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We present a novel way of realizing the pseudo-Nambu-Goldstone boson mechanism at all orders in perturbation theory, for the doublet-
triplet splitting in supersymmetric grand unified theories. The global symmetries of the Higgs sector are attributed to a non-vectorlike Higgs
content, which is consistent with unbroken supersymmetry in a scenario with flat extra dimensions and branes. We also show how in such a
model one can naturally obtain a realistic pattern for the Standard Model fermion masses and mixings.
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Presentamos un modelo que genera el mecanismo de pseudo-Nambu-Goldstone a todo orderderperturbaciones para el problema
de corrimiento de doblete-triplete en tem supersimtricas de gran unificamn. Las simefias globales del sector de Higgs son afidlais

al contenido no vectorial de Higgs, el cual es consistente con supeiisimetrota en un escenario de dimensiones extra planas y branas.
Ademas, mostramos como en este modelo uno puede obtener on pedistico de las masas y mezclas de fermiones del ModekmBat.

Descriptores: Teoiias de gran unificadih; supersimeta; masas y mezclas de fermiones.

PACS: 12.10.-g; 12.10.Dm; 11.30.Pb; 12.15.Ff

1. Introduction supersymmetric standard model (MSSM) the different gauge
couplings do unify atMg ~ 10'6 GeV. Because supersym-
The discovery of the Higgs Boson at the LHC [1, 2] by AT- metry (SUSY) also helps with the stability of the weak scale
LAS and CMS collaborations, has concreted the great su@gainst the large GUT scale, supersymmetric GUTSs provide
cess of the Standard Model (SM) in describing electroweala very appealing framework for physics beyond the SM.
phenomena. Nonetheless, the SM does not explain neither The most problematic aspect of supersymmetric GUTs
the fermion mass and mixing pattern nor the existence ofs the doublet-triplet splitting (DTS) problem. The minimal
three fermion families. Furthermore, the SM has the hierarSU (5) supersymmetric GUT, for example, knows only about
chy problem caused by the quadratic divergence of the Higgsery large scalesMg ~ 10'6 GeV andMp ~ 108 GeV.
mass, which gives an indication of an unknown underlyingYet it should somehow give rise to a pair of essentially
physics in the gauge symmetry breaking mechanism. Commassless electroweak Higgs doublkts that survive down
sequently, a more fundamental theory is needed to address the low energies, and are not accompanied by the color
these issues. The existing fermion mass pattern spreads oveplets. While the Higgs doublet masses should be around
a range of five orders of magnitude in the quark sector and00 GeV, the triplet masses are arourl® GeV, as seen
a dramatically broader range in the neutrino sector. The exfrom higgsino-mediated proton decay calculation in the sim-
perimental well established fact that in the quark sector thglest models. It is difficult to understand how fields from a
mixing angles are small, wheareas two of the leptonic mix-single GUT representation can have such different masses. In
ing angles are large, and one is small; suggests that the casther words, supersymmetric GUTs involve a parameter with
responding mechanisms for masses and mixings should k#h accuracy 0©(10-13)! One may wonder how acceptable
different. a model is with a parameter as smalllés 3.

Models with an extended gauge symmetry are frequently To avoid this fine tuning and naturally distinguish the
used to address the problems of the SM. In particular, grandoublet and triplet Higgs masses, a number of solutions have
unified theories (GUTSs) are a major attempt beyond the starbeen proposed [3-10]. Particularly appealing among them
dard model (SM) to provide a unified gauge theoretic de-are the models with Higgses as pseudo-Nambu-Goldstone
scription. The scale at which GUTs must replace the SMposons (PNGBs) [7—11]. For some works having the imple-
however, should be very higi/s > 10'°~16 GeV, in order  mentation of the Goldstone boson mechanism to solve the lit-
to suppress higher dimensional operators that would othetie Hierarchy problem, see Ref. 11. The idea is that one can
wise lead to a large proton decay rate. Again, in the minimaldentify the Higgs doublets as the zero modes of a compact
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vacuum degeneracy, rendered massless by supersymmetrythe SU (6)s; ® SU(6)s global symmetry of the Higgs sec-
all orders in perturbation theory. Once (soft) SUSY break-tor, thereby destroying the PNGB mechanism for the light
ing terms are included, the flat directions are lifted and theHiggs doublets. One may invoke some extra discrete sym-
doublets acquire masses of just the right order of magnitudemetries or a larger gauge symmetry for this coupling to be
This distinguishes the doublets from the triplets in a nontriv-absent [9, 10, 13]. Moreover, because of quantum gravity ef-
ial way, so that it is natural to obtain light doublets while the fects, Planck-suppressed higher dimensional operators com-
remaining fields are heavy. The model of [8, 9], which we patible with the symmetries may show up with1) coeffi-
will briefly discuss below, is a nice realization of this idea. cients. AsMg is not very small compared tb/p, one must

The key observation in Refs. 8 and 9 is that a compacforbid the cross-couplings to very high orders, which again
degeneracy, giving automatically heavy color-triplet partnersnay require some unappealing symmetries or charge assign-
that decouple along the flat directions, is possible if the dif-ments.
ferent Higgs fields that break the grand unified gauge group Obtaining a realistic pattern for the SM fermion masses
have no cross-couplings in the superpotential. Thanks to thend mixings is another problem. The smallest anomaly-
independent global rotations of the uncorrelated vacuum exfree set of chiral representations 6t/(6) is 15 + 6 + 6,
pectation values (VEVSs) that give an accidental flat directiorwhich can contain a family of light matter fields. If the top
to the vacuum. However, this rotatienbroken by the gauge quark is contained in 20 (pseudo-real representation) of
and Yukawa couplings- is not an exact symmetry of the SU(6), then the interactioB0 X 20 exclusively gives the top
theory, so that the corresponding zero modes are physicajuark an®(1) Yukawa coupling. Masses of other fermions
for they are not eaten up by any gauge field. The model isrise from Planck-suppressed non-renormalizable operators.
based onSU (6) gauge group with minimal supersymmetry. However, it is hard to obtain a realistic fermion mass pattern
Breaking the symmetry down to the standard model groupif one incorporates all the possible non-renormalizable oper-
Gsm = SU(3). ® SU(2)L, ® U(1)y, requires at least two ators. One needs to appeal to extra discrete symmetries, and
Higgs representations: an adjoiiff and a fundamental- assume that the higher dimensional operators come from in-
antifundamental pai®,, ®* (o, 3 = 1,2,...,6). The Hig-  tegrating out some heavy vector-like fields [12, 13].

gses develop the following VEVs: The purpose of this paper is to present a supersymmet-
ric GUT model which naturally circumvents most of the
(%) = diag(1,1,1,1,-2,-2) o, aforementioned problems. In the next section we consider
(®,) = () = (4,0,0,0,0,0) . Q) anomaly-free combinations athiral Higgses, which help

with the globalSU (6) ® SU(6) symmetry of the Higgs sec-
While the first VEV leaves unbroketi's = SU(4). ® tor, as was first noted in Ref. 14. We choose a Higgs content
SU(2). ® U(1), the second one preserves = SU(5), that allows vacua with unbroken SUSY under certain condi-
so as to give unbrokefisy as the intersection. Now if these tions. In Sec. 3 we propose a model with a flat extra di-

two sectors have no cross-couplings in the superpotential, mension and branes, where the chiral Higgs multiplets are
~ localized on two separate branes, which not only makes the
W =W(X)+ W(o,o), (2)  global symmetry automatic, but also ensures the existence of
] ) a SUSY-preserving vacuum. We further extend the model,
there is an effective global symmetyy = SU(6)s ©®  and specify the Higgs VEVs to be able to produce naturally,
SU(6)s. For the VEVs given in (1) this global symmetry is \ithout appealing to flavor symmetries, a realistic pattern for
broken toGs; @ Gie, and the vacuum will have compact flat fermion masses and mixings, which we work out in Sec. 4.

directions, which do not pertain to any broken generator Oi:inally in Sec. 5 we make some concluding remarks.
the gauge group. It is easy to count the number of the Gold-

stone modes and of the broken gauge generators; the formsr ) )
exceeds the latter by two. The following linear combinations= Non-Vectorlike Higgses
of the electroweak doublets (coming from theand ¢, ¢

. r startin intis the f xploi in Ref. 14, th r-
fields) are the two left-over zero modes: Our starting point is the fact, exploited c , that ce

tain cross-couplings in the superpotential are automatically

dhy, — 30he _ dhs, — 30hg absent if the Higgs content has non-vectorlike representa-
h = W g h = W () tions of the gauge group. We would like to consider a chiral

anomaly-free combination of Higgs multiplets. An adjoint
The DTS problem is solved, for all other states are heavyof SU(6), X, does not contribute to anomaly. One can re-
We note that in order to get correct order of symmetry breakplace the Higgses, 6, considered in Refs. 8 and 9, by an
ing and successful prediction sifa? 6y, one needs to have anomaly-free non-vectorlike set of Higgses.
¢ > o ~ Mg [9,10,12]. The light Higgses are therefore It is easy to see that5 + 6 + 6 doesnotwork. We want
predominantly contained iR. to give VEVSs to this set in such a way that t6&(6) gauge
The main problem of this model is to justify the absencegroup breaks down t8U (5). Then the35 will break it down
of the cross-couplingb~®, which is not forbidden by the to Gsy in the usual way. Thus thé's, which we will de-
gauge symmetry. Existence of such a coupling would breakote asb¢, can only acquire VEVs likég, 0, 0,0,0,0). On
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the other hand15(©) being an antisymmetric representa- With the given VEVs, the above requirements are nontrivial
tion, can only have off-diagonal nonzero elements. Since wenly whena = 5 = 1. In the latter case, it is necessary and
want to have unbroken SUSY, the VEVs should give zerosufficient to require
scalar potential: botlb-terms andF’-terms must vanish sep-
arately. Now theD-term contribution from> is automati- Zgijqﬁj = 0. (11)
cally zero. Considering the VEV&D$) = ¢;6%, and say j
(©ap) = 0(0,05 — 0295), we have _ _ .

That is, thel0 x 10 coupling matrixg;; has (at least) one

(Dg) = (@5, {—B (T3} ZQSQ (T*)} (4)  zero eigenvalue, with; being the corresponding eigenvec-
tor. Therefore iidet g;; = 0, SUSY-preserving vacua exist.
Dey — (@raBige’ (payd L (paya 58 ) Orje can work out the light Higgs doublets;t_hey are linear
(Dg) = (07 {4 ( )5 +( )“ % }Oarsr) combinations of the electroweak doublets coming fromthe
= 20*{(T*); + (T*)3} . (5) and¥,®; fields:
These cannot cancel in general for nonzero VEVs. Therefore hs, khy
the D-terms do not vanish. _ h = Jit+m2 Jitr2
On the other hand, we can consider the set -
21+ 6 + ... + 6, with 106’s. Let us denote thel as¥,,3. - hs K Z e (12)
With the VEV: (U,5) = 6,05, we have VIt RE Ve e Ve @i
a\ _ xaf [ sal (rayB’ aya' B’
(DY) = ("o (T + (T)q 05 }¥arp) wherex is given by
o 2 ay1l
= 2¢°5(T7); . (6) 30 w3
In view of (4) it is thus always possible to have vanishing oY
contribution coming from thé-terms by suitably choosing _ _ _ . _
v As mentioned in the introduction, th&l/(6) breaking scale
12 (~ 1) should be larger than the breaking scaleSéf(5),
U which iso ~ Mg ~ 10'6 GeV,i.e. ) > ¢. Then the ratio:
Z P; : @) is less than unity, so that the light Higgses are predominantly
contained inx.
Next, in order to consider the-terms, we write the superpo-
tential
W= W) + W (v, ) 3. The Model
M_ o A — Our model consists of two parallel 3-branes separated by a
- {QTrE + §Tr2 } Zgw ap i ® (®)  distanced in a flat (4 + 1)D bulk space-time. The single

extra dimensiohis compactified with a radius, larger than
Note first that we could have included 1 (X) higher di-  the 4D Planck lengtii/; *, so that the fundamental scale of
mensional operators. These could only modify slightly thequantum gravity M., is lower thanMp [16]. However, we
magnitude and orientation of a SUSY-preserving VEY ), still taker to be so small as to havel, > Mg ~ 106 GeV.
and are not important for us. Second, cross-couplings of his ensures that the gauge coupling unification works suc-
the formW (3, ¥) andW (2, ®), which could otherwise de- cessfully as usual (discussions of the gauge coupling unifica-
stroy the global symmetr§U (6) ® SU(6) of the superpoten- tion issue can be found in Ref. 17). While< r, the 5D
tial, are automatically forbidden by the gauge symmetry. OfPlanck lengthV/! is still assumed to be much smaller than
course, one could still have bad cross-couplings of the kind/; this enables us to describe physics by the usual field theory
W (X, ¥, ®) at the non-renormalizable level. These howeveranguage, without caring about quantum gravity effects.
will also be absent, thanks to the setup that we will consider In this setup we have th8U (6) gauge field, the Higgs

in the next section. fields, various matter fields, and some vector-like heavy fields
It is well-known that the VEV(XS) = diag(1,1,1,1,  — some living in the bulk, some confined in one of the branes.

—2,—-2) 0, whereo = M/, gives vanishingF-term for¥.  The extra dimension is assumed to be compactified on an orb-

We require that the othdr-terms also vanish: ifold, so that we can get chiral multiplets in four dimensions,

s with unwanted zero modes projected out. By integrating out
(Fg) = <8<I>a> =2 Zgu < aﬁq)j> =0, (9 the extradimension, one obtains an effective 4D Lagrangian,
which makes sense at low energies. Among others, this La-

oW s grangian contains light fields, that may come from either of
(Fy) = <5\P > = Zgij <‘1>?<I’j > = 0. (10)  the branes and the bulk. In the 5D setup the various fields are
of 0] localized in the following way:
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e The SU(6) gauge field propagates in all bulk. Note that gauge anomalies are usually present in string the-
ory [18], and cancelation thereof takes place by the Green-
e The Higgses are localized on the branes: 3¢X)  Schwarz mechanism [19]. It requires non-zero mixed anoma-
andsome but not all, of the 1®'s on brane-1, and the  jies, so that some of our fields must be charged ubti@j .
21(¥) and theother 6’s on brane-2, say. We can al- sych an anomalous gauge symmetry will always generate a
ways define the ones on brane-Z&§ : i =1,2,...,  Fayet-lliopoulos term [20], which is proportional to the sum
n < 10} by the SU(10) global rotation of the's . of the charges. Below we further specify the various fields,

and thel/ (1)a-charges thereof.
e There is &0, living on the same brane a3 that con- e (1)a fges

tains the top quark (and hence the top quark@as) e Let us have in the bulk three sets of matter multiplets:
Yukawa coupling). Let us call §. (Ci» Xi, X1), With ¢ = 1,2, 3, and the fields transform-
ing respectively a5, 6, and6 with respect taSU (6).

We assume thall the matter fields are neutral under
theU/(1)a.

e All other matter fields and some additional heavy
vector-like fields live in the bulk.

All Higgs fields 2, ¥, and ®; are assumed to have a
matter parity+1, while ¢ and the other the matter fields
and vector-like fields living in the bulk have matter parity
—1. This would help with the existence of vacua with unbro-
ken SUSY, and also forbid unwarranted non-renormalizable
cross-couplings in the superpotential.

To see how we have a SUSY-preserving vacuum, note
that the 106's are split into two sets living on two spatially
separated branes. Now let us consider a diagram that can po- ¢ For the Higgs sector, we assume the following charge
tentially generate an elemegpt of the coupling matrix, with assignment undey (1)a:

6; and6; living on differentbranes. Because of the matter

parity assignment, such a diagram cannot appear at tree level;

it must contain at least one loop with a bulk field running in  ¢s = 0, gy = +1,

it. Therefore, after integrating out the extra dimension, we 11 01 1 1

will have at least one zero eigenvalue for the coupling ma- g5 = (—, —— ==, —=,—=,0,+1,+1,+1, —1) . (14)
trix, thanks to the non-renormalization theorem. ' 2= 2 2 2 2

The above reasoning also clarifies why potentially bad it js noteworthy that the following nonrenormalizable
cross-couplings of the kindV(X, ¥, ®), allowed by the  term that could ruin the Goldstone boson mechanism, is in-
gauge symmetry, will be absent; such couplings necessarilyariant under the symmetries of the model:
involve Higgs fields fromdifferentbranes. Given this one
justifies the form of the Higgs superpotential (8); the Higgs 1 2 N =0z
sector indeed has the global symmetity (6) @ SU (6). M2 e Zg”\ll(’“ﬁq)i ;- (15)

It is worth mentioning that in our model we are localizing
on each brane a set of fields that necessarily give rise to chirbtlowever that unwanted term does not appear in our model
anomaly on individual branes. However, this per se is not asince the scalar field® andX: are located at different branes.
inconsistency; there will be a right amount of anomaly inflow Consequently, the Goldstone boson mechanism holds at all
into each brane, since the full 5D theory is anomaly-free inorders in perturbation theory.
the first place.

e Let there be several pairs of heavy vector-like fields
of the SU(6) representation:(6¢,6¢), (6+1,6+1),
(700,%0), (70i1,%i1), (20:|:1,20;:1), and
(20429, 20/,), with the subscripts denoting their re-
spective charges undéf(1),. For each pair, we as-
sume that the zero-mode masses do not depend on the
U(1)a-charge.

0,J

Choice of the Higgs VEVs
Further specification and extension for realistic model-

building Having assigned the charges as above, we see that the only

non-zero elements o x 10 coupling matrixg;; will have
Without additional ingredients the above model, howeverare in the upper lefs x 5 block. This enables us to have a
may not be able to produce a realistic pattern for the fermiofBUSY-preserving VEV of the form
masses. One finds that by the following specification and
extension of the model, one can naturally obtain the SM ¢i=¢(0,0,0,0,0, ¢, 7 7€), (16)

fermion masses and mixings. First, let us put on brane-2, , i
along with 0, only 6 of the6-Higgses, say®;, ®,, ..., ). whergeyy, ande’ are n_on—zerc@(_l) numbers$”. If the vac-
The rest, namely(®,, &g, Do, ®10), live on brane-1, as UYUMIS supersymmetric, according to Eq. (7), the VEVs must
doesy.. be related as

We also extend our gauge group frdfty (6) to SU(6) ®
U(1)a, where the gauge symmetily(1)s is anomalous.

v = o\ /HE+32+e). )
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On top of this, now we also need to make sure thatithe theory, one can assume that even at scales just bielpthe
term corresponding t&' (1) gauge symmetry vanishes. This usual field theory description is valid, and that the gravita-
gives tional effects can still be incorporated in Planck-suppressed
higher dimensional operators.
(Dyy,) = &a1 + (+1)1°

2 2 12\ __
O BET D=0 (8) 4 Fermion Masses and Mixing Angles

whereég is the Fayet-lliopoulos term. In view of (17), the ) o . . .
above implies In this sectioft’, we will work in the units of M, = 1.

As we know, the light fermion masses arise from non-
&r = 10%(€” — € —997). (19) renormalizable operators, which are suppressed by powers of
_ N M,. After integrating out the extra dimension and the heavy
Furthermore, this has to be positive, becausgector-like fields, one will be left at low energy with an effec-
§rocd g=1/2>0. tive 4D Lagrangian- the minimal supersymmetric standard
In the next section we will see that the following choice of o 4e| (MSSM). The resulting Yukawa couplings among the
VEVs are acceptable in that they, along with judicial choicesjght matter fields and the light Higgses will generate fermion
of other parameters, can give rise to a realistic pattern fopasses when the pair of Higgs doublets acquire VEVs. One

fermion masses and mixings. of the VEVs gives mass to the up-type quarks, and the other
1 , 5 to the down-type quarks and the charged leptons.
e=1 7= 2 €T 50 The Yukawa couplings will contain various suppression

factors. First, (except for the top quark) they will be sup-
(20)  pressed by a VEV- ¢;, v, or o — whenever the correspond-

ing Higgs doesot father the light Higgses. Second, if the
Theny is determined from (17), and from (13), so thatwe  |ight Higgs doublets dmot originate fromy, there will be a

1
~ = M,, ~
¢ 5 K

have suppression by. Third, if fields fromboththe branes are in-
1 1115 volved, we need to integrate out heavy vector-like fields (and
¢i ~ M. (0, 0,0,0,0,1, 2,35, 3 2) ; KK-excitations thereof), which will generate additional sup-
pression. Assuming that the masses of the (zero modes of
)~ EM*; o~ iM*. (21)  the) vector-like fields are smaller than the inverse inter-brane
5 45 separation {/d), we get power suppression ih[15]. Let

Also Eq. (19) gives that the Fayet-lliopoulos term is positive:us denote the resulting (dimensionless) suppression factors
3 3 as s, Br0, andfag, where the subscripts refer to ti8¢/(6)
fro~ —¢? ~ —M? > 0. (22) representation. Some of these can®@) if we have just
2 50 one extra dimension [15]. Finally, whenevereaiernalbulk
From (21) we find that the GUT scale is lower than the 5Dfield is involved, there is a suppression by the extra dimen-
Planck mass by one order of magnitudds ~ (1/10)M,.  sional volume factor. For one extra dimension, it is given
We also have thay/¢r > M. by [15,16]:0 = (M.,r)~'/2. With the choice of VEVs of the
To see this is compatible with our model, where we haveprevious section, we have that- (1/3) .
one extra dimension, we note that the inverse compactifica- Because of the charge assignment (14), among all the
tion radius is given by [16]: ®,’s only d; and®,, may appear below. Let us denote them
_ : as® and®’ respectively. Our conventions for the diagrams
rot = 2m(ME/Mg), (23) are that fields on brane-1 appear on the left, while those on
which is of the order of the GUT scale itself~! ~ M. brane-2 appear on the right. The bulk matter fields come with
Therefore, the separatiaibetween the two branes could still external vertical lines, and the heavy vector-like fields appear
be taken to be larger thaW ~ 1. through internal lines between interaction points.
The breaking scale ofU(6) is set by the maximum
among all the VEVsp; andy; itis: ¢19 = ¢'¢ ~ (1/2)M,..  4.1. Decoupling of the heavy states
Therefore, as it should be, breaking$i (6) takes place be-
low M., but abovells. This is in accordance with the choice Using theSU (3) global rotation among thé’s, we can de-
of k ~ (1/3), quite expectedly. The light Higgses will then fine(s as the one appearing in Fig 1.1, and hence in the opera-
be predominantly contained k. tor £&' W (5. Similarly, 20, can be the one which couplesgo
In passing to the next section we parenthetically commenand®’. In terms ofSU (5) representation0(¢) = 10+10,
that it is fair to suspect the validity of field theory description and15(¢;) = 10 + 5. Thus thel0 of £, and thel0 of (3
at scales so close to the fundamental Planck mass. Here, hoaequire a heavy mass 65(6320¢’ ¢1p) from this operatot.
ever, we adopt the philosophy of [15. lacking any knowl- In considering Fig 1.2, corresponding the opergtary’;,
edge whatsoever of how to describe the full quantum gravityve note the decompositiorﬁ(x;) =5+ 1. The operator
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¢:®x/; then givesSU (5)-invariant masses aP(6%¢¢) to the  FIGURE2.2.
heavy statess(,, 5;(;_), which therefore also decouple.

We see that the fulls becomes heavy. Th&U(5) _ \\
non-singlet fields that survive as light are only the three (I)/
10’s coming from €, (1, (»), and the threé’s contained in
(x1, X2, X3); they contain the three light generations of SM /
fermions. We postpone for later the discussioydf(5) sin- 202 202
glet fields in ;, x;), all of which decouple as well. 7N b

Below we consider the effective operators responsible for
the light fermion masses and mixings. We shall be writing
the operators in th8U (6) language. However, it should be  _
understood that they actually mean to represent only the Iight(I)/ )}
fields contained therein. Cz

FIGURE 2.3.

4.2. Yukawa couplings of the up-type quarks The operatoré®' &' dUW(;, corresponding to Fig 2.3,
will provide contributions of0 (k6 3x0ec’>¢>¢) to the 13, 31,

The operatog 3¢, corresponding to Fig 2.1, gives to the top 23 and 32 elements of the Yukawa coupling matrix. As the

quark Yukawa coupling ad(1) contribution with no sup- light Higgs did not come front, there has been a suppres-

pression factors. In fact, in the first place, we have chgsen sjon by the mixing angle.

to reside on the same braneX order for this to happen. What appears in Fig 2.4 is the operatel &' S &' U(;,

We have exploited the rotation freedom betwegénd,)  which generates the 12, 21 and 22 elements of the Yukawa

to define¢, as the only one that couplesT®; and¥, asis  coupling matrix ofO(62 320 370€"* p1)?).

seen in Fig 2.2. The corresponding oper&tBl’ ¥(, gives Finally, the leading contribution @ (62 80 B7pe€e’® p*1)3)

rise to the 23 and 32 elements of the Yukawa coupling mato the 11 element of the up-type Yukawa matrix come from

trix of the up-type quarks. The resulting contribution is of the operato; ® ¥ ®'®'®' T (; of Fig 2.5. It is the most

O(00B70€ o). suppressed among all the up-type Yukawa couplings.
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D d
§ X3 P
FIGURE 3.1.

FIGURE 2.4.

FIGURE 3.2.

4.3.  Yukawa couplings of the down-type quarks

In Fig 3.1 we have used th8U (3) global rotation among
the y;’s, so that onlyys appears therein, and therefore in the
operatoré X ®®ys3. The latter gives a leading contribution
of O(0870e?¢?) to the 33 element of the down-type quark
Cj |\ Yukawa matrix®.

The operatory3®®X®'¥(,, corresponding to Fig 3.2,

FIGURE 2.5. will generate the 23 element of the Yukawa coupling matrix.
The contribution is 0of) (02 32,e2¢' ¢>v)).

To summarize, at leading order the various elements of  The operator in Fig 3.3 has the intermediate stées),
the up-type quark Yukawa coupling matrix at the GUT scalewhich donot contain the(10,10) of SU(5). For any such
are given by: operator, the light Higgsesannotcome from. The op-
erator (X)(;®y; is however irrelevant for the light fermion

vl ~ O(0%Ba0Broec®d*®) . (24)  masses, in view of the operatg®y; in Fig 1.2; the former
A A A ~ O(0? 24202 | o5 only redefines the composition of the heavy_fe[njlons.
Pohz, Pular, Pulz ~ OO Baobroc™¢™47) (25) On the other hand, the operat¢t)ys ;& dSUC; in
Aoz, [Avlst ~ O(k0Ba0ee®¢%), (26)  Fig 3.4, doescontribute to the light fermion masses. Note
, that we have used the rotation freedomy@®, so that only
olas, [Avlse ~ O(05r0€ o) X2.3 appear in the above. Because we have already exhausted
+ O(K0Ba0ee %), (27)  in the up sector the rotation freedom between ¢,), this

operator contributes to all the 12, 13, 22 and 23 elements of

[Aulss ~ O(1). (28)  the down-type Yukawa matrix. The contribution is of
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the other elements of the down-type Yukawa matrix. They
are more suppressed than the above diagrams.

60 60 —
> [ X * d
1 U
Xi Cj
FIGURE 3.3.
P ¢
Y
61 6 _
1
< / P
’\ d
kD )ZQ 3 Cj (i) FIGURE 3.6.
FIGURE 3.4. y (T)
é/ \II _ 61 61
d’ x v
Wl 701 i)
b3 X B 5 _
o Xii G ¢
f _ FIGURE 3.7.
Xi ¢
FIGURE 3.5. Apli1 ~ O(k0?Bsa*e* € °), (29)
O(k0%Bse2€ $3c). However, compared to the (22, 23) ele- [Apli2, Aplis ~ O(k6?Gse* ' ¢*asinbc),  (30)
ments, the elements (12, 13) are further suppressed by the A ~ O(02 5232 P2 31
Cabibbo-mixing termsin ¢ ~ 0.22. Apl21 (070" ™), (31)
In what follows we consider the leading contributions to [Apl22 ~ O(k0?PBse’e ¢’ o), (32)
(Ap]

Aplas ~ O(6°B3e%e ¢*p)

The operator corresponding to Fig 3.%B®'dddUy;, + O(k0*Bs€°€ $°0), (33)
which gives the leading contributions 6f(0370e3e’ %)) to Arlar Do las ~o O(08mae3e o 34
the 31 and 32 elements of the down-type Yukawa matrix. Aplat; Aolsz (66r0€’e' @), (34)

In Fig 3.6, we have the operatQ®dd TP’ LD/ (s, it [Aplss ~ O(0570€*¢%). (35)
gives the leading contribution @(6?32,¢3¢"2¢°v?) to the i
21 element of the down-type quark Yukawa matrix. 4.4. Yukawa couplings of the charged leptons

Finally, the operator(3)?y;®'®¥®(;, correspond- The diagrams that generate the Yukawa couplings of the
ing to Fig 3.7 generates the leading contribution ofgown-type quarks also produce the Yukawa couplings of the
O(k8?Bso*e*e'¢°) to the 11 element of the Yukawa matrix. charged leptons. The operator in Fig 3.1, for example, gives

Summarizing, at leading order the various elements o&imilar contribution to the 33 element of the charged lepton
the down-type Yukawa coupling matrix at the GUT scale areYukawa matrix. This accounts for why one may have approx-
given by: imateb — 7 unification at the GUT scale.
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From the VEV (¥8) = diag(1,1,1,1,-2,-2) 0, it is
clear that whenever @) appears in an operator, the charged TasLe I. Predicted and reference values of fermion masses at the
lepton Yukawa matrix elements will have a facte2 com-  GUT scale.
pared their down-type quark counterparts. Now the leading

contribution to the second generation masses come from one GUT-Scale Predicted Value Reference Value
such operator, namel) 2 3&'®PY(;, i.e. that of Fig 3.4. Mass fan 3 = 2) (tan 8 = 2)
This provides an explanation to tke- 1 mass discrepancy mu (MeV) ~ 0.8 0.67975-508
The various elements of the charged lepton Yukawa cou- e (GeV) ~ 150 148-’_3‘8
pling matrix, at leading order, at the GUT scale are given by: ‘ -2
ma (MeV) ~0.5 0.73110:528
N11 ~ O(4k0°Bso?*e %), (36) ms (MeV) ~4 16.05:6
. ~ +0.073
M1z, Mg ~ —O(2662Gge?e ¢°ar), (37) ms (GeV) (0;5 0.920*0073
L me (MeV) o 0.312
N1 ~ 00270 0"0?), (38) . (MeV) ~ 10 65.9
N2z ~ = O(266%Bse?e ¢70), (39) m (Gev) ~05 112
2 1.3
Pilzs ~ O(6%Broe’e'6°¢) group running to low energies will likewise yield a realis-
O(2k0°Bse*€ ), (40)  tic pattern. The approximation is very good for siath /3.
5, However, one finds that for largen 8, saytan 5 = 10, the
M1, [Mils2 ~ O(0Br0€’€ M), (41)  reference values [21, 22] do not fit easily into our model.
sz ~ O(0r0¢°6°), (42) To be more enthusiastic about the model, let us estimate

the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
In the basis where the up-type quark Yukawa coupling ma-
trix is diagonal, the CKM matrix defines the unitary trans-

To find the fermion masses we diagonalize the matrice§ormation, which when acts on the down-type quark mass
v, Ap, and)\;. We denote the corresponding eigenvalueseigenstates, gives the weak eigenstates [23](eindOp

as follows: A\y — diag Ay, Ae, Me), Ap — diag(Ag, As, Ap), be the matrices, which respectively diagonalize the Yukawa
and)\, — diag\e, A4, A7 ). The eigenvalues are nothing but coupling matrices\; andAp. Then the CKM matrixK’ is

the GUT-scale Yukawa couplings for the mass eigenstates @fiven by:

the up-type quarks, the down-type quarks, and the charged

leptons respectively. They are related to the corresponding K = OLPypOp,

masses in the following way.

4.5. Fermion masses and CKM matrix

Pyp =diag(l,e "%, e "), (46)
m; = \%vsinﬁ)\i 1=u,c,t, (43) ) ]
2 wherep, T are arbitrary phase parameters, which are at our
m; = % vCos B j=d,sbe,pu, 7, (44) disposal.

Starting from the Yukawa coupling matricesAy, given
wheretan 3 is the ratio of the Higgs-doublet VEVs, which in Egs. (24-28), and\p, given in Egs. (29-35)- one can
respectively give mass to the up-type quarks and to the dowrtompute the matrice®;; andOp, for the parameter values
type quarks (and the charged leptons), and 246 GeV. spelled out in (21,45). The CKM matrix elements at the GUT

One can choose the various parameters in the model tecale will then be given by Eq. (46), as functions of the pa-
evaluate the fermion masses at the GUT scale, and then colfametersy andr. We can run the matrix elements down to
pare them with some standard reference values. With thghe 1, scale by the standard renormalization group equa-
choice of VEVs given in (20-21), we further choose the re-tions [24], and then choose judicioustyandr in order to fit
maining parameters as: with experimental results.

L 1 ) Apart from the magnitudes of the CKM elements, we are
0~3, PBs~1, Bro~3g, P~ g (49 particularly interested in the CP-violating phaseand the

In Table I, we give the GUT-scale fermion masses, evaluateéarISkog invariany/, which are defined as [25, 26]:

with the above choice of paramet&fs and withtan 3 = 2. _ 2
- . (1—[Kul?) J
We also provide with the GUT-scale reference values, ob- sind = ,
f . . . f |KudKusKuchbKtb|
tained by renormalization group running in the context of
MSSM, fortan g = 2 [21]. J = S Kys K K KL, 47)

We see that our model mimics remarkably the pattern for
the fermion masses at the GUT sc¢4le Renormalization where we have used the standard notation:
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% .
TABLE Il. Predicted and experimental values of the magnitudes of
the CKM elements, the CP-violating phaseand the Jarlskog in-
variantJ at them scale. 20, 205
Quantity Predicted Central
atmyz Value Experimental Value
| Kyl ~ 0.98 0.97419 (T)/ _ .
- : o
| Kus| ~0.18 0.2257 Xi X
‘Kubl ~ 00035 000359 F|GURE 61
| K cdl ~0.18 0.2256
Kes ~ 0. .97334 =
|Kes 0.98 0.9733 B % ¥
| Kb ~ 0.053 0.0415 (I)’
|Kal ~ 0.0073 0.00874
| Kes] ~ 0.053 0.0407 704 %1
| K| ~ 0.99 0.999133 ” A
) ~ 73° 77° X
J ~ 0.000031 0.0000305 _70¢ 704
Kud Kus Kub _
K = K Kes K (48) @l = )}
Ky Kis Kp Xj
The various quantities at; predicted from our model FiGURE6.2.
have the best agreement with the experimental values [27] if
we adjust the parameteysandr as: demands that there be large neutrino flavor-mixings in gen-
3 5 eral, which is consistent with experimental data [51], ex-
©~140°, T~ 180°. (49)  cept for the third mixing angled < 63 < 13°. How-
ever, this diagram generates too small a neutrino mass:

Table 11 gives the predicted and (central) experimental val- — 2 _
ues [27] atm of the magnitudes of the CKM elements, the """» ™~ “292@206/%2]‘?’* H(v/V2)" ~ 1_02 s eV,_?s opposed
CP-violating phasé, and the Jarlskog invariaut to the heaviest neutrino mass(3 x 107 - 10 ) ?V' .
Clearly the texture of the quark Yukawa couplings in our 1€ above problem can be taken care of by introducing
model matches quite nicely with the SM one. Indeed herdn Prane-2 a heavy fielg, with massM, and matter par-
the agreement of experimental data with our model is ady —1. which is a singlet of both the gauge grouf& (6)
good as in the models of [28-44] and much better than wit"dU(1)a. Then the diagram of Fig 6.2 gives a Majorana
many others obtained, for example, from various mass matriR€Uutrino mass:
ansatze [45-50]. o s 2]
It is remarkable that the feat of obtaining a realistic pat- my ~ K20 fro€ p" M, (U/\/i)
tern for the SM fermion masses and mixings can be achieved
at all, without appealing to any flavor symmetry, just by which can be the heaviest neutrino massyif ~ 102 GeV
choosing various mass scales in our model such that apprds choseft. A lighter neutrino mass can similarly be obtained
priate suppression factors show up naturally. We will finishby adding another singlet fielg)) with a larger mass.
this section with a short subsection devoted to the neutrino
masses and mixings, for which we will need some additional )
ingredient, as we will see. Conclusion

2
)

(50)

4.6. Majorana masses and mixings of neutrinos In this paper we have presented a supersymmétti¢o)
GUT model in which the doublet-triplet splitting is natu-

The operator corresponding to Fig 6.1 not only provides withral. The model is novel in that the global symmetries of the
Majorana masses to the left handed neutrinos, but also remdiggs superpotential result from a non-vectorlike Higgs con-
ders heavy th&U (5) singlets contained ify;’s with masses tent, and just as such it is worth studying. The explicit re-
of O(02Ba0e?$%1?). A similar diagram gives heavy mass alization of the model involves one flat extra dimension and
also to theSU (5) singlets iny.’s, so that they’,’s decouple branes. Localization of the Higgs fields on separate branes
completely The rotational invariance among thg's de-  automatically forbids all non-renormalizable terms that could
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otherwise ruin the Higgs-sector global symmetry, and as @ressed [12], as we will argue. First we note that the
result a pair of light Higgs doublets appear in the guise oftriplets appear as Goldstone bosamdy in the breaking:
pseudo-Nambu-Goldstone bosons. Moreover, by some rathéfU (6) — SU(5), which takes place because of the VEVs
straightforward extension of the model we have found that V) and(®;)’s. Therefore, only the triplet coming froi is
a realistic pattern for the SM fermion masses and mixingphysical, which remains as a heavy state, and can potentially
emerges naturally, without any flavor symmetry, from themediate proton decay. However, one can compute the mass
most general interactions allowed by the gauge symmetry anchatrix for the Higgs and gaugino triplets to see that there
consistent with the geometric setup. is no mass mixing between the triplets coming frahand
It is worth noting that our model has good agreement(¥, ®;). This renders the triplet coupling ineffective to pro-
with the MSSM for small values ofan 3. One might ar- ton decay whenever the light Higgs doublet (that gives the
gue that such values are strongly disfavored by the LEP limitrelevant mass term) does not originate fram
tan 3 > 2.4 [52]. However, on the one hand, the bound can
be evaded if the stop mass and the releviérms are large  Acknowledgments
enough [53]. On the other hand, very smalh 5’s are still
allowed in the (non-standard) hidden Higgs scenarios [54]. We would like to thank R. Barbieri, H.-C. Cheng, G. Dvali,
We can assume that our model is embedded in some ming@nd R. Rattazzi for useful comments. We are especially
mal supergravity theory, and that SUSY breaking takes placéankful to H. Zhang for providing us with the reference val-
through gravity mediation. It is only after SUSY breaking ues of fermion masses at the GUT scale. RR was a Post-
that the tree-level vacuum degeneracy is resolved and a pdﬂDCtOl‘aJ Fellow of the Fonds de la Recherche Scientifique-
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breaksGsy down toSU(3). ® U(1)em. The circumstances “SyDuGraM.” The work of RR was also supported partially
under which this can happen were investigated in Ref. 9by ERC Grant n.226455 Supersymmetry, Quantum Gravity
Such considerations would provide with phenomenologicaRnd Gauge Fields (Superfields), and by James Arthur Grad-
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1. Just as in the model of [15], one extra dimension turns out toviii. Masses of the first generation are challenging to obtain [12],
be favorable in order to obtain successful fermion masses. Our  because they may be affected by many different factors. Our

model is different, though, from that of [15], most importantly, electron mass, in particular, could have been reported only up
in the Higgs content. Namely, the Higgs content of the latteris  to an order of magnitude; there appeared a few contributions to
35 + 6 + 6, which is vector-like. it of the same order, which might undergo a mild cancelation
ii. Such an extension &§U(6) supersymmetric GUTs has been among themselves to produce a small electron mass.
considered by the authors in [14]. iz. This scale is 4 orders of magnitude lower than the GUT scale.
iii. We shall not spell out how exactly they acquire such VEVs.  However, one usually expects some new physics to kick in
It is however natural to assume th&tHigsses with identical below the GUT scale in order to account for the neutrino

U(1)a-charges, living on the same brane, will all acquire the =~ masses [51].

same VEV. 1. G. Aadet al. (ATLAS Collaboration), Phys. Lett. B16(2012)
iv. This section goes somewhat parallel to the similar one appear- 1.
ing in [15].

2. S. Chatrchyaret al. (CMS Collaboration), Phys. Lett. B16
v. The various suppression factors may bring the mass slightly  (2012) 30.
lower thanMg. The gauge coupling unification however does

not get affected as we are considering compftg5) multi- 3. S Dimopoulo; and F. Wilczekin *Erice 1981, _Proceed-
plets. ings, The Unity Of The Fundamental Interactions237-

249; H. Georgi,Phys. Lett. B108 (1982) 283; A. Masiero,

vi. Italso generates the same of the charged leptons, whichwe will 5\, Nanopoulos, K. Tamvakis and T. Yanagid?hys. Lett.

discuss in the next subsection. B 115(1982) 380; B. Grinsteiryucl. Phys. 2206387 (1982);
vii. We already argued that these choices are compatible with our 1. Antoniadis, J. R. Ellis, J. S. Hagelin and D. V. Nanopoulos,
model that has one extra dimension. Phys. Lett. BL94(1987) 231.

Rev. Mex. Fis62(2016) 100-112



4. S. Dimopoulos and F. Wilczek, NSF-ITP-82-07; M. Srednicki, 19.
Nucl. Phys. B202 (1982) 327; K. S. Babu and S. M. Barr, 2
Phys. Rev. D48 (1993) 5354 [arXiv:hep-ph/9306242Phys. ’
Rev. D50 (1994) 3529. [arXiv:hep-ph/9402291Rhys. Rev.

D 51 (1995) 2463. [arXiv:hep-ph/9409285]; K. S. Babu and
R. N. MohapatraPhys. Rev. Let74 (1995) 2418. [arXiv:hep-  21.
ph/9410326]. 29
5. G. R. Dvali,Phys. Lett. B287(1992) 101.
6. G. R. Dvali,Phys. Lett. B324(1994) 59. 93

10.

11.

12.

13.

14.

15.

16.

17.

18.

A SUSY SU(6) GUT MODEL WITH PSEUDO-GOLDSTONE HIGGS DOUBLETS

. K. Inoue, A. Kakuto and H. Takano,
Prog. Theor. Phy</5(1986) 664; A. A. Anselm and A. A. Jo-
hansenPhys. Lett. B200(1988) 331; A. A. AnselmSov. Phys.
JETP67(1988) 663. [ZhEksp. Teor. Fiz94 (1988) 26]. In the
SO(10) framework see, R. Barbieri, G. R. Dvali and A. Stru-
mia, Nucl. Phys. B391(1993) 487.

. Z. G. Berezhiani and G. R. DvalBull. Lebedev Phys. Insh
(1989) 55. [Kratk.Soobshch. Fi (1989) 42].

. R. Barbieri, G. R. Dvali and M. MorettiPhys. Lett. B312
(1993) 137.

Z. Berezhiani, C. Csaki and L. RandaMucl. Phys. B444
(1995) 61. [arXiv:hep-ph/9501336].

Z. Berezhiani, P. H. Chankowski,
S. Pokorski, Phys. Rev. Lett. 96 (2006) 031801.
doi:10.1103/PhysRevLett.96.031801 [hep-ph/0509311];
C. Csaki, G. Marandella, Y. Shirman and A. Strumihys.

Rev. D73 (2006) 035006. [hep-ph/0510294]. B. Bellazzini, 25-

C. Csaki, A. Falkowski and A. WeileRhys. Rev. 80 (2009)

075008. [arXiv:0906.3026 [hep-ph]]; B. Bellazzini, C. Csaki, 99,

A. Falkowski and A. WeilerPhys. Rev. (81 (2010) 075017
[arXiv:0910.3210 [hep-ph]];

L. J. Hall, Nucl. Phys. B432 (1994) 49. [arXiv:hep-

ph/9405428]. 31.
Z. Berezhiani, Phys. Lett. B355 (1995) 481. [arXiv:hep-
ph/9503366]. 392.
G. R. Dvali and S. PokorskPhys. Rev. Lett78 (1997) 807.
[arXiv:hep-ph/9610431]. 33,
H. C. Cheng,Phys. Rev. D60 (1999) 075015. [arXiv:hep-
ph/9904252]. ”

N. Arkani-Hamed, S. Dimopoulos and G. R. Dvakhys.
Lett. B 429 (1998) 263. [arXiv:hep-ph/9803315Fhys. Rev.

D 59 (1999) 086004. [arXiv:hep-ph/9807344]; I. Antoniadis, 35.

N. Arkani-Hamed, S. Dimopoulos and G. R. Dvdtihys. Lett.

B 436(1998) 257. [arXiv:hep-ph/9804398]; C. Kokorelisucl.
Phys. B677(2004) 115. hep-th/0207234; C. Kokorelis, D. Cre-
mades, L.E.Ibanez and F.MarchesaXocl. Phys. B543(2002)
93. hep-th/0205074.

K. R. Dienes, E. Dudas and T. Gherghettahys. Lett.
B 436 (1998) 55. [arXiv:hep-ph/9803466]Nucl. Phys. B
537 (1999) 47. [arXiv:hep-ph/9806292]; D. Ghilencea and
G. G. Ross, Phys. Lett. B442 (1998) 165. [arXiv:hep-
ph/9809217]; C. D. CaronePhys. Lett. B454 (1999) 70.
[arXiv:hep-ph/9902407]; P. H. Frampton and A. Radhys.
Lett. B460(1999) 313. [arXiv:hep-ph/9903479].

M. Dine, N. Seiberg and E. WitteMNucl. Phys. B289 (1987)
589; J. J. Atick, L. J. Dixon and A. SeNucl. Phys. B292
(1987) 109; M. Dine, I. Ichinose and N. SeibeiMycl. Phys. B
293(1987) 253.

39.

25.

A. Falkowski and 26
27.

R. Barbieri, G. R. Dvali, A. Strumia, Z. Berezhiani and 30.

36.

37.

38.

40.

111

M. B. Green and J. H. Schwar2hys. Lett. BL49(1984) 117.

E. Witten, Nucl. Phys. B188 (1981) 513; W. Fischler,
H. P. Nilles, J. Polchinski, S. Raby and L. SusskiRtys. Rev.
Lett.47(1981) 757.

Z. z.Xing, H. Zhang and S. Zhou, private communications.

Z.Z. Xing, H. Zhang and S. Zhowhys. Rev. D77 (2008)
113016. [arXiv:0712.1419 [hep-ph]].

N. CabibboPhys. Rev. Lettl0(1963) 531; M. Kobayashi and
T. MaskawaProg. Theor. Phys49 (1973) 652.

24. M. Olechowski and S. PokorskPhys. Lett. B257 (1991)

388; S. R. Juarez Wysozka, S. F. Herrera H., P. Kielanowski
and G. Mora,Phys. Rev. D66 (2002) 116007. [arXiv:hep-
ph/0206243].

G. C. Branco, D. Emmanuel-Costa and R. Gonzalez Fe-
lipe, Phys. Lett. B477 (2000) 147. [arXiv:hep-ph/9911418];
G. C. Branco, M. N. Rebelo and J. I. Silva-Marcos, Phys.
Lett. B597(2004) 155. [arXiv:hep-ph/0403016]; G. C. Branco,
L. Lavoura and J. P. Silvdnt. Ser. Monogr. Physl03 (1999)

1.

C. JarlskogPhys. Rev. Let65(1985) 1039.

C. Amsleret al.[Particle Data GroupPhys. Lett. B567(2008)
1.

G. C. Branco, D. Emmanuel-Costa and C. Simd&dgys. Lett.
B 690(2010) 62. [arXiv:1001.5065 [hep-ph]].

Z.-z.Xing, D. Yang and S. Zho®hys. Lett. B590(2010) 304.
[arXiv:1004.4234 [hep-ph]];

G. C. Branco, H. R. C. Ferreira, A. G. Hessler and J. |. Silva-
Marcos,JHEP 1205(2012) 001. [arXiv:1101.5808 [hep-ph]]

G. Bhattacharyya, |. de Medeiros Varzielas and P. Ldxgys.
Rev. Lett109(2012) 241603. [arXiv:1210.0545 [hep-ph]]

A. E. Carcamo Herandez, C. O. Dib, N. NeillH and A. R. Zer-
wekh,JHEP 1202(2012) 132. [arXiv:1201.0878 [hep-ph]].

S. F. King, S. Morisi, E. Peinado and J. W. F. ValRhys. Lett.
B 724(2013) 68. [arXiv:1301.7065 [hep-phl].

A. E. Carcamo Herandez, R. Martinez and F. Ochoa,
arXiv:1309.6567 [hep-ph].

A. E. Carcamo Herandez, R. Martinez and J. Nisperuza, Eur.
Phys. J. C75, no. 2, 72 (2015) doi:10.1140/epjc/s10052-015-
3278-z [arXiv:1401.0937 [hep-ph]].

J. C. Ghez-lzquierdo, F. Goritez Canales and M. Mondrag,
arXiv:1312.7385 [hep-ph].

F. Gonalez Canales, A. Mondrag, M. Mondra®n,
U. J. Saldaa Salazar and L. Velasco-Sevilla, Phys. Re8@®
096004 (2013) [arXiv:1304.6644 [hep-ph]].

M. D. Campos, A. E. @camo Herandez, S. Kovalenko,
I. Schmidt and E. Schumacher, Phys. Re@@016006 (2014)
[arXiv:1403.2525 [hep-ph]].

A. E. Carcamo Herandez and |I.
arXiv:1410.2481 [hep-ph].

A. E. Carcamo Hrnandez, S. G. Kovalenko, |. Schmidt,
arXiv:1411.2913 [hep-ph].

d. M. Varzielas,

Rev. Mex. Fis62(2016) 100-112



112

41

42.

43.

44,

45.

46.
47.

A.E. CARCAMO HERNANDEZ AND RAKIBUR RAHMAN

. A. E. Carcamo Hrnandez and R. Martinez, arXiv:1501.07261 48. H. Nishiura, K. Matsuda, T. Kikuchi and T. Fukuyama, Phys.

[hep-ph].
C. Arbebez, A. E. Grcamo Hrnandez, S. Kovalenko and
I. Schmidt, arXiv:1507.03852 [hep-ph].

macher, arXiv:1509.02083 [hep-ph].

A. E. Carcamo Herandez, N. Neill H and I. d. M. Varzielas, to
appear

H. Fritzsch, Phys. Lett. B0, 436 (1977), Phys. Lett. B3,
317 (1978), Nucl. Phys. B55 189 (1979); H. Fritzsch and
J. Plankl, Phys. Lett. 237, 451 (1990).

D.s. Du and Z. z. Xing, Phys. Rev. 48, 2349 (1993);

H. Fritzsch and Z. z. Xing, Phys. Lett. B53 114
(2995) [arXiv:hep-ph/9502297], Nucl. Phys. B56 49
(1999) [arXiv:hep-ph/9904286], Prog. Part. Nucl. P45, 1
(2000) [arXiv:hep-ph/9912358], Phys. Lett. 355 63 (2003)
[arXiv:hep-ph/0212195].

A. E. Carcamo Hrnandez, I. d. M. Varzielas and E. Schu-

49.
50.

52.

53.

54.

Rev. D 65, 097301 (2002) [arXiv:hep-ph/0202189]; K. Mat-
suda and H. Nishiura, Phys. Rev. B9, 053005 (2004)
[arXiv:hep-ph/0309272].

Y. F. Zhou, J. Phys. G0, 783 (2004) [arXiv:hep-ph/0307240].

A. E. Carcamo, R. Martinez and J. A. Rodriguez, Eur. Phys.
J. C50, 935 (2007) [arXiv:hep-ph/0606190], AIP Conf. Proc.
1026(2008) 272.

. A. Strumia and F. Vissani, arXiv:hep-ph/0606054, Nucl. Phys.

B 726, 294 (2005) [arXiv:hep-ph/0503246].

[LEP Higgs Working Group and ALEPH collaboration and
DELPHI collaborati], arXiv:hep-ex/0107030.

M. Bastero-Gil, C. Hugonie, S. F. King, D. P. Roy and S. Vem-
pati, Phys. Lett. B189 359 (2000) [arXiv:hep-ph/0006198].

R. Dermisek and J. F. Gunion, Phys. Reww® 055014 (2009)
[arXiv:0811.3537 [hep-ph]].

Rev. Mex. Fis62(2016) 100-112



