arXiv:hep-ph/0403286 v3 26 May 2004

Fermion mixings vs d = 6 proton decay

Pavel Fileviez Pérez

Max-Planck Institut für Physik (Werner Heisenberg Institut) Föhringer Ring 6.

80805 München, Germany. and The Abdus Salam International Centre for Theoretical Physics. Strada Costiera 11, 34100.

Trieste, Italy

Abstract

It is well known, although sometimes ignored, that not only the d = 5 but also d = 6 proton decay depends on fermion mixings. In general we study carefully the dependence of d = 6 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 based on SU(5) and SO(10) gauge symmetry.

I. INTRODUCTION

The decay of the proton is the most dramatic prediction coming from matter unification. Since the paper by Pati and Salam in 1973 [1], proton decay has been the most important constraint for grand unified theories [2–13]. There are different operators contributing to the nucleon decay in GUTs, in supersymmetric scenarios the d = 5 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 fermion masses. In recent years these contributions have been under discussion, in order to understand if the minimal supersymmetric SU(5) [2,3] is ruled out [14,15]. There are several solutions to this very important issue in the context of the minimal SUSY SU(5) [16,17].

The d = 6 contributions for proton decay in general are the second more important, but they are less model dependent. From the non-diagonal part of the gauge field we get the gauge contributions, which basically depend only on fermion masses. The remaining d = 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 sector, the d = 5 operators contributing to the decay of the proton are not present [18].

In general we study in detail the gauge d = 6 contributions. Assuming that in the future the decay of the proton will be measured, we analyze all possible information that we could get from these experiments. Using this information we will study the possibility to test the realistic grand unified theories based on the SU(5) and SO(10) gauge groups. Our analysis is valid in supersymmetric and non-supersymmetric GUT scenarios.

II. D=6 OPERATORS

Using the properties of the Standard Model fields we can write down the possible d = 6 operators contributing to the decay of the proton, which are SU(3)_C × SU(2)_L × U(1)_Y invariant [5–7]:

O^{B−L}_I = k^2_1 ϵ_{ijk} ϵ_{αβ} u^C_{ia} γ^μ Q_{jαa} e^C_b γ_μ Q_{kβb} (1) O^{B−L}_{II} = k^2_1 ϵ_{ijk} ϵ_{αβ} u^C_{ia} γ^μ Q_{jαa} d^C_{kb} γ_μ L_{βb} (2) O^{B−L}_{III} = k^2 ϵ_{ijk} ϵ_{αβ} d^C_{ia} γ^μ Q_{jβa} u^C_{kb} γ_μ L_{αb} (3) O^{B−L}_{IV} = k^2 ϵ_{ijk} ϵ_{αβ} d^C_{ia} γ^μ Q_{jβa} ν^C_b γ_μ Q_{kαb} (4)

In the above expressions k_1 = g_{GU T} M^{−1}_{(X,Y )}, and k_2 = g_{GU T} M^{−1}_{(X} ′_{,Y} ′_), where M_{(X,Y )}, M_{(X} ′_{,Y} ′_) ∼ M_{GU T} ≈ 10^{16} GeV and g_{GU T} are the masses of the superheavy gauge bosons and the coupling at the GUT scale. Q = (u, d), L = (ν, e); i, j and k are the color indices, a and b are the family indices, and α, β = 1, 2.

The effective operators O^{B−L}_I and O^{B−L}_{II} (eqs. 1 and 2) appear when we integrate out the superheavy gauge fields (X, Y ) = (3, 2, 5/3), where the X and Y fields have electric charge 4/3 and 1/3 respectively. This is the case in theories based on the gauge group SU(5). Integrating out (X^′ , Y^′ ) = (3, 2, −1/3) we obtain the operators O^{B−L}_{III} and O^{B−L}_{IV} (eqs. 3 and 4), the electric charge of Y^′ is −2/3, while X^′ has the same charge as Y . In SO(10) theories all these superheavy fields are present. Notice that all these operators conserve B − L, i.e. the proton always decays into an antilepton. A second selection rule ΔS/ΔB = −1, 0 is satisfied for those operators [19].

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

O(e^C_α , d_β ) = k^2_1 c(e^C_α , d_β ) ϵ_{ijk} u^C_i γ^μ u_j e^C_α γ_μ d_{kβ} (5) O(e_α, d^C_β ) = c(e_α, d^C_β ) ϵ_{ijk} u^C_i γ^μ u_j d^C_{kβ} γ_μ e_α (6)

O(ν_l, d_α, d^C_β ) = c(ν_l, d_α, d^C_β ) ϵ_{ijk} u^C_i γ^μ d_{jα} d^C_{kβ} γ_μ ν_l (7)

O(ν^C_l , d_α, d^C_β ) = k^2 c(ν^C_l , d_α, d^C_β ) ϵ_{ijk} d^C_{iβ} γ^μ u_j ν^C_l γ_μ d_{kα} (8) where:

c(e^C_α , d_β ) = V^{11}_1 V^{αβ}_2 + (V_1V_{U D})^{1β}(V_2V^†_{U D})^{α1} (9) c(e_α, d^C_β ) = k^2_1 V^{11}_1 V^{βα}_3 + k^2 (V_4V^†_{U D})^{β1}(V_1V_{U D}V^†_4 V_3)^{1α} (10)

c(ν_l, d_α, d^C_β ) = k^2_1 (V_1V_{U D})^{1α}(V_3V_{EN} )^{βl} + k^2 V^{βα}_4 (V_1V_{U D}V^†_4 V_3V_{EN} )^{1l} (11)

c(ν^C_l , d_α, d^C_β ) = (V_4V^†_{U D})^{β1}(U^†_{EN} V_2)^{lα} + V^{βα}_4 (U^†_{EN} V_2V^†_{U D})^{l1}; α = β ≠ 2 (12)

The mixing matrices V_1 = U^†_C U, V_2 = E^†_C D, V_3 = D^†_C E, V_4 = D^†_C D, V_{U D} = U^†D, V_{EN} = E^†N and U_{EN} = E^{C †}N^C . The quark mixings are given by V_{U D} = U^†D = K_1V_{CKM} K_2, where K_1 and K_2 are diagonal matrices containing three and two phases respectively. The leptonic mixing V_{EN} = K_3V^D_l K_4 in case of Dirac neutrino, or V_{EN} = K_3V^M_l in the Majorana case, V^D_l and V^M_l are the leptonic mixings at low energy in the Dirac and Majorana case respectively.

Notice that in general to predict the lifetime of the proton due to the presence of d = 6 operators we have to know k_1, k_2, V^{1b}_1 , V_2, V_3, V_4 and U_{EN} . In addition we have three diagonal matrices containing CP violation phases, K_1, K_2 and K_3, in the case that the neutrino is Majorana. In the Dirac case there is an extra matrix with two more phases.

III. TWO BODIES DECAY CHANNELS OF THE NUCLEON

As we know the gauge d = 6 operators conserve B − L, therefore the nucleon decays into a meson and an antilepton. Let us analyze all different channels. Assuming that in the proton decay experiments [20] one can not distinguish the flavour of the neutrino and the chirality of charged leptons in the exit channel, and using the chiral Lagrangian techniques (see reference [21]), the decay rate of the different channels due to the presence of the gauge d = 6 operators are given by:

Γ(p → K^+ν̄) =

(m^2_p − m^2_K )^2 8πm^3_pf^2_π

A^2_L |α|^2 3∑ i=1 | | | | 2m_p 3m_B D c(ν_i, d, s^C ) + [1 + m_p 3m_B (D + 3F )]c(ν_i, s, d^C ) | | | | 2 (13)

Γ(p → π^+ν̄) = m_p 8πf^2_π

A^2_L |α|^2 (1 + D + F )^2 3∑ i=1 | | |c(ν_i, d, d^C ) | | |^2 (14)

Γ(p → ηe^+_β ) =

(m^2_p − m^2_η)^2 48πf^2_π m^3_p

A^2_L |α|^2 (1 + D − 3F )^2{ | | |c(e_β, d^C ) | | |^2 + k^4_1 | | |c(e^C_β , d) | | |^2} (15)

Γ(p → K^0e^+_β ) =

(m^2_p − m^2_K )^2 8πf^2_π m^3_p

A^2_L |α|^2 [1 + m_p m_B (D − F )]^2{ | | |c(e_β, s^C ) | | |^2 + k^4_1 | | |c(e^C_β , s) | | |^2} (16)

Γ(p → π^0e^+_β ) = m_p 16πf^2_π

A^2_L |α|^2 (1 + D + F )^2{ | | |c(e_β, d^C ) | | |^2 + k^4_1 | | |c(e^C_β , d) | | |^2} (17)

Γ(n → K^0ν) =

(m^2_n − m^2_K )^2 8πm^3_nf^2_π

A^2_L |α|^2 × × 3∑ i=1 | | |c(ν_i, d, s^C )[1 + m_n 3m_B (D − 3F )] − c(ν_i, s, d^C )[1 + m_n 3m_B (D + 3F )] | | | 2 (18)

Γ(n → π^0ν) = m_n 16πf^2_π

A^2_L |α|^2 (1 + D + F )^2 3∑ i=1 | | |c(ν_i, d, d^C ) | | |^2 (19) Γ(n → ην) = (m^2_n − m^2_η)^2 48πm^3_nf^2_π

A^2_L |α|^2 (1 + D − 3F )^2 3∑ i=1 | | |c(ν_i, d, d^C ) | | |^2 (20)

Γ(n → π^−e^+_β ) = m_n 8πf^2_π

A^2_L |α|^2 (1 + D + F )^2{ | | |c(e_β, d^C ) | | |^2 + k^4_1 | | |c(e^C_β , d) | | |^2} (21)

In the above equations m_B is an average Baryon mass satisfying m_B ≈ m_Σ ≈ m_Λ, D, F and α are the parameters of the chiral lagrangian, and all other notation follows [21]. Here all coefficients of four-fermion operators are evaluated at M_Z scale. A_L takes into account renormalization from M_Z to 1 GeV. ν_i = ν_e, ν_μ, ν_τ and e_β = e, μ.

Let us analyze all different channels. When the nucleon decays into a strange meson plus an antineutrino the amplitudes (eqs. 13 and 18) of these channels are proportional to a linear combination of the coefficients c(ν_i, s, d^C ) and c(ν_i, d, s^C ) . In the case of the nucleon decays into a light unflavored meson plus an antineutrino, the amplitudes (eqs. 14, 19 and 20) are proportional to

∑_3

i=1 c(ν_i, d, d^C ). Looking at the channels with a charged antilepton, we see that the amplitudes (eqs. 15, 17 and 21) of the channels with a light meson are proportional to a linear combination of the coefficients c(e_α, d^C ) and c(e^C_α , d), while in the case that we have a strange meson they are proportional to a linear combination of c(e_α, s^C ) and c(e^C_α , s) (eq. 16). If the neutrinos are Dirac-like we have extra channels to the decay of the nucleon, where we have the decays into ν^C_i and a meson. The amplitudes in this case are proportional to c(ν^C_i , d, d^C ) , c(ν^C_i , s, d^C ) and c(ν^C_i , d, s^C ) respectively. Notice that from the radiative decays [22] we get the same information as in the case of the decays into a charged antilepton.

Note that from the equations 13-21 we can get only seven relations for all coefficients of the gauge d=6 operators contributing to nucleon decay. Therefore, if we want to test a grand unified theory the number of physical 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.

IV. TESTING GUT MODELS

Let us analyze the possibility to test the realistic grand unified models, the SU(5) and SO(10) theories respectively. Let us make an analysis of the operators in each theory, and study the physical parameters entering in the predictions for proton decay. Here we do not assume any particular 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:

U^T_C Y_U U = Y^{diag}_U (22) D^T_C Y_D D = Y^{diag}_D (23) E^T_C Y_E E = Y^{diag}_E (24)

• a GUT based on SU(5)

Let us start with the simplest grand unified theories, which are based on the gauge group SU(5). In these theories the unification of quark and leptons is realized in two irreducible representations, 10 and 5. The minimal Higgs sector is composed by the adjoint representation Σ, and two Higgses 5_H and 5_H in the fundamental and anti-fundamental representations respectively [2,3], if we want to keep the minimal Higgs sector and write down a realistic SU(5) theory, we need to introduce non-renormalizable operators, Planck suppressed operators, to get the correct quark-lepton mass relations. A second possibility is introduce a Higgs in the 45_H representation.

In this case we have only the operators O^{B−L}_I (eq. 1), and O^{B−L}_{II} (eq. 2) contributing to the decay of the proton. Using the equations 9-12, and taking k_2 ≡ 0 the coefficients for the proton decay predictions are given by:

c(e^C_α , d_β )_{SU (5)} = V^{11}_1 V^{αβ}_2 + (V_1V_{U D})^{1β}(V_2V^†_{U D})^{α1} (25) c(e_α, d^C_β )_{SU (5)} = k^2_1 V^{11}_1 V^{βα}_3 (26) c(ν_l, d_α, d^C_β )_{SU (5)} = k^2_1 (V_1V_{U D})^{1α}(V_3V_{EN} )^{βl}; α = β ≠ 2 (27) O(ν^C_b , d_α, d^C_β )_{SU (5)} = 0. (28)

We see from these expressions that in order to make predictions in any theory based on the SU(5) gauge group using proton decay, we have to know k_1, V^{1i}_1 and the matrices V_2, and V_3. Note that in a SU(5) theory there are not decays into a ν^C , even if the neutrino is a Dirac-like particle (see eq. 28), it could be a possibility to distinguish a SU(5) theory of the rest of GUTs.

In order to compute the decay rate into antineutrinos we must use the following relation: 3∑ l=1 c(ν_l, d_α, d_β)^∗_{SU (5)}c(ν_l, d_γ , d_δ)_{SU (5)} = k^4_1 (V^∗_1 K^∗_1 V^∗_{CKM} )^{1α}(K^∗_2 )^{αα}(V_1K_1V_{CKM} )^{1γ}K^{γγ}_2 δ^{βδ} (29)

Using this expression we can see that the antineutrino channel depends on the matrices V_1 and K_1. Since we have only three independent equations (eqs. 13, 14 and 18) for these channels, it is clear that we can not test a GUT theory based on SU(5). Notice that from the channels with charged leptons is even more difficult to get some information, due to the presence of the matrices V_2, V_3 and the elements V^{1i}_1 . In the naive case without all CP violation sources beyond V_{CKM} we could get the information about V_1 from the nucleon decays into antineutrinos.

Let us analyze a particular case, the unrealistic minimal SU(5) model, where Y_U = Y^T_U and Y_D = Y^T_E (see reference [23]), in this case we have the following relations: c(e^C_α , d_β)^{unreal−min} SU (5) = (K ∗ u )^{11}[δ^{αβ} + V^{1β}_{CKM} K^{ββ}_2 (K^∗_2 )^{αα}(V^†_{CKM} )^{α1}] (30) c(e_α, d^C_β )^{unreal−min} SU (5) = k 2 1 (K^∗_u )^{11}δ^{βα} (31) c(ν_l, d_α, d^C_β )^{unreal−min} SU (5) = k 2 1 (K^∗_u )^{11}K^{11}_1 V^{1α}_{CKM} K^{αα}_2 V^{βl}_{EN} ; α = β ≠ 2. (32)

Notice that in this naive GUT model, all the channels are determined by V_{CKM} . Unfortunately it is a prediction that we lost in the case of realistic versions of SU(5). However, if this modification of the theory does not change the relation Y_U = Y^T_U , we could test a SU(5) theory from the nucleon decays into an antineutrino (see equation 29).

• a GUT model with symmetric Yukawa couplings.

There are many examples of grand unified theories with symmetric Yukawa couplings. This is the case of SO(10) [4] theories with two Higgses 10_H and 126_H , including the minimal supersymmetric SO(10) model [24,25].

In reference [26] has been investigated the dependence of the d = 6 gauge contributions on fermion mixings. They consider two different cases, the naive minimal SO(10), where all fermion masses arise from Yukawa couplings to 10_H , and the case where we have the Higgses 10_H and 126_H . 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 channels p → π^+ν̄ and p → K^0l^+ do not change in the different models for fermion masses. At the same time, it has been showed that the predictions for the decays p → K^0e^+, and p → μ^+π are quite different in these two scenarios for fermion masses.

In this section we will analyze the properties of all decays 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 matrices, U_C = UK_u, D_C = DK_d and E_C = EK_e, where K_u, K_d and K_e are diagonal matrices containing three CP violating phases. In those cases V_1 = K^∗_u , V_2 = K^∗_e V^†_{DE} , V_3 = K^∗_d V_{DE} and V_4 = K^∗_d . Using these relations the coefficients in equations 9-12 are given by: c(e^C_α , d_β)_{sym} = (K^∗_u )^{11}(K^∗_e )^{αα}[δ^{βi} + V^{1β}_{CKM} K^{ββ}_2 (K^∗_2 )^{ii}(V^†_{CKM} )^{i1}](V^∗_{DE} )^{iα} (33) c(e_α, d^C_β )_{sym} = (K^∗_u )^{11}(K^∗_d )^{ββ}[k^2_1δ^{βi} + k^2(K^∗_2 )^{ββ}(V^†_{CKM} )^{β1}V^{1i}_{CKM} K^{ii}_2 ](V^{iα}_{DE}) (34) c(ν_l, d_α, d^C_β )_{sym} = (K^∗_u )^{11}K^{11}_1 [k^2_1δ^{αi}δ^{βj} + k^2δ^{αβ}δ^{ij} (K^∗_d )^{αα}K^{ii}_d ](V_{CKM} K_2)^{1i}(K^∗_d V_{DE} V_{EN} )^{jl} (35)

c(ν^C_l , d_α, d^C_β )_{sym} = (K^∗_d )^{ββ}(K^∗_1 )^{11}[(K^∗_2 )^{ββ} (V^†_{CKM} )^{β1}δ^{αi} + δ^{αβ}(K^∗_2 )^{ii}(V^†_{CKM} )^{i1}](U^†_{EN} K^∗_e V^†_{DE} )^{li} (36)

with α = β ≠ 2.

Notice all overall phases in the different coefficients. In order to compute the decay rate into an antineutrino we need the following expression: 3∑ l=1 c(ν_l, d_α, d_β )^∗_{sym}c(ν_l, d_γ , d_δ)_{sym} = [k^2_1δ^{αi}δ^{βj} + k^2 δ^{αβ}δ^{ij} K^{αα}_d (K^∗_d )^{ii}]

[k^2_1δ^{γi′} δ^{δj} + k^2δ^{γδ}δ^{i′ j} (K^∗_d )^{γγ} K^{i′ i′}_d ](V^∗_{CKM} K^∗_2 )^{1i}(V_{CKM} K_2)^{1i′} (37)

Using the above expression, and equation 13 we find that it is possible to determine the factor k_1 = g_{GU T} /M_{(X,Y )}:

k_1 =

Q^{1/4}_1 [|A_1|^2 |V^{11}_{CKM} |^2 + |A_2|^2 |V^{12}_{CKM} |^2]^{1/4}

(38)

where:

Q_1 =

8πm^3_pf^2_π Γ(p → K^+ν̄) (m^2_p − m^2_K )^2A^2_L |α|^2

(39)

A_1 = 2m_p 3m_B D (40)

A_2 = 1 + m_p 3m_B (D + 3F ) (41)

Notice that we have an expression for k_1, which is independent of the unknown mixing matrices and the CP violating phases. In other words, we find that the amplitude of the decay p → K^+ν̄ is independent of all unknown mixings and CP violating phases, this only depends on the factor k_1. Therefore it is a possibility to test any grand unified theory with symmetric Yukawa matrices through this channel.

Once we know k_1, and using the expression 14 we can find the factor k_2, solving the following equation:

k^4_2 + 2k^2 k^2_1 | |V^{11}_{CKM} | |^2 + k^4_1 | |V^{11}_{CKM} | |^2 −

8πf^2_π Γ(p → π^+ν̄) m_pA^2_L |α|^2 (1 + D + F )^2

= 0 (42)

k_2 = k_1 | | |V^{11}_{CKM} | | | {−1 + √ Q_2}^{1/2} (43)

with:

Q_2 = 1 +

8πf^2_π Γ(p → π^+ν̄) k^4_1 |V^{11}_{CKM} |^4 m_pA^2_L |α|^2 (1 + D + F )^2 − | |V^{11}_{CKM} | |^{−2} (44)

Using the condition Q_2 > 1, we get the following relation:

τ (p → K^+ν̄) τ (p → π^+ν̄) > m^4_p |V^{11}_{CKM} |^2 (1 + D + F )^2 (m^2_p − m^2_K)^2[|A_1|^2 |V^{11}_{CKM} |^2 + |A_2|^2 |V^{12}_{CKM} |^2]

(45)

It is a clear prediction of a GUT model with symmetric Yukawa couplings.

Using the expressions 13, 14, 18, 19, and 20 we can get the following relations:

τ (n → K^0ν̄) τ (p → K^+ν̄) = m^3_n(m^2_p − m^2_K)^2[|A_1|^2 |V^{11}_{CKM} |^2 + |A_2|^2 |V^{12}_{CKM} |^2] m^3_p(m^2_n − m^2_K)^2[|A_3|^2 |V^{11}_{CKM} |^2 + |A_2|^2 |V^{12}_{CKM} |^2]

(46)

τ (n → π^0ν̄) τ (p → π^+ν̄) = 2m_p m_n (47)

τ (n → η^0ν̄) τ (p → π^+ν̄) = 6m_pm^3_n(1 + D + F )^2 (m^2_n − m^2_η)^2(1 − D − 3F )^2

(48)

with:

A_3 = 1 + m_n 3m_B (D − 3F ) (49)

Notice that using the expressions for k_1 and k_2 (eqs. 38 and 43), and the relation between the different decay rates of the neutron and the proton into an antineutrino (eqs. 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 realistic SO(10) theories with symmetric Yukawa couplings. In a SO(10) theory all fermions of a family live in the 16_F spinor representation [4]. In this case the coefficients for the gauge d=6 operators are given by the equations 9-12.

Let us analyze the most realistic and studied SO(10) theories, where all Yukawa couplings are symmetric. It is the case of theories with the 10_H and/or 126_H 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 the matrices K_2 and V_{DE} (see eqs. 33 and 34). In those SO(10) theories there is a specific expression for the matrix V_{DE} :

4V^T_{U D}K^∗_u Y^{diag}_U V_{U D} − (3 tan α_{10} + tan α_{126})K^∗_d Y^{diag}_D = V^∗_{DE} K^∗_e Y^{diag}_E V^†_{DE} (tan α_{10} − tan α_{126}) (50)

In the above expressions tan α_{10} = v^U_{10}/v^D_{10}, and tan α_{126} = v^U_{126}/v^D_{126}. In equation 50 we see explicitly the relation between the different factors entering in the proton decay predictions.

To compute the amplitude for proton decay into charged antileptons we need the following expression: 2∑ α=1 c(e^C_α , d_β )^∗_{sym}c(e^C_α , d_γ )_{sym} = [δ^{βi} + V^{1β}_{CKM} K^{ββ}_2 (K^∗_2 )^{ii}(V^†_{CKM} )^{i1}]

[δ^{γj} + V^{1γ}_{CKM} K^{γγ}_2 (K^∗_2 )^{jj} (V^†_{CKM} )^{j1}] 2∑ i=1 V^{iα}_{DE} (V^{jα}_{DE} )^∗ (51)

Therefore the amplitude of the channels with charged antileptons always depend on the matrices K_2 and V_{DE} . 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 in reference [26] has been showed that the predictions for the decay channel p → l^+K^0 are the same in different models for fermion masses, however as we can appreciate from equation 51 it is not true in the general case when we consider all generations and the extra CP violating phases.

V. CONCLUSIONS

We have studied in detail the predictions coming from the gauge d = 6 operators, the less model dependent contributions for proton decay. Analyzing the different decay channels, we find that there are only seven independent equations for the coefficients involved in the two bodies decay channels for proton 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 these cases the decay rates of the nucleon into an antineutrino are independent of the mixings matrices and the new sources of CP violation beyond V_{CKM} and V_l, they depend only on the factors k_1 and k_2. The relations between the decays of the proton and the neutron into an antineutrino have been found. Notice that it is the case of realistic grand unified theories based on the SO(10) gauge group. The predictions for the decay channels with charged leptons are not the same in different models for fermion masses with symmetric Yukawa couplings, therefore they could be useful to distinguish between different models. Our results are valid in supersymmetric and non-supersymmetric scenarios.

ACKNOWLEDGMENTS

We would like to thank Goran Senjanović and Borut Bajc for invaluable discussions and comments. We would like to thank Ariel Garcia, Lotfi Boubekeur and Brett Viren for comments. We would like to thank the High Energy Section of the ICTP for hospitality and support.

REFERENCES

[1] J. C. Pati and A. Salam, “Unified Lepton - Hadron Symmetry And A Gauge Theory Of The Basic Interactions,”Phys. Rev. D 8 (1973) 1240. “Is Baryon Number Conserved?,”Phys. Rev. Lett. 31 (1973) 661.

[2] H. Georgi and S. L. Glashow, “Unity Of All Elementary Particle Forces,” Phys. Rev.

Lett. 32 (1974) 438.

[3] S. Dimopoulos and H. Georgi, “Softly Broken Supersymmetry And SU(5),” Nucl. Phys.

B 193 (1981) 150.

[4] H. Georgi, in Particles and Fields, ed. C. E. Carlson (AIP, New York, 1975) 575.

H. Fritzsch and P. Minkowski, “Unified Interactions Of Leptons And Hadrons,” Annals Phys. 93 (1975) 193.

[5] S. Weinberg, “Baryon And Lepton Nonconserving Processes,” Phys. Rev. Lett. 43 (1979) 1566. “Varieties Of Baryon And Lepton Nonconservation,” Phys. Rev. D 22 (1980) 1694. “Supersymmetry At Ordinary Energies. 1. Masses And Conservation Laws,” Phys. Rev. D 26 (1982) 287.

[6] F. Wilczek and A. Zee, “Operator Analysis Of Nucleon Decay,” Phys. Rev. Lett. 43 (1979) 1571.

[7] N. Sakai and T. Yanagida, “Proton Decay In A Class Of Supersymmetric Grand Unified Models,” Nucl. Phys. B 197 (1982) 533.

[8] S. Dimopoulos, S. Raby and F. Wilczek, “Proton Decay In Supersymmetric Models,” Phys. Lett. B 112 (1982) 133.

[9] A. J. Buras, J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, “Aspects Of The Grand Unification Of Strong, Weak And Electromagnetic Interactions,” Nucl. Phys. B 135 (1978) 66.

[10] P. Nath, A. H. Chamseddine and R. Arnowitt, “Nucleon Decay In Supergravity Unified Theories,” Phys. Rev. D 32 (1985) 2348.

[11] R. Arnowitt, A. H. Chamseddine and P. Nath, “Nucleon Decay Branching Ratios In Supergravity SU(5) Guts,” Phys. Lett. B 156 (1985) 215.

[12] J. Hisano, H. Murayama and T. Yanagida, “Nucleon decay in the minimal supersymmetric SU(5) grand unification,” Nucl. Phys. B 402 (1993) 46.

[13] V. Lucas and S. Raby, “Nucleon decay in a realistic SO(10) SUSY GUT,” Phys. Rev.

D 55 (1997) 6986.

[14] H. Murayama and A. Pierce, “Not even decoupling can save minimal supersymmetric SU(5),” Phys. Rev. D 65 (2002) 055009.

[15] T. Goto and T. Nihei, “Effect of RRRR dimension 5 operator on the proton decay in the minimal SU(5) SUGRA GUT model,” Phys. Rev. D 59 (1999) 115009.

[16] B. Bajc, P. Fileviez Pérez and G. Senjanović, “Proton decay in minimal supersymmetric SU(5),” Phys. Rev. D 66 (2002) 075005.

[17] B. Bajc, P. Fileviez Pérez and G. Senjanović, “Minimal supersymmetric SU(5) theory and proton decay: Where do we stand?,” hep-ph/0210374. See also: D. Emmanuel- Costa and S. Wiesenfeldt, “Proton decay in a consistent supersymmetric SU(5) GUT model,” Nucl. Phys. B 661 (2003) 62.

[18] K. S. Babu and S. M. Barr, “Eliminating the d = 5 proton decay operators from SUSY GUTs,” Phys. Rev. D 65 (2002) 095009.

[19] P. Langacker, “Grand Unified Theories And Proton Decay,” Phys. Rept. 72 (1981) 185.

M. Machacek, “The Decay Modes Of The Proton,” Nucl. Phys. B 159 (1979) 37. [20] M. Shiozawa et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 3319.

Y. Hayato et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 83 (1999) 1529. C. McGrew et al., Phys. Rev. D 59 (1999) 052004.

[21] M. Claudson, M. B. Wise and L. J. Hall, “Chiral Lagrangian For Deep Mine Physics,” Nucl. Phys. B 195 (1982) 297. S. Chadha and M. Daniel, “Chiral Lagrangian Calculation Of Nucleon Decay Modes Induced By D = 5 Supersymmetric Operators,” Nucl. Phys. B 229 (1983) 105.

[22] D. Silverman and A. Soni, “The Decay Proton → E+ Gamma In Grand Unified Gauge Theories,” Phys. Lett. B 100 (1981) 131.

[23] R. N. Mohapatra, “Flavor Mixing In SU(5) Grand Unified Theories,” Phys. Rev. Lett.

43 (1979) 893. See also: S. Nandi, A. Stern and E. C. G. Sudarshan, “Can Proton Decay Be Rotated Away?,” Phys. Lett. B 113 (1982) 165.

[24] K. S. Babu and R. N. Mohapatra, “Predictive neutrino spectrum in minimal SO(10) grand unification,” Phys. Rev. Lett. 70 (1993) 2845.

[25] C. S. Aulakh, B. Bajc, A. Melfo, G. Senjanovic and F. Vissani, “The minimal supersymmetric grand unified theory,” Phys. Lett. B 588 (2004) 196.

[26] A. De Rujula, H. Georgi and S. L. Glashow, “Flavor Goniometry By Proton Decay,” Phys. Rev. Lett. 45 (1980) 413. See also: H. Georgi, S. L. Glashow and M. Machacek, “Mu+ Polarization In Proton Decay: A Probe Of Flavor Mixing In Unified Models,” Phys. Rev. D 23 (1981) 783.

[27] C. S. Aulakh and R. N. Mohapatra, “Implications Of Supersymmetric SO(10) Grand Unification,” Phys. Rev. D 28 (1983) 217.

[28] B. Bajc, A. Melfo, G. Senjanovic and F. Vissani, “The minimal supersymmetric grand unified theory. I: Symmetry breaking and the particle spectrum,” arXiv:hepph/0402122.

[29] C. S. Aulakh and A. Girdhar, “SO(10) a la Pati-Salam,” arXiv:hep-ph/0204097. [30] B. Bajc, G. Senjanovic and F. Vissani, “b - tau unification and large atmospheric mixing:

A case for non-canonical see-saw,” Phys. Rev. Lett. 90, 051802 (2003). [31] B. Bajc, G. Senjanovic and F. Vissani, “How neutrino and charged fermion masses are connected within minimal supersymmetric SO(10),” arXiv:hep-ph/0110310.

[32] H. S. Goh, R. N. Mohapatra and S. P. Ng, “Minimal SUSY SO(10) model and predictions for neutrino mixings and leptonic CP violation,” Phys. Rev. D 68 (2003) 115008. H. S. Goh, R. N. Mohapatra and S. P. Ng, “Minimal SUSY SO(10), b tau unification and large neutrino mixings,” Phys. Lett. B 570 (2003) 215.

[33] K. Matsuda, Y. Koide, T. Fukuyama and H. Nishiura, “How far can the SO(10) two Higgs model describe the observed neutrino masses and mixings?,” Phys. Rev. D 65 (2002) 033008 [Erratum-ibid. D 65 (2002) 079904].

[34] T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, “General formulation for proton decay rate in minimal supersymmetric SO(10) GUT,” arXiv:hep-ph/0401213.