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Abstract

We study in detail the = 6 operators for proton decay in the two possible matter unification scenarios baSdd&gauge
symmetry. We investigate the way to distinguish between these two scenarios. The dependence of the branching ratios for the
two body decays on the fermion mixing is presented in botlexa#/e point out thpossibility to make a clear test of flipped
SU(5) through the decay channgl— 7 t, and the ratia(p — k%) /z(p — 7%).

0 2004 Elsevier B.VOpen access under CC BY license.

1. Introduction

Proton decayl] is the most dramatic prediction of grand unified theories, where quarks and leptons are at least
partially unified. Its signatures have been extensively studied in various thEE2] for many years. Recently,
in the context of minimal supersymmeti®&tJ (5), the predictions coming from both =5 andd = 6 operators
have been studied in order to understand if this model is ruleflld,t?] Several solutions have been forwarded
[13—15]to address this issue. This has renewed the interests of many groups to the important question of the proton
stability (for a review se§l6]). Similar study, in the context of flippeslU (5), has also been madie7] concluding
that the flipped model is out of trouble.

There are several contributions to the decay of the proton.dThe4 andd = 5 are the most important in
supersymmetric scenarios. In a theory where matter-parity is conservédtieare forbidden, while theg =5
operators can always be suppressed by choosing a particular Higgs [48etP0] The less model dependent
contributions are thé = 6, which we study here in detail.

An extensive study off = 6 operators in the most general way in the contex8dt5) and SO(10) has been
preformed in Ref[21]. There it has been pointed out that it is possible to make a clear test of any grand unified
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theory with symmetric Yukawa couplings through the decagnetels into antineutrinos. However, the particular
case of flipped3U(5) has not been studied taking into account the general dependence on fermion mixing (for
early analyses se@2—24). With this work we seek to remedy that. Namely, we investigate/al 6 proton
decay operators in two different GUT models base®di5). We then confront the signatures of the two unifying
schemes pointing out the way to distinguish between them. We also point out the way to testSligprd

The Letter is organized as follows. In Secti@me briefly review the key properties of bo& (5) and flipped
U(5) unified theory. SectiorB is devoted to the general discussiondf 6 operators in both scenarios. In
Section4 we specify all the branching ratios for the indepemdshannels for proton decay. That section contains
the main results of our work. Finally, we conclude in the last sectippendix A contains useful decay rate
formulas used throughout the manuscript.

2. Matter unification based on SU(5)

The smallest special unitary group that contains the Standard Model (SM) gauge g&udisThe SU(5)
grand unified theory25,26]is an anomaly free theory, where we have partial matter unification for each family
in three representatiod0, 5 and 1. The singlet is identify with the right-handed neutrino. In the SM language
we have:10 = (3,2,1/3) ® (3,1, —-4/3)® (1,1,2) = (Q,u®,¢%), 5= (3,1,2/3) @ (1,2, —1) = (d€, L), and
1=(1,1,0)=v’, whereQ = (u,d) andL = (v, ¢). The off-diagonal part of the gauge fields residing in #e
of U(5) is composed of boson, Y) = (3, 2, 5/3) and their conjugates, which mediate proton degagndY
fields have electric chargg’@ and /3, respectively.
The electric charge is a generator of conventid@#(5). However, it is possible to embed the electric charge
in such a manner that it is a linear combination of the generators operating irSBU¢B) and an extra/ (1),
and still reproduce the SM charge assignimdihis is exactly what is done in a flippef (5) [22,27-29] The
matter now unifies in a different manner, which can be obtained frorith(8) assignment by a flipd¢ < 1€,
€ < ¢ u < d andv < e. In the case of flippe®U(5) the gauge bosons responsible for proton decay are:
(X',Y") = (3,2,—1/3). The electric charge of" is —2/3, while X’ has the same charge &s Since the gauge
sector and the matter unification differ frdg (5) case, the proton decay predictions are also diffgd22jt
Flipped U (5) is well motivated from string theory scenarios, since we do not need large representations to
achieve the GUT symmetry breakifig9]. Another nice feature of flippe8U(5) is that the dangeroug = 5
operators are suppressed due to an extremely economical missing partner mechanism. This allows us to concentrat
our attention to the gauge= 6 contributions.
We next analyze the possibility to test two realistic grand unified theorieSUki®) and flippedSU (5) theory.
We make an analysis of the operators in each theory, anly she physical parameterstering in the predictions
for proton decay. We do not commit to any particular model for fermion masses, in order to be sure that we can
test the grand unification idea.

3. d =6 operators

In the Georgi—GlashowU (5) matter unification case, the gauge- 6 operators contributing to the decay of
the proton arg¢2—4]:

Ogj(é‘) = k%éijkeaﬁuic;ly/L Qjaael?Vu Oipb, (1a)
085& = KEeijkcapulyy™ QjaadfyvuL pp. (1b)

On the other hand, flippe®lJ (5) matter unification yields:
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03)7(5)/ = k2€l/k€aﬁdla)/ Q/ﬁaukbyMLab, (Za)
055(5), = kzeijkeaﬂdmy Qjﬂavb Vi Qkab- (2b)

In the above expressiois = g5M(X y)» andkz = g{sM(}l,y,), whereM x .y, (M(x'.y1)) ~ Mgut ~ 10'° GeV and
gs (gg) are the masses of the superheavy gauge bosons and the couplings at the GUTSsb@&(itipped SU (5))
casei, j andk are the color indices; andb are the family indices, and, 8 =1, 2.
In these theories the diagonalization of the Yukawa matrices is given by the following bi-unitary transformations:

Ulyyu =y 3)
DLYpD =Y 4)
ELYLE =Y (5)

Using the operators listed in Eq4.), the effective operators for each decay channel irR¢5) case upon Fierz
transformation take the following form in the physical bd&i%]:

0(eS. dp) g5 = c(eC . dp) gy sy €ijkul v"u €S vudip. (62)
0 (eq, dﬂc)SU(S) = c(ea, dg)w(s)eijklﬁy”ujci%mea, (6b)
0(v. do, dg)SU(S) = c(v1, da, dﬂc)w@)fijklﬁ)/ﬂdja%yuVl, (6¢)
O(vf . da-dS) gy = ¢(vF . dadS) g s €17k dGY" 1V Virdia (6d)
where
cleg . dp) sy = kf[vlll";ﬂ + WlVUD)lﬂ(VZVJD)al]’ (73)
c(ear df) gy =KTVITVE", (7b)
c(v, du, df ) gy = 5 (ViVuD) ™ (VaVen)?, a=1lorp=1, (7c)
c(vl ,do,,dﬂ )SU(S) =0. (7d)
In the case of flippe@U (5) (see Eqgs(2)) the effective operators are
0 (eg, d;;)SU(S), = c(eg, dﬁ)w(s)/e,-jkufy“uje_cmdkg, (8a)
(ea,d/S )SJ(S)’ _c(ea,dﬁ )SU(S)’E’!ku yHu; d 1B Ynlas (8b)
O (vr. do, dg )SJ(S)’ =c(v, do, dg )SJ(S)/El]ku Y djadkﬂyﬂvl, (8c)
(vl s do, dg )SU(S)’ _c(vl s do, dg )SU(S)’E’!kdﬂy ujv yudka, (8d)
where
c(e ’dﬁ)SJ(S)’ =0, (9a)
c(eard )3.1(5)/ = kg(V‘lVJD)ﬂl(VlVUDVIV3)M’ (9b)
c(vi, du, df ) gy 5y =K5V4 P (ViVupVivaven)?, a=1lorp=1, (9c)
e(vf" da, dff ) gy = kZ[(VA«VJD)ﬂl(UEN v2)" + Vg a(UgNVﬂ/JD)Zl]’ a=lorg=1 (9d)
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We use the subscrip®J(5) andSU(5)’ to distinguish the two scenarios. The mixing matri¢gs= UgU, Vo=
EED, V3= DEE, Vi = DED, Vup =U'D, Vgy = ETN andUgy = EENC. The quark mixing is given by
Vup = UTD = K1Vckm K2, whereK1 andK» are diagonal matrices containing three and two phases, respectively.
The leptonic mixingVgy = K3V,” K4 in case of Dirac neutrino, oy = K3V;* in the Majorana caseé/” and
VIM are the leptonic mixing matrices at low energyhe Dirac and Majorana case, respectively.

Notice that in general to predict the lifetime of the protorsin(5), due to the presence df= 6 operators, we
have to knowks, Vi, Vo, Va3, while in flippedSU(5) we have to knowky, Vi, V3, V4 andUgy. In addition, we
have to know three diagonal matrices containing CP violating ph&3e%> and K3, in the case that the neutrino
is Majorana. In the Dirac case there is an extra matrix with two more phases.

From the above equations, we see that there are no decay$imadU (5), and in flippedSU (5) into ¢€, since
these are singlets in the corresponding scenarios.

4. Flipped SU(5) versus SU(5)

There are only seven independent relations for all coefficients of the gaugé operators contributing to
nucleon decaj?21]. Therefore, if we want to test a grand unifiedahg the number of physal quantities entering
in the proton decay amplitude must be less than that. This is important to know in order to see if it is possible to
test a GUT scenario.

Since we cannot distinguish between the neutrino flairothe proton decay experents, in order to compute
the branching ratios into antineutrinos we have to sum over all of them. Using the expres#ippeidix A and
the following relations,

3
Y el dudf ) gy g (v dy df ) gys) = K1(VE Vi) (VaVy p) 7 6%, (10a)
=1

> )
D c(vr. da- df) gy gy € (1 dy df ) g5 = K3 (VE) V. (10b)

l

Il
N

we can write down the ratios betweerftlifetimes in both theories for theedays into antineutrinos. They are:

(p— K+p)yV®' B k_i‘ A§|(V1K1VCK|V|)11|2+A%|(V1K1VCKM)12|2 (11a)
(p— K+p)SU®) ké A§|V421|2+A%|Vj‘2|2+A1A2((VI)21VjZ+ (VI)12V421),
r(p— YO KA (V1K Vo) M2 (11b)
(p — ntp)VOG B kg |V411|2 ’
U ) e = A3|(ViK1Verkm) ™2 + A3|(ViK1Vekm) 122 (110)
T(n— KOD)MO 12 AZ1v2Y2 4 A2 V1212 + AgAr((VHZAVE + (VH12v2Y)
where
2
A= mp ’ (12a)
3mp
Ar=1+ (D4 3F), (120)
3mp
Az=1+ (D —3F). (12¢)
3mp
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The same procedure can be done for the decays into charged leptons:

1 1
T(p— 70Ok VIV 24 VIV 4 (ViKaVokm K (V2K 5 Vi KDY
©(p— 70NV k] |(VaK3 Vi KD V1K1 VekmK2V, Vo)X |2

; (13)

t(p— KOe)™O"  pdviyii2 4 |V11V’52+(V1K1VCKMK2)12(V2K*VCKMK*) i

v (14)
T(p— K% DO Kl (VaK3 Vi K5 2HVIK 1 Vorm K2V, Va) 12

Egs.(11), (13), and (14are the most general equations that we could write in the two scenarios and will help in
future to distinguish between them if proton decayoisrid. In other words, for a given model of fermion masses,
using the above equations we could see the differendeeiptedictions for proton decay. Unfortunately, as one
can appreciate, the branching ratios depend on too many unknown factors, including the new CP violating phases.
(These, in principle, could be defined in a particular modeP violation.) Therefore, it is impossible to test those
scenarios in general through the decéyhe proton unless we known the flavor structure of the SM fermions.

Since we cannot make clear predictions in the most general case, let us consider special cases in these two
matter unification scenarios based®h(5) and compare them.

4.1. UG with Yy =Y

INUGB),if Yy = YJ, we havel/c = UK, wherekK, is a diagonal matrix containing three CP violating phases.
Therefore, we get:

3
ZC(W’ do, dﬂc);(S)c(W* dy, dac)su(s) = kil(VC*KM)la (K;)W(V(:Km)ly K%/VS’%. (15)
=1

In this case, as has been sho@h], the clean channels, i.e., the channels that we have to look to test this scenario,
are:

r(p— K*v) =k{[A]| CKM| + A3| Vim ]Cl’ (16a)

r(p—nto) =k Vil Ca. (16b)

2 _ 232
(m, —mi) 2|42

17a
8ﬂm3f7$ Lo ( )

)

Co= 21a|?(14 D + F)2. (17b)

8fﬂ

Notice that we have two expressions far, which are independent of the unknown mixing matrices and the CP
violating phases. Therefore, it is possible to t8315) grand unified theory with symmetric up Yukawa matrices
through these two channd®1]. Notice that these results are valid for any unified model base8lUgb) with

Yy = YJ. For example, this includes the case of minimal SUSX5) with two extra Higgses in the fundamental
and antifundamental representations. The case of modified missing doublet SWS)model[30,31]is also
included in our analysis.
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4.2. Renormalizableflipped SU(5)

In renormalizable flippe®U (5) we haveYp = Yg, so D¢ = DK4, whereK,; is a diagonal matrix containing
three CP violating phases. In this case the coefiisientering in the proton decay predictions are:

3

Z (v, da, d )SJ(S)/C(”l’dy’dac)gJ(sy:kgKgﬂ‘Sﬁa(K;)aa‘Say» (18a)
=1
[e(eas df) | = k3| Ve || (VaVun Vi va) ™ |* = k8| Ve[ (U E) | (18b)
Using these equations we get the following relations:
F(p—)n v) k2C2, (19a)
F(p—)noe+) F(p—)n v)| CKM| |(UJr ) , (19b)
L(p—K%F) _C3IVigul® (190
F(p—nO%3) C2|Vii,12
where:
(m2 — m2)2 2
C3= Wm |2[1+ —L(D - F)} (20)

Notice that in this casd, (p — K ) =0, andI"(n — K%) =0. In Eq.(19c)we assumeUéE)l"‘ £0.

We can say that the renormalizable flipdi(5) can be verified by looking at the channel> =+, and using
the correlation stemming from E€L9c). This is a nontrivial result and can help us to test this scenario, if proton
decay is found in the next generation of experimentss lne of the main results of this work. If this channel
is measured, we can know the predictions for decays into charged leptons usii@Edor a given model for
fermion masses. Therefore, it is possible to differentiate between different fermion mass models.

Note the difference between Eq$6b) and (193)there appears a suppression factor for the chaprelr v
in the case o8U(5).

Since the nucleon decays inkb mesons are absent in the case of fliped5), that is an independent way to
distinguish this model fron8U (5), where these channels are always present.

5. Conclusions

We have investigated in model independent way the predictions coming from the djaug®perators in the
two possible matter unification scenarios base®drb) gauge symmetry. We write down the most general ratios
between the lifetimes i8U (5) and flipped3U (5) theory for each channel, providy the way to distinguish between
them. We find that in general it is very difficult to test flipp8d(5). However, in the case of renormalizable flipped
SU(5) model, the decay channgl— 7+, which is a clean channel, and the ratigp — K%;)/7(p — 7°%)
could be used to test this theory. If the decay of the pragdound in future, our results will be useful to analyze
the predictions in these theories.
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Appendix A

Using the chiral Lagrangian techniques (see R&2]), the decay rate of the different channels due to the
presence of the gauge= 6 operators are given by:

- (mf,—mi)z “ip mp c ?
F(p—)K V)ZW Dc vl,d S ) 1+ %(D—FSF) c(vi,s,d ) , (A1)
3
r(p—ntv)= SZ;ZAi|a|2(1+ D+ F)ZZ]c(vi,d,dC) 2 (A.2)
™ i=1
+ (m3 2)2 2 2 c\|2 c 2
F(p—)neﬂ)zwAd o1+ D = 3F){[e(ep, d)|* + |e(e§. a) P}, (A3)
0 + (mfg 1()2 2 mp 2 cy (2 C 2
r(p—K eﬂ)zTAd of |: m—(D—F)] {|c(e5,s )| —I—’c(eﬂ,s” }, (A.4)
r(p— %) = 1GWfZA{m @+ D+ P2 |e(ep, d) P+ |e(ef a) ), (A.5)
2 2 3
F(n—)KOE)z(milsnK) Z v,,ds |:1 i|
anT =1
2
—c(vi,s,dc)[ 3 i| (A.6)
rn— =)= A21a?(A+ D+ F) Zy vi,d, dc) (A7)
1671f2 =
ro— —)—Mm |2(1+D—3F)223:| (v, d, d€)[? (A.8)
n—nv)= 4871m3f2 7o i:lc vi,d, .
F(n—)n eﬁ) - szi|oz| (1+D+F) {’c(eﬁ,dc)’2+’c(eg,d”z}, (A.9)

In the above equations g is an average baryon mass satisfying ~ my ~mp, D, F anda are the parameters
of the chiral Lagrangian, and all other notation follof82]. Here all coefficients of four-fermion operators are
evaluated al/; scale.A; takes into account renormalization fralfy, to 1 GeV.vy; = v,, v, v, andeg =e, .
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