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ABSTRACT: We revisit proton decay via the color-triplet Higgs multiplets in the minimal
supersymmetric grand unified model with heavy sfermions. Although the model has been
believed to be excluded due to the too short lifetime of proton, we have found that it is pos-
sible to evade the experimental constraints on the proton decay rate if the supersymmetric
particles have masses much heavier than the electroweak scale. With such heavy sfermions,
the 126 GeV Higgs boson is naturally explained, while they do not spoil the gauge cou-
pling unification and the existence of dark matter candidates. Since the resultant proton
lifetime lies in the regions which may be reached in the future experiments, proton decay
searches may give us a chance to verify the scenario as well as the supersymmetric grand
unified models.
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1 Introduction

The discovery of the Higgs boson [1, 2] has opened the way for physics beyond the Standard
Model (SM). It is certainly a striking hint for understanding the high-energy physics, as
elementary scalar particles may play an important role in realizing our complicated world
with apparent broken symmetries. The theories with supersymmetry (SUSY) naturally
include such scalar particles; the Higgs boson might be a superpartner of chiral fermions,
called higgsinos. Besides, there exists a set of scalar particles for each SM fermion, as well
as adjoint fermions for the SM gauge bosons. Then, astonishingly enough, we find that
with these extra particles the gauge coupling constants of the SM are to be unified at a
certain high-energy scale with great accuracy [3-7]. This observation motivates us to study
the supersymmetric grand unified theories (SUSY GUTs) [8, 9].

The SUSY GUTs predict an exciting phenomenon: proton decay. It is induced by
the exchanges of the color-triplet Higgs multiplets and the X-bosons, and their effects are
described in terms of the dimension-five and -six effective operators, respectively. In the
minimal SUSY SU(5) GUT [8, 9], which is a simple supersymmetric extension of the original
SU(5) GUT [10], the former process yields the dominant decay modes, such as p — K*v.
The lifetime of the channel is estimated as 7(p — KT) < 1030 yrs [11, 12], with the
SUSY particles, in particular those of the third generation, assumed to have masses of
around the electroweak scale. On the other hand, the Super-Kamiokande experiment gives
stringent limits on the channels: 7(p — K*) > 4.0 x 103 yrs [13]. This contradiction
makes it widely believed that the minimal SUSY SU(5) GUT has been already excluded
and, therefore, needs some extensions in order to suppress the dimension-five proton decay.



As is often the case with SUSY models, the SUSY GUTs are usually discussed within
the context of the low-scale supersymmetry. Recently, experiments at the Large Hadron
Collider (LHC) provide limits on the SUSY models. The ATLAS and CMS Collaborations
have been searching for the SUSY particles and imposed severe constraints on their masses,
especially those of squarks and gluino [14-16]. The mass bounds have began to exceed
1TeV and, thus, the low-energy SUSY models are confronted with difficulties. Moreover,
the observed mass of the Higgs boson around 126 GeV [1, 2] might also indicate the SUSY
scale is considerably higher than the electroweak scale; in the minimal SUSY Standard
Model (MSSM), the mass of the lightest Higgs boson is below the Z-boson mass at tree
level, so sufficient mass difference between stops and top quark is required in order to raise
the Higgs boson mass through the radiative corrections [17-21].

In fact, the SUSY models with heavy SUSY particles have a lot of attractive fea-
tures [22-28]. First of all, since the flavor changing neutral current (FCNC) processes
and/or the electric dipole moments induced by SUSY particles are suppressed by their
masses, the SUSY flavor and CP problems [29] are relaxed when the masses are con-
siderably heavy. As mentioned to above, the heavy sfermions yield sufficient radiative
corrections to lift the Higgs mass up to 126 GeV [30-33]. They do not spoil the gauge cou-
pling unification since the sfermions form complete SU(5) multiplets. Actually, it turns out
that the unification is improved in the sense that the required threshold corrections at the
GUT scale tend to be reduced [34]. As for the cosmology, the gravitino problem is avoided
because of the high-scale SUSY breaking, and the thermal leptogenesis scenario well works
with high reheating temperature [35]. Further, this high-scale SUSY scenario naturally ac-
commodates dark matter (DM) candidates, which might be detected in future dark matter
experiments directly [36-39] and indirectly [32, 40, 41]. Thus, with the recent LHC results
considered, the high-scale SUSY scenario is even promising from a phenomenological point
of view.

Interestingly, this scenario also provides an alternative solution to the problem re-
garding the dimension-five proton decay in the minimal SUSY GUT. The dimension-five
operators generated via the color-triplet Higgs exchange contain squarks and/or sleptons
in their external lines. These fields are to be integrated out below the SUSY scale through
the wino or higgsino exchanging processes, and then the four-Fermi operators, suppressed
by the sfermion masses, are induced. Hence, their effects are expected to be extremely
reduced when the SUSY scale is much higher than the electroweak scale.

In this paper, we study such possibilities within the context of the high-scale SUSY
scenario. We will find that the minimal SUSY SU(5) GUT actually evades the constraints
from the proton decay experiments with the SUSY braking scales which naturally explain
the 126 GeV Higgs boson and the existence of dark matter in the Universe. The resultant
proton lifetime lies in the regions which may be reached in the future proton decay ex-
periments. Therefore, although the high-scale SUSY scenario is hard to be probed in the
collider experiments, the proton decay searches may give us a chance to verify the scenario
as well as the existence of supersymmetry and the grand unification.

This paper is organized as follows: In section 2, a high-scale SUSY model which we
discuss in this work and its phenomenology are briefly explained. In the next section, we



give a set of formulae for evaluating the proton decay rate via the dimension-five operators.
Then, we show the resultant proton lifetime in the model, and compare it with current
experimental limits in section 4. Section 5 is devoted to conclusions and discussion.

2 High-scale SUSY

To begin with, we describe a high-scale SUSY model which we deal with in the following
discussion. Assume that there exists a SUSY breaking hidden sector where the SUSY
breaking is triggered by a chiral superfield Z which is not a gauge singlet. Then, with
a generic form of Kéahler potential, all the scalar bosons except the lightest Higgs boson

acquire masses of
Fy

M.’
with Fz and M, the F-component vacuum expectation value (VEV) of the field Z and

Mg ~

(2.1)

the mediation scale of the SUSY breaking, respectively. The gravitino mass is mg/, =
Fz/ V/3Mpy, and it is the same order as the scalar masses when M, is around the Planck
scale, Mp;. The soft masses for the two doublet Higgses and the p-term are fine-tuned
in order to realize the electroweak symmetry breaking at the proper scale. The gaugino
masses, on the other hand, are not generated by the dimension-five operators like

/d29 ZTe[WoW,], (2.2)

since the symmetry under which the superfield Z is charged prohibits such an operator.
Here, W, denotes the gauge field-strength chiral superfield. Instead, they are induced by
the anomaly mediation mechanism [42, 43]:
2
M, — %mw, (2.3)
where My, My, and M3 are the masses of bino, wino, and gluino, respectively, and b, are
the one-loop beta-function coefficients of the gauge coupling constants g, (a = 1, 2, and
3 for U(1)y, SU(2)r, and SU(3)¢, respectively). This expression tells us that the gaugino
masses are suppressed by one-loop factors compared with the gravitino mass. Similarly,
since we assume that the superfield which breaks supersymmetry is not a gauge-singlet, the
A-terms are generated with the suppression by the loop factors. Finally, the higgsino mass,
w1, is somewhat model-dependent; it might lie around the same order of gaugino masses
when some additional symmetries exist, or be as large as gravitino masses if it is generated
by the Kéahler potential. Thus we regard it as a free parameter in the following discussion.
In this scenario, the lightest SUSY particle (LSP) is either wino, which turns out to
be the lightest gaugino, or the lighter higgsino. Then, it is found that in any case the LSP
may explain the dark matter in the Universe. Indeed, the thermal relic abundance of wino
and higgsino DM with a mass of 2.7-3.0 TeV [44] and 1TeV [45], respectively, accounts for
the observed density of DM. With relatively small masses, the non-thermal production of
them also might be consistent with the observation [46, 47]. The wino or higgsino DM in
this model implies sfermion masses lie around 10?103 TeV.



From now on, we assume the sfermions are nearly degenerate in mass, and their masses
are collectively denoted by Mg. The mass is supposed to be Mg ~ 10%2-10% TeV, and either
wino or higgsino is assumed to be the LSP. Models with such a mass spectrum and their
phenomenology have been enthusiastically studied in the previous literature [48-55].

As mentioned to in the Introduction, the mass spectrum does not spoil the gauge
coupling unification [23, 24], since the sfermions are embedded in the complete multiplets
of SU(5). In fact, the unification may be improved [34]; a renormalization group analysis
reveals that all of the GUT scale particles, especially the color-triplet Higgs multiplets,
possibly lie around the GUT scale ~ 10'6 GeV, contrary to the case of the low-energy
SUSY. It indicates that the threshold corrections to the gauge coupling constants at the
GUT scale are reduced in the high-scale SUSY scenario. Thus, the SUSY GUTs are still
well-motivated.

3 Proton decay in the minimal SUSY SU(5) GUT

In this section, we review the proton decay in the minimal SUSY SU(5) GUT. In this
model, the MSSM matter fields are embedded in a 5 & 10 representation. The SU(2).
singlet down-type quarks D and doublet leptons L are incorporated into the 5 fields, ®,
while the SU(2), singlet up-type quarks, U, doublet quarks, @, and singlet leptons, E, are
formed into the 10 representations, ¥. Here all the superfields are expressed in terms of
the left-handed chiral superfields. The explicit form of the multiplets is

Dy 0 Us —U, U' D!
Dy . -Us 0 U, U? D?
®=| D3|, ‘Il:ﬁ Uy -U; 0 U® D3|, (3.1)
E Ut —-U? -U®* 0 E
—-N —-D' —-D? —D3 —FE 0

with

N . [U”
(D). oo (z) "

Here, a = 1, 2, 3 denotes the color index. The MSSM Higgs superfields, on the other hand,
are embedded into a pair of 5 and 5 superfields accompanied with the new Higgs superfields
Hg and Hc,, called the color-triplet Higgs multiplets:

H}, Hcy
H? Heco
H=|H], H=| Hes |, (3.3)
Hf H
H? —HY

where the last two components are corresponding to the MSSM Higgs superfields,

Hf HY
H,= | %1, Hy=1|_2]. (3.4)



Exchanges of the color-triplet Higgs multiplets induce the baryon-number violating
interactions. They are coupled with the ordinary matter fields by the Yukawa coupling
terms in the superpotential:!

1 . g _
WYukawa = Zh” eabcde\ygb\Il;dHe - \/ifl] \Il?bq)jaHb s (35)

where i,7 =1,2,3 and a,b,c,... = 1-5 represent the generations and the SU(5) indices,
respectively. The Yukawa couplings h¥ and f“ in eq. (3.5) have redundant degrees of
freedom, most of which are eliminated by the field re-definition of ¥ and ® [56]. We
parametrize the couplings according to ref. [57] as

h = fue%ibij,

7 =Vifa (3.6)
with V;; the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The phase factors ¢; are subject
to a constraint

v1+p2+93=0, (3.7)

and thus two of them are independent parameters. The Yukawa coupling terms in eq. (3.5)
are written with the component fields as follows:

WYukawa — ful ei% ersUiaQ?rHZ - ‘/z;fd] ErstqrbjaHj - fdj Ers‘/;;EzL;‘Hj
1 o * T IT
- §fu¢ez%eaﬁ'y€rsQ?TQ;'Bng + ‘/Z‘jfdj ersQy LjHCoz
+ fuz ei%UmFngv — szfd] Eaﬁwﬁiaﬁjlgﬁcfy . (38)

Here, r, s are the SU(2)y indices. In the following discussion, we also use the flavor basis
for the matter fields. The relations between the flavor and gauge eigenstates are given as

/ /
Qi = i s L; = Nf ,
Vi D; E;

A D, = D.. i = Vy B, (3.9)

where primes represent the flavor eigenstates.

The Yukawa interactions of color-triplet Higgs multiplets give rise to the dimension-
five baryon-number violating operators. The processes in which the operators are induced
are illustrated by the diagrams in figure 1. After the color-triplet Higgs multiplets are
decoupled, we obtain the effective superpotential as

Ws =+ Wchf“ifdz Vk76i¢ieaﬁversetuQ?TQiﬁsQZtL?
1

My fu, eitpi fdl Vk*l eaﬁ’yviaﬁivkﬁbl'y ) (3 10)
c

+

'n this paper we evaluate the proton decay rate with the SU(5) symmetric Yukawa couplings which are
evaluated with up-type and down-type quark masses and the Cabibbo-Kobayashi-Maskawa matrix, though
the ratios of charged lepton and down-type quark masses are not necessarily consistent with them. We have
checked that, even if the lepton masses are used for fq,, our consequence presented below is not changed
significantly.
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Figure 1. Supergraphs which illustrate color-triplet Higgs exchanging processes where dimension-
five effective operators for proton decay are induced. Bullets indicate color-triplet Higgs mass term.
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Figure 2. One-loop diagrams which yield the baryon-number violating four-Fermi operators. Dia-

grams (a) and (b) are generated by charged wino and higgsino exchanging processes, respectively.
Gray dots indicate dimension-five effective interactions, while black dots represent wino or higgsino
mass terms.

which yields the dimension-five effective operators,
L5 = / d*0Ws + h.c.. (3.11)

The effective operators contain sfermions in their external lines. Below the SUSY
breaking scale, Mg, these sfermions turn into the SM fermions via the charged wino and
higgsino exchanging processes shown in figure 2. In this figure, the gray and black dots
indicate the dimension-five effective interactions and the mass terms for wino or higgsino,
respectively. The first operator in eq. (3.10) contributes to the diagram (a), while the
second one induces the diagram (b). Although the contribution of the diagram (b) is
suppressed by the CKM matrix elements as it is generated in the flavor changing process,
it is found to be sizable because of the large Yukawa couplings of the third generation
fermions [11, 58]. The contributions of flavor-conserving neutral gauginos and higgsino



exchange are in general suppressed by the Yukawa couplings of the first generation, thus
negligible. Among them, the gluino contribution might be sizable because of the large
coupling. It turns out, however, that the gluino contribution vanishes in the limit where
squarks are degenerate in mass, and we consider such a case in the following calculation.
When sfermion mass matrices have large flavor mixing, the contributions may also be
significant, though we do not take into account such a situation for simplicity.

After the electroweak symmetry breaking, the charged wino and higgsino are mixed
with each other. In the following calculation, however, we neglect the effect since we mainly
consider the case where My, py > my with my, the mass of W-boson. When the masses
of wino and higgsino are nearly degenerate, the mixing effects might be significant. It is
straight-forward to modify the formulae obtained below in such a case.

Evolving the four-Fermi operators from the SUSY breaking scale to the hadron scale
(~ 1GeV) according to the renormalization group equations (RGEs), we finally obtain the
effective operators for proton decay as

2
a .
Le = : 2F (My, M2 T T Vo VoV el
6 MHchQ/VSiHZB[ ( 2 S)ijgzgmuzmdg w;d Vu;s ud]8
x AW oo LuFdd ) (vigs)) + (u§s) (vid))}
mam, Vet

F M2)A
m%,vsin2ﬂ (IUH’ S) R€afy

X ATViuaVis (WShdn) (vr57) + s Vs Via(uSs'y) (vrd)) }

+he., (3.12)

where we use the two-component spinor notation for the SM fermion fields; all of the
quarks are written in the flavor basis though primes are omitted for simplicity; Mg is the
mass of sfermions with all the sfermions assumed to be degenerate in mass; m, are the
masses of quarks defined in the DR scheme at the scale of u = 2GeV; ug, da, us, and ds
denote ¢, s, t, and b quarks, respectively; as = g5/47 with go the SU(2); gauge coupling
constant at the electroweak scale; tan 8 = (H2)/(HY); A%’j) and Ag in eq. (3.12) represent
the renormalization factors. These factors include the renormalization effects for both the
couplings and the effective operators. The estimation of these factors is carried out in
appendix A.
The loop function F(M, M2) is given as
1 M? M?

F(M,M2%) =M VA (M = i) 1n<M§>] : (3.13)

where M is either the wino mass, My, or the higgsino mass, pz. In the limit of M <« Mg,

the function leads to

M
F(M, M3) — 2 (Mg > M), (3.14)
while in the limit of M — Mg, it follows that
1
F(M,M%) - —, (M — Msg) . (3.15)
2Mg



Note that the function is proportional to M, when M < Mg. For this reason, the contri-
bution of the diagrams in figure 2 is enhanced when the masses of the exchanged particles
are large. In particular, in the case of ug > My, the higgsino exchange contribution (the
diagram (b) in figure 2) dominates the wino exchange one. We also find from the behav-
ior of the loop function that the transition amplitude is considerably suppressed when the
sfermions have sufficiently large masses. Thus, we expect that the experimental constraints
on the proton decay rate may be avoided in the high-scale SUSY scenario.

The effective operators in eq. (3.12) are written in terms of partons. In order to
derive the decay amplitude for proton, we need to obtain the matrix elements of the
quarks appearing in the operators between the proton state |p) and the kaon state |K).
With the matrix elements, we finally obtain the partial decay widths, I'(p — K*7,) and
I'(p — K*i;), and the sum of them well approximates the total decay rate of the p — Kt
channel. Explicit formulae for the decay widths as well as the determination of the matrix
elements are presented in appendix. B.

Before concluding this section, we briefly comment on the proton decay via the SU(5)
gauge boson exchange. The SU(5) gauge bosons, called X-bosons, give rise to the dimension-
six operators which contribute to proton decay by the p — 7% T channel. In ref. [34], it
is pointed out that the GUT scale in the high-scale SUSY tends to be slightly lower than
that in the low-energy SUSY. Thus, the proton decay rate in this channel is expected to be
enhanced. It turns out, however, that the resultant lifetime is generally long enough [59]
to evade the current experimental bound, 7(p — 7Ve*) > 1.29 x 103* yrs [60]. Thus, we
ignore the contribution in the following calculation.

4 Results

Now we show numerical results of the proton decay lifetime in the high-scale SUSY scenario.
We will see below that the resultant lifetime is well above the current experimental limits
in a wide range of parameter region.

First, we consider the case where the higgsino mass is of the order of the sfermion
masses, Mg. In this case, the higgsino exchange contribution (the diagram (b) in figure 2)
dominates the wino exchange one, as mentioned to in the previous section. For this reason,
the lifetime has little dependence on the additional phases, ¢; in eq. (3.6), as well as the
wino mass. Thus, it is possible to make a robust prediction for the proton decay lifetime.
As the right-handed stop and stau run in the loop in the higgsino exchanging diagram,
Mg should be regarded as their masses, which we assume to be degenerate for brevity. For

Mg = pp, the proton lifetime 7, is approximately given as?

0.1\*( Ms \?( M 2
~ 35 ! s H
7, ~ 4 x 10°° x sin® 23 <AR> (102 TeV> <1016 GCeV> yTs, (4.1)

and found to be well above the current experimental limits, 7(p — KT7) > 4.0x1033 yrs [13],

with the SUSY scale being much higher than the electroweak scale.

2The renormalization factor reduces the proton decay rate for larger Ms when Ms = pg = (107
10°) TeV, as described in figure 8 in appendix. A.
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Figure 3. Lifetime of p — KT mode as functions of Mg = puy. Wino mass is set to be 3 TeV
and Mpg. = 1.0 x 10'6 GeV. Solid lines correspond to tan3 = 3,5,10,30, and 50 from left-
top to right-bottom, respectively. Shaded region is excluded by the current experimental bound,
T(p — KT) > 4.0 x 1033 yrs [13].

Let us investigate it in detail. To begin with, we consider the mass of the color-triplet
Higgs multiplets, Mp,. As mentioned to in section 2, through the RGE analysis discussed
in refs. [57, 61] with requiring the gauge coupling unification, one finds that My, may be
around the GUT scale in the case of high-scale SUSY [34]. The prediction is, however,
quite sensitive to the mass spectrum below the GUT scale, especially to the masses of
higgsinos and gauginos. Thus, in the following discussion, we just fix My, to be around
the GUT scale. One easily obtains proton lifetimes corresponding to other values of My,
by using the power law given in eq. (4.1).

In figure 3, we present the lifetime of the p — K7 mode as functions of Mg = pup.
Here, the wino mass is set to be 3 TeV, while the result scarcely depends on the mass as
long as My < Mg. The color-triplet Higgs mass is fixed to My, = 1.0 x 10'® GeV. The
solid lines are for tan 8 = 3,5, 10,30, and 50 from left-top to right-bottom, respectively.
The shaded region is excluded by the current experimental bound, 7(p — K*v) > 4.0 x
1033 yrs [13]. The figure illustrates the behavior presented in eq. (4.1). Moreover, it
is found that the proton decay lifetime in the high-scale SUSY scenario may evade the
experimental constraints, especially for small tan 5 and high SUSY breaking scales. We
also show a similar plot for a relatively small value of My, in figure 4, where the mass is
taken to be 1.0 x 10" GeV. The wino mass is again set to be My = 3TeV, and the solid
lines correspond to tan 8 = 3,5, 10, and 30 from left-top to right-bottom, respectively. We
see that the relation between the results presented in figures 3 and 4 is well explained by
the simple power law in eq. (4.1), though the renormalization factors may also be changed
with different values of My, . For this reason, we just fix My, = 1.0 x 1016 GeV in the
following analysis. One easily read other results with different values of My, by using the
relation given in eq. (4.1).
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Figure 4. Lifetime of p — K7 mode as functions of Mg = uy. Wino mass is set to be
3TeV and My, = 1.0 x 10'® GeV. Solid lines correspond to tan 3 = 3,5,10, and 30 from left-
top to right-bottom, respectively. Shaded region is excluded by the current experimental bound,

T(p — K1) > 4.0 x 1033 yrs [13].
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Figure 5. Lifetime of p — K7 mode as functions of pz. Wino, sfermion and color-triplet Higgs
masses are set to be My = 3TeV, Mg = 103 TeV, and My, = 1.0 x 106 GeV, respectively. Solid
lines correspond to tan 8 = 5,10,30, and 50 from right-top to left-bottom, respectively. Shaded
region is excluded by the current experimental bound, 7(p — K*v) > 4.0 x 10%® yrs [13].

Next, we consider the case where the higgsinos are lighter than the sfermions. In this
case, the lifetime depends on the new phases appearing in eq. (3.6). Here, we take the
phases so that they yield the maximal amplitude for the proton decay rate, i.e., we require
that each term in egs. (B.5) and (B.6) be constructive. This requirement together with

,10,
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Figure 6. Lifetime of p — K7 mode as functions of pz. Wino, sfermion, and color-triplet Higgs
masses are set to be My = 300 GeV, Mg = 102 TeV, and My, = 1.0 x 106 GeV, respectively. Solid
lines correspond to tan 8 = 3,5,10, and 30 from right-top to left-bottom, respectively. Shaded
region is excluded by the current experimental bound, 7(p — K7) > 4.0 x 1033 yrs [13].

the constraint (3.7) uniquely determines all of the phases ¢;. Since the choice of phases
gives the maximal proton decay rate, we are to obtain the most stringent limit on the
parameters. In addition, we assume that both the higgsino and wino mass parameters are
real and positive. However, as long as one chooses the phases constructively, the results
would not change since it is possible to include the extra phases of the higgsino and wino
masses into the redefinition of the phases ;.

In figure 5, we plot the proton lifetime as functions of the higgsino mass. Here, the
wino, sfermion,? and color-triplet Higgs masses are set to be My = 3TeV, Mg = 10° TeV,
and My, = 1.0 x 106 GeV, respectively. The solid lines correspond to tan 3 = 5,10, 30,
and 50 from right-top to left-bottom, respectively. Again the shaded region is excluded
by the current experimental bound, 7(p — K¥o) > 4.0 x 1033 yrs [13]. It is found that
the lifetime considerably depends on the mass of higgsino as well as the value of tan 8. It
illustrates that the higgsino contribution is dominant in a wide range of parameter region.
Indeed, the contribution gets more significant as the higgsino mass is raised up. We also
show a similar plot in the case of My = 300 GeV and Mg = 100 TeV in figure 6. In this
case, large tan  region is excluded even if the higgsino mass is around 1TeV, while with
a rather small value of tan 8 the proton lifetime easily exceeds the experimental limit.
Anyway, we have found that in the high-scale SUSY scenario, the minimal SUSY SU(5)
GUT is still alive without any conspiracy of suppressing the dimension-five operators.

3To be concrete, we regard Mg as the stop mass, and all of the other sfermion masses are assumed to be
degenerate with Mg. Generally speaking, stops are lighter than other sfermions, especially those of the first
and second generations. So, even though one relaxes the degeneration assumption, one ends up obtaining
a smaller proton decay rate.

— 11 —



5 Conclusions and discussion

In this work, we have evaluated the proton decay lifetime via the dimension-five operators
in the high-scale SUSY scenario. It is found that the higgsino exchanging diagram gives
rise to the dominant contribution in a wide range of parameter region. After all, we have
revealed that the proton lifetime may evade the current experimental limit and, thus, the
minimal SUSY SU(5) GUT is not excluded in the high-scale SUSY scenario.

In the pyg ~ Mg case, after My, being fixed, the proton lifetime depends only on
Mg and tan 3. In fact, these two parameters are also crucial for the prediction of the
Higgs boson mass in the high-scale SUSY scenario. Therefore, since now we know that the
mass of Higgs boson is 126 GeV, it is possible to relate the Mg and tan 3 in the present
scenario [30-33]. Further, if the mass spectrum is somehow fixed, we are able to constraint
Mp,, by requiring the gauge coupling unification [34, 57, 61]. Precise analyses in this
direction enable us to predict proton decay rate in this scenario, and future experiments
may examine the prediction. Such kind of model-dependent study is carried out on another
occasion.

While the dimension-five proton decay is suppressed by the heavy sfermion masses, the
dimension-six one through the X-boson exchange does not suffer from such a suppression.
As referred to above, the GUT scale in the high-scale SUSY is slightly lower than the
ordinary one. Since the dimension-six proton decay lifetime scales as o M;l( with Mx the
mass of X-boson, it may be significantly enhanced even by a small change in the GUT
scale. In such a case, the p — 7t mode may dominate the p — Ko mode, and both of
the modes might be searched in future experiments. For instance, the expected sensitivities
of the Hyper-Kamiokande with ten years exposure [13] are 1.3 x 103® and 2.5 x 103* years at
90 % confidence level for the p — e*7? and p — KT modes,* respectively, which enable
us to explore a wide range of parameter region in high-scale SUSY models.

After all, the minimal SUSY SU(5) GUT is still quite promising, and the proton decay
experiments may reveal the existence of supersymmetry as well as the grand unification.

Note added: while this work was being finalized, we noticed the authors in refs. [55, 63]
discussed the dimension-five proton decay in a similar context. In ref. [55], they have just
shown dimensional analysis to constraint the dimension-five operators, while in ref. [63],
the proton lifetime is examined in supergravity unified models.
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A Renormalization factors

Here we present the explicit expressions for the renormalization factors defined in eq. (3.12).
First, we write the renormalization factors A%’] ) and Ap as the products of the long- and

short-distance renormalization factors:

AW = ApAGY

Ap =44, (A1)

where A;, and A, represent the long-distance QCD renormalization factors between the
electroweak scale (1 = myz with my the Z-boson mass) and the scale of p = 2GeV,
while A(Si’j ) and Ag correspond to the short-distance renormalization effects between the
electroweak and GUT scales. All of the effects are to be computed at one-loop level.

A.1 Long-range factors

First, we discuss the long-distance renormalization factors. The factors consist of two
effects; one is the running of the quark masses from p = 2 GeV to 4 = myz, and the other
is the renormalization effect of the four-Fermi operators in eq. (3.12) from p = myz to
© = 2GeV. We neglect the QED corrections since the electromagnetic coupling is much
smaller than the strong coupling.

Before analyzing the renormalization effects, we first discuss the input parameters for
quark masses. In ref. [64], the values of the light quark masses m, (¢ = u, d, s) are given in
the MS scheme at 1 ~ 2GeV, while those for ¢- and b-quarks are presented in the MS at
p = m. and my, respectively. Since we define 777, in eq. (3.12) in the DR scheme, we convert
the input parameters into those in the DR scheme. We use the one-loop relation [65]:

() = i) (1~ 5. (A2)

where oy = g2/4m with g, the strong coupling constant. For c- and b-quarks, we evolve
the masses to u = 2 GeV by using the RGEs. For top quark, on the other hand, the pole
mass is displayed in ref. [64]. The relation between the pole mass and the DR mass is given
by [65]

e = s (1) [1 + O‘;(:) <6 log m% v 5)] . (A.3)

Now we consider the QCD renormalization effects. The RGEs for the Wilson coefficients

of the effective operators in eq. (3.12) at one-loop [66] are given as®
0 442
—C=—-——25C. A4
a aMC 1672 ¢ (A.4)

"Two-loop effects are also calculated in ref. [67], though their contribution is found to be small.
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By using the equation, as well as the RGEs for the quark masses, we readily obtain the
long-range renormalization factors Ay and Ap:

7,7, (mz) - C(2 GeV) <a3(2 GeV)>%§ < s (my) )22 |

A = —
b T, ma, (2 GeV) - C(my) s () as(my)
—  m¥mg,(myz) - C(2 GeV) as(2 GeV) ~8 as(mp) ~a
Ap = —5— = ) (A.5)
m;mg, (2 GeV) - C(myg) as(mp) as(myz)
Numerically, we have
AL =053, A, =034, (A.6)

at one-loop level.

A.2 Short-range factors

Next, we evaluate the short-distance renormalization factors. They are composed of three
factors. First, the effective operators given at the GUT scale receive the renormalization
effects as they are taken down to the electroweak scale. Second, the Yukawa couplings
in the color-triplet Higgs exchanging process are determined through the running of the
couplings from the electroweak scale to the GUT scale. Third, the interaction vertices
in the one-loop diagrams in figure 2 are obtained by evolving the SU(2);, gauge coupling
and the Yukawa couplings according to the RGEs from the electroweak scale to the SUSY
breaking scale, u = Mg.

Let us begin with the running of the Yukawa couplings. Initial values for the Yukawa
coupling constants are given by

92

Yu; (Mz) = mmui (mz),
ya,(mz) = fj—jwm (mz),
Yei(mz) = f%wm (mz) . (A7)

In the SM, the Yukawa couplings flow according to the following RGEs at one-loop level:

L = ——=yu, | = (Y2 — Y2 )+ Yy — —g% — Zg2 — 842,
MY = Tmzbu 5 Wu; = Ya,) + Y2 = 5501 — 192 — 863

gy = ——yg | o(y2 — 2 )+ Yo — —g? — Sg2 —8¢2],
Mgt = Tgg2 v _Q(ydz Yu) + Y2 — 797 — 192 — 893

B) 1 ER 9, 9,

T I e D Ry A8
HpYer = Tgpzler _2y61+ 2= 91— ;92| (A.8)

where Y5 is given as
Yo = (3us, + 33, + i), (A.9)

)

and we neglect the off-diagonal components for simplicity. The equations are also applicable
when the renormalization scale exceeds the gaugino masses. Above the higgsino mass,
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eq. (A.8) is valid except that Y3 is modified to

Yo = (3ya, +3us +v2) + 1%9% + ggg : (A.10)
(2
Here we assume the ordinary supersymmetric relation for the gaugino-Higgs-higgsino cou-
plings. The couplings may deviate the relation when the SUSY breaking scale is much
higher than the gaugino and higgsino masses, but it is found that the deviation is usually
not so significant [23, 24].
At the SUSY breaking scale, the Yukawa couplings y; are matched with the super-

symmetric ones, ¥y, as follows:

. 1
yui(MS) = myui(MS)a
1
Ua;,(Ms) = Cosﬁydi(Ms),
1
Ye,(Ms) = wyei(MS) : (A.11)

Above u = Mg, the RGEs for the Yukawa couplings are given as

9 _ L 2 o, o 13, o 16 5
:U’%yui = 1672 Yui _3;yuj + 3Yy, +Ya, — IR 395 — 393
9 _ LT 2 | 2 2 | -2 7o, 9 16 4
M@ydi = 1672 Y _zj:(?wdj +Ye,) + 3Ya, + Yu, — IR 395 — 593
0 _ I _ T 2 | 2 o 95 2
Hgplee = Toa2le Z( Ud; +Ye;) + e, — p91 — 302 - (A.12)

- J
Then, at the GUT scale, the Yukawa couplings f,, and fg, in eq. (3.6) are defined by

fu,
fa,

yui (MHc) s
Ya,(Mne) - (A.13)

For the gauge couplings, the one-loop gauge coupling beta function coefficients are
given in the SM as
b, = (41/10,—-19/6,—7), (A.14)

for U(1)y, SU(2)1, and SU(3)¢, respectively. Above the gaugino threshold, the coefficients
are converted to®
b = (41/10,—11/6,—5), (A.15)

and after the higgsinos showing up, they lead to

be = (9/2,—7/6,—5) . (A.16)

5When evaluating the renormalization factors, we take the gluino mass equal to wino mass for simplicity.
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Finally, in the MSSM, they are given as
bo = (33/5,1,-3) . (A.17)

The short-distance renormalization factors for the four-Fermi operators in eq. (3.12)
are presented in ref. [66]. For the effective operators generated by the wino exchanging
diagram, the renormalization factor for the Wilson coeflicient is

Cl < as(n) ) ( as(p) ) ( o (p) )‘”1”10%), A15)

as(po) aa(po) a1 (ko)

while for those induced by the higgsino exchange, we have

as (o) a2 (fio) a1 (po)

In the case of p > Mg, the theory is to be regarded as supersymmetric, and the renormal-
ization factors are obtained as the product of the wave function renormalizations of the
fields in the effective operators [68]. The wino contribution to the effective operators in
eq. (3.12) is induced by the effective operators with a form like

Cij / d*Oe o pyersernQSTQP° 1LY, (A.20)
with ¢, 7 = 2,3, while the higgsino contribution is generated by
c / 20T 3 BT 15D (A.21)

with [ = 1,2. Then, the REGs for the Wilson coefficients of the operators are

0 —2 —2 —2 2 2 2 2
u@% = 6.2 [2(% +Ya,) + e, — 895 — 692 — 91| Cij (A.22)
and 0 1 12
—C=—[2@+72) — 8¢ — =41]C . A2
H5.C = T2 2@ +77) — 895 — - 9i]C (A.23)

Note that in this case it is important to take the Yukawa interactions into account since
the effective operators contain the third generation chiral superfields.

With the RGEs presented above, we finally compute the short-distance renormalization
factors as follows:

AlI) miy sin 28 fu, fa, aa(Ms) C(mz) Ci;(Ms)
S 47 muimdj (mz) a%(mz) C(Ms) CZJ(MHc) ’
—. _ iy sin® 28£5,(Ms)g.(Ms)fa,  Clmz)
A5 = “umadm o) ma(mz)  C(Mig) (A21)

With the results obtained above, we compute the renormalization factors. We present
A%j ) and Apg in figures 7 and 8, respectively, as functions of Mg. In both figures, we

take Mg = pug, My = 3TeV, and My, = 1.0 x 10'® GeV. In the left graph in figure 7,
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0.4

Ms = Hy

tanf =3
Mhc = 1.0 x 10'® GeV

M2 =3 TeV

Ms =y

M2 =3 TeV

0.4

Mic = 1.0 x 10'® GeV

0.38 |

0.36 |

AD

0.34 |

0.32 |

0.3 - - 0.3
102 103 104 10° 10

Mg (TeV)

Figure 7. Left: AY7) with (i,7) = (2,2), (2,3), (3,2), (3,3) as functions of Ms. Here we set
tanff = 3, Mg = pp, My = 3TeV, and My, = 1.0 x 10'6 GeV. Right: Ag,z) as functions of Mg.
Same parameters as in the left graph are used except for tan 5. Each line corresponds to different
values of tan 8 (tan 8 = 3,5, 10, 30, 50).

Ms = Hy
Mz =3 TeV

0.15

Mhc = 1.0 x 10'® GeV

tanp =3

0.09 L
102 10° 10* 10°

Mg (TeV)

Figure 8. Ap as functions of Mg. Here we set Mg = pu, My = 3TeV, and My, = 1.0x 1016 GeV.
Each line shows different values of tan S3.

each Ag’j ) is presented with tan § fixed to be tan = 3, while in the right graph the
behavior of ASRM) is shown for different values of tan 5 (tan 8 = 3,5, 10,30, 50). Similarly,
each line in figure 8 corresponds to Ap evaluated with various tan 3’s. It is found that
the renormalization factors decrees as the SUSY scale increases, while their dependence on
tan (8 is somewhat complicated. In addition, the left panel in figure 7 illustrates that the
effects of the third generation Yukawa couplings are significant.
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B Formulae for proton decay rate

In this section, we display the formulae for the partial decay widths of p — KT channels
as well as the hadronic matrix elements which we need to evaluate the decay widths. Let us
start with the matrix elements. We divide the derivation into two steps.” First, we express
them in terms of the low-energy constants a, and 3, by using the chiral perturbation
techniques [71-73]:

By

(6 e )5y o) = 2 (14 25 8 P

(K e 0 ) ) = (222 ) P,

(K ey s} ) = 2 (14 2521 ) Pra

(K |eap, (ufs)d]p) = \/%‘f}ﬂ (?A%)pwp, (B.1)

where fr ~ 92.2MeV [64] is the pion decay constant and the baryon-meson couplings D
and F' are given as D ~ 0.80 and I’ ~ 0.47, respectively. m, denotes the proton mass,
while M p represents the baryon mass parameter in the chiral Lagrangian, which we choose
as Mp ~ (myso + myo)/2 with myo and myo the masses of X9 and A°, respectively. wu,
is the four-component spinor wave function of proton, and Py, is the projection operator
defined by Pr, = (1 — 75)/2. The low-energy constants «, and (3, are defined as

(Ol€aps (ufsdp)u] |p) = apPruy
(Oleagn (ugdy )u} p) = ByPruy, (B.2)

with |0) the vacuum state. Second, we determine the constants a;, and (,. We extract
them from the results of lattice simulations [74]:

ap = —0.0112 £ 0.0012(g(ap) £ 0.0022(4ys) GeV?,
Bp = 0.0120 £ 0.0013 a1) % 0.0023(5ye) CeV?, (B.3)

where they are evaluated at u = 2 GeV.
With the matrix elements and the effective operators in eq. (3.12), it is straightforward
to derive the partial decay widths of the p — K7, and p — K7, channels. The result is

mpag]Cy)? m2\ 2
I(p— K i) = Pt (11— &), (B.4)
64m f2 M7 myy sin® 23 m?2

"Calculation of the matrix elements is also conducted by using the direct method [69], in which the three-
point correlation functions relevant for proton decay are directly computed on the lattice. Preliminary for
the recent progress is reported in ref. [70].
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with (i = p,7) and

CM = 2BPF(M2’ Mg){l + (D + F) } Z My, V, UdeuiseilpiA%Q) ) (B.5)
1=2,3
C, = 28,F(Ms, M§){1 +(D+ F) } o Y T, VigaVayse i ALY
1=2,3
27 * 1
mim, V,ye'¥! o\ —
—py——s—"——F ME)ARrx
. D+3F m 2D m
X {deudV;fs (1 + 3]\42) msVusV;fd 3 MZ } (BG)
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