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Abstract

We investigate model independent upper bounds on total proton lifetime in the context of grand unified theories
Standard Model matter content. We find them to beτp � 1.5+0.5

−0.3 × 1039(MX/1016 GeV)4

α2
GUT

(0.003 GeV3/α)2 years andτp �
7.1+0.0

−0.0 × 1036(MX/1016 GeV)4

α2
GUT

(0.003 GeV3/α)2 years in the Majorana and Dirac neutrino case, respectively. These bo

in conjunction with experimental limits, put lower limit on the massMX of gauge bosons responsible for the proton a
bound-neutron decay processes. For central values of relevant input parameters we obtainMX � 4.3× 1014√αGUT GeV. Our
result implies that a large class of non-supersymmetric grand unified models, with typical valuesαGUT ∼ 1/39, still satisfies
experimental constraints on proton lifetime. Our result is independent on any CP violating phase and the only significa
of uncertainty is associated with imprecise knowledge ofα—the nucleon decay matrix element.
 2005 Published by Elsevier B.V.
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1. Introduction

Grand unified theories[1–4] (GUTs) are the mos
appealing extensions of the Standard Model (SM
strong and electroweak interactions. Being founded
the ideas of force and matter unification they alwa
generate two predictions regardless of their exact r
ization; one is the gauge coupling unification and
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other is the proton decay. Of the two it is the lat
that offers theonly unambiguous way to test GUT
[5]. However, despite systematic experimental sea
it has not been observed so far[6–8]. Even if it is ob-
served, a clear test of GUT might prove difficult due
inherent model dependence of all relevant proton
cay contributions[9–11]. Regardless of that, it is wort
asking whether we can expect the test of the GUT i
through proton decay experiments with certainty.

There are several generic contributions to nucl
decay in GUTs. (For an incomplete list of vario
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studies on proton decay constraints on different un
ing theories see[15–23].) In the non-supersymmetri
case the most important ones are the Higgs and g
d = 6 contributions. In supersymmetric theories th
are two more contributions that generically predict
rapid proton decay. These are thed = 4 andd = 5
contributions. Of course, the four contributions w
mention do not encompass all the possibilities. (
example, presence of extra Higgs representations
as15 or 10 in an SU(5) GUT can lead to additiona
contributions through mixing of appropriate comp
nents of these representations with the triplet partn
of the usual Higgs doublets[24,25]. It is also possible
to have sizable contributions without any reference
the GUTs if the theory is supersymmetric[26].) But,
they are certainly the most generic ones.

It may come as a surprise that despite their m
tiplicity and diverse origins all of these contributio
can in principle be completely suppressed or forbid
except the gauged = 6 ones. For example, the s
called matter parity forbids the dangerousd = 4 con-
tributions and there are numerous different ways to
ficiently suppress thed = 5 operators and Higgsd = 6
operators in realistic scenarios. (For discussion on s
pression ofd = 5 operators see for example[12–14].)
In essence, the most promising tests of GUTs can
done through the gauged = 6 contributions.

The idea of using the gauged = 6 dominated
branching ratios for the two-body nucleon decays
distinguish between different GUT models of fermi
mass has been introduced in the pioneering work o
Rujula, Georgi and Glashow[27]. Their idea has bee
revisited and elaborated on more recently. Nam
it has been shown that it is possible to make cl
test of any GUT with symmetric Yukawa coupling
through the nucleon decay channels into antineu
nos[28]. Similar conclusions[29] also hold in the con
text of flippedSU(5) [27,30–32]. There, the clear tes
requires symmetric Yukawa couplings in the dow
quark sector only. (FlippedSU(5) is to be consid-
ered a true GUT in the case of further embedding
SO(10).)

But, in general, even the gauged = 6 contributions
can be significantly suppressed if not set to zero.
example, one can completely rotate them away in
flippedSU(5) context[33]. The relevant contribution
there, which we refer to as the “flippedSU(5) contri-
butions” for obvious reason, represent only one hal
all possible gauged = 6 contributions in GUTs. The
other half, which we refer to as the “SU(5) contribu-
tions” which is due to exchange of proton decay m
diating gauge fields present in anSU(5) gauge group
cannot be rotated away without a conflict with t
measurements on fermion mixing[34]. Nevertheless
it is worth investigating how efficiently one can su
press these contributions, too. Since there are no o
gauged = 6 contributions besides the two we me
tion, this allows us to set an absolute upper bound
nucleon decay lifetimes. Crucial importance of tho
bounds lies in the fact that they are the only way
know if there is ever hope to test the idea of gra
unification with certainty through proton decay exp
iments. Even if these bounds turn out to be bey
the experimental reach they set correct lower limit
MGUT through an absolute lower bound on the m
of the nucleon decay mediating gauge bosons. In o
words, they are the bounds that can tell us which G
scenarios are a priori ruled out by experimental d
In what follows we concentrate on GUTs with the S
matter content, i.e., the three generation case, du
their phenomenological relevance.

2. Looking for an upper bound on the total proton
lifetime

To establish an upper bound on the total proton l
time we first critically analyze all possible gauged = 6
operators contributing to proton decay. Again, we c
centrate solely on these contributions since all ot
contributions can be set to zero.

Proton lifetime induced by superheavy gauge bo
exchange can be written as follows

(1)τp = CM4
Xα−2

GUTm−5
p ,

whereC is a coefficient which contains all informatio
about the flavor structure of the theory.MX is the mass
of the superheavy gauge bosons.αGUT = g2

GUT/4π ,
wheregGUT is the coupling defined at the GUT sca
(the scale of gauge unification). To find a true up
bound on the total lifetime we need to find the ma
mal value for theC coefficient. Then, for a given valu
of MX andαGUT we can bound the GUT scenario pr
diction for the nucleon lifetime.

The relevant gauged = 6 operators contributing t
the decay of the proton, in the physical basis[28],
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(2a)O
(
eC
α , dβ

) = c
(
eC
α , dβ

)
εijku

C
i γ µuj eC

α γµdkβ,

(2b)O
(
eα, dC

β

) = c
(
eα, dC

β

)
εijku

C
i γ µujd

C
kβγµeα,

O
(
νl, dα, dC

β

)
(2c)= c

(
νl, dα, dC

β

)
εijku

C
i γ µdjαdC

kβγµνl,

O
(
νC
l , dα, dC

β

)
(2d)= c

(
νC
l , dα, dC

β

)
εijkd

C
iβγ µuj ν

C
l γµdkα,

where the relevant coefficients are given by

c
(
eC
α , dβ

)
(3a)= k2

1

[
V 11

1 V
αβ

2 + (V1VUD)1β
(
V2V

†
UD

)α1]
,

c
(
eα, dC

β

)
= k2

1V 11
1 V

βα

3

(3b)+ k2
2

(
V4V

†
UD

)β1(
V1VUDV

†
4 V3

)1α
,

c
(
νl, dα, dC

β

)
= k2

1(V1VUD)1α(V3VEN)βl

+ k2
2V

βα

4

(
V1VUDV

†
4 V3VEN

)1l
,

(3c)α = 1 orβ = 1,

c
(
νC
l , dα, dC

β

)
= k2

2

[(
V4V

†
UD

)β1(
U

†
ENV2

)lα

+ V
βα

4

(
U

†
ENV2V

†
UD

)l1]
,

(3d)α = 1 orβ = 1.

The mixing matricesV1 = U
†
CU , V2 = E

†
CD, V3 =

D
†
CE, V4 = D

†
CD, VUD = U†D, VEN = E†N , and

UEN = E
†
CNC . α,β = 1,2, l = 1,2,3, while i, j ,

and k are the color indices. (Our convention for t
diagonalization of the up, down and charged lep
Yukawa matrices is specified byUT

C YUU = Y
diag
U ,

DT
CYDD = Y

diag
D , and ET

CYEE = Y
diag
E .) The quark

mixing is given byVUD = U†D = K1VCKMK2, where
K1 andK2 are diagonal matrices containing three a
two phases, respectively. The leptonic mixingVEN =
K3V

D
l K4 in case of Dirac neutrino, orVEN = K3V

M
l

in the Majorana case.V D and V M are the leptonic
l l
mixing matrices at low scale in the Dirac and M
jorana case, respectively. The gauged = 6 operators
have to be run from the GUT scale down to 1 Ge
i.e., the proton decay scale, and the appropriate am
tude computed in the usual way. (For details, see
example[35].)

In the above expressionsk1 = gGUTM−1
(X,Y ), and

k2 = gGUTM
−1
(X′,Y ′), whereM(X,Y ), M(X′,Y ′) ≈ MGUT

are the masses of the superheavy gauge bosons
terms proportional tok1 are obtained when we in
tegrate out(X,Y ) = (3,2,5/3), where X and Y

fields have electric charge 4/3 and 1/3, respectively.
These are the fields appearing in theories based
the SU(5) gauge group. Thus, we call their cont
butions the “SU(5) contributions”. Integrating ou
(X′, Y ′) = (3,2,−1/3) we obtain the terms propo
tional to k2. These contributions we refer to as t
“flipped SU(5) contributions” since they appear in th
flipped SU(5) scenario. The electric charge ofY ′ is
−2/3, whileX′ has the same charge asY . Again, there
are no other gauge contributions in any GUT besi
these.

Minimization of the total decay rate represen
formidable task since there are in principle 42 u
known parameters. To face the challenge we look f
solution where the “SU(5) contributions” and “flipped
SU(5) contributions” are suppressed (minimized)
dependently. Since we expect that in general the
sociated gauge bosons and couplings have diffe
values this is also the most natural way to look
the minimal decay rate value. Moreover, the bou
obtained is such a manner will be independent of
underlying gauge symmetry.

The “flipped SU(5) contributions” are set to zer
by the following two conditions[33]:

V
βα

4 = (
D

†
CD

)βα = 0, α = 1 orβ = 1

(Condition I),(
U

†
CE

)1α = 0 (Condition II).

(Condition I cannot be satisfied in the case of symm
ric down quark Yukawa couplings.) Therefore, in t
presence of all gauged = 6 contributions, in the Majo
rana neutrino case, there only remain the contribut
appearing inSU(5) models. These, however, cann
be set to zero[34] in the case of three generations
matter fields. But, as we now show, they can be sig
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icantly suppressed. There are two major scenario
be considered that defer by the way proton decays

• There are no decays into the meson-charged
tilepton pairs.
All contributions to the decay of the proton in
charged antileptons and a meson can be set to z
Namely, after we implement conditions I and II, w
can set to zero Eq.(3b)by choosing

(4)V 11
1 = (

U
†
CU

)11 = 0 (Condition III).

(This condition cannot be implemented in the case
symmetric up-quark Yukawa couplings.) On the ot
hand, Eq.(3a)can be set to zero only if we impose

(5)
(
V2V

†
UD

)α1 = (
E

†
CU

)α1 = 0 (Condition IV).

Therefore with conditions I–IV there are only deca
into antineutrinos and, in the Majorana neutrino ca
the only non-zero coefficients are

(6)c
(
νl, dα, dC

β

) = k2
1(V1VUD)1α(V3VEN)βl.

So, indeed, there exists a large class of models
fermion masses where there are no decays into a
son and charged antileptons.
Up to this point all conditions we impose are co
sistent with the unitarity constraint and experimen
data on fermion mixing. (In theSU(5) case we have to
impose conditions III and IV only.) We now procee
and investigate the decay channels with antineutri
From Eq.(6) we see that it is not possible to set
zero all decays since the factor(V1VUD)1α can be se
to zero for only one value ofα in order to satisfy the
unitarity constraint. Therefore we have to compare
following two cases:
Case (a) (V1VUD)11 = 0 (Condition V).
In this case the chiral Lagrangian technique yields

Γa

(
p → π+ν̄i

) = 0,

Γa

(
p → K+ν̄

)

= C(p,K)

[
1+ mp

3mB

(D + 3F)

]2

× |V 32
CKMV 21

CKM − V 31
CKMV 22

CKM |2
|V 31

CKM |2 + |V 21
CKM |2 ,

Γa

(
n → π0ν̄i

) = 0,
.

-

Γa

(
n → K0ν̄

)

= C(n,K)

[
1+ mn

3mB

(D + 3F)

]2

× |V 32
CKMV 21

CKM − V 31
CKMV 22

CKM |2
|V 31

CKM |2 + |V 21
CKM |2 ,

Γa(n → ην̄i) = 0,

where

(7)C(a, b) = (m2
a − m2

b)
2

8πm3
af

2
π

A2
L|α|2k4

1.

Case (b) (V1VUD)12 = 0 (Condition VI).
All the decays channels into antineutrinos are n
zero in this case. Associated decay rates are:

Γb

(
p → π+ν̄

)
= C(p,π)[1+ D + F ]2

× |V 32
CKMV 21

CKM − V 31
CKMV 22

CKM |2
|V 22

CKM |2 + |V 32
CKM |2 ,

Γb

(
p → K+ν̄

)

= C(p,K)

[
2mp

3mB

D

]2

× |V 32
CKMV 21

CKM − V 31
CKMV 22

CKM |2
|V 22

CKM |2 + |V 32
CKM |2 ,

Γb

(
n → π0ν̄

)

= C(n,π)
[1+ D + F ]2

2
Γ

(
p → π+ν̄

)
,

Γb

(
n → K0ν̄

)

= C(n,K)

[
1+ mn

3mB

(D − 3F)

]2

× |V 32
CKMV 21

CKM − V 31
CKMV 22

CKM |2
|V 22

CKM |2 + |V 32
CKM |2 ,

Γb(n → ην̄)

= C(n,η)
[1+ D − 3F ]2

6

× |V 32
CKMV 21

CKM − V 31
CKMV 22

CKM |2
|V 22

CKM |2 + |V 32
CKM |2 .

The nice thing about these results is that they
completely independent ofall CP violating phases in
cluding those ofVCKM and Vl and any mixing an-
gles beyond the CKM ones. (This is completely u
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n to
Table 1
Proton lifetimes in years for Majorana and Dirac neutrinos in units ofM4

X
/α2

GUT, where the mass of gauge bosons is taken to be 1016 GeV

Channel Majorana Dirac

Case (a) Case (b) Case (a) Case (b)

p → π+ν̄ ∞ 5.1+1.7
−1.1 × 1038 5.4+1.8

−1.2 × 1038 2.6+0.9
−0.6 × 1038

p → K+ν̄ 1.0+0.4
−0.2 × 1038 2.5+0.9

−0.6 × 1040 6.8+0.0
−0.0 × 1036 7.2+0.0

−0.0 × 1036

Total 1.0+0.4
−0.2 × 1038 5.0+1.7

−1.1 × 1038 6.7+0.0
−0.0 × 1036 7.1+0.0

−0.0 × 1036

Table 2
Lifetimes for bounded neutrons in years for Majorana and Dirac neutrinos in units ofM4

X
/α2

GUT, where the mass of gauge bosons is take

be 1016 GeV

Channel Majorana Dirac

Case (a) Case (b) Case (a) Case (b)

n → π0ν̄ ∞ 1.0+0.3
−0.2 × 1039 1.1+0.4

−0.2 × 1039 5.2+1.8
−1.2 × 1038

n → K0ν̄ 1.1+0.4
−0.2 × 1038 6.7+2.3

−1.5 × 1039 1.9+0.0
−0.0 × 1036 1.9+0.0

−0.0 × 1036

n → ην̄ ∞ 1.5+0.5
−0.3 × 1041 1.6+0.5

−0.3 × 1041 7.6+2.5
−1.7 × 1040

Total 1.1+0.4
−0.2 × 1038 8.8+2.9

−2.0 × 1038 1.9+0.0
−0.0 × 1036 1.9+0.0

−0.0 × 1036
an-
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d on
u-
om
expected since there are in principle 42 different
gles and phases that could a priori enter our resu
Also, in the limit V 13

CMK → 0 all decay rates van
ish as required in the case of three generations
matter fields[34]. To demonstrate these two prope
ties we adopt the so-called “standard” parametr
tion of VCKM [36–39] that utilizes anglesθ12, θ23,
θ13, and a phaseδ13. (For example, in that para
metrization V 13

CKM = e−iδ13s13.) The relevant terms
readV 32

CKMV 21
CKM −V 31

CKMV 22
CKM = eiδ13s13, |V 22

CKM |2 +
|V 32

CKM |2 = c2
12 + s2

12s
2
13 and |V 31

CKM |2 + |V 21
CKM |2 =

s2
12 + c2

12s
2
13, where cij = cosθij and sij = sinθij .

Hence, all one needs to know are anglesθ12 andθ13.
We present numerical values of all relevant two bo
decay lifetimes for proton and bounded neutron
cays in Tables 1 and 2, respectively. Clearly, it is
Case (b) that gives the lowest total decay rate in
Majorana neutrino case. (We also include the Di
neutrino case for completeness.) Lifetimes are gi
in units of M4

X/α2
GUT, where the gauge boson ma

is taken to be 1016 GeV. To generate these values w
usemp = 938.3 MeV, D = 0.81, F = 0.44, mB =
1150 MeV,fπ = 139 MeV,AL = 1.43, and the mos
conservative valueα = 0.003 GeV3 [40]. Indicated
uncertainties reflect the errors in measurement of
glesθ12 andθ13 only. These are well known and the
sines are:s12 = 0.2243± 0.0016, ands13 = 0.0037±
0.0005 [41]. Note that the most poorly known par
meter is actuallyα; the most recent QCD lattice ca
culations[42,43] indicate that its value could be thre
times bigger than the value we use. If that result p
sists it would reduce the lifetime bounds we presen
a factor of ten.

• There are no decays into the meson–antineut
pair in the Majorana neutrino case.
Let us show that it is also possible to set to zero
nucleon decay channels into a meson and antin
trinos. After conditions I and II, we could impos
(V1VUD)1α = 0 (Condition VII) instead ofV 11

1 = 0.
(Again, these two equalities are exclusive in the c
V 13

CKM �= 0.) Therefore, in the Majorana neutrino ca
there are no decays into antineutrinos (see Eq.(3c)). In
this case the property that the gauge contributions v
ish as|V 13

CKM | → 0 is obvious since|V 11
1 | = |V 13

CKM |.
We have to further investigate all possible values
V

βα

2 and V
βα

3 . Now, we can chooseV βα

2 = 0 and

V
βα

3 = 0, except for the caseα = β = 2 (Condi-
tion VIII). In that case there are only decays into
strange mesons and muons. Let us call this Case
To understand which case gives us an upper boun
the total proton decay lifetime in the Majorana ne
trino case, we compare the predictions coming fr
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the Case (b) and Case (c). The ratio between the
vant decay rates is given by

Γc(p → K0µ+)

Γb(p → π+ν̄)

= 2
(
c2

12 + s2
12s

2
13

) (m2
p − m2

K)2

(m2
p − m2

π )2

[1+ mp

mB
(D − F)]2

[1+ D + F ]2
(8)= 0.33.

Thus, the upper bound on the proton lifetime in t
case of Majorana neutrinos indeed corresponds to
total lifetime of Case (c). We find it to be

τp � 1.5+0.5
−0.3 × 1039(MX/1016 GeV)4

α2
GUT

(9)× (
0.003 GeV3/α

)2 years,

where the gauge boson mass is given in units
1016 GeV. We explicitly indicate the dependence
our results on the nucleon decay matrix element. Th
bounds are applicable to any GUT regardless whe
the scenario is supersymmetric or not. If the theor
based onSU(5) the above bounds are obtained by i
posing conditions VII and VIII. If the theory contain
both SU(5) and flippedSU(5) contributions, in addi-
tion to these, one needs to impose conditions I and

We plot the proton bounds in theMX–αGUT plane
for the Majorana (Dirac) neutrino case inFigs. 1 (2).
Our results, in conjunction with the experimental lim
its on nucleon lifetime, set an absolute lower bound
mass of superheavy gauge bosons. Since their ma
identified with the unification scale after the thresh
corrections are incorporated in the running[44] this
also sets the lower bound on the unification scale.
ing the most stringent limit on partial proton lifetim
(τp � 50×1032 years) for thep → π0e+ channel[41]
and settingα = 0.003 GeV3 [40], we obtain

(10)MX � 4.3+0.3
−0.3 × 1014√αGUT GeV,

whereαGUT usually varies from 1/40 for non-super-
symmetric theories to 1/24 for supersymmetric the
ories. For example, if we take a non-supersymme
valueαGUT = 1/39, we obtain

(11)MX � 7× 1013 GeV.

Again, this result implies that any non-supersymme
theory with αGUT = 1/39 is eliminated if its unify-
ing scale is bellow 7.0 × 1013 GeV regardless of th
s

Fig. 1. Isoplot for the upper bounds on the total proton lifetime
years in the Majorana neutrino case in theMX–αGUT plane. The
value of the unifying coupling constant is varied from 1/60 to 1/10.
The conventional values forMX and αGUT in SUSY GUTs are
marked in thick lines. Experimentally excluded region is given
black.

exact form of the Yukawa sector of the theory. No
that majority of non-supersymmetric extensions of
Georgi–GlashowSU(5) model yield GUT scale which
is slightly above 1014 GeV. Hence, as far as the expe
imental limits on proton decay are concerned, th
extensions still represent viable scenarios of mod
beyond the SM. Region ofMX excluded by the exper
imental result is also shown inFigs. 1 and 2.

At this point the following two observations are
order:

(1) All three cases (Cases (a)–(c)) yield compara
lifetimes (within a factor of ten) even though the
significantly defer in decay pattern predictions;

(2) We use the most stringent experimental limit
partial proton lifetime as if it represents the lim
on the total proton lifetime. Even though this is n
correct (see discussion in[41]) it certainly yields
the most conservative bound onMX .

One can easily extend our results to a class of o
ifold GUT theories[45,46]where all matter fields live
on an “unbroken” brane. In essence, to obtain
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Fig. 2. Isoplot for the upper bounds on the total proton lifetime
years in the Dirac neutrino case in theMX–αGUT plane. The value
of the unifying coupling constant is varied from 1/60 to 1/10. The
conventional values forMX andαGUT in SUSY GUTs are marked
in thick lines. Experimentally excluded region is given in black.

lower limit on the gauge boson mass in those theor
it suffices to multiply the limit presented in Eq.(11)
by

√
π/2. (This factor accounts for the fact that t

two-body decay of the proton is due to exchange o
entire Kaluza–Klein (KK) tower of states[47] asso-
ciated with the proton decay mediating gauge bos
The bound obtained in such a way then correspo
to the limit on the compactification scale of extra
mension(s). (Recall that in orbifold GUTs the gau
bosons responsible for proton decay belong to the
tower where the lightest gauge boson in the tow
has the mass equal to the orbifold compactificat
scale.) Curiously enough, exact unification of gau
couplings in the five-dimensionalS1/(Z2 × Z′

2)-type
orbifold models usually requires the compactificat
scale to be slightly above 1014 GeV [48–50]. This
would imply that the orbifold GUT theories with th
matter fields all located on the “unbroken” brane co
soon be completely ruled out if the proton decay is
observed in the next generation of the proton de
experiments.

In order to complete our analysis let us fina
demonstrate the possibility to set to zero the Hig
d = 6 and d = 5 contributions. The tripletsT =
(3,1,−2/3) and T̄ = (3̄,1,2/3) have the following
interactions:

WT =
∫

d2θ
{[

Q̂AQ̂ + ÛCCÊC + D̂CEN̂C
]
T̂

(12)+ [
Q̂BL̂ + ÛCDD̂C

] ˆ̄T } + h.c.

ChoosingAij = −Aji and Dij = 0, except fori =
j = 3, the Higgsd = 6 andd = 5 contributions are
indeed set to zero. It is also possible to have SU
scenarios where thed = 5 operators are strongly su
pressed by particular realization of superparticle sp
trum[51]. In any case, even if SUSY is realized at lo
energies we are sure that the upper bound is com
from the gauged = 6 contributions.

3. Summary

We have investigated the possibility of finding
upper bound on the total nucleon decay lifetime
the context of grand unified theories with the Stand
Model matter content. This bound originates from
gauged = 6 contributions, since all other contribu
tions are quite model dependent and can always
suppressed. In the Majorana neutrino case the bo

is τp � 1.5 × 1039(MX/1016 GeV)4

α2
GUT

(0.003 GeV3/α)2

years, while in the Dirac neutrino caseτp � 7.1 ×
1036(MX/1016 GeV)4

α2
GUT

(0.003 GeV3/α)2 years. These

bounds are valid in both supersymmetric and n
supersymmetric scenarios and are grand unify
gauge group independent. Moreover, there is no
pendence of our results on CP violating phases
any angles beyond those of CKM. Our bounds are v
useful for two reasons. Firstly, in the context of re
istic grand unified theories they indicate whether i
possible to test these theories in theirentire flavor pa-
rameter space with certainty through proton decay
periments. Secondly, they put an absolute lower bo
on the mass of proton decay mediating gauge bos
We obtainMX � 4.3+0.3

−0.3 × 1014√αGUT GeV for a
reasonable set of input parameters. Since this m
is usually identified with the unifying scale throug
threshold matching conditions our bounds can be
terpreted as the lower bounds on the GUT scale
self. We have also addressed implications our bou
have on the popular class of the so-called “orbifo
models.
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[14] D. Emmanuel-Costa, S. Wiesenfeldt, Nucl. Phys. B 661 (20

62.
[15] S. Dimopoulos, S. Raby, F. Wilczek, Phys. Lett. B 112 (19

133.
[16] A.J. Buras, J.R. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nu

Phys. B 135 (1978) 66.
[17] P. Nath, A.H. Chamseddine, R. Arnowitt, Phys. Rev. D

(1985) 2348.
[18] R. Arnowitt, A.H. Chamseddine, P. Nath, Phys. Lett. B 1

(1985) 215.
[19] J. Hisano, H. Murayama, T. Yanagida, Nucl. Phys. B 4

(1993) 46.
[20] V. Lucas, S. Raby, Phys. Rev. D 55 (1997) 6986.
[21] T. Goto, T. Nihei, Phys. Rev. D 59 (1999) 115009.
[22] H. Murayama, A. Pierce, Phys. Rev. D 65 (2002) 055009.
[23] R. Dermisek, A. Mafi, S. Raby, Phys. Rev. D 63 (200

035001.
[24] R.N. Mohapatra, Unification and Supersymmetry: The Fr

tiers of Quark-Lepton Physics, Springer-Verlag, Berlin, 198
[25] I. Dorsner, P. Fileviez Pérez, in preparation.
[26] R. Harnik, D.T. Larson, H. Murayama, M. Thormeier, Nu

Phys. B 706 (2005) 372.
[27] A. De Rujula, H. Georgi, S.L. Glashow, Phys. Rev. Lett.

(1980) 413.
[28] P. Fileviez Pérez, Phys. Lett. B 595 (2004) 476.
[29] I. Dorsner, P. Fileviez Pérez, Phys. Lett. B 605 (2005) 3

hep-ph/0409095.
[30] S.M. Barr, Phys. Lett. B 112 (1982) 219.
[31] J.P. Derendinger, J.E. Kim, D.V. Nanopoulos, Phys. Lett. B

(1984) 170.
[32] I. Antoniadis, J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, Ph

Lett. B 194 (1987) 231.
[33] I. Dorsner, P. Fileviez Pérez, Phys. Lett. B 606 (2005) 3

hep-ph/0409190.
[34] S. Nandi, A. Stern, E.C.G. Sudarshan, Phys. Lett. B 113 (19

165.
[35] P. Langacker, Phys. Rep. 72 (1981) 185.
[36] L.L. Chau, W.Y. Keung, Phys. Rev. Lett. 53 (1984) 1802.
[37] H. Harari, M. Leurer, Phys. Lett. B 181 (1986) 123.
[38] H. Fritzsch, J. Plankl, Phys. Rev. D 35 (1987) 1732.
[39] F.J. Botella, L.L. Chau, Phys. Lett. B 168 (1986) 97.
[40] JLQCD Collaboration, S. Aoki, et al., Phys. Rev. D 62 (200

014506.
[41] S. Eidelman, et al., Phys. Lett. B 592 (2004) 1.
[42] CP-PACS Collaboration, N. Tsutsui, et al., Phys. Rev. D

(2004) 111501.
[43] RBC Collaboration, Y. Aoki, Nucl. Phys. B (Proc. Suppl.) 1

(2005) 405.
[44] L.J. Hall, Nucl. Phys. B 178 (1981) 75.
[45] Y. Kawamura, Prog. Theor. Phys. 103 (2000) 613, h

ph/9902423.
[46] Y. Kawamura, Prog. Theor. Phys. 105 (2001) 999, h

ph/0012125.
[47] A. Hebecker, J. March-Russell, Phys. Lett. B 539 (2002) 1

hep-ph/0204037.
[48] L.J. Hall, Y. Nomura, Phys. Rev. D 65 (2002) 125012, h

ph/0111068.
[49] H.D. Kim, S. Raby, JHEP 0301 (2003) 056, hep-ph/021234
[50] I. Dorsner, Phys. Rev. D 69 (2004) 056003, hep-ph/03101
[51] N. Arkani-Hamed, S. Dimopoulos, hep-th/0405159.


	How long could we live?
	Introduction
	Looking for an upper bound on the total proton lifetime
	Summary
	Acknowledgements
	References


