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ABSTRACT: We examine proton decay mediated by color-triplet Higgsinos in minimal
supersymmetric SU(5) grand unified theory in light of the discovery of the Higgs boson and
the absence of SUSY signals at the LHC. We pay special attention to various threshold
effects arising from Planck-suppressed operators that affect the color-triplet Higgsino mass
and also allow for correcting the wrong mass relations for the light fermions. Our analysis
allows for a non-universal SUSY spectrum with the third family sfermions having a separate
mass compared to the first two families. We identify the allowed parameter space of the
model and show that the SUSY scalar masses are constrained by current limits from proton
lifetime to be above 5 TeV, while the glunio, Wino and the Higgsinos may be within reach
of the LHC. When the SUSY scalar masses are required to be < 30TeV, so that they are
within reach of next generation collider experiments, we find that proton lifetime for the
decay p — K™ is bounded by 7(p — 7K*) < 1.1 x 10% yrs.
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1 Introduction

Supersymmetric (SUSY) grand unified theories (GUTs) based on the gauge group SU(5)
are attractive extensions of the Standard Model [1, 2]. They are supported by the meeting
of the three gauge couplings at an energy scale of Mg = 2 x 10'9 GeV, assuming that the
SUSY particles have TeV scale masses. These theories also provide an excellent dark matter
candidate in the neutralino LSP (lightest SUSY particle). SUSY is a necessary ingredient of
string theory, which is the best candidate we have for a theory of quantum gravity. SUSY
can provide a solution to the gauge hierarchy problem, if the SUSY particles have masses
not much above the TeV scale — a feature under siege by the non-observation of SUSY
particles at the Large Hadron Collider (LHC). GUTs [3, 4], with or without SUSY are
attractive on several other grounds: they explain the observed quantization of electric
charge, they organize quarks and leptons into common and simple multiplets, and they
provide an understanding of the anomaly cancellation. The hallmark prediction of this class
of theories is that the proton should ultimately decay, with a lifetime predicted to be not far
from the current limits and perhaps within reach of ongoing and forthcoming experiments.

In SUSY GUTs, the dominant contribution to proton decay amplitude arises from
color-triplet Higgsinos which are the GUT partners of the Higgs boson [5-8]. The decay
rate from these d = 5 operators scales as (Mp,)~2, where My, denotes the mass of



the color-triplet Higgsino, which is typically more dominant over the d = 6 gauge boson
mediated proton decay rate, which scales as (My)~* with My being the GUT scale mass of
the gauge bosons. In spite of suppressions from light fermion family Yukawa couplings, and
a loop factor that is needed for dressing of the effective d = 5 operators, these dominant
Higgsino mediated operators have been in some tension with experimental limits on proton
lifetime, 7(p — ZK) > 5.9 x 1033 yrs. [9], for typical parameters in any SUSY GUT. This
raises the question as to the viability of minimal SUSY SU(5), especially in view of the
discovery of the Higgs boson [10, 11] as well as improved limits from SUSY particle searches
from the Large Hadron Collider (LHC) experiments [12, 13]. These results from the LHC
do provide important restrictions on the lifetime of the proton within SUSY SU(5). The
purpose of this paper is to undertake a careful quantitative analysis to address this question.

We define minimal SUSY SU(5) as a theory with the minimal particle content and
a renormalizable superpotential, but one which allows the inclusion of Planck-suppressed
non-renormalizable operators. These non-renormalizable operators, which appear with
a suppression factor (Mg/Mp)) ~ 1072, will only play a sub-leading role in symmetry
breaking and fermion mass generation. Sometimes minimal SUSY SU(5) is defined without
the presence of the non-renormalizable operators; however, in this case, the masses of light
fermions predicted by the theory are inconsistent with experimental observations. New
ingredients would be needed to correct the wrong mass relations, thereby invalidating
the minimal theory. The presence of Planck-suppressed operators, which are presumably
present in any theory, would correct the wrong fermion mass relations without the need to
introduce new particles. While we allow for various types of Planck-suppressed operators,
we take them to be small, which is the case when the GUT scale, Mg = 2 x 106 GeV, is
clearly separated from the (reduced) Planck scale, Mp; = 2.4 x 108 GeV by two orders
of magnitude.

If all the SUSY particles have masses below about 5 TeV — a mass range that is being
probed currently by the LHC experiments — and if the GUT scale threshold effects are
negligible, there is no room for minimal SUSY SU(5) to be consistent with proton lifetime
limits. However, the assumptions made to lead to such a conclusion are suspect. First, as
already noted, the minimal SUSY SU(5) theory in its renormalizable version leads to wrong
relations to the fermion masses, especially for those in the first two families. Since the
Higgsino mediated d = 5 proton decay rate is intimately tied to the Yukawa couplings of
the light fermions, any new effect that corrects the wrong mass relations would also modify
proton lifetime estimates. Second, the assumption that SUSY particles have masses not
exceeding about 5 TeV may not be justified; it originates from naturalness arguments (and
the desire to observe the particles at the LHC), which may be flawed. It would therefore
be interesting to evaluate proton lifetime constraints on the model parameters allowing
for the presence of Planck induced effects, and with SUSY particles heavier than 5TeV,
which is what we undertake in this paper. If the SUSY scalar masses are limited to be less
than about 30 TeV, they could be within reach of next generation collider experiments, and
they may still offer partial solution to the gauge hierarchy problem. We adopt this range of
scalar masses in our analysis. When LHC constraints are folded in and the current proton
lifetime limit is imposed, we find that at least some of the SUSY scalars must have masses



above 14 TeV, while the gluino, the Wino and the Higgsinos are within reach of the LHC.
We also find that the lifetime of the proton for the decay p — 7K™ is bounded from above
to be 7(p — 7K1) < 1.1 x 10% yrs.

In our analysis we stick with the particle content of the minimal SUSY SU(5) model [1,
2, 14]. This includes three chiral superfields belonging to 10 + 5 and Higgs superfields
belonging to 24 + 5 + 5 of SU(5). Furthermore, we assume R-parity conservation. The
novel features of our analysis are as follows:

1. We correct the wrong mass predictions of minimal SUSY SU(5) arising from the
asymptotic relation MC? = (M,_?)T connecting the down quark and charged lepton
mass matrices at the GUT scale. This relation would imply, in particular, that
mg /mY =1 for the muon to strange quark mass ratio at the GUT scale, which is
off by a factor of 4.4 compared to its experimental value. If this wrong relation is
used for proton decay calculation, the lifetime would be over-estimated by a factor
of (4.4)%2 = 19.4. The inclusion of the correct masses therefore further constrains
the allowed parameter space of the theory. We accommodate the correct masses by
including Planck-suppressed operators of specific flavor structure that can potentially
arise from quantum gravity [15]. Although suppressed by a factor (Mq/Mp)) ~ 1072,
these operators are adequate to correct the wrong relations among light fermion masses.

2. We allow for Planck-suppressed operators in the symmetry breaking sector of the
superpotential as sub-leading corrections, which modify the value of the color-triplet
Higgsino mass, a crucial ingredient for proton lifetime estimate. We also allow for
Planck-suppressed operators in the gauge kinetic term, which modifies the intercon-
nections between various GUT scale particle masses. The dimensionless coefficients of
these Planck-suppressed operators will be taken to be of order unity.

3. We allow for the third family squarks and sleptons to have a separate mass at the
GUT scale compared to the first two families. =~ Phenomenology of such a SUSY
breking scenario has been studied under the name NUHM2 [16]. This is also justified
by flavor symmetry arguments compatible with GUTs as illustrated in the context
of symmetry-based MSSM (sMSSM) [17, 18]. This relaxes proton decay constraints
somewhat. It should be noted that with three family universality assumption, the
LHC limits on SUSY scalar masses are somewhat more constraining compared to the
2 + 1 splitting of masses adopted here.

There have been various approaches to address the d = 5 proton decay issue within
SUSY SU(5). Ref. [19] takes the renormalizable theory at face value and argues that not
even raising the SUSY scalar masses of the first two families could salvage the minimal
SUSY SU(5) model. While this is true, the assumption of not allowing Planck-suppressed
operators in the superpotential adopted in ref. [19] appears to be too rigid to us. That
assumption also leaves the wrong relation mg /m? = 1 uncorrected, which would make the
theory not fully consistent. Indeed, our analysis shows that consistent parameter space
exists with the inclusion of Planck-suppressed operators with relatively small magnitudes.
The authors of ref. [20], on the other hand, admit arbitrary and large threshold corrections



in the superpotential, which would allow for the GUT scale to be raised to values well
above Mg = 2 x 106 GeV, even as large as Mp;. This can be realized if the remnants
of SU(5) symmetry breaking have intermediate scale masses, which may occur when the
Planck-suppressed operators dictate the GUT symmetry breaking [21-23]. In this case
Planck-suppressed corrections even of higher order become important, making the theory
not predictive as regards gauge coupling unification and proton lifetime. Our approach here
is somewhere in between; we do rely on Planck-suppressed operators, but they remain small
compared to the renormalizable operators. The observed unification of gauge couplings
within the MSSM is only modified slightly in this case. There are of course other ways of
correcting the fermions mass relations, such as introducing Higgs multiplets in the 45 + 45
of SU(5) [24] — potentially with large GUT scale threshold effects in the SUSY context, or
by introducing a vector-like fermion in the 5+ 5 of SU(5) with smaller threshold effects [25].
Our analysis differs from these variants in that we stay with the spectrum of minimal SUSY
SU(5). Ref. [26] has studied minimal SUSY SU(5) theory in its renormalizable version,
allowing for the fermion masses to be corrected by SUSY threshold effects. Here it has been
shown that if the masses of the SUSY particles are of order (102> — 10%) TeV, the model
can be made realistic. In contrast to this work, we stay with SUSY sclalar masses to be at
most 30 TeV. Recently proton lifetime and SUSY spectrum has been analyzed including
constraints from the LHC and from SuperKamiokande in refs. [27, 28]. Our analysis is
similar in spirit, but we differ by the inclusion of items 1 and 3 listed above, as well as the
restriction of scalar masses < 30 TeV that we have adopted.

The rest of the paper is organized as follows. In section 2 we present the minimal
SUSY SU(5) setup in the renormalizable version. In section 3 we include Planck-suppressed
threshold effects of various types and identify the allowed mass scale of the color-triplet
Higgsino. In section 4 we summarize our scanning procedure and outline the various
experimental constraints used. In section 5, we present our results, including constraints
from proton lifetime. Section 6 has an update on the sub-leading d = 6 gauge boson mediate
proton decay. In section 7 we conclude. Details of the d = 5 proton decay calculations
adopted are presented in the appendix.

2 Minimal SUSY SU(5): The general setup

In this section we summarize the framework of minimal SUSY SU(5) in its renormalizable
version. We derive ranges for the masses of GUT scale particles consistent with low
energy measurements on the Higgs boson mass, radiative electroweak symmetry breaking
requirement with a neutral LSP, B meson decay constraints, and lower limits on SUSY
particle masses from the LHC. We adopt a universal mass for the first two family squarks
and sleptons at the GUT scale my, ,, and a separate mass for the third family mg, in
our analysis. Such a spectrum is motivated in general supergravity theories with a flavor
symmetry that treats the first two families as a doublet of a non-Abelian flavor group,
referred to as symmetry-based MSSM (sMSSM) [17, 18]. Each of these mass parameters
(mo, , and mo,) is allowed to take values as large as 30 TeV. This imposed upper limit is
motivated by a partial solution to the hierarchy problem, as well as the potential to discover



these particles at the next generation colliders. Gaugino mass unification is assumed, as is
required in a GUT, with M;/; < 2TeV imposed, corresponding to a gluino mass of 6 TeV.
A SUSY spectrum with M; 5, < my, ,, is preferred from d = 5 proton decay constraints,
which justifies the relatively low value of M/, used. This range of M, also can provide a
WIMP dark matter in the form of a neutralino. Such a spectrum also leaves the possibility
open for the gauginos to be discovered at the high luminosity run of the LHC. The full
range of MSSM parameters used are shown in eq. (4.1) of section 4. The results derived in
this section will be improved in the next section where we undertake a similar analysis, but
including various Planck-suppressed non-renormalizable operators as sub-leading corrections
to the theory.

2.1 The renormalizable SUSY SU(5)

Fermions of each family are assigned to 10 + 5 representations of SU(5). We denote these
fields as U = —Wb and ®;, respectively, where (a,b) are SU(5) indices, while i is the
family index. These fields can be expressed in matrix form as:

0 u§y —u§ up dp d§
1 —u§ 0 uf ux do d3
UV=—|u§ —uf 0 wuz dg|, ®=]4d5|. (2.1)

V2

—up —ug —uz 0 €€ e

*dl *dQ *dg —e® 0 4
Here indices 1, 2, 3 are the color indices, and the family index 4 is suppressed.
The Higgs sector of minimal SUSY SU(5) consists of an adjoint 24 (denoted as ¥) and
a 5+ 5 pair (denoted as H + H). The renormalizable superpotential of the theory involving
only the Higgs fields is given by
1 - — _
Ws = %Tr@?) 5 T(2%) + myHH + NHSH. (2.2)
The ¥ field breaks SU(5) in the SUSY limit down to the MSSM once it acquires a vacuum

expectation value (VEV) along the SM singlet direction:
(%) = diag.(2, 2, 2, -3, —3) x 0. (2.3

This also generates masses for the X and Y gauge bosons of SU(5), having SU(3). x
SU(2)r, x U(1)y quantum numbers X (3,2, —5/6) and Y (3,2,5/6), given by

My = My = 5V2g50. (2.4)
Here g5 is the unified SU(5) gauge coupling, which has a numerical value of g5 ~ 0.72.
The (3,2,—5/6) + (3,2,5/6) components of the 24-Higgs multiplet are eaten up by the
X and Y gauge bosons via the super-Higgs mechanism, leaving behind three physical Higgs
states, a color octet ¥g(8,1,0), an SU(2), triplet ¥3(1,3,0) and singlet (1, 1,0) which
have the following masses

=

s, = o= (1) (L) e o5



The H + H fields contain the MSSM Higgs doublets H, and Hy, as well as color-
triplet partner fields Ho and H¢. It is these color-triplet fields that mediate proton decay
via baryon number violating d = 5 effective superpotential couplings. These fields are

parametrized as:
+ 0T o _ 3 N
H = (Hio, Hyo Hyo, HY, HY) , H = (Ho, Hae, Hyo, Hy, —H3) . (26)

The last two components of H and H form doublets of SU(2) ., which are identified as H,
and Hy of MSSM respectively. The masses of the color-triplet Higgs fields My, and the
MSSM parameter ;4 can be read off from eq. (2.2):

MHCImH+2)\U, p=mg—3A\o. (2.7)

While the p-parameter should be of order TeV for consistent phenomenology, M, should
be of order the GUT scale since the color-triplet Higgsino mediates d = 5 proton decay.
This is achieved by fine-tuning the two terms in the expression for u to the desired value.
With this fine-tuning, My, becomes

My, =5\o = (\2) (;) M. (2.8)

The Yukawa superpotential of the model consists of the following terms at the renor-
malizable level: ]
WYuk = Zhijeabcdeq/?bqj?lHe - \/ifij\p?bq)jaﬁb . (29)

This can be decomposed in terms of the SM fields and the color-triplet Higgsino fields
(He, He) as

Wyuk = hijQ?pugangpq - fijQ?pdgaHg%q - fijeszgHngq
1 .. g _
- §hUQ?pQ§qu€pq€a6v + fZJQ?pL?HCaE;Dq

+ hiuS, S HE — fus,dSgH e . (2.10)

ity
Here (p, q) are SU(2), indices, («, 3, v) are SU(3)¢ indices, and (4, j) are family indices.
In the standard notation of MSSM we define

(HY) = v, (HY)=v4, tanp= %Z (2.11)

The mass matrices for up-quarks, down-quarks and charged leptons that follow from
eq. (2.10) are then

M, =hvy, Mg=fvg, M= f"v,. (2.12)
The last two relations of eq. (2.12) will lead to the equality of mass eigenvalues of the
down-type quarks and charged leptons at the GUT scale: mg =md, m = mg, mg =m}.
The first of these relations is approximately found to be valid when the low energy masses
of b quark and 7 lepton are extrapolated to the GUT scale, but the last two relations are
violated by large amounts. Extrapolating the low energy values of the strange quark and



muon masses to the GUT scale, their mass ratio is found to be mg /mY ~ 4.4, in conflict
with the prediction that this ratio is one in the minimal SU(5) theory with renormalizable
Yukawa couplings of eq. (2.10). Since the Higgsino-mediated proton lifetime critically
depends on the masses of these light fermions, these wrong mass relations should be fixed in
order to reliably estimate the d = 5 proton decay rate. In the next section we show how this
can be achieved by staying within the minimal model, but allowing for Planck-suppressed
operators that correct the predictions of eq. (2.12).

By evolving the three gauge couplings g; of the Standard Model from the Z-boson
mass scale to the GUT scale where they should unify, one can arrive at two relations
among the gauge couplings at the Z-boson mass scale involving an effective GUT mass
scale Mg = (M)%Mg)l/ 3 the color-triplet Higgsino mass M e, and an effective mass scale
for the supersymmmetric particles mgysy:

_ _ _ 1 M?2 M+ MsuUsy
(—2a31 _3a21 +5O[1 1)(mZ) = % {12 ln 7{;% +8IDTZ s (213)
_ _ _ 1 12 MH msusy
(—20431‘1‘30421—@1 1)<mZ>—2ﬂ_{5 ln mZC —QIDW} (214)

These relations are obtained by solving the one-loop renormalization group equations (RGE)
assuming a TeV scale SUSY spectrum given by 1672(dg;/dt) = b;g} with (b1, b, b3) =
(33/5, 1, —3), where t = In pr. While egs. (2.13)—(2.14) are written down with the assumption
of a common SUSY particle mass, this can be easily improved with the following replacements
that account for spread in the low energy spectrum [22, 29-32]:

thSUSY N llnﬁ n 1. my n lln mQQz n lln méa (2.15)

,1117
M 2 mzy 2 mgz 4 mgemg 8 Mee Mg
1 K2

in eq. (2.13) and

3 2 3 .2
M, g 4. my 1 1, Magmgemer 1 MagMgemes
In —2U8Y —>—21nmg +fln—h+fln@—fn4712——n u34 d32 : (2.16)
My mg O myz 5 myz 5 ma mi. 10 ms. M,

in eq. (2.14). Here mg, stands for the mass of the first two family squark doublets, while
mey, refers to the third family squark doublet mass, which are allowed to be different (and
similarly for the other masses).

We demand that the dimensionless couplings of the theory remain perturbative when
extrapolated from the GUT scale to the Planck scale. The minimal SUSY SU(5) beta
functions, for evolution above the SU(5) scale, are given by [30, 33]

16772% = —3g3 (2.17)
16772% = Iy <9h§ + 4h} + %V — 956g§> (2.18)
16w2% = Iy, (10h§ + 3n% + %V - 8549§> (2.19)
16n2% =\ (3h§ +4h2 + %AQ + i—éﬂ - 9589§> (2.20)
167r2% =f <Z§f2 + gﬁ — 3og§> . (2.21)
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Figure 1. Relation between the GUT and Planck scale values of f (left) and A (right) defined in
eq. (2.2).

Extrapolating these couplings from the GUT scale of Mg = 2 x 10'6 GeV to the reduced
Planck scale of Mp; = 2.4 x 10'® GeV, with the GUT scale values g5 = 0.72 and hy = 0.45
(obtained from MSSM evolution of the low energy couplings), we obtain upper limits

f(Mg) <224, AMg) <1.75, (2.22)

for the GUT scale values of the superpotential couplings of eq. (2.2). These limits are
obtained by requiring that the couplings obey |f(u)| < 2.0, |A(1)] < 2.0, which, we believe,
are reasonable upper limits for the theory to remain perturbative. The evolutions of the
couplings f and A above the GUT scale are shown in figure 1. The constraints of eq. (2.22)
give upper bounds on the (common) mass Ms; of 3g and 33 fields and the mass My,

My, <11My, My, <1.7Mx. (2.23)

Using low energy data and any specified sparticle mass spectrum one can obtain values
of the GUT scale mass parameters Mg = (M)Q(Mg)% and My, from the relations given in
egs. (2.13)—(2.16). We have discussed the procedure to calculate the sparticle masses within
our scenario in section 4. Adopting this procedure, we arrive at the ranges for the two GUT
scale mass parameters Mg and Mp,. We have plotted these allowed ranges in figure 2.
The grey shaded region satisfies radiative electroweak symmetry breaking constraints with
a neutralino LSP. The green region, which is a subset of the grey region, also satisfies the
Higgs boson mass constraint, B meson decay limits, and lower limits on SUSY particles
from the LHC searches. From the grey region we find

1.29 x 10" GeV < Mg < 2.92 x 10" GeV, (2.24)
0.43 x 10" GeV < My < 5.29 x 10'° GeV, (2.25)

and from the green region we have

1.34 x 10" GeV < Mg < 1.78 x 10'° GeV, (2.26)
1.0 x 10 GeV < My, <3.2 x 10'°GeV. (2.27)
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Figure 2. Allowed parameter space in the Mg — My, plane in SUSY SU(5) without threshold
effects. Here we use the definition Mg = (M% Myx)'/3. All points are compatible with the radiative
electroweak symmetry breaking and the LSP being a neutralino. Green points are allowed by the
Higgs boson mass, LHC bounds on SUSY masses and B-physics constraints.

It is clear that the LHC bounds, especially from the Higgs boson mass measurement and
from the lower limit of about 2.1 TeV on the gluino mass, squeeze the allowed region in Mz,
considerably (compare eq. (2.25) with eq. (2.27)). The ranges in these mass parameters arise
primarily from the variations allowed in the SUSY mass parameters my, ,, mo, and Mj /o,
with the uncertainties in the measurements of «;(my) playing a minor role. The quoted
ranges in eqgs. (2.24)-(2.27) correspond to choosing my, ,,mo, < 30 TeV and M 5 < 2TeV.

We can combine egs. (2.26) and (2.27) with eq. (2.23) to obtain individual bounds in
the LHC allowed region shown in green:

Mx > 1.3 x10'°GeV, My < 1.90 x 10 GeV . (2.28)

Now we proceed to discuss Planck-suppressed operators and their influence on the
ranges of the GUT scale masses derived here. These modifications will have significant
effects on the proton lifetime estimate that will be analyzed in section 5

3 Planck-suppressed operators in SUSY SU(5)

In this section we discuss three types of Planck-suppressed operators that modify the
GUT scale mass spectrum of SUSY SU(5), as well as the light fermion masses, which
have relevance to the d = 5 proton decay estimates. These are (i) d = 5 operators in
the superpotential involving the light chiral multiplets of the MSSM, (ii) gravitational
smearing of the gauge coupling unification arising from d = 5 gauge kinetic corrections,



and (iii) d = 5 operators in the SU(5)-breaking superpotential. There are also possible
modifications to the GUT scale boundary conditions on SUSY breaking parameters arising
from Planck-suppressed operators; however, these corrections are effectively included in our
analysis, since we allow for non-universal SUSY breaking parameters. Analogous discussions
in SUSY SO(10) can be found in refs. [34-36].

3.1 Correcting the wrong fermion mass relations

While staying within minimal SUSY SU(5), the wrong mass relations for the first two
family fermions predicted by eq. (2.12) can be corrected by allowing higher dimensional non-
renormalizable operators in the Yukawa superpotential.! Such operators will be suppressed
by a fundamental scale, presumably the Planck scale. The leading non-renormalizable
operator that we include in our analysis is given by

W = V25 V0, S0 H,, . (3.1)

This corresponds to the SU(5) contraction of the Higgs fields in the 45* channel: 24 x 5* =
5% 4+ 45*. This operator will split the masses of the down-type quarks from those of charged
leptons. The magnitude of the resulting Yukawa couplings are of order o/Mp; ~ 1072
but even with such suppression, their contributions to My and M, can be comparable to
their respective experimental values. The b-quark to 7-lepton mass ratio which is close to
1 at the GUT scale does show deviation from 1 at the level of 25%. The Planck-induced
terms of eq. (3.1) can also correct this relation, provided that tan 3 is not too large (or else
the strength of the relevant operator would be insufficient for a 25% correction). While in
principle one could also write operators in the 5* channel in eq. (3.1), we do not include
them as this contraction will not split My from M,. Similarly, allowed higher dimensional
operators of the type eabcfe\llg”b\llgdﬁgH ¢ are not included, as they are not necessary to
correct light fermion masses.

It is interesting to note that the higher dimensional Yukawa operators of eq. (3.1) can
be generated by integrating out a 5 + 5* matter fields, as a simplest example, with mass of
order the Planck scale. Denoting these fields as x + X, the superpotential given by [25]

W(x +X) = Myxx + UxH + ®x% (3.2)

will generate terms of eq. (3.1), without inducing other terms. We make one simplifying
assumption in our analysis. We assume that the terms of eq. (3.1) are diagonal in flavor
space in a basis where f¥ of eq. (2.10) is also diagonal. All quark mixings will then arise
from the h¥ couplings of eq. (2.10). Deviations from this assumption would result in order
one corrections to the d = 5 proton decay rate that we estimate in section 5. With this
assumption, including eq. (3.1), the mass matrices of down-type quarks and charged leptons
take the form:

Ma=(F+ £oa, My= (758 ) (33)

!For attempts to correct the masses with soft SUSY breaking parameters see refs. [37, 38].

~10 -



Here we have defined a dimensionless coupling
f''=2ko (3.4)

which has elments at most of order few x 1072, where x has inverse mass dimension as defined
in eq. (3.1). The six free Yukawa couplings f; and f/ of the two diagonal matrices can now
be used to fit consistently down-quark and charged lepton masses. Thus, this modification
rectifies the wrong mass relations of minimal renormalizable SU(5) in a simple way.

The addition of eq. (3.1) into the Yukawa superpotential modifies the color-triplet
Higgs couplings to the fermions. Noting the relations in eq. (3.3), the color-triplet Higgs
couplings to fermions now become

_ 1. . M o
W(Hc,He) = _ihUQz’ prqu‘eaﬂ'prq + (v;) Q; PLIH co€pq
% c My
+ h/ JUZQGJHC — <’Ud>z adlﬂHC’Y 'Y . (35)

We can write down these interactions in the mass eigenbasis of the quarks and leptons.
Since My and M, are chosen to be diagonal, we simply have to absorb any phases in these
two sectors, and use the relation

o My ~
=77 (U) % (3.6)

where
V=PVQ (3.7)

with V' being the CKM matrix in the standard phase convention, and P, ) being diagonal
phase matrices. The phases in () can be absorbed into fermion fields, but those in P will
remain in the color-triplet Higgs couplings. We denote P; = ¢'%/2 with the condition

1+ P2+ ¢3=0. (3.8)

We can now write the effective d = 5 baryon number violating operators by integrating
out the color-triplet Higgs(ino) fields [30, 39]:

s = gz ()% (), (@@or@un
* Mzc (Zu)i‘/ije_w%*z (]Zl)l (uied) (urdy) - (3.9)

Here the contractions are defined as follows:

(QiQi)( QL)) = eapy(ufd) — diull)(u)er — djj 1)
(ufel) (ugds) = e*Pus, eSuf 5dy, (3.10)

Zaj

with d' = V.d.
The form of eq. (3.9) is identical to the one studied in renormalizable SUSY SU(5),
but the LLLL operator has charged lepton masses, rather than down quark masses, and in
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the RRRR operator it is the down quark masses that appear. Since we accommodate the
mass ratio mg /mY ~ 4.4 consistently here, the d = 5 proton decay rate becomes enhanced
by a factor of (4.4)% ~ 20, which sets more severe constraints on the model parameters
compared to the case when mg /m% = 1 is used. It is this form of the effective baryon
number violating operators that we shall use in our numerical study.

3.2 Gravitational smearing of unified gauge coupling

In presence of quantum gravity, the gauge boson kinetic terms could receive corrections
through the effective d = 5 Lagrangian given as [40-43]

C
3L = 5 tr(GuGPY) (3.11)

where G = GH'T® is the SU(5) field strength with the generators normalized as
Tr(TT") = 15%. The unified gauge coupling will be smeared in presence of eq. (3.11) with
the a5_1 in the solution to the one-loop for the gauge couplings replaced by

1

—1

ozl vagl+ 25| 3 (3.12)
2Mpy 9

where the three entries correspond to the smearing of 041_7%73 in that order. As a result,
eq. (2.14) will be modified to

—21In
5 my mz

_ _ _ 1 (12 Mg mMsuUsy 6oc _
(=203 + 3y oy )(mz) w5 Mpl%

This threshold correction does not however modify eq. (2.13). The allowed parameter space

(3.13)

of the model is plotted in figure 3, left panel in the My, — Mg plane, corresponding to the
choice ¢ = 1. This should be compared with the allowed region without threshold effects
shown in figure 2. From the grey region of this figure we obtain the allowed range (for ¢ = 1)

0.81 x 10" GeV < My, < 1.16 x 10'7 GeV, (3.14)
while the green region corresponds to

1.88 x 10" GeV < My, < 5.25 x 1019 GeV . (3.15)

~

The value of Mg does is not altered from this threshold effect. As far as the modification
of eq. (2.14) as shown in eq. (3.13) is concerned, it can be interpreted as redefinitions of the
mass parameters of eq. (2.14) such that values of the mass parameters are multiplied with
exponential factors as follows:

—Hmoc
My. — M 3.16
e = Mg x exp 37 ), (3.16)
3moc
M M _ 3.17
o M x e g ). (317)
—3moc
My — M . 3.18
> ok exp<5a5MP1> (3.18)

It should be noted that these are not the physical masses of particles, but rather are effective
masses which would capture the effects of included threshold corrections.
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Figure 3. Allowed parameter space in the Mg — My, plane in SUSY SU(5) with threshold effects
causing smearing of the unified gauge coupling (left panel) and from the ¥4 superpotential corrections
(right panel). All points are compatible with the REWSB and the LSP being a neutralino. Green
points show the allowed region from the Higgs boson mass, B-physics constraints and LHC limits
on SUSY masses.

3.3 Corrections to the symmetry breaking superpotential
The superpotential of eq. (2.2) can receive Planck-suppressed correction of dimension five:

r_ K1, a4y K2 21\ 2
W= (s + (tr(z2)) (3.19)
where k1 2 have inverse dimensions of mass. Including these terms in the symmetry breaking
analysis shows that the color-octet g and the SU(2)-triplet X3 are no longer degenerate,

with their masses given by

5 5
Msy =5 fo + 5@02 (3.20)
5
My, = fo - 10k102. (3.21)

(Since the physical masses are defined to be positive, we have flipped the sign of My, in
eq. (3.21).) In presence of this mass splitting, the relation in eq. (2.14) will be modified to

R B e B _ L[l
(205" + 30y — a3 )(myz) 2715 an o s

1{12 MHC+61nMEs—21nW}. (3.22)

And the relation in eq. (2.13) will be modified to

_ _ _ 1 M% My, msusy M,
(~205" = 305" + 5oy ) (mz) = 5 {12 In ;{L% +8In =2 Gln—zj . (3.23)

Here My = (5/2) fo is defined to be the (common) mass of the color octet and weak triplet
from X.

We have plotted the allowed parameter space of the model including these threshold
corrections in the My, — Mg plane in figure 3 on the right panel, with the assumption that
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Figure 4. Allowed parameter space in the My, — M¢ plane with the two types of threshold effects
discussed in this section. The red shaded region arises from the superpotential corrections and allow
the largest effective Ho mass. The blue shaded region is from gravitational smearing of the unified
gauge coupling and the green shaded region is without GUT scale threshold effects, Here REWSB
constraint, neutralino LSP condition, Higgs boson mass, B-physics constraints and LHC limits on
SUSY particle masses are all satisfied.

the shift in mass of H¢ is up to about 40%. From here we find that in the gray region we
have the Ho mass range give by

0.81 x 10" GeV < My, < 1.52 x 10'7 GeV, (3.24)
while in the green region the range is
0.43 x 10" GeV < My, < 7.2 x 10'° GeV (3.25)

We have summarized the results for the allowed region of parameters in the My, — Mg
plane including the threshold effects in figure 4. The red shaded region, corresponding
to the superpotential correction, is seen to increase the effective mass of the color-triplet
Higgs to values as large as about 7 x 10'® GeV. In principle, the various corrections could
act collectively, which could further increase the Hs mass. We shall however not assume
this, and in our numerical analysis on proton decay, we fix My, = 7 X 10'6 GeV as an
effective mass.

It should be noted that there could be other types of Planck-suppressed operators
that could contribute to d = 5 proton decay amplitude. For example, 10° 107 10* 5, terms,
involving the fermion superfields and suppressed by one power of the Planck mass, could
be present. The coefficients of such operators should be of order 10~7 or smaller, in order
to be consistent with proton lifetime limits. These operators do not help in correcting the
wrong mass relations for the light quark and leptons. We have not included such operators
in our study.
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4 Scanning procedure, parameter space and experimental constraints

This section summarizes the scanning procedure and constraints which we apply in our
analyses. We have performed random scans in the fundamental parameter space as follows:

0< mo, 5, Moy < 30 TeV,

0< My, <2TeV,
12< tang <20,
-3 < Ag/mo, <3,

—10 TeV < Ag <10 TeV,

0< wmyg <30 TeV.

(4.1)

Here myg, , and myp, are the universal SSB masses for MSSM first two and third family
sfermions respectively. This choice of split masses for the sfermions is motivated by flavor
symmetry as discussed in the context of sMSSM [17, 18]. M,y is the gaugino mass
parameter, tan 5 = v, /vg represents the ratio of the VEVs of the MSSM Higgs doublets H,,
and Hy. Ap is the universal SSB trilinear scalar interaction (with corresponding Yukawa
couplings factored out). The parameters p and m 4 are the Higgs bilinear mass term and
the mass of the CP-odd Higgs boson respectively.

We implement the randomly determined boundary conditions to ISAJET 7.84 pack-
age [44], which calculates the mass spectrum for the supersymmetric particles and Higgs
bosons. In addition to the mass spectrum, ISAJET is interfaced with IsaTools package [45]
to calculate rare B-meson decays such as By — u"p~ and B — X,y and B, — Tv as
well as the dark matter observables. ISAJET uses the weak scale values of the SM gauge
couplings and the third family Yukawa couplings, which are evolved to gauge coupling
unification scale My through MSSM RGEs imposed in DR regularization scheme. The
gauge coupling unification scale M is determined numerically as the scale at which the RG
evolution of the gauge couplings coincide each other.? However, in the evolution of the gauge
couplings, the unification condition is not applied strictly, since a few percent deviation
from unification can be assigned to unknown GUT-scale threshold corrections [22, 30, 31].
The deviation g3 from g; = g2 at My is about a few percent. In addition to the gauge and
Yukawa couplings, we set m; = 173.3 GeV as the central value of top quark mass [46]. Note
that 1 — 20 variation in the top quark mass can result in 1-2 GeV difference in the Higgs
boson mass [47].

The various boundary conditions are imposed at My and all the SSB parameters, along
with the gauge and Yukawa couplings, are evolved back to the weak scale including the
SUSY threshold corrections [48]. The entire parameter set is iteratively run between My
and My using the full 2-loop RGEs until a stable solution is obtained.

One of the important constraint comes from the cosmological abundance of the charged
particles [49], which prevents them to be stable and excludes the regions in the parameter
space where a charged particle happens to be the lightest supersymmetric particle (LSP).

2We denote by My the scale where the two gauge couplings a; and as unify in the absence of any
threshold corrections. While related, My is not quite the same as M¢, which also includes threshold effects.
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In this context, we accept only the solutions for which one of the neutralinos is the LSP
and it is accounted for saturating the relic density of dark matter. In addition to the
cosmological constraints, we also require all the solutions to satisfy requirement of radiative
electroweak symmetry breaking (REWSB). After generating the data consistent with these
conditions, it is subsequently subjected to the mass bounds on the particles [49] including
the Higgs boson [10, 11] and the gluino [50], the constraints from the rare B-meson decays
such as By — ptp~ [51], Bs = Xy [52], and B, — 7v; [53]. We also include WMAP
measurements on the dark matter relic density [54]. Eq. (4.2) summarizes the constraints
successively applied to the data in our analyses:

myp, = 123 — 127 GeV

mg > 2.1 TeV
0.8 x 1072 <BR(Bs — putpu~) <6.2 x 1072 (20)
2.99 x 107* < BR(B — X7) < 3.87 x 107* (20) (4.2)

BR(Bu — TVT)MSSM
BR(B, — Tvr)sum
0.0913 < Qcpumh? < 0.1363

0.15 < < 2.41 (30)

Before concluding this discussion, we should note that the latest release from the Planck
Satellite on the DM relic density measurements [55] provides more restrictive bound on
the relic abundance of the LSP neutralino as 0.114 < Qh? < 0.126 (50). Considering the
large uncertainties in calculation of the relic abundance arising from non-linearity of the
Boltzmann equation and its exponential solutions we employ the less restrictive WMAP
bound in our analyses.

5 Proton decay and fundamental parameter space of SUSY SU(5)

In this section, we discuss the fundamental parameter space of the SUSY SU(5) model
with supersymmetry breaking parametrized by eq. (4.1) and identify the mass spectrum
compatible with the bound on the proton lifetime. Figure 5 displays allowed parameter space
in the mo, , — My 2, mos — My 2, mos —mo, , and g —my planes. All points are compatible
with the REWSB and neutralino LSP conditions. Green points represent the solutions which
are consistent with the mass bounds on sparticles and Higgs boson, and constraints from
rare B-meson decays. The regions consistent with the current proton lifetime are shown in
orange as a subspace of green. The bounds from the WMAP measurements are applied on
top of the proton lifetime constraint, and the consistent solutions are shown in brown. The
diagonal line in the mg; — myg, , plane shows the region where mgo, = mop, ,. The proton
lifetime is calculated by setting the triplet Higgsino mass to be My, = 7 x 101 GeV. The
mo, , — M2 plane shows that any value greater than 5TeV for the SSB mass term for the
first two families can be compatible with the bound on the proton lifetime, while the relic
density constraint raises the bound on mg, , up to about 10 TeV. On the other hand, the
regions with M 5 < 700 GeV (gray region) are excluded. This exclusion arises due to the
gluino mass limits. One can see a stronger impact from the proton lifetime on mg, from
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Figure 5. Allowed parameter space in the mg, , — My /2, mo, — My /2, Mo, — Mo, , and g —ma
plane. All points are compatible with the REWSB and neutralino LSP conditions. Green points
represent the solution which are consistent with the mass bounds on sparticles and Higgs boson, and
constraints from rare B-meson decays. The regions consistent with the current proton lifetime are
shown in orange as a subspace of green. The bounds from the WMAP measurements are applied
on top of the proton lifetime constraint, and the consistent solutions are shown in brown. The
diagonal line in the mg, — mo, , plane shows the region where mq, = mo, ,-

the mo, — My, plane. The orange points which are compatible with the bound on the
> 10 TeV. We also present

~

proton lifetime are mostly accumulated in the regions with mo,
our findings in the mq, — mo, , plane. Here mg, can take relatively smaller values when

mo, , 2 15TeV, which leads to quite heavy spectrum for the first two family sfermions.

~

The diagonal line corresponds to the limits when we have universal SSB mass terms for all
squarks and sleptons. The p —m 4 plane shows that solutions in orange can be realized only
when p < 1.5 TeV, even though it is varied up to 30 TeV in our scan. The dark matter relic
density condition constrains p further as u < 1TeV (brown points). The regions with low g
might be favored by the fine-tuning arguments [56] and also they can provide interesting
DM predictions which can be tested in direct detection experiments.

Figure 6 shows our results for the proton lifetime in correlations with the fundamental
parameters of the model, mo, ,, mos, Mo and tan 3 respectively, assuming that My, =

17—
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Figure 6. Allowed parameter space for the proton lifetime in correlation with the fundamental
parameters of the model my, ,, mo,, M/ and tan 3. Proton life time is calculated by setting
Mp,. = 7x10'¢ GeV. The meaning of colors are the same as given in figure 5; however, the constraint
from the proton decay is not applied in these plots, and the brown points form a subset of green.
The horizontal lines indicate the current limit on the proton life time, 7(p — vK*) = 5.9 x 1033
years [9].

7 x 1016 GeV. The meaning of colors are the same as given in figure 5; however, the
constraint from the proton decay is not applied in these plots, and the brown points form
a subset of green. The horizontal line indicates the current limit on the proton life time,
T(p = vKT) =5.9%x10% years [9]. The 7(p — vK+)—my, , plane shows that many points
consistent with all collider constraints (green points) can be excluded by the current bound
on the proton lifetime being below horizontal line. The longest lifetime in our parameter
space can be 7(p — 7K 1) ~ 103 years or so. The WMAP bound on the relic abundance
bounds the sfermion mass even farther. In contrast to the SSB mass of the first two families,
the 7(p — VK™) — mg, plane reveals a strong correlation between the proton lifetime and
the SSB mass term for the third family, mg,. The solutions consistent with the constraints
including that on the proton lifetime requires mg, 2 10 TeV. The reason for such a strong
bound is that the third family sparticlse contribute to the proton decay rate proportional

to the their larger Yukawa couplings. The correlation between the proton lifetime and
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Figure 7. Correlations of proton lifetime with the masses of the left and right-handed stops, right-
handed stau and wino respectively. Proton life time is calculated by setting My, = 7 x 106 GeV,
and the color coding is the same as figure 6.

M, /5 is rather weak in the mass range considered, and solutions can be obtained for any
value of Mj /5, once the gluino mass bound is satisfied. Since the proton lifetime is inversely
proportional to tan 3 [57], one can also ameliorate the proton lifetime tension by requiring
small tan 8. In the parameter space which we scan over, a strong suppression in proton
lifetime is observed with large tan 8, which is expected to be stronger beyond tan 8 > 20,
disfavoring such large values.

The impact of the proton lifetime on the third family sfermion masses can be seen
explicitly from figure 7 where we present our results for the proton lifetime in correlation with
the masses of the left- and right-handed stops, right-handed stau and the wino respectively.
The color coding is the same as in figure 6. The top panels show that the left-handed stop
is mostly required to be heavier than about 7 TeV, while it is also possible to satisfy the
constraints with a compatible proton lifetime when mi, 2 3TeV. The impact becomes
stronger for the right-handed stau as is seen from the 7(p — VK ™) — mz, plane where the
solutions with mz, < 8TeV are all excluded by the constraint from the proton lifetime. As
is discussed for the SSB gaugino masses, the compatible solutions can be obtained for any
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Figure 8. Lifetime of the proton in correlation with the phase angle ¢o with ¢3 set to zero. Green,
blue and red dashed curves represent the proton decay into v., v, and v, along with K, respectively.
The solid curve shows the total lifetime of the proton.
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Figure 9. Plots for the neutralino species in the y — Mz plane. All masses plotted here refer to
the values at the low scale. The color coding is the same as figure 5. The diagonal line shows the
solutions in which the Higgsinos and Bino are degenerate in mass (u = Mjp).

Mﬁ,, once the LHC constraints are satisfied. Thence, if one can suppress the contributions
from Higgsino loop, any mass scale for the gauginos can be made consistent down to the
value allowed by the current LHC constraints.

Figure 8 displays the proton lifetime in correlation with the phase angle, ¢o. For
simplicity of presentation here we assume ¢3 = 0, which implies ¢1 = —¢o, since ¢1 + P2 +
¢3 = 0. Green, blue and red dashed curves represent the proton decay channels into v,
v, and v, along with K T, respectively. The solid curve shows the total lifetime of the
proton. These curves show that the phase angles can enhance the proton lifetime somewhat.
The peaks in v, and v, are observed at ¢ ~ 0.877 (~ 2.7 in radian), while the peak in v,
is realized at ¢ ~ 1.137 (~ 3.55 in radian). The overall lifetime of the proton peaks at
¢2 >~ 1.057 (~ 3.31 in radian).

We present our results for the masses of the neutralino species in figure 9 with a plot in
the p1— Mp plane. All masses plotted refer at their low scale values. The color coding is the
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Figure 10. Plots for the spin-independent (left) and spin-dependent (right) scattering cross-sections
of the DM scattering off nuclei. The color coding is the same as figure 5. In the ogr — myo plane, the
blue dashed (solid) line represents the current (future) exclusion from the CDMS experiment [58, 59],
while the black dashed (solid) line indicates the current (projected) results from the LUX (LZ)
experiment [60]. The red dashed (solid) line displays the current (future) exclusion curve from the
XENONIT (XENONT) experiment [61]. In the ogp — mgo plane, the black solid line represents
the current results from the LUX experiment [62], while the orange solid line indicates the current
exclusion from the SuperK measurements [63]. The blue dashed (solid) line stands for the current
(future) sensitivity of the IceCube experiment [64]. Finally the green solid line is provided by the
CMS experiment at 8 TeV [65].

same as figure 5. The diagonal line shows the solutions in which the Higgsinos and Bino are
degenerate in mass (¢ = Mp). Since it is possible to realize p—term below about 1 TeV, the
Higgsinos can be the significant component of the DM, and as is seen from the u — M; plane,
the Higgsinos can either be degenerate with Bino or lighter than it. Such solutions yield
either Bino-Higgsino mixture in the DM formation, or mostly Higgsino DM. The diagonal
line guides us to see realization of bin- Higgsino dark matter in our parameter space.
When the DM composition involves a significant amount of Higgsinos, it yields large
cross-sections for the DM scattering off nuclei, since these processes happen through Yukawa
interactions. In this context, the DM predictions of our model receive a strong constraint
from the direct DM detection experiments as plotted in figure 10 for the spin-independent
(left) and spin-dependent (right) scattering cross-sections. The color coding is the same
as figure 5. In the og; — Mo plane, the blue dashed (solid) line represents the current
(future) exclusion from the CDMS experiment [58, 59], while the black dashed (solid) line
indicates the current (projected) results from the LUX (LZ) experiment [60]. The red dashed
(solid) line displays the current (future) exclusion curve from the XENONIT (XENONnT)
experiment [61]. In the ogp — mgo plane, the black solid line represents the current results
from the LUX experiment [62], while the orange solid line indicates the current exclusion
from the SuperK measurements [63]. The blue dashed (solid) line stands for the current
(future) sensitivity of the IceCube experiment [64]. Finally the green solid line is provided
by the CMS experiment at 8 TeV [65]. The ogr — M50 plane shows that most of the solutions
yield large spin-independent cross-sections so that they are slightly above the exclusion

- 21 —



limit from the current LUX experiment, while the XENON experiment reveals a stronger
impact on the results, since its sensitivity has recently been significantly improved. On the
other hand, these solutions are in the reach of the projected results from the SuperCDMS
experiment [59], and they are expected to be excluded or discovered in near future.

The dark matter searches provide strong constraints on the parameters of the model.
Even though the experiments provide model independent results, the phenomenological
analyses are rather model dependent and based on strict assumptions. In our analyses
we have assumed the dark matter relic density is saturated only by the LSP neutralino.
With this assumption, the model under consideration predicts large scattering cross-sections
for the dark matter scattering off nuclei, which are excluded by several direct detection
experiments such as LUX (black dashed curve) and XENONIT (red dashed curve). Thus
the assumption about dark matter composition needs some modification. We note that it is
easy to satisfy the upper limit on LSP abundance from over-closing the universe. If the LSP
contributes only a fraction of the DM abundance, there is no issue with the model. This
can be realized, for example, if the axion contributes the remainder of the DM abundance.
Inclusion of the axion and its SUSY partners do not significantly modify the phenomenology
discussed here.

Finally we present a table of three benchmark points in table 1, which exemplify
our findings. All points are chosen as to be consistent with the mass bounds, B-physics
constraints and the proton lifetime measurements. If one requires the solutions to be
consistent with the Planck bound on the relic density of LSP, then the minimum value for
the SSB scalar masses of the first two-family matter fields are observed to be my, , >~ 12.6 TeV
as exemplified with Point 1. In addition, Point 2 displays a solution for the lightest Higgsino
compatible with the Planck bound on relic density of LSP neutralino, and Point 3 represents
solutions with relatively lower spin-independent and spin-dependent scattering cross-sections
of DM. In addition to the light Higgsinos revealed in all the benchmark points, Bino also
happens to be as light as about the Higgsino, and it results in Bino-Higgsino mixture in
DM composition. If the DM is composed by Higgsinos or it happens to be Bino-Higgsino
mixture, then the solutions typically lead to chargino-neutralino coannihilation scenarios.

6 d = 6 proton decay

Here we consider the proton decay rate induced by the exchange of the SU(5) gauge X,Y
bosons (d=6 proton decay). The dominant decay channel in this case is p — et 7.
The effective Kahler potential for dimension-six operators is given by

2
Liims = / d*o <Z cOoW® h.c.> , (6.1)

i=1
with operators O (i = 1,2) defined as

OW = ¢,5,6,,UTDOBQrILs . OF) = ¢, 5,6, ECTUCTOQQ*. (6.2)

Here for simplicity we omitted the flavor indices. The Wilson coefficients Cé%T are defined as
2
M _~2 9

Caor = Caur = Mz (6.3)
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Point 1 Point 2 Point 3
mo, , 12580 16720 21050
Mo, 25750 26140 26110
M; 5 815.3 803 1947
Ag/mo, -0.746 1.4 -1.12
w 394.8 360 792.1
ma 14730 26170 20420
my 173.3 173.3 173.3
tan 3 6.38 5.93 5.31
mp, 124.19 125.35 123.22
my 14827 26342 20554
ma 14730 26170 20420
e 14730 26170 20420
Mo, Mgy 359.58, 412.35 315.49, 375.83  803.66, 817.58
Mgy, Mg 425.25, 769.71 382.82, 671.81  937.27, 1781
Mg, Mt 418.8, 741.16  377.34, 647.93  845.5, 1731
mg 2275 2102 4848
My g 12216, 13068 16513, 16845 21103, 21551
mg, 15255, 21197 10955, 20021 12962, 20630
iy 12217, 12158 16514, 16567 21103, 21091
mg, 21136, 25727 20107, 26129 20659, 26164
Mo, , 12953 16814 21292
Mg 25954 26202 26331
Mep 1s 12974, 11610 16809, 16403 21282, 20569
M, 25224, 25954 25817, 26171 25644, 26277
osr (pb) 1.28 x 1078 1.18 x 1078 5.13 x 107
osp (pb) 6.11 x 107 712 x 107° 4.65 x 1076
Qh? 0.122 0.12 0.117
(p — vK*) x 10733 6.99 18.56 7.36

Table 1. A table of three benchmark points satisfying the mass bounds, B-physics constraints and
the Proton lifetime measurements. All the masses are in units of GeV, and the proton lifetime is
given in years. Points 1 displays the lowest value for mg, , when solutions are allowed by the Planck
bound within 50. Point 2 shows a solution for the lightest Higgsino mass consistent with the Planck
bound. Point 3 represents solutions with relatively lower spin-independent and spin-dependent
scattering cross-sections of DM.
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Note that the Wilson coefficients at low energies do not depend explicitly on the masses of
SUSY particles, in contrast to those of the dimension-five proton decay operators.
The partial decay width for p — e*7¥ is then given by [28]:

2\ 2
04y Myp My 0,412 0,412
I'lp—net) = Tor (1 m%) AL(p = 7eT)|* + [Ar(p = 7 )|, (6.4)
with
2
Ap(p — 7le") = —7]\‘352 - Ay - (7°| (ud) pu|p) ,
X
2
A(p = %) = = (14 [Vual) - Ao - (x°|(ud) gz lp) (6.5)
X

where A; ~ 2.72 and Ay ~ 3.08 are the renormalization factors [28]. As mentioned in
section 3 from low energy data with RGE extrapolation we can determine the effective mass
Mg = (M)Q(Mg)l/?’. The full range of this mass parameter is given in figure 4. To a good
approximation we can wrie down the d = 6 proton decay inverse rate as
My )4

7(p — e"n%) ~ 1.8 x 10% yr. x (1016Ge\/

(6.6)

7 Conclusion

We have presented in this paper a re-appraisal of the proton lifetime in minimal SUSY
SU(5) grand unified theory. The particle content of the model is kept minimal, with three
families of 10 + 5 fermions and a Higgs sector consisting of a 24 and a pair of 5 + 5. We
have incorporated realistic fermion masses by including Planck-suppressed d = 5 operator
in the Yukawa coupling sector. This leads to a decrease in the proton lifetime rate by
a factors of about 20 and thus constrains the SUSY parameter space even more. We
have also included Planck-suppressed operators that smear the unified gauge coupling of
SU(5). These operators, along with d = 5 operators arising from the symmetry breaking
sector, are shown to help raise the mass of the color-triplet Higgsino to about 7 x 106 GeV.
This counterbalances somewhat the enhanced proton decay rate resulting from realistic
fermion masses.

We have also paid close attention to the SUSY parameter space. Our framework
allows for a universal mass for the first two family sfermions that is different from that
of the third family sfermons. Such a spectrum is motivated by flavor symmetry based
MSSM [17, 18]. We have allowed the scalar masses to be as large as 30 TeV, so that the
direct search limits from the LHC can be satisfied, along with constraints arising from
proton lifetime. The gaugino mass parameter is however limited to M/, < 2TeV, so that
there is a consistent dark matter candidate. Such a spectrum opens the possibility that the
gauginos and the Higgsinos may be within reach of the high luminosity run of the LHC.
We have also elucidated expectations for dark matter searches through its spin-dependent
and spin-independent scattering off nucleons. When all the constraints of the model are
imposed we find that the lifetime for proton decaying into 7 + KT is likely to be shorter
than about 10%° yrs.
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A d = 5 proton decay calculation

In this appendix we provide the steps followed for computing the d = 5 proton decay rate
within our framework. We have followed closely the steps outlined in ref. [57]. The only
difference in our approach is that we do not use bottom-tau Yukawa coupling unification
condition at GUT scale — as this condition is modified by Planck-induced threshold
corrections in our framework. As shown in eq. (3.3) in our scenario the down quark and
charge lepton Yukawa couplings are independent of each other.

The effective Lagrangian obtained after integrating out the color-triplet Higgsino fields
is written as

L5 = GO + Cg Oy + hue. (A1)
with ]
Oy = [ 0 can( Q- Q@5 - L)
(A.2)
O = [ d*0e™ ™ Une juigpdie -
The Wilson coefficients are given at the GUT scale as
ijkl 1 AVE
Czr (Mgur) = o h10,:0" Viihs g,
C
(A.3)
ij 1 .
C5j}§l(MGUT) = th,i‘/;ijlhiF),p
where V;; are the CKM matrix elements parametrized as
. A =0.818
1—2A2/2 A AX3(p —inm) 3\ = 0.2955
Very = -\ 1—2\2/2 AN? with B 0'117 (A.4)
AN(1—p—in) —AN? 1 p=r
(L= p—m) n = 0.353

For the Yukawa couplings, we use at the GUT scale the tree-level matching conditions.
However, we note here that there is an ambiguity in the determination of the GUT Yukawa
couplings. As is known, the b — 7 Yukawa unification in the SUSY SU(5) is not a good fit
in most of the parameter space [66]. The inclusion of higher dimensional operators cures
this problem in our framework, see eq. (3.3). As a result we have the following GUT scale
matching condition for Yukawa couplings:

1
thi = quu h._?n = \/Efep h%z = \/Efdl (A5)
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Here ¢ = 1,2,3 is the family index. For the third generation we use top, bottom and
tau Yukawa couplings obtained through ISAJET RGE running, which are approximately
ft = 89.1/vy, fo = 0.96/vy, and f; = 1.33/vy for most values of tan § we investigate
(with v, ¢ in GeV). For the first two generation quark and lepton Yukawa couplings we
use their GUT scale value obtained in ref. [67]: f. = 0.245/v,, fs = 18.46 x 1073 /vy,
fu =80.04 x 1073 /g, f, = 0.45 x 1073 /vy, f4 = 0.585 x 1073 /vg, fo = 0.379 x 1073 /vy;
with v, 4 in GeV. Note that vy = vgy cos 8 and v, = vsy sin B with vgy = 174 GeV.
Following the discussions of section 3. we fix the color-triplet Higgsino mass at

My, =7 x 10" GeV . (A.6)

Such a value is compatible with the model. For any other values one can simply rescale the
results on proton lifetime.
In our calculations we parameterize the Yukawa couplings as follows:

(h10)ij = €%8;5h104, (hg)ij = Viihg ; (A7)

where ¢; are the unknown SU(5) phases obeying the condition ¢1 + ¢2 + ¢3 = 0. For most
of our calculations we set ¢; = 0 for simplicity, although we have studied the dependence of
proton lifetime on one of the phases as shown in figure 8.

At the scale of SUSY breaking, Mgygy, the sfermions in the dimension-5 operators are
integrated out by evaluating the loop diagrams involving the Higgginos and Wino. The
dominant baryon number violating interactions after this integration are given by [68, 69]

£t = CZH(?))Ouas + 051(2)(9”22 + C}’Z@ljjk + C}/Z@ﬂjk + 6%@]‘]'% ; (A.8)
with

Oijit = €abe(Uhid;) QL) |
@z‘jkl = Eabcgaﬁgws(Q%ia@%j’y)(Q%kéLUﬁ) :

The first two terms in eq. (A.8) are the Higgsino contributions, while the other terms

(A.9)

represent the wino contribution to the proton decay rate. Note that the Wilson coefficients
given in eq. (A.3) are calculated with Csz, and Csr at Mgysy. Once they are obtained at
the GUT scale, their values at Mgygy can be obtained through the renormalization group
equations given by [57]:
d ik 1 2 4 2 2, 2 2 2 P 2 2 2 | ~igkl
dno 5 T 16e2 |59 T 695 — 893 + Yu, + Ya, + Yu, T Ya, + Yu, +Ya, +Ye, | Cs1
d_iget _ 1 [_12
dln@ °F 1672 | 5

.
9t — 895 + 2ua, + 292+ 2yn, + 25, | CeR - (A.10)

Here @) denotes the renormalization scale. The Matching conditions at the SUSY scale are

C'iH(?’) (Mgusy) = (£t7{5-2 C;?%SM(MSUSY)F(U7mt2Rm72”-R)
- (A.11)
C’iH@) (Msusy) = (f467{§2 Cg%zm(MSUSY)F(F"ngm%R)
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where the Yukawa couplings fi, f-, f. and f, take their SUSY scale values. In addition,
we have

w _ Q2 gk 2 2 2 2

Cjk (MSUSY) = 7(471_) C5L (MSUsy)[F(MQ,mQImQj + F(MQ’mQjmik)]’ (A.12)
1 3 «

Tl (Msusy) = 5 7 55 O (Msusy) [F (Mo, my iy ) + F(Mzmiy m7 )l (A.13)

where we used the standard notation for MSSM sfermions and «; = g?/47. The loop

function F(M,m?, m3) is given by

M m3 m? m3 m3
2,2\ _ 1 1 2 2
B, mimy) = [ml " <Mz> “ o\ (A-14)
The values of the Wilson coefficients at the electroweak scale can be obtained through
the following RGEs [70]:

d H _al 11 [65) 9 1
1 — 2 (—4)+ =
danCZ _47r< 10)+ ( 2)+47r( )+2

1
d 7 _al 1 (6%) ag
mcﬂf = lm\5) T Gt ) Ryl G )[QCk +C]k]

&

)[20 kT C]k]

(A.15)

where f,; denote the SM up-type Yukawa couplings. The effective operators inducing the
p — KT, decay mode, and corresponding interactions can be written as

L(p — K*5,) = Crp(usdy;) [eabc(uRsl}{)( 7v;)] + Crr(udsy;) [eabc(uﬁ%db )(s7v)]
+ Crr(usdy;) [6abc(uL3%)( ;)] + Crr(udsv;) [eabc(uLdL)( v;)], (A.16)

d —w [af 1
danCjk_ _471'( 5>+47r( 3)+47r

where,
H(3
Crr(usdv;) = =V;qCy " (mz),
Crr(udsv,) = —V,gsC’f{(g’)(mz),
Crr(usdv,) = =VeqCy (2)(mz),
Crr(usdvg) = > W1W2C}/}§(mz),
7=2,3
CLL udsz/k Z V]ﬂ/} ) (A.17)
7=2,3

We note that éﬂ appears only in the RGEs, and does not contribute to the effective
operators.

We run down these coefficients to the hadronic scale Qn.q = 2 GeV using the 2-
loop RGEs between the electroweak and the hadronic scales [71] (written for a generic
coefficient C):

d 14 4 o?
A48 (2 SN+ A )2 Al
im0’ [ 47r+<3 R A )(47r)2]0’ (A.18)
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where o and Ny are the strong coupling and the number of the quark flavors respectively.
A varies from one operator to another with A =0 for Cr; and A = —10/3 for Crr. The
resultant partial decay width for the p — K7; mode is given by

_m m3\° _
Dlp— K77) = g2 (1= 7 ) 1A - K3 (A.19)
p

where m,, and mg are the masses of the proton and kaon, respectively. The amplitude
A(p — K*1;) is the sum of the Wilson coefficients multiplied by the corresponding hadronic

matrix elements:

Alp = KT,) = Crp(usdve) (K |(us) pdp|p) + Crp(udsve) (KT |(ud) s |p),
Alp — K*v,) = Crr(usdv,) (K |(us)rdr|p) + Crr(usdv,) (KT |(us)rdy|p)
+ O (udsvy) (K™ |(ud) LsLIp),
Alp — KT;) = Crp(usdv: ) (K |(us)rdr|p) + Crr(udsv; ) (K| (ud)gsL|p)
+ Crp(usdvr ) (K™ |(us)Ldp|p) + Crr(udsv, ) (K™ |(ud)Lslp).  (A.20)

The hadronic matrix elements of the effective operators at the scale of Qunaq = 2 GeV
have been determined by lattice QCD computations, which we adopt [72]:

(K*|(us)dp|p) = 0.041(2)(5) GeV?,

(K| (ud) sy |p) = 0.139(4)(15) GeV?,

(K*[(us)pdy|p) = —0.049(2)(5) GeV?,

(KT|(ud) gsy|p) = —0.134(4)(14) GeVZ. (A.21)
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