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Abstract

It is well known, although sometimes ignored, that not only ¢he 5 but alsod = 6 proton decay depends on fermion
mixings. In general we study carefully the dependencé-ef6 decay on fermion mixings using the effective operator approach.
We find that without specifying a theory it is impossible to make clear predictions. Even in a given model, it is often not possible
to determine all the physical parameters. We point out that it is possible to make a clear test of any grand unified theory with
symmetric Yukawa couplings. We discuss in some detail realistic theories baskl®nandSO(10) gauge symmetry.
0 2004 Elsevier B.VOpen access under CC BY license.

1. Introduction

The decay of the proton is the most dratio prediction comingrom matter unificatin. Since the paper by
Pati and Salam in 1973], proton decay has been the most importantstraint for grand unified theorigz-13].
There are different operators contributing to thelaan decay in GUTS, in supersymmetric scenariosdthe5
contributions are the most important, but quite model dependent. They depend on the whole SUSY spectrum,
on the structure of the Higgs sector and on fermiorssea. In recent years these contributions have been under
discussion, in order to understand if the minimal supersymm@&tk{&) [2,3] is ruled ouf14,15] There are several
solutions to this very important issue in the context of the minimal SI38Y5) [16,17]

The d = 6 contributions for proton decay in general are econd more important, but they are less model
dependent. From the non-diagonal pdrthe gauge field we get the gauge adimitions, which basically depend
only on fermion masses. The remainithg= 6 operators coming from the Higgs sector are less important and they
are quite model dependent, since we can have different structures in the Higgs sector. There are several models
where due to a specific structure of the Higgs sectordtheb operators contributing to the decay of the proton
are not preserjiLg].

In general we study in detail the gauge= 6 contributions. Assuming thah the future the decay of the
proton will be measured, we analyze all possible information that we could get from these experiments. Using this
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information we will study the possibility to test the realistic grand unified theories based 8d {BepandSO(10)
gauge groups. Our analysis is valid in supersymmetric and non-supersymmetric GUT scenarios.

2. d =6 operators

Using the properties of the Standard Model fields we can write down the pogsiboperators contributing
to the decay of the proton, which a8 (3)¢ x SU(2); x U(1)y invariant[5-7]:

O = Keijieapuly" Qjaacs vu Qupp, (1)
Ot = Keijieapulyy" Q jaad G vu L b, )
Ot = KeijkeupdSy™ Q jpatt Sy Viu Laab- ®3)
O = KBeijkeapdy" Q jpavE vu Okan- (4)

In the above expressioks = gGUTM(}l’y)a andky = gGUTM(ixl/,y/), whereM x vy, Mx'.y» ~ Maut ~ 10'° GeV
andgguTt are the masses of the superheavy gauge bosons and the coupling at the GUT scaled), L = (v, ¢);
i, j andk are the color indices; andb are the family indices, and, 8 =1, 2.

The effective operator®? % and 0!~ (Egs. (1) and (2)appear when we integrate out the superheavy gauge
fields (X, Y) = (3, 2,5/3), where theX andY fields have electric charge/3 and ¥/3, respectively. This is the
case in theories based on the gauge gr@u(b). Integrating out X', Y’) = (3, 2, —1/3) we obtain the operators
O~ " and 0" (Egs. (3) and (4) the electric charge of " is —2/3, while X’ has the same charge #s In
0(10) theories all these superheavy fields are present. Notice that all these operators cBnsdtye.e., the
proton always decays into an antilepton. A second selectionX§lEAB = —1, 0 is satisfied for those operators
[19].

Using the operators listed above, we can write theaife operators for each decay channel in the physical
basis:

0(eC. dp) = K2c(eC, dp)eijul v"u jeS vudip, )
0 (e dS) = c(ea. S )eijul y"u;dG yuea. (6)
O (v, do.d§) = c(v1. do. dS ) erjul y* dadkﬁmu,, 7)
0(\}1 ,da,dﬂ) kzc(vl ,da,dﬁ )eijkdlﬂy ujv; yﬂdka, (8)
where:
c(e€, dg) = VIVEE + (viviup) ¥ (vav) ), 9)
c(eurdS) = VIV (v} VoV Ve (10)
c(v1. da. dS) = K2(ViVup) ™ (VaVen)?! + K3V, (ViVup Vi VaVen) ", (11)
c(”l s o dﬁ) = (V4VJD)/31(U£NV2) + V4a(U;N V2VJD)]1’ a=p#2 (12)

The mixing matrices/y = UlU, Vo = E.D, V= D.E, Va= DLD, Vyp = U'D, Vex = E'N and Uy =
ECTNC. The quark mixings are given by p = UTD = K1Vcek K2, whereK; and K» are diagonal matrices
containing three and two phases, respectively. The leptonic mixing= K3VIDK4 in case of Dirac neutrino, or
Ven = K3VM in the Majorana casé/,” andV;M are the leptonic mixings at low energy in the Dirac and Majorana
case, respectively.
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Notice that in general to predict the lifetime of the proton due to the presentée-@ operators we have to
knowky, k2, Vllb, Va, V3, V4 andUg y . In addition we have three diagonal ma#s containing CP wvlating phases,
K1, K> andK3, in the case that the neutrino is Majorana. In the Dirac case there is an extra matrix with two more
phases.

3. Two body decay channels of the nucleon

As we know the gaugé€ = 6 operators conservB — L, therefore the nucleon decays into a meson and an
antilepton. Let us analyze all different channels. Assuming that in the proton decay expefR0¢otse cannot
distinguish the flavour of the neutrino and the chirality ofaed leptons in the exit channel, and using the chiral
Lagrangian techniques (see REf1]), the decay rate of the different channels due to the presence of the gauge
d = 6 operators are given by:

4 (mz mg)? 2 np o
I'(p—K*)= T ————A c(vind,s%)+ |:1+%(D+3F)j|c(vi,s,d )| . (13)
F(p—n'v)= o f2A2|oz| (1+D+F) Z] vi,d,d)?, (14)

i=1
( 2 2)2 2
F(p—)neE):WA2| a*(1+ D —3F) {| (ep. dC)|? +kEc(e§. )| } (15)
2 242 2
F(p—)KOe;_):(n;pfizmg)Aﬁ |2[1+ Zrp- F)] {le(ep. )+ Kle(es. )2}, (16)
I(p— %) = 16nf2Ag|a| A+ D+ P2 |e(ep, d) P + k[ c(es . d) ). (17)
2_ 2
r(n— K%)= %Aﬁmz
3 m 2
X; c(vi,d,s¢ [ ﬁ(z)—:em}—c(w,s,dc)[ ] (18)
3
r(n—n%)=-—"5A%|al? A+ D+ F) Z| vi,d,d ) (19)
16nf2 —
ro— -)—Mm |2(1+D—3F)223:|~( . d,dC) [ (20)
n nv) = 48]Tm3f2 Lla £ c\v;,d,
In—m~ eﬂ) - szi| al?l+ D+ F) {’C(eﬁ,dc)fz+kf|c(eg,d)]2]. (21)

In the above equations g is an average baryon mass satisfying ~ my ~m 4, D, F anda are the parameters
of the chiral Lagrangian, and all other notation folloj24]. Here all coefficients of four-fermion operators are
evaluated al/z scale.A; takes into account renormalization fraWfy, to 1 GeV.v; = v,, v, v andeg =e, .

Let us analyze all different channels. When the nocldecays into a strange meson plus an antineutrino the
amplitudes Eqgs. (13) and (18)of these channels are proportional to a linear combination of the coefficients
c(vi,s,d%) ande(v;, d, s€). In the case of the nucleon decays into a lighflavored meson plus an antineutrino,
the amplitudesKqgs. (14), (19) and (2D)xre proportional toZ?zlc(vi, d,d®). Looking at the channels with a
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charged antilepton, we see that the amplitudssgs( (15), (17) and (2)1)of the channels with a light meson are
proportional to a linear combination of the coefficients,, d€) andc(eg, d), while in the case that we have a
strange meson they are proportional to a linear combinatiotepf s©) ande(eS, s) (Eg. (16). If the neutrinos are
Dirac-like we have extra channels to the deoéthe nucleon, where we have the decays irﬁcand ameson. The
amplitudes in this case are proportionakie¢, d, d%), c(vC,s,d¢) andc(vE, d, s¢), respectively. Notice that
from the radiative decay22] we get the same information as in the case of the decays into a charged antilepton.
Note that fromEgs. (13)—(21ve can get only seven relations for all coefficients of the galigeb operators
contributing to nucleon decay. Therefore, if we wan@stta grand unified theory tiember of physial quantities
entering in the proton decay amplitude must be less than seven. This is an important result which helps us to
know when it is possible to test a GUT scenario. However, as we will see in the next section looking only at the
antineutrino channels we can get interesting predictions.

4. Testing GUT models

Let us analyze the possibility to test the realistic grand unified modelsSth®) and SO(10) theories,
respectively. Let us make an analysis of the operatoesgh theory, and study the physical parameters entering in
the predictions for proton decay. Here we do not assurgeparticular model for fermion masses, in order to be
sure that we can test the grand unification idea.

In these models the diagonalization of the Yukawa matrices is given by:

Ulyyu =y (22)
DLYpD =v3%, (23)
ELypE=v2% (24)

4.1. AGUT based on SU(5)

Let us start with the simplest grand unified theories, which are based on the gaug8dtdupn these theories
the unification of quark and leptons is realized in two irreducible representations, 1 @heé minimal Higgs
sector is composed by the adjoint representasigrand two Higgses 5 and5y in the fundamental and anti-
fundamental representations, respectijél], if we want to keep the minimal Higgs sector and write down a
realisticSU(5) theory, we need to introduce non-renormalizable djpesaPlanck suppressed operators, to get the
correct quark—lepton mass relations.&cend possibility is introduce a Higgs in theABepresentation.

In this case we have only the operata?§ ~“ (Eq. (1), and 0% (Eq. (2) contributing to the decay of the
proton. Usingegs. (9)—(12)and takingkz = 0 the coefficients for the proton decay predictions are given by:

1
cleg . dp) sy = Vi - (vivup) ¥ (vav)! ) (25)
C("a,dg)su(s) :kfvlllvzfa’ (26)
d dC — k2 10l ﬁ] — 2 27
c(v, da. dg ) gy =K (V1VuD)*(VaVEN), a=B#2, (27)
O(v§ o dff ) g5, =O- (28)

We see from these expressions that in order to make predictions in any theory baseddiihgauge group
using proton decay, we have to knéyy Vll" and the matrice®>, andV3. Note that in &8U (5) theory there are not
decays into ¢, even if the neutrino is a Dirac-like particle (SEq. (28), it could be a possibility to distinguish
a U (5) theory of the rest of GUTSs.
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In order to compute the decay rate into antimgws we must use the following relation:

3
> e du, dp)ys)c (v, dy . ds)sus) = k3 (VK Ve em) (K3 (ViKaVek )™ K7 6P, (29)
=1
Using this expression we can see that the antineutrino channel depends on the rmMaticeéX 1. Since we have
only three independent equatiorisgé. (13), (14) and (18Yor these channels, it is clear that we cannot test a
GUT model based 08U (5). Notice that from the channels with charged leptons is even more difficult to get some
information, due to the presence of the matriées V3 and the elementyll". In the naive case without all CP
violation sources beyont g »s we could get the information about from the nucleon decays into antineutrinos.
Let us analyze a particular case, the unrealistic minil5) model, whereYy = Yg andYp = Ybf (see
Ref.[23]), in this case we have the following relations:

(€. dy) & ™" = (Ki) 8 + VR WK (K3) (VEu) ™) (30)
cleardS) gy " = K3(K2) 0P, (31)
c(vi.da. d )y = KK KV KEOVE a=p#2 (32)

Notice that in this naive GUT model, all the channels are determinedday,. Unfortunately it is a prediction
that we lost in the case of realistic versionssuf(5). However, if this modification of the theory does not change
the relationYy = Yg, we could test &UJ (5) theory from the nucleon decay#® an antineutrino (sdeg. (29).

4.2. A GUT model with symmetric Yukawa couplings

There are many examples of grand unified theories with symmetric Yukawa couplings. This is theStd@pf
[4] theories with two Higgses ¥Pand 126;, including the minimal supersymmeti®(10) model[24,25]

In Ref.[26] has been investigated the dependence ofithe6 gauge contributions on fermion mixings. They
consider two different cases, the naive minir8al(10), where all fermion masses arise from Yukawa couplings
to 10y, and the case where we have the Higgses 40d 126;. Assuming only two generations, and neglecting
the possible mixings which appear when the neutrino mass matrix is diagonalized, they showed approximately that
the predictions for the decay channgls> 7+ andp — K% do not change in the different models for fermion
masses. At the same time, it has been gfihat the predictions for the decays— K%™, andp — utx are
quite different in these twocgnarios for fermion masses.

In this section we will analyze the properties of aladys in those theories, using the fact that the Yukawa
matrices are symmetric. We will take into account the mixings of the third generation and all possible CP violation
effects.

In theories with symmetric Yukawa couplings we get the following relations for the mixing matfiges;

UK,, Dc = DK; andEc = EK,., whereK,, K; and K, are diagonal matrices containing three CP violating
phases. In those cas¥s= K, V2 = K ng, V3= K;Vpg andV4 = K ;. Using these relations the coefficients
in Egs. (9)—(12pre given by:

(6§ dp)gym= (K2) (KD [67 + Ve p K52 (K3)" (VEinr) ™| (Vi) . (33)
(6w dS ) gym= (K2 (K [1367 + 13(K3)" (V) Vi KET(ViSE), (34)
(01, dus d§) = (K3) K ERES70 0 4136 57 (K )™ KU (Ve Ko™ (K3 Ve Vi)' (39)

11 1owi a li
(0 da df) g = (KD (KD (K3)™ (V)0 + 5 (K3)" (VEiean) | (WENKEVER)". (30)
with o = 8 # 2.
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Notice all overall phases in the different coefficientsorder to compute the decayteanto an antieutrino we
need the following expression:

3

> e, dy. dp)aymc (v, dy . ds)sym
=1

= K308 1 kBsPs Ky (K ) |[k3o7"' % + k387267 (K3)Y KL\ (VéxaK3)" (VekmK)

(37)
Using the above expression, aid. (13)we find that it is possible to determine the facter= gcut/M(x,y):
1/4
07
k1= , (38)
NALRIVER 2+ 1A212 VR, 12104
where:
8rm3 f2Ir'(p — K1)
1= ——— 2p2 21412 (39)
(mp _mK) AL|Ol|
2m
A1=—2LD, (40)
3m3
Ag=1+ —L (D +3F). (41)
3mp

Notice that we have an expression far, which is independent of the unknown mixing matrices and the CP
violating phases. In other wordse find that the amplitude of the decay— K ™v is independent of all unknown
mixings and CP violating phases, this only depends on the fagtdrherefore it is a possibility to test any grand
unified theory with symmetric Yukawa matrices through this channel.

Once we knowk1, and using the expressi¢h4) we can find the factato, solving the following equation:

2 871fﬂ21“(p—>n+\7)

k3 + 2k3k2| v, + K3V, - = 42
2 2V ul? + K VR A2 |a2(1+ D + F)2 (42)
1/2
ke =ka| Vi |{-1+v/02) " (43)
with:
8 f2I (p — nt) _
=1+ 7 44
Q2 k4|VCJ~'KM|4mPAi|0[|2(l+D+F)2 ’ CKM’ ( )
Using the conditiorD, > 1, we get the following relation:
t(p— KT7) my| Vg pl?(L+ D + F)? (45)
— > .
T(p—>atD) ~ (md —mi)| A1V 12 + 142121 VEZ 1]
Itis a clear prediction of a GUT model with symmetric Yukawa couplings.
Using the expressiorn(¢3), (14), (18), (19), and(20) we can get the following relations:
t(n— K%) _ m3m? —mK> [ AL2IVER 1 + A2 VER 412
) m3 2 21yl 2 2vi2 27 (46)
(p—> K B 3 (m2 — m%)?[| A3 ViR 2+ 14212 VEZ 12
T 7%)  2my (47)
t(p—>atv)  my,
T(n — 17017) _ 6mpm2(1+ D+ F)2 (48)

t(p—> V) (m2—m2)2(1—D—3F)%
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with:
ny

Az=1+ (D — 3F). (49)

3m3

Notice that using the expressions farandkz (Egs. (38) and (43) and the relation between the different decay
rates of the neutron and the proton into an antineuttigs( (45)—(48), we can conclude that it is possible to make
a clear test of a grand unified theory with symmetric Yukawa couplings.

As we say before, there are realis80(10) theories with symmetric Yukawa couplings. IrS&(10) theory
all fermions of a family live in the 16 spinor representatiod]. In this case the coefficients for the gaufje- 6
operators are given qgs. (9)—(12)

Let us analyze the most realistic and stud#(10) theories, where all Yukawa couplings are symmetric. It is
the case of theories with the Z0and/or 126; Higgses[24,25,27-34]We have already studied the case of GUT
models with symmetric Yukawa couplings, where we pointed out the possibility to make a consistent check of these
theories. In order to predict the decay rates into charged antileptons in this case, we have to know thekhatrices
andVpr (seeEgs. (33) and (34) In thoseSO(10) theories there is a specific expression for the matyjx :

avEp K Y Sy p — (3tanuo + tana1e K YS9 = Vi . K*Y 2291 (tanayo — tanaaze). (50)
In the above expressions tam = vfo/vfo, and tanvize = v{fzﬁ/vfze. In Eq. (50)we see explicitly the relation
between the different factors eritgy in the proton decay predictions.
To compute the amplitude for proton decay into charged antileptons we need the following expression:

2
Z c(eg, dﬁ):ymc(eg’ dV)sym

a=1

2

= [07 + VR kS (K3)" (V)| [0 + vk KE (K5 (V) | VR (VAR (65D)

i=1

Therefore the amplitude of the channels with charged antileptons always depend on the miat@eesVp k.
Therefore it is not possible to make a clear test of the theory through those channels, they are useful to distinguish
between different models for fermion masses with symmetric Yukawa matrices. Notice that [a@}éfas been
showed that the predictions for the decay chapnet /T K © are the same in different models for fermion masses,
however as we can appreciate fr&g. (51)it is not true in the general case whee consider all generations and
the extra CP violating phases.

5. Conclusions

We have studied in detail the predictions coming from the galige6 operators, the less model dependent
contributions for proton decay. Analyzing the diffat decay channels, we find that there are only seven
independent equatns for the coefficients involved in the two bedidecay channels forgton decay. In general
we could say that the number of physical parameters involved in those predictions must be less than seven.

We have pointed out that it is possible to make a clear test of any grand unified theory with symmetric Yukawa
couplings through the decay of the nucleon, since in thases the decay rates of the lean into an atineutrino
are independent of the mixings matrices and the new sources of CP violation béygpdand V;, they depend
only on the factorg; andk,. The relations between the decays of the @naind the neutron into an antineutrino
have been found. Notice that it is the case of realistic grand unified theories basedditAegauge group. The
predictions for the decay channels with charged leptoesnot the same in different models for fermion masses
with symmetric Yukawa couplings, therefore they abble useful to distinguish between different models. Our
results are valid in supersymmetric and non-supersymmetric scenarios.
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