-lived vacuum scenario, presenting also a few benchmark points.
Finally, we will conclude in section-4.

2 Aspects of CCB minima, decay of false vacuum and MSSM

The MSSM scalar sector consists of squarks and the sleptons and two Higgs doublets with
opposite U(1)y hypercharge. The sfermions, charged under SU(3)c x SU(2); x U(1)y
may acquire non-zero vevs. This may result into the existence of potentially dangerous
CCB minima that may lie below an SML vacuum. The rate of tunneling from SML
false vacuum to such CCB true vacuum is roughly proportional to e/ y2, where a is a
constant and y is the Yukawa coupling, signifying a larger decay rate for enhanced Yukawa
coupling [15, 16, 30-33]. Hence the third generation of sfermions will be the most important
candidate in connection with the formation of potentially dangerous global minima. We do
not consider the direction where a sneutrino v may acquire a vev, since the corresponding
vacuum would conserve both charge and color. In this analysis we would limit ourselves
on scenarios where only third generation of squarks may acquire vevs.

For simplicity, we now focus on the stop and Higgs fields of the MSSM scalar poten-
tial [5-12].

V = (miy, +p%) |Hal” + (mE, + 1%) |Hal* + mZ {0 +mZ |Ea|
— B, (H,Hqg+c.c.) + (ytAtHqufR + c.c.) - (ytqufRHZ; + c.c.)
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The SML like minima exist in the ¢;, = tg = 0 hyperplane, as evident from the above
expression. Away from this plane, in the flat direction of quartic terms (f,=tr), quantities
like y, A;H,trt;, and ym{LfRHg may become large and negative. For large values of Ay
and/or pu the above two terms may lead to global minima which break U(1)gy, SU(3)c
and the global U(1)Baryon symmetries. Similar effects occur while vevs are considered for
b;{, by, or even for 7, and 7. Hence it is very important to probe vacuum stability for large
|| and large A-parameters of third generation in the context of CCB. If the global minima
is charge and color breaking, it is essential to evaluate the tunneling rate from SML to
CCB minima for estimating the lifetime of the metastable SML state. This lifetime will
ultimately determine the viability of the corresponding MSSM parameter point [42-45].
Semiclassical calculations of the false vacuum decay via quantum-tunneling through
a barrier, may be performed for a single scalar field ¢(x) that resulted into the transition



probability per unit time per unit volume as given below [30-34].
T/V = Ae SWV/h, (2.2)

Here, ¢ is a particular configuration of the field ¢ for which §S=0. This field configuration
which dominates the integral is called a bounce," which is a stationary point of the Euclidean
action. The bounce is a non-trivial solution of the Euclidean Euler-Lagrange equation that
obeys specific boundary conditions. The probability for the Universe to have decayed to
a deeper CCB minima by the present time tg, the age of the Universe is roughly equal to
taxT/V. Here t} refers to an estimate of a four-volume within which the transition may take
place. Considering a 100 GeV scale, thereby A ~ (100 GeV)?*, one obtains Sg[¢]/h ~ 400
for t§ x T/V ~ 1. Therefore, the SML false vacuum at which the Universe rests at the
present time may be considered to be stable against decay for Sg[¢]/h > 400 [30-33],
indicating a long-lived scenario. At this point we stress the need of numerical computation.
For the simplest case of a single scalar field, explicit analytic calculations may be performed
under certain approximations namely the thin wall and the thick wall scenarios [30-34]. On
the other hand, an accurate analysis which involves multiple scalar fields may not divide
itself into thin or thick wall zones for phenomenologically significant regions of parameter
space. Therefore, one must take resort to numerical computation to determine the fate of
SML vacuum in presence of deeper CCB vacua as performed in Vevacious [36].

Physics of CCB minima and phase transition in the Early Universe has important
implication on the evolution of the Universe and its present ground state [30-34]. As par
the previous discussion, the depth of the CCB minima depends on squark/slepton mass
terms, the relevant trilinear coupling parameters and p. At a finite temperature the scalar
potential is modified by terms oc 72 which are similar to mass square terms. The trilinear
terms also receive corrections oc T. The history of the potential goes as follows [34].

e At a very high temperature, the potential is symmetric with one minima at ¢ = 0.

e Afterwards, at a critical temperature T, degenerate minima occur for vanishing as

well as non-vanishing ¢.

e As the temperature decreases with time, the degeneracy breaks and the minima at
non-zero ¢ becomes deeper.

e Finally, at T=0, there is a maxima at ¢ = 0 and minima at some non-zero ¢ that
corresponds to ordinary SML SSB ground state (for ¢ being a neutral colorless scalar).

Transition from an SML minima to a deeper CCB minima which is the focus of our dis-
cussion, is a first order phase transition [34].

We shall now discuss the relevance of studying electroweak vacuum stability in the
global CCB scenario, in the post Higgs@125 GeV era in which the present data of the
Higgs boson mass is 125.7 + 0.6 GeV [38, 39]. There is a high chance that the discovered
Higgs boson is SM like [40]. Hence, in MSSM it would correspond to the CP-even lightest

'For details of semiclassical calculation of vacuum decay and related issues see [46, 47].



Higgs boson h assuming a decoupling limit of Higgs scenario (M% < Mf‘) [13]. Certainly,
with a tree level bound of M% cos? 213 for mi one requires a large radiative corrections that
on the other hand, push the super-partner spectra on the higher side in unified models.
In MSSM this translates to the requirement of heavy top-squarks. The dominant loop
correction that is due to the top-stop loops is given by [13]

Am2 _ Sg%m? In mflmfz + Xt2 1— Xt2 (2 3)
hutor = 8212 n? mz m; 12m;m; )| '
T w my 117"t 117 "2
Here X; = Ay — pcot 8 and my stands for the running top-quark mass that includes

electroweak, QCD and SUSY QCD corrections [52]. With the requirement of the above
large loop corrections in the post Higgs discovery scenario, one must explore the regions of
parameter space that do not demand so high stop masses but the effect would come from
the term involving X; in the above equation. The maximal mixing scenario of X; = V6Mg,
where Mg = | /mj my, is certainly useful [8-13]. However as we will see in the next section,
scenarios of large p are associated with a significant amount of radiative corrections from
sbottom and stau loops. As a result, maximal mixing may occur away from v/6Mg for X;.
We will come to this point soon. While exploring the MSSM parameter space, we must
be careful that the MSSM scalar potential may have CCB minima deeper than the SML
minima. Therefore, the study of stability of the SML false vacuum against decay to global
CCB minima is extremely important. Quite naturally it becomes important to check the
degree of effectiveness of the inequalities related to CCB constraints in this regard both
for stable and long-lived vacuum states, as we will discuss below.

Suitable analytic constraints were imposed on the relevant MSSM parameters to avoid
the appearance of CCB global minima in refs. [14-26].> The nature of CCB minima and
consequently the constraints depend on the particular nature of the vevs. In order to derive
simpler analytical constraints, assumptions are made depending on the inter-relationships
of vevs that isolate suitable directions in the field space. In the direction “b” discussed
in ref. [14], non-vanishing vevs were considered for |Hy|,|Hg|, |Qul, |ur| as well as possibly
for |L;| that under simplifying assumptions of D-flat directions lead to®

(7

A2 < 3[m3 + méu + m2]. (2.4)
Here m3 = m%{u + p2. The above bounds are imposed on all the three generations of
up-type squarks and traditionally used in popular SUSY spectrum generators that also use
conditions for avoiding potential to be unbounded from below [53-58]. On the other hand in
the direction “a” of ref. [14] the authors considered non-vanishing vevs of |H,|, |Qu|, |ur| as
well as that of |dL|, |dg| or possibly |L;|, but vanishing vev of |Hy| which under simplifying
assumptions resulted into the following inequality.

A% < 3[mj — p® +mp, +ml]. (2.5)

2Traditional bounds were initially studied in refs. 1 and 2 of ref. [14]. For CCB constraints in models
beyond MSSM see refs. [59, 60].
3Following usual notation of fields such as that of ref. [8].



Using m%{u ~ —p2, the above reduces to
A2+ 317 < 3[mgy, +mi). (2.6)

Constraints of eq. (2.6) are valid for small Yukawa couplings. However, if one uses the
above for top Yukawa coupling one effectively obtains a stronger bound, embracing the
traditional bounds of eq. (2.4) [14]. Going beyond the exact CCB constraints, the possibility
of existence of long-lived SML minima were considered afterwards. Thus ref. [30] and
recently ref. [35] incorporated the above long-lived scenario to come up with the following
inequalities that obviously allowed an enlarged parameter space,

A% +31% < 7.5[m22u +m?], (2.7)
A2 < 3[m%{u + %+ 7.5[m2Qu +m2].

We now try to discuss under what conditions the analytic constraints were evaluated. The
simple bounds of eq. (2.4) were obtained considering the D-flat directions assuming vevs of
the concerned scalar fields to be equal. Analysis of realistic scenarios must involve unequal
vevs that is also sufficiently case specific [14]. However, as we will discuss below, even when
simplistic assumptions are made for D-flat directions it is seen that more robust bounds
such as eq. (2.6) compared to eq. (2.4) may lead to unnecessary degree of stringency [43].
The same is true for the long-lived scenarios of eq. (2.7) and eq. (2.8) which are found to
be neither necessary nor sufficient [43-45]. As mentioned previously in this work similar to
the refs. [42-45, 61-63] we will follow the numerical route to analyze the CCB constraints
while considering the possibility of existence of long-lived SML minima. We have used
Vevacious [36] for our analysis. Combined with a SUSY spectrum generator the code
finds the global minima of the associated scalar potential. In absence of global CCB
minima the SML vacuum is stable. If the global minima is found to break the charge
and color symmetry, the code computes the lifetime of the SML minima against decay
to the global CCB minima using the code CosmoTransitions [37]. It then determines
whether the SML minima is long-lived or short-lived. We will particularly probe the
pMSSM parameter space in detail for large |u| and large |A;| zones while keeping any issue
related to naturalness [64-79] aside. Large |u| is often considered in works involving global
analyses of parameter space for unified models like CMSSM [80]. It has also been explored
in pMSSM related studies [81] or a similar analysis involving vacuum stability as in ref. [82].

3 Results

Here we present the results of our analysis over different regions of parameter space of
pMSSM and classify parameter ranges according to stable, long-lived or short-lived vacua in
different subsections. First, we discuss vacuum stability in the generic region of parameter
space, in particular for low values of u. Later, we extend our analysis for a large value
of p while varying both stop and sbottom sector parameters and assigning vevs to stop
and sbottom scalar fields. Then we scan over a wide range of values of u and A; for
a moderate and a large value of tan 8 exploring interesting regions of pMSSM parameter



space that may potentially fall in the zone of maximal radiative corrections to Higgs boson.
This section also analyses the impact of dark matter namely neutralino relic density and
direct detection limits on our work. Additionally we will discuss the compatibility of our
analysis with muon g — 2 data. The relevant SM parameters used are m?* = 173.5 GeV |

méwis =4.18 GeV and m, = 1.77 GeV.

3.1 Study of generic region of pMSSM parameter space for the stability of
vacuum

In this part we analyze the CCB constraints by focusing on generic part of pMSSM param-
eter space, in particular for low values of  and non-vanishing Ay that is important for the
Higgs mass limit. Here the parameter space spans a broad range of tan 3, third generation
of up-type squark masses, A; and p upto a TeV. In this subsection, in order to compare our
results with refs. [43-45] we allow only stop fields (f and g) to take non-zero vevs along
with the Higgs fields. Our choice of parameters are as follows.

500 GeV < mg, < 1500 GeV,
500 GeV < mg, < 1500 GeV,
5 < tan 8 < 60, (3.1)
100 GeV < p < 1000 GeV,
—3mQ3 < A < BmQS.

We set all other sfermion masses to be at 1 TeV, Ma= 1 TeV. The gaugino masses are
fixed at My = 100 GeV, Mo = 300 GeV and M3 = 1000 GeV. All other trilinear couplings
are set to zero. The other sfermion masses or the gaugino masses could indeed be chosen
at different zones of values without essentially affecting the results of our analysis involving
long-lived states.

Keeping an eye on eq. (2.4) we define M#i = mf% +p? +m§L —|—ng and plot figure 1 for
variation of the lightest Higgs boson mass my, vs the dimensionless quantity A? /M; This
would easily identify our results with respect to the traditional bounds of CCB constraint
and additionally show the validity zones of the long-lived states. Blue, green and grey
colored points correspond to stable, long-lived and short-lived vacuum states respectively.
It is evident from the plot that there exist safe vacua (long-lived and stable states) where
the traditional constraint (eq. (2.4)) is violated. There is a significant zone of long-lived
vacuum states where the Higgs mass is quite high, close to even the maximum value (see
eq. (3.2) and related discussion as given below) a fact generally consistent with the results of
refs. [43-45]. This shows the importance of considering the existence of long-lived states in
the post Higgs@125 GeV era. Additionally, even if we do not consider the long-lived states,
our numerical exploration of CCB constraints shows that eq. (2.4) is only approximately
valid, for example there exist green regions below A? /]\4;é =3.

A similar result when projected into my vs X;/Mg plane, (where Mg = Vi iy )
appears in figure 2. Here mj; maximizes itself in both the regions, negative and positive
for X;, where there exist long-lived rather than stable states. We like to mention here
that considering the existing uncertainties in the computation of radiative corrections to



Higgs mass we assume a 3 GeV window in my, leading to the following range [83—88]. This
could arise from renormalization scheme related uncertainties, scale dependence, problems
in computing higher order loop corrections up to three loops or the uncertainty in the

experimental value of top-quark mass.*

122 < my < 128GeV. (3.2)

We would like to mention that we have imposed the constraints from Br(B — X7) as
well as Br(Bs — p ) in this analysis and the shown parameter points completely satisfy
the following conditions irrespective of the nature of the vacuum. The experimental limits
on Br(B — Xgv) as given in [91] is Br(B — Xsy) = [3.42 £ 0.22] x 10~* which at 30
level results into

2.77 x 107* < Br(B — Xsy) < 4.09 x 1074, (3.3)

The recent constraints from Br(Bs — p™u~) as obtained from CMS and LHCb [92-94]
indicate Br(Bs — pTpu~) = [2.9 £0.7] x 107, which at 30 level leads to

08x107? < Br(Bs —»pTp™) < 5x107°. (3.4)

We compute the above B-Physics results using SuperIso [95] while using SuSpect [96] as
the spectrum generator. In the following subsection we go beyond the generic region of
pMSSM parameter space of refs. [43-45], and explore the role of large || and large |A;| in
the context of the discussion made in section 2.

3.2 Stability of vacuum for a fixed tan 3 and a large |u|

In order to analyze with large values of |u| we must remember that radiative corrections
to Higgs boson mass from sbottom and to a lesser degree from stau sectors may hardly be
ignored. This is because of a quartic dependence on |u|tan 8 [97, 98] which is albeit sup-
pressed by a quartic dependence of scalar masses, in addition to the effect of smallness of my,
or m, compared to m;. Similar to eq. (2.3) the corrections from sbottom sector read [97, 98],

2 _ 2% b b b b
A pottom = 82 M3, In 'ring )t mg mg 1= 12m; my ’ (3.5)
1 b2 1 b2

where X;, = A, — ptan 8.° Henceforth we allow sbottom fields in addition to stop fields to

acquire non-zero vevs besides the Higgs fields within Vevacious. We fix p at 9TeV, My at

1TeV and tan 8 = 20. Our range of scanning as given below involves parameters related

to the stop and the sbottom sectors.
500
500

3000 GeV,

ULGIES
< 3000 GeV,

mUS

NN

“We also remind the reader the additional issue of uncertainty of about 2.8 GeV in m?°*® as argued in

refs. [89, 90].
5 A similar result for the stau contribution would involve X, = A, — ptan B.
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Figure 1. The variation of my, against A?/ Mi for the scanning ranges of eq. (3.1). Blue, green, grey
dots correspond to stable, long-lived and short-lived vacua respectively. The first two type will

comprise “safe” vacuum.
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Figure 2. The variation of mj, vs X;/Mg for the scanning ranges of (3.1). Blue, green and grey

dots corresponds to stable, long-lived and short-lived vacua respectively.

500 < mp, < 3000 GeV,
~10 < A4; < 10 TeV,
10 < A, < 10 TeV

(3.6)

We keep all other scalar mass parameters fixed at 1 TeV. We focus on a pocket of pMSSM
parameter space as a representative zone that satisfy the cold dark matter constraints from
WMAP [99]/PLANCK [100]. This corresponds to the following gaugino mass parameters

M; = 500GeV, My = 525 GeV, M3z = 1400 GeV .

(3.7)
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Figure 3. Plot of my vs Af/M;é corresponding to the scan of eq. (3.6) for p = 9TeV. Green,
blue and grey dots correspond to long-lived, stable and short-lived SML vacuum states respectively.
The points are spread throughout the plane without much clustering effect unlike figure 1. Lack
of clustering and appearance of long-lived states in the right half of the figure clearly shows the
absence of validity of egs. (2.4) and (2.6) when p is considered appreciably large.

Our choice of M3 is consistent with the recent limits on mg [101]. The generic overabun-
dance of a bino-like lightest neutralino dark matter which is the lightest supersymmetric
particle (LSP) is brought under control via appropriate bino-wino (E — W) coannihila-
tion [102, 103]. This choice also satisfies the LUX [104] limit for the spin-independent
direct detection cross section 0% . Both the relic density and U% are computed using
micrOMEGAs (version 3.6.7) [105-109].

In figure 3 we show the variation of my, against A? /MjE corresponding to the scan
of eq. (3.6) for p = 9TeV. Green, blue and grey dots that satisfy all the experimental
limits mentioned above correspond to long-lived, stable and short-lived SML like vacuum
respectively. Unlike figure 1, the points are spread throughout the plane without much
clustering effect. Lack of clustering and appearance of long-lived vacuum in the right half
of the figure clearly shows the absence of validity of egs. (2.4) and (2.6) when p is considered
appreciably large.

3.3 Scan over wide range of u and A; for tan 3 = 20

In order to probe the impact of ;1 and A; on the stability of vacuum we scan over the same
parameters in a wide range for a given set of pMSSM input values. Considering tan 8 = 20,
we fix M@, My, Mp,  atb 2 TeV. All other sfermion masses are fixed at 1 TeV and M4 is

taken to be 1 TeV. While allowing fL,tNR,BL and BR to acquire non-zero vevs along with
the Higgs fields we choose the following range for p and A;.

—10TeV < A; < 10TeV,
—11TeV < p < 11TeV. (3.8)

~10 -



We should keep in mind the importance of non-vanishing A; in context of vacuum stability
in CCB scenario, particularly for large p zones away from the generic region. However,
non-vanishing A, would hardly have an effect on my. Hence we use the following range for
Ap namely, —6 TeV to 6 TeV and consider vanishing trilinear couplings except A;. Similar
to section 3.2 we choose the same gaugino mass parameters, whereas we impose B-Physics
constraints of egs. (3.3) and (3.4) on the resulting spectrum as before.

In figure 4 we show the distribution corresponding to safe and dangerous SML vacua
in the u — A; plane. The central blue zone denotes the stable vacuum and the surrounding
green strip represents the long-lived SML vacuum states. It is evident that the above zone
that also includes small values of u, referred in this analysis as generic zone, is symmetric
over both pu and A;. This implies that in the central zone, the stability of SML vacuum
against decay to deeper CCB states is largely independent of the sign of y and A;. For
larger || within the central blue region, we see that safe vacua occur for smaller value of
|A;| and vice-versa.

Surrounding the central blue zone and the associated green peripheral region, one finds
large grey regions designating short-lived vacuum states in which there also exist pockets
of stable and long-lived zones in all the four quadrants. We further see the existence of
stable/long-lived states for very large positive values of p and A;, which would however
be excluded by the traditional analytic constraints. Thus in figure 4 where we have used
constraints from B-physics but not the Higgs mass bound, we find that SML minima is
extended to island areas with appreciably large positive values of both p and A;. We will
later show that the island region of long-lived states with large p and A; may also satisfy
the Higgs mass limits. We particularly focus on the long-lived states® for the island region
in the first quadrant and ignore any conclusion on the stable states in the same zone. This
is connected to the fact that declaring a parameter point to be stable in the island region

characterized by large p may be quite non-trivial due to various computational issues.”

3.3.1 Maximized my zones in relation to long-lived states: regions I and II

In figure 5 we show the effect of the same scanning (eq. (3.8)) on Higgs boson mass my,.
In figure 5a we show the blue, green and grey regions in my-p plane. On finds symmetric
distribution about the p-axis within the large triangular green area. Short-lived vacuum
states denoted by grey dots occupy the region outside the green strip of long-lived states.

We now identify the parameter region in y— A; plane in relation to where mj, maximizes
i.e. becomes close to the upper edge of eq. (3.2) as far as possible. We further check whether
the maximized zones satisfy the traditional CCB constraints of egs. (2.4), (2.6) or whether
they fall into the category of long-lived vacuum states. Hence, for the above purpose, stay-
ing within the valid band of my, (eq. (3.2)) we would particularly like to focus on two regions
in figure 5a. Region-1 (long-lived) is identified with |u| ~ 1TeV and mj; ~ 128 GeV (we
would call this as small y zone), whereas Region-11 (long-lived) occurs with 7 < u < 9TeV
and 123 < my, < 125GeV (we would refer it as the large pu zone). For figure 5b the same

5We have discarded the parameter points that typically give warning messages related to appearance of
saddle points.
"Private communication with the authors of Vevacious.
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Figure 4. Plot of i vs A, for tan 8 = 20 with fixed pMSSM parameters described in the beginning
of section 3.3. Green, blue, grey dots corresponds to long-lived, stable and short-lived SML vacuum
states. The central zone of stable states and the surrounding strip of long-lived states include the
generic region of pMSSM parameter space, that is characterized by comparatively lower value of
. Interestingly there exist pockets of safe vacuum states in the zone much away from the central
region, where traditional CCB constraints of eqs. (2.4) or (2.6) are violated.

regions of figure 5a namely, Region-I maps to A; ~ +4TeV, whereas Region-II is charac-
terized by 3 < A; < 5TeV. Both Regions I and IT are generally ruled out by at least one of
the traditional CCB constraints of eqs. (2.4) and (2.6) but they correspond to long-lived
vacuum states. We further point out that although mj; maximizes in Region-II for a given
value of i, the corresponding value of X; appreciably differs from v/6Mg associated with an
mpP** scenario [13]. This is indeed related to the discussion made regarding the radiative
corrections to my, in section 2 specific to large values of . Quite expectedly one finds that
the relation X; ~ /6 Mg holds good for low |u| belonging to Region-I. In figure 5b similar
to figure 2, my maximizes for large positive values of A;. Located symmetrically opposite
to positive values of Ay, there is also a maximum of Higgs mass in the negative A; region.
This corresponds to a comparatively smaller value of my, in a long-lived vacuum scenario.

Figure 6 is similar to figure 4 but here we impose the limits on my from eq. (3.2)
and consider only the safe vacua in the pu — A; plane. As expected, there is no valid
region below |A4;| = 2TeV. There exists a significant area with large u and large A; with
stable (blue dots) and long-lived states (green dots) that satisfy the Higgs mass data. As
mentioned before, most of the above regions on the other hand, would be excluded by the
traditionally used CCB constraints of eq. (2.4) or (2.6). Thus the pMSSM parameter space
can safely be extended to the above zone of large || and large |A¢|. Since the latter zone
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Figure 5. Figure 5a shows the result of scanning over A; in the plane of mj;, —u for tan 8 = 20. The
color codes for different vacuum stability conditions are same as that of figure 4. This confirms the
existence of stable and long-lived vacua (satisfying Higgs mass limits) in the region characterized
by large values of u. Figure 5b shows the result of scanning over y in the plane of my, — A;. It turns
out that there can be stable and long-lived states for large |u| and/or large |A;| that would not
satisfy the traditional CCB constraints of eqs. (2.4) or (2.6). See text for Region-I and Region-II
in relation to this figure.

corresponds to Region-II of figure 5a we infer that a maximized mj, occurring in a region
away from X; ~ /6 Mg would certainly require relatively smaller top-squark masses for a
given amount of radiative corrections to the Higgs mass(see eq. (2.3)). We note that the
requirement to satisfy the limits of mj, eliminates i) small to moderate |A;| zones and ii)
regions with small || and very large A;.

3.3.2 Compatibility with dark matter related constraints

We now briefly discuss the compatibility of our parameter space with dark matter related
data such as the relic density limits from WMAP [99] /PLANCK [100] and spin-independent
direct detection ) — p cross-section measurement from LUX [104].

Figures 7 shows the scatter plot of U%{ VS M50 with usual color codes. Only a few points
within the thin vertical lines near mzo ~ 500 GeV satisfy the relic density (_Q%? h?) limits,
shown in orange. The imposed limits shown below at the level of 50 of PLANCK [100]

data accommodates well the range given by WMAP [99].
0.092 < 250k < 0.138. (3.9)
1

We note that scattered points are clustered around two thin lines. It turns out that
consideration of both signs of i and A; leads to the appearance of two closely spaced lines.
This is concerned with the slight dependence of the the radiative corrections to the mass
of LSP [110-112] on the signs of u, A; and the dependence of a% on the sign of p [113].
We emphasize here that giving vevs to several scalar fields within Vevacious demands
a large increase in computational time of the analysis. Hence, we could not afford to scan
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Figure 6. Plot of u vs A; for tan8 = 20 after imposing limits on my from eq. (3.2). Blue
and green dots represent stable and long-lived vacuum states respectively. It turns out there is
a significant region of long-lived states much away from the central region, where the traditional
CCB constraints of egs. (2.4) or (2.6) are violated. The requirement to satisfy the limits of my
eliminates the small to moderate |A;| zones and the regions with small |u| and very large A; due
to radiative corrections to the Higgs boson mass.

the gaugino mass parameters M; and My that have immediate effects on mso. Thus, we
only probe the acceptability of the chosen point in the M; — My plane while we scan the
specific pMSSM parameters relevant to CCB constraints. Our analysis involves a wide
variation over the value of u. Hence, there are only a few points where one has |u| < M;
for the chosen value M7 = 500 GeV. These are the parameter points where the relic density
is very small because of a strong presence of Higgsino within the LSP. At the same time, in
the region of p not far from M; or Mo, there can be a large bino-higgsino or even bino-wino-
higgsino mixing which leads to a larger value of a% [114]. This is confirmed in figure 7
that shows larger 0% for mso below 480 TeV or so, mostly exceeding the LUX data [104].
On the other hand, for larger values of || when the LSP becomes almost a bino, we expect
0% to be small, a fact confirmed by the figure. A part of the above region characterized
by small a% provides correct relic density via bino-wino coannihilation [114, 115]. We
comment that our chosen values of M; and Mj that is consistent with WMAP/PLANCK
data would only be probed in future experiments like XENONIT [116]. We like to point

out that our analysis could be carried out for other appropriate gaugino masses that would

SI

vp 10 the vicinity of the sensitivity region

satisfy the relic density and would result into o
of LUX or future XENONI1T experiments.
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Figure 7. Plot of o% VS Mo for the scan of section 3.3. The region above the pink line is
excluded by the LUX limits on Ufé [104]. For |u| < My, there is a significant Higgino content in
Xy. Consequently U% is large and {250 h? is low. The presence of two branches is attributed to
slight dependence of o}
colored region represents the zone with proper relic abundance as mentioned in eq. (3.9). In these

regions with adequate dark matter abundance and allowed U%, Xy is B dominated. Adequate relic

abundance is obtained via B — W coannihilation. Most of the points characterized by small U%
cluster around two values of mgo separated by a small amount. This is due to the dependence of

the radiative corrections to mso on the sign of ;1 as well as on A4, (via stop mass).

on the sign of p that we have varied during the analysis. The orange

3.4 Scan over wide range of u and A; for tan 3 = 40

The role of tan 8 in studies related to vacuum stability is important via its effect on the
scalar potential as well as due to its influence on the radiative corrections to the mass of the
Higgs boson, specially for large p scenarios. In the context of eq. (3.5) the sbottom and even
the stau loop contributions become important for large values of ptan 8 and it is revealed
that these have negative contributions to my, that can potentially reduce my below the lower
limit of eq. (3.2). Thus in this part of our work with tan 8 = 40 we choose a larger value
(3TeV) for the third generation of squark mass parameter in order to respect the Higgs
mass limits, while keeping the same values of other pMSSM parameters of section 3.3. The
combined sbottom and stau loop contributions typically amounts to 10-15 percent within
the range of Higgs boson mass of eq. (3.2). Along with the Higgs fields, we again allow
tr.t R,l; 1, and b r to acquire non-zero vevs and choose the following ranges for u, A; and Aj.

—10TeV < A; < 10TeV,
—6TeV < Ay < 6TeV,
—T7TeV < p < T7TTeV. (3.10)
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Figure 8. Plot of u vs A, for tan 5 = 40 and other fixed pMSSM parameters as described in the
beginning of section 3.4. The color codes for different vacuum stability conditions are same as that
of figure 4. The central zone of stable states and the surrounding strip of long-lived states include
the generic region of pMSSM parameter space, that is characterized by relatively smaller value of
|£]. There exist pockets of long-lived states quite distant from stable states in the zone much away
from the central region. A significant region of parameter space for large and positive values of Ay,
particularly for 4 < 0 is eliminated via Br(B — X,7v) and Br(Bs — pp7) limits (see text).

As before we consider vanishing trilinear couplings except A; and A;. Compared to the case
of tan 8 = 20, here the range of u giving valid parameter point becomes smaller because
of the Higgs mass limits as mentioned above. Similar to section 3.2 we impose B-Physics
constraints of egs. (3.3), (3.4) on the resulting spectrum.

Figure 8 shows the result of parameter scanning in the plane of u— A; where we have not
used the constraints of Higgs mass limits. A significant region of parameter space for large
and positive Ay, particularly for u < 0 is eliminated via Br(B — X,7) limits. This typically
happens due to cancellation between the chargino and the combined contributions of ¢t — W
loop from SM along with charged Higgs loops. This may reduce the above branching ratio
to values smaller than the lower limit of eq. (3.3). This is consistent with the expected
result of Br(B — X,7v) for pA4; < 0 [98, 117-122]. Similarly a large amount of parameter
zone of the same quadrant is eliminated via Br(Bs — putu™) which becomes sensitive for
large tan 8 [117-119], in spite of the fact that the pseudoscalar Higgs mass is quite large.
We note that the above agrees with the analysis of ref. [117] where Br(B; — pu™) for a
large tan 3 is seen to be enhanced for pA; < 0. Interestingly, in contrast to figure 4 here
the safe vacua are almost exclusively long-lived in the large p and large A; region.
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Figure 9. Figure 9a shows the result of scanning over A; for tan 8 = 40 in the plane of my — u
for the fixed pMSSM parameters as described in the beginning of section 3.4. The color codes for
different vacuum stability conditions are same as that of figure 4. As in figure 5a we also identify
two distinct regions namely Region -I and Region-II of long-lived vacua corresponding to small
and large p respectively for maximized my, (see text). Figure 9b shows the result in the plane of
myp, — A;. Here A; spans a larger zone compared to the case of tan 8 = 20 of figure 5b (see text).

A similar result when projected into my — p plane is shown in figure 9a. As in figure 5a
we obtain two distinct regions namely Region -I and Region-II of long-lived vacua corre-
sponding to small and large u respectively for maximized my, cases. Region-1 (long-lived) is
identified with g ~ 1TeV and my, ~ 127 GeV (small y zone) whereas Region-II (long-lived)
occurs with 4TeV < p < 5.5TeV and 122GeV < my, < 128GeV (large p zone). Going
from tan 8 = 20 to tan 8 = 40 we see that |u| cannot assume very large values because this
would lead to a rapid decrease of my when u is increased, via radiative corrections from
the sbottom and stau loops (eq. (3.5)). With the same parameter scan, figure 9b is similar
to figure 5b except that it refers to tan 8 = 40 along with a heavier third generation of
squarks. Unlike figure 5b here the EWSB vacuum is mostly long-lived for large values of
A; which also spans a larger range.

In figure 10 we show the distribution of parameter points for stable and long-lived
vacua in u — A; plane where my, lies in the range of eq. (3.2). The areas corresponding to
stable states in different quadrants are appreciably shrinked for this case of a large tan 3.
On the other hand, the EWSB SML vacua in large p and large A; region which are also
distinctly isolated (green) in the figure are mostly long-lived unlike the case of tan § = 20.
For very large values of |u|, long-lived states are associated with large values of |A;|. We
note that the requirement to satisfy the limits of my, eliminates the small to moderate | A
zones and the regions with small |u| and very large A; due to radiative corrections. The
latter combination enhances my, to cross the upper bound of eq. (3.2).

We now briefly discuss the compatibility of our analysis of tan3 = 40 with dark
matter related data for the relic density limits from WMAP [99]/PLANCK [100] and spin-
independent direct detection X! — p cross-section measurement from LUX [104]. Figure 11
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Figure 10. Plot of u vs A; for tan8 = 40 after imposing limits on my, from eq. (3.2). The
areas corresponding to stable states in different quadrants are appreciably shrinked for this case
of a large tan 8. The EWSB SML vacuum states in large p and large A; region which are also
distinctly identified are mostly long-lived unlike the case of tan 8 = 20. For very large values of |u|,
long-lived states are associated with large values of |A;|. The requirement to satisfy the limits of
my, eliminates small to moderate |A;| zones and the regions with small |u| and very large A; due
to radiative corrections in my, (see text).

shows the variation of 0% with mgzo. The region above the pink line is excluded by LUX
results. The regions with adequate Q%? h? as constrained by eq. (3.9) is shown in orange

dots. The other features of figure 11 are similar to what is described for figure 7.

3.5 Muon g — 2

Finding both large 1 and small |u| regions corresponding to Region-II and Region-I respec-
tively as referred before, to be valid long-lived vacuum states we immediately like to relate
this to the issue of satisfying the constraint from Muon Anomalous Magnetic Moment.
At one-loop level, the supersymmetric contributions to a, with a, = %(g —2), [123-128]
originate from chargino-sneutrino and neutralino-smuon loops. Large contributions may
come from neutralino-smuon loops when p is large along with smaller slepton masses [129—
131]. On the other hand, for small y zones smaller masses of charginos would increase
SUSY 0 a,. The experimental data (= ;) [132, 133]
differs significantly from SM prediction (= aEM) [134, 135] leading to the following result

the supersymmetric contributions a

where errors are added in quadrature.

a, " = Aag, = af® — ™ = (29.3£9.0) x 10717, (3.11)
At the level of 20 one has,
113 x 10719 < a75Y < 47.3 x 10717 (3.12)
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Figure 11. Plot of mso — 0'5117 for tan § = 40 of the analysis of section 3.4. See text and caption
of figure 7 for further details.

Focusing on muon g — 2 constraint for a 20 limit, we now present table 1 for four bench-
mark points, two each for tan § = 20 and 40. These are associated with long-lived states
corresponding to Region-I and Region-II as mentioned before. The point for tan 3 = 20
in Region-I corresponding to smaller p satisfies aiUSY constraint of eq. (3.12) principally
because of smaller lighter chargino mass [129-131]. For the Region -1 point corresponding
to tan 8 = 40, there is a natural enhancement of aEUSY due to larger tan 3. As a result a
larger lighter chargino mass could be accommodated. For the long-lived state associated
with Region-II, where p is large, smaller values of slepton masses are required in order to
satisfy eq. (3.12) because p is large. This is connected with the larger contribution from
the neutralino-smuon part of the diagrams for aﬁUSY [129-131]. The contributions from
the above type of diagram is more dominant for tan f = 20 where g is much larger than
the case of tan § = 40. However, for the two points belonging to Region-II an increase in
aEUSY due to an increase in tan 8 is counterbalanced by a decrease in u, since u spans a
smaller zone for tan g = 40.

Finally, we would like to comment that for the benchmark point of Region-II corre-
sponding to tan 8 = 20, the lighter top-squark mass in particular is adequately light that
in turn arises out of a sufficiently large p. The largeness of u indeed causes negative con-
tributions to the radiative corrections to Higgs boson mass via sbottom and stau loops as
discussed before. This effectively reduces my which on the other hand allows to accommo-
date a larger A;. The latter in turn gives rise to a lighter #; via left-right mixing. Similar
effect for tan 8 = 40 also holds good but is limited via smaller value of p that is allowed
via vacuum stability requirement for long-lived states with proper Higgs mass.
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Parameters € Region I € Region 11 € Region I € Region II
mi123 160, 179, 1400 | 500, 525, 1400 | 490, 550, 1400 | 500, 525, 1400
me, /Mg, /mp, 2000 2000 3000 3000
mea, /Mg, /mp, 1000 1000 1000 1000
me, /mg, [mp, 1000 1000 1000 1000
mi /mp, 1000 1000 1000 1000
mj, /mp 430 600 510 572
my [mp, 430 600 510 572
Ay, Ay, Ar 3500, 0,0 | 5188.5,-2640.2, 0 | 4691.2,0,0 | 6273.4,-3040.7, 0
tan 3 20 20 40 40
I 1000 8831.0 1500.0 4940.2
ma 1000 1000 1000 1000
mg 1486.9 1486.7 1531.6 1531.6
ma, 1083.5 1083.2 1179.8 1107.9
mg ,mg, 1880.0, 2113.5 |  922.7, 1683.7 | 2870.1, 3088.2 | 2771.3, 3064.7
my, My, 2035.2, 2054.8 | 1986.6, 2101.4 | 3023.6, 3060.8 | 2995.9, 3087.9
me, , My, 432.4, 425.3 601.8, 596.8 512.1, 506.1 573.4, 568.3
mz, , My, 984.0, 998.0 838.8, 998.0 946.3, 998.0 810.8, 998.0
Mg, M 177.2,1006.4 | 524.9, 8831.7 | 548.1, 1505.4 | 524.8, 4941.5
M0, Mg 159.4, 177.3 500.0, 524.9 489.4, 548.1 500.0, 524.8
Mg, My 1003.1, 1005.4 | 8313.4, 8313.5 | 1502.5, 1505.1 | 4940.9, 4941.2
m g+ 1003.5 1001.2 1003.4 1002.7
me, mp 1000.0, 126.8 988.8, 122.1 1000.0, 127.5 999.5, 124.9
Br(B — Xgy) | 3.67x107* 2.85 x 1074 3.75 x 1074 3.25 x 1074
Br(Bs — ptp~) | 3.17x107° 3.23 x 107 1.85 x 1079 1.95 x 1079
a 11.9 x 10710 12.0 x 10710 11.8 x 10710 16.5 x 10710
2zoh? 0.128 0.118 0.113 0.107
U%)p in pb 3.74 x 10711 1.82 x 10713 3.92 x 10711 9.07 x 10713

Table 1. Benchmark points for long-lived vacuum states.
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4 Conclusion

It is exciting that the Higgs boson has been discovered in LHC with its mass around
125 GeV which is well within the MSSM predicted upper limit of 135 GeV or so. However,
such a relatively heavy Higgs boson is not so friendly in terms of the hierarchy problem. It
is thus important to explore the MSSM parameter space that may still be associated with
a relatively lighter SUSY spectra. The observed value requires large radiative corrections
to the Higgs boson mass that is driven by the third generation scalars with large Yukawa
couplings, particularly the top squarks. It is possible to limit the latter to become not
so heavy by considering large mixing between the left and the right scalar components.
Choosing a large value of trilinear coupling | A¢| may induce large radiative corrections but
this could be limited by the appearance of the Charge and Color Breaking Minima. It may
be seen that the role of the higgsino mixing parameter ¢ may be important in addition to
Ay while discussing CCB constraint. We discussed the negative corrections from sbottom
and stau loop contributions to the Higgs mass for large values of ptan 3. An effectively
reduced value of my, as such allows a wider zone of Ay, which in turn may reduce the top
squark masses in a significant zone of MSSM parameter space.

Traditionally, appearance of global CCB minima is avoided via use of analytic relations
like egs. (2.4) or (2.6) of section 2 as explored in the work of Casas et al. [14]. Refs. [26, 30]
and recently ref. [35] considered the existence of long-lived vacuum states for which the
transition to the global CCB minima requires a time larger than the age of the Universe.
The above references hence used relaxed constraints like eqs. (2.7), (2.8). However, by
searching appropriate minima numerically and computing the transition time, it was shown
in refs. [42-45] that the analytic relations are neither sufficient nor necessary. We confirm
their conclusions in a broader setup of considering all possible signs of ;1 and A; along with
a wider scanning range for the above parameters using Vevacious. As with the above
references we find that the long-lived states exist even in the region where the traditional
CCB constraints are satisfied. Moreover, long-lived states extend to the zone where the
traditional analytical constraints on CCB are violated. This only shows the necessity of
analyzing CCB effects via numerical means. Since the third generation of sfermions with
larger Yukawa couplings have immediate effect on the tunneling time we consider non-
vanishing vevs for both stop and sbottom fields.

We find that in the generic region of pMSSM where |A;| and |u| are comparatively
smaller, distinct regions of stable and long-lived states exist irrespective of the signs of the
above two parameters. Beyond the above generic pMSSM regions of stable and long-lived
states there exist zones of dangerous vacua. Interestingly, we find safe vacua in a broad
region of pMSSM parameter space with large |u| and |A;|. Furthermore, among the above
safe vacua zones one finds long-lived states that fall in the interesting zone where Higgs
mass radiative corrections maximize. We note that the safe vacua for a large value of
tan 8 in large p and large A; regions are found to be predominantly long-lived in nature.
Additionally, we impose the constraints from Br(B — Xsv) and Br(Bs — u™pu~). A large
region of parameter space with uA; < 0 is disfavoured by the above constraints specially
for large tan 8. The interesting zone of long-lived vacuum states that is associated with

- 21 —



large radiative corrections to the Higgs boson mass satisfy all the above constraints. On
the other hand, it is also possible to satisfy the constraints from dark matter experiments
by appropriately choosing pockets of parameter space in the gaugino sector which is es-
sentially disjoint of our study related to CCB vacua. For economy of computation time
we choose a combination of closely spaced U(1) and SU(2) gaugino masses that satisfy the
WMAP/PLANCK data via bino-wino coannihilations. The corresponding direct detection
cross section a% also satisfies the LUX data. Finally, for our analysis with large A; we
find two distinct zones of long-lived states for small and large values of . We extend the
analysis by considering the possibility to satisfy the limits from muon g — 2 for the above
scenarios. It is found that limits from muon g — 2 are satisfied via two distinct classes of
diagrams contributing to QEUSY for the two cases namely small and large p.
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