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Abstract

We explore the possibility of embedding the Pati—Salam model in the context of Type | brane models. We study a generic
model withU(@)¢ x U(2);, x U(2)g gauge symmetry and matter fields compatible with a Type | brane configuration.
Examining the anomaly cancellation conditions of the surplus abelian symmetries we find an alternative hypercharge embedding
that is compatible with a low string/brane scale of the order of 5-7 TeV, wheti thr- andU (2) g brane stack couplings are
equal. Proton stability is assured as baryon number is associated to a global symmetry remnant of the broken abelian factors
It is also shown that this scenario can accommodate an extra low energy abelian symmetry that can be associated to leptor
number. The issue of fermion and especially neutrino masses is also discu2gfi Published by Elsevier Science B.V.

PACS:12.25.Mj; 11.30.Fs; 12.10.Dm; 12.60.i

1. Introduction gravitational interactions, mediated by closed strings,
can propagate in the full 10-dimensional theory. These
It has been recently realized that in Type | string the- developments have reinforced expectations that some
ories the string scale is not necessarily of the order of string radii can be brought down to the TeV range [3],
the Planck mass, as it happens in the case of heteroticenergy accessible to the future accelerators, and that
models, but it can be much lower depending on the string theory could account for the stabilization of hi-
compactification volume [1]. Furthermore, the discov- erarchy without invoking supersymmetry [4].
ery of D-branes [2], solitonic objects of Type | string Furthermore, new techniques have been developed
theory, has revolutionized the string-theory viewpoint for the construction of Type | models [5], including
of our world. This includes the possibility that we are the D-brane configurations, based on Type IIB ori-
living on a p-dimensional hyper-surface, a(p— 1) entifolds [6]. Various models, basically variations of
brane embedded in the 10-dimensional string theory. the Standard Model or it's left—right symmetric exten-
The rest, 10- p transverse dimensions constitute the sions, have been constructed [7,8], using these meth-
so called bulk space. The gauge interactions, mediatedods. Although some of these models are characterised
by open strings, restrict their action in the brane, while as semi-realistic, from the phenomenological point of
view, the structure of Type | string vacua is very rich to
T E-mail addressgeorge leontaris@cern.ch (G.K. Leontaris). permlt a complete cIaSS|f|cat|0n_. Hence, model build-
1 On leave from Physics Department, University of loannina, ing endeavour needs to be carried on until we reach a
GR45110 loannina, Greece. phenomenologically satisfactory vacuum.
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One is tempted to adopt a bottom-up approach [9, these problems find natural solutions and that the non-
10], that is, to search for effective low energy mod- supersymmetric Pati—-Salam model is compatible with
els compatible with low unification and check their intermediate/low scale D-brane scenarios.
generic phenomenological properties [11-14] and the
minimal conditions for phenomenological viability,
before proceeding to explicit realizations in the con- 2. Particle assignment
text of string theory. Low scale unified models based
on gauge symmetries beyond that of the Standard A single D-brane carries & (1) gauge symmetry
Model (SM) face several problems. Proton decay is which is the result of the reduction of the ten-
usually the most serious obstruction when lowering dimensional Yang—Mills theory. Therefore, a stack
the unification mass below the traditional grand uni- of »n parallel, almost coincident D-branes gives rise
fied scaleMgyT ~ 106 GeV, due to the existence of to a U(n) gauge theory where the gauge bosons
gauge-mediated baryon number violating dimension- correspond to open strings having both their ends
six operators. In addition, one needs to understand attached to some of the branes of the stack [20]. For
how a rapid convergence of the gauge couplings canthe embedding of the PS model we consider brane
occur in an energy region much shorter than the tradi- configurations of three different stacks containing 4-
tional Mz—MgyrT of old unified models [15]. 2-2 branes respectively, which give rise t&/84) - x

Rapid gauge-boson mediated proton decay excludesU (2); x U(2)g or equivalentlySU(4) x SU2), x
a wide range of gauge groups beyond the SM, how- SU2)gx x U(1)¢ x U(1) x U(1)g gauge symmetry.
ever, examples of models which can in principle avoid ~ Following the pictorial representation of Fig. 1 it
this problem do exist. A natural candidate is the Pati— is not difficult to see that the possible states aris-
Salam (PS) model [16], originally proposed as a model ing from strings with both their ends on two distinct
of low unification scale. This model has been success- sets of branes can accommodate the fermions of the
fully reproduced and studied in the context of heterotic
string theory [17].

With regard to the problem of coupling unification,
there are various proposals in the literature [4,9,18].
One possibility is to assume power law running of the
gauge couplings [18] and obtain full coupling unifi-
cation at a low scale. An alternative scenario is based
on the observation that the different collections of D-

branes (associated with the extended gauge group fac- F ‘r/ A hAR\ i
tors) have not necessarily equal gauge couplings. The h (N
low energy electroweak data could then be reproduced U2) 1, U@4) UQ2)r

by considering the usual logarithmic coupling evolu-
tion while assuming equality of two (instead of three)

gauge couplings at the string scale [9]. ! ! /
In this work, we search for D-brane configura- w g
tions where the left-right PS gauge symmetry is em-

bedded. Since supersymmetry can be broken at the h

string/brane level [19] we are going to explore non- fig. 1. Assignment of the Standard Model particles in a

supersymmetric versions of the Pati—-Salam model. We D-brane scenario with gauge group@)c x U(2); x U(2g.

derive a generic D-brane configuration fermion and The standard model particles are assignedfo = Q + L,

higgs spectrum and show that all the SM particles and £& =u¢+d*+¢° +v° and the electroweak Higgs io= H, + Hq.

the necessarv Yukawa couplinas for fermion masses They are all represented by strings h_avmg_ both their ends gttached
y pling to two different branes. The PS breaking Higgs scal&isdre sim-

are present. We address the problems of anomaly can-jar to 7. In gray we represent particles whose presence is not re-

cellation, hypercharge embedding, proton decay and quired in all versions of the model. These are the extra scalar triplets

gauge coupling unification. Our analysis shows thatall D =d +d¢, the right-handed doublets; and the singlet,.




G.K. Leontaris, J. Rizos / Physics Letters B 510 (2001) 295-304 297

SM as well as the necessary Higgs particles to break (see Fig. 1), which can be used to provide masses
the gauge symmetry[21]. For example, an open string to the Higgs remnants (onélike triplet) of the PS
with one end on thd/(4) brane and the other end breaking Higgs mechanism (see Section 6). Further,
on theU (2), brane transforms a&l, 2;) whilst is a one may generateld(1) g charged singlet

singlet underlSU(2)g. Thus, under the PS group the

corresponding state is written &4, 2, 1). Due to the n=(1,1100+2 ®)
decompositions under the chaib&n) — SU(n) x which, as will become clear later (see Section 4), can
U(1) (n=4,2,2) all such states carry charges un- pe used for breaking an additional abelian symmetry.
der three surplug/ (1) factors. Normalizing appropri-  possible states include also strings having one end
ately? these charges arel, —1 for the vector/vector-  attached to a brane and the other in the bulk while
bar representation dU(n), and thus, the standard among them we find th8U(2) z doublet

model particle assignments are

hr=(1,1,2;,0,0,+1), (6)
_ — 1 _1
iL - (‘_1’ 214+l a,0= Q(3’ 2, 6) + L(l’ 2, 2)’ which will be also used later for an alternative break-
Fr=(4,1,2,-1,0,ar) ing of an additional abelian symmetry.
—u(B1-3)+a(313)
+¢°(1,1,1) +v°(1, 1, 0), (1) 3. Anomalies

whereoy = +1, ag = +1 depending on th& (1),
U(1)r charges oR;, 2z. The electroweak breaking
scalar doublets can arise from the bi-doublet

An essential difference between heterotic and Type
| effective string theories is the number of potentially
anomalous abelian factors. In the heterotic case only
h=(1,2,20 —ar, —ag) one such factor is allowed with rather tight restrictions

on the form of its mixed anomalies, due to their

= Hu(1.2.+3) + Ha(L.2. - 3). @ relation with the dilaton multiplet. Type | theory is
where we have chosen thi&(1); z charges so that more tolerant, many anomalous abelian factors can be
the Yukawa term¥; Frh which provides with masses ~ present and their cancellation is achieved through a
all fermions, is allowed. The PS breaking Higgs scalar generalized Green-Schwarz mechanism [24] which

particles are utilizes the axion fields of the Ramond—Ramond
o sector [22,23], providing masses to the corresponding
H=(4,12-10y) anomalous gauge bosons. However, in Type | models,
:u%(a 1, _%) +d, (31 1, %) :lil;i()e(etgebheterotic st_ring case, gauge bOSQn masses
. , y undetermined vacuum expectation values
+ey(L 11D +vy(1,1,0). ©) and therefore thd/ (1) gauge bosons may be light.

Another important characteristic of Type | abelian
factors is that their breaking leaves behind global
symmetries, that can be useful for phenomenology.
As can be seen from the fermion charge assign-
h Mments (1), the abelian gauge group factors have mixed
anomalies withSU(4), SU(2); and SU(2)z. We

Without loss of generality we can choosg =
ar = 1 which is equivalent to measuring left (right)
SU(2).(r) vector representatioli (1), g)-charges in
ar (ag) “units”, respectively.

Additional states can arise from strings having bot
their ends at the same brane. Among them one finds

the SU(4) sextet present these anomalies in matrix form
s 1 1 0 3 3
D(6,1,1,+2,0,00=d°(3,1,5) +d(3. 1, —3) (4) A=< 6 6 O), @)
-6 0 6
2 \We assume the/(n) ~ SU(n) x U(1) generatorsTy,a = where its lines correspond to the abelian factors
1.....n%, to be normalized as %7, = 38, and the SU(n) UQ)c, UQ), U(l)p and its columns to the non-

coupling constant to be'2x times thel/ (1) coupling constant. abelian groupsSU4), SU2);, SU2)g. From the
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point of view of the low energy theory, it is crucial to  the original symmetry down to SM augmented by a
examine whether there are any combinations of anom- U (1) factor. Subsequently, the electroweak symmetry
aly free abelian generators. This would imply the exis- breaking occurs via non-vanishing vevs of thg, H;
tence of additional unbrokeii(1) factors at low ener-  Higgs particles. Since the bi-doublgét and conse-
gies which may result to interesting phenomenology. quently H,, H; are neutral undet/ (1)4, there will

For example, the existence 0f(1) factors offers the  be always a leftover abelian combination whose struc-
possibility to define the hypercharge generator in var- ture is completely determined by tii&charge  — 1)

ious ways provided that the fermion and electroweak (see relations (3), (8)). Thus, the hypercharge gener-
breaking Higgs particles acquire the standard hyper- ator will be, in general, a linear combination of the
charge assignments. We find that there exists only oneusual PS generator and the additional abelian gauge

non-anomalous combination factorU (1)4:
=Tc —T, T 8 1 1
H=Tc—TL+ Tk, (8) YZEQBfL‘f‘EQSR"‘CQHv 9

which also has the advantage of being free from _ _ _
gravitational anomalies as both, trég&® = 0 and wherec is to be determined by the symmetry breaking.

tracg’H3) = 0. The PS breaking Higgs particleg/, contain two
One may wonder about the existence of such addi- Potential SM singlets withU(1)p_; x U(D)zg X
tional anomaly-free abelian symmetry (on topR3L U(1)y charges

andY). The reason is that none of the SM fermions is .
charged under this symmetry. Actually, the only states Ny =141 =1+y)
potentially charged unddv (1)4, are the PS breaking N-=(+1. -1, -1+4y). (10)
Higgs scalar¢f (and the scalarbg, D, ). Lateron,  \yhen the minimum of the scalar potential occurs for
we will associate the value of the parametemvhich either Ny = (e5,), or N_ = (1¢,) different than zero,
determines the _PS breaking Hig.gs charges with _the the gauge symmetry breaks to the SM times an ad-
symmetry breaking pattern and discuss the possibility itional abelian factor. Extra abelian factors, although
of survival of U(1)3 at low energies. in principle consistent with low energy data [25], ne-
Thus, at this stage, assuming that all anomalous cegsitate a breaking mechanism. An interesting prop-
abelian combinations will break, we are left with gy of the model presented here is that the appropriate
an effective theory with gauge symmet8U(4)c x scalar fields, which can break these extra abelian fac-
SU2), x SUR)g x U(1)y. tors, are naturally generated in the D-brane scenario.
These are the singlet fielgd (5) and the the right-

4. Symmetry breaking and the hypercharge handed doublet (6)
gener ator hr(1,1,2,0,0,+1)=h}(1,1,0,4+1,+1)

We next analyse the pattern of symmetry breaking. +hp1,0, -1, +1).
The Higgs scalaf, (provided that an appropriate po- Depending on the value gf there are two possible

tential exists), will acquire a non-zero vev and break breaking patterns, which are presented in Table 1. The

Table 1
The two symmetry breaking patterns 8fJ(4) x SU2)g x U(1)% and the corresponding PS Higgs vewé, , N_, their right chirality
(y = +1), the resulting hypercharge generator, the leftover abelian factor and the scalar fields that can break this extra abelian factor

c vev y Y Additional U (1) vevs that break
additionalU (1)
1 0 N- +1 308-1+303 Ox (n)
2 3 Ny -1 3051 +303r +30n 305-L — 303k (hg)
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U (1)y4-charge of the Higgs field in the two cases beta functions arés, by, by for the first interval and
is zero and-2, respectively. Foy = +1 (case 1 in ba, by, bg, by for the second in a self-explanatory
Table 1) assuming a non-zero vev f¥r, the surviv- notation. The matching conditions 8 assuming
ing abelian factors are of the foréQB% + %QsR + properly normalized generators (all group generators
70w (Wherez is an arbitrary parameter). We are free (T,)are normalized according ta ¥, 7,) = %Sab), are
to choose the hypercharge generator as traditionally

. - : 1 2 1 1 , 1
(putting z = 0) and leaveH as the surplus abelian = +c
factor. This is also dictated by the fact that the addi- «¥ (Mr) 3aa(Mg) ~ ar(Mg) ar (M)
tional Higgs fieldn has the right charges to break com- and
pletelyU (1), . The last breaking can in principle hap-
pen to a scale which can be lower than the PS break-@3(Mr) = ca(Mg).
ing scale and can lead to a model with an additional Moreover, atMy; we have
U (1) symmetry at low energies. For = —1 (case 2 1 8 4 4
in Table 1), providedV, develops a vev, the surviving = + .
abelian factors have the generic fo(@a — 3) 051, + agMy)  aa(My) — ar(My) — arL(My)
%QsR +2Q3. Assuming vevs foh, the only unbro- Solvi_n_g the RGE system together with the matching
ken combination left ig” — %QBfL 4 %QsR +%QH- conditions, we derive the formulae for the low en-

This is a novel hypercharge embedding which as dis- €9 guantities as functions of the brane couplings
cussed earlier does not affect the fermion and the elec- (%4 @r> @), the beta function coefficients and the
troweak Higgs charges. Again the extral) breaking scalesMy, M:

scale is not necessarily associated with Mig sym- 20w (M) — 3
metry breaking scale but can be lower. The breaking of SInt Ow (Mz) = 8(1+ 6¢2)
the additionall (1); symmetry implies the existence dem(Mz)
of a newZ’-boson. This is a very interesting predic- X [1+ ~en
tion since recent analyses show compatibility of elec-
troweak data with the existence of an additional gauge X {( —2bg — 3c2bH + (5—|— 48c2)bL
boson with mass of a few hundred GeV [25]. m
3y m(_)
Mg
5. (lsaugecoupling running and the weak mixing +((5+ 48¢%)by — 3by) Iog(%)
angle z
21+ 123 543662
Our main aim in this section is to ensure that the — 67 34 T 3,

above constructions imply the correct values for the (1+ 4c?)
weak mixing angle and the gauge couplingsit. + 76> ” (11)
Moreover, it would be of particular interest if the ¥R
present D-brane model is compatible with a low 1 3
energy unification scale. The one loop renormalization — B
group equations are of the form a3(Mz)  8(1+6¢c)

1 1

1 1 b; 112 x [7 — 2 (—2(1+8¢?)ba

o) alup)  2n g(m) dem(Mz)  2n
and in our analysis we will assume two different + %y + by + bp) In(ML>
energy regions(us. uz) = {(Mz, M), (Mg, My)}, . R
where Mg is the U(4) x U(2).R br_e_akmg sca]e and _ —(sz _ 8(1+6c2)b3+3by) In(&>
My the string scale. For simplicity, we will also 6 Mz

assume that the additional(1) breaks at the same nf 2 1 1
scale as the PS symmetry, thatfifg = M. The +(1+4c%) T : (12)
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Assuming coincident brane stacks, = ag = o, as and only one PS breaking Higgs multiplet; = 1,

in the case ofyrand unification the last term in both  substituting the beta functions we get

equations vanishes and we can calculdte and My ) no

using low energy data. As expected we obtadp ~ B1=2n6—32(1+c)°(=1+2c) — >

10'2, My ~ 10 GeV for ¢ = 0 (assuming minimal

matter content). The choiee= 1/2 is not possible in

this case, since it requirddg < M . and
As already noted, since the various groups live

in different )k;rane—stacks, the initial vall?es gf the B, = _n2 23+ 4c2(103+ 16¢) — 2n6 + mi

gauge couplings is not necessarily the same. It is ) 3

thus tempting to explore this possibility in order to _ ¢“(n1+2n2 — 4nyp)

obtain low energy string/brane scale. However, in 3 '

order not to loose predictive power we shall choose wheren,, is the number of bi-doublets].

two of the three (brane) couplings to be equal. We call  For the case (i) which corresponds to the standard

this schemepetite unificatiorf as opposed tgrand Hypercharge embedding & 0) and assumingetite

unification where all couplings are equal. Thus, in unification we can obtain various values for string

the presenpetite unificationscenario we end up with  scale My depending on the unification condition.

— c2(n1 + 2np)

three distinct cases, namely = ag # a4, ap =4 # These cases have been analyzed and the basic results
ar andag =g #ay. are presented in Table 2. One easily concludes that
Forar = a4 the string/brane scal¥y is given by in all casesMy > 100 GeV. This embedding is thus
My B Mg compatible with branes but not with low scale string
log =38, %99, scenarios.
z 2 z o For the case (ii) that i$ = 1/2, we remark that
+27[3((1+ 4c?) sir’ Ow — L)az(Mz) B1 = 0, B, = —134/3 for the first subcase (no sex-
+(5+ 36c2)aem(MZ)] tets, one right-handed doublet) a®d = —1, B, =
1 —45 for the second (one sextet, one right-handed dou-
x [3Boatem(Mz)az(Mz)] (13) blet). Hence, the string scaldy depends either very

where weakly onMy or it does not depend at all (at the one
2 loop). In addition, the string scale is independent of
By = —5b3 — 3¢"(4b + 12b3 — 12b4 + by — 4b1) the number of bi-doublets (and thus electroweak dou-
+ 3(bg — br + by) blets). This is actually a consequence of the combina-
and By = —bg + (1+ 12:2)bs — c2(byy — 4by). The tion o_f the PS symmetrywith the_new hypercharge em-
beta functions depend on the details of the model par- bedd”ﬁg (9) considered hgre which allows us to (.)btff"n
ticle spectrum. Following the analysis of Section 5, we generic results for the strmg/brang sc.ale. Substituting
have two possibilities for the hypercharge embedding: the eIectrowgak data [281 gnd taking |_nto account_ the
(i) ¢ = 0 where we assume that the number of extra strong goupl|ng uncertainties we o_btaln the cpmblned
singlets ) is n1 > 0 and the number of right-handed range (includes both subcases which differ slightly)

doublets fg) isnz =0and (i)c =1/2wheren1 =0 »7, — (51-65) TeV. (14)
andny > 0. Furthermore, motivated by the analysis

of Section 6, with regard to the Higgs remnant triplet The non-coinciding brane coupling ratio depends
masses, we are going to consider two subcases forslightly on Mz andn; and lies in the range

each embeddingis = 0,71 =1 orng =1,n1 =1 for or

the case (i) whereg is the number of sextetd)), and ag =04-05 (15)
ng=0,n2 =1 orng =1, ny = 2 for the case (ii). For

o . . for Mz < Mr < My andn;, = 1-3. The absolute cou-
the minimal scenario where we have three generations z =R =MU h

pling values arexy = ag ~ 0.07,a;, ~ 0.03 so we are
safely in the perturbative regime. In addition, the low
3 For the introduction of this term see [27]. string/brane scale obtained in (14) is compatible with
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Table 2

Limits on the brane scal#fy/, the intermediate scaly and the independent coupling ratio for various petite unification conditions and the
two hypercharge embedding¥ & %QB,L + %QgR + cQ%). In the calculations we have taken into account the combined limits for two
cases of minimal spectrum (we examine the caggs=1,ng=0,1,n1 =1forc =0, andng=0,np=10rng=1,np=2forc=1/2.In
addition we took:;, = 3 whenever that results dependgy) and incorporated the strong coupling uncertainties

Case Petite unification My Mpg Remaining
condition coupling ratio
c=0 AR =y > 2 x 1012 <2x 102 >0.8
c=0 ag =0y >6.1x 10° > 107 > 0.4
c=0 ag=oap > 6.8 x 1013 <6.8x 1013 >0.8
c=1/2 aR =ag <11 <11 <0.15
c=1/2 ag =0y - - -
c=1/2 as=ap 5.1 x 103-6.5 x 103 10%-65 x 103 0.4-05

current limits from four-fermion interactions [29]. We  to semi-leptonic processes, liedecay which leads
also notice that for = 1/2, aq = ay is impossible to the bound > g4 - 10° GeV.
(since atu ~ 10'° GeV «y develops negative values) Higher dimension baryon number violating opera-
while ag = oy yields a unification scale of 7 GeV, tors are expected to be present in any GUT model em-
which is obviously excluded. The above results are bedded in string theory. They are suppressed by a fac-
also summarized in Table 2. tor 1/M5‘4, whered is the dimension of the relative
It is interesting to observe that this alternative hy- operator [26]. In order to be safe with current pro-
percharge embedding appears also in the frameworkton decay limits, one has to prevent the appearance of
of heterotic PS model [17] where it can account for such operators up to a dimension as highias 18.
the disappearance of fractionally charged particles. Of This suppression would look natural only in the case
course in the heterotic context non-standard hyper- it could be associated with a symmetry (gauged or
charge embeddings are not useful for unification due global).
to the tight heterotic coupling relations. The standard PS model contaifisL as a gauged
symmetry, but this is not enough to avoid proton
decay. Already at sixth orde’3—L conserving op-
erators (e.g.,QQ QL originating from FL4) lead to
baryon number violation. Furthermore, the sponta-
neous breaking oB—L leads to additional operators
One of the most serious problems of SM exten- suppressed only by/r /My . Fortunately, the current
sions is proton decay. In traditional GUTs it can be U(4)¢ x U(2); x U(2)y extension of the PS model,
suppressed due to the high unification scale. However, incorporates the required (1) combination which
such a suppression is not possible in low string scale corresponds to the baryon number itself. Indeed, as
models, considered in the previous section. In general can be seen from (1), (2R@¢c =3B + L and thus
there are three modes for proton decay (i) the gauge-
mediated proton decay (ii) the Higgs mediated and (iii) Oc + 051
higher dimension baryon number violating operators. ©® =~ (16)
In the PS model in particular, the exoftJ(4) gauge
bosons(3, 1, +%), (3,1, —3) carry both baryonicand  is a global symmetry of the theory (see discussion in
leptonic quantum numbers but they are known not to the beginning of Section 3), which ensures the stability
mediate proton decay, due to the absence of di-quarkof the proton. Note that this symmetry survives the PS
coupling [15,16]. These particles can only contribute breaking as the{, has zero baryon number.

6. Proton stability, neutrino masses and all that
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There are general no-go theorems [30] against differentig fields are necessary in order to obtain a
the survival of global symmetries in the context of non-vanishing coupling. This superpotential provides
string theory at least at the perturbative level. They triplet masses of the order; ~ M%/MR,mg,s ~ Mg.
are expected to be violated since black holes can In the casec = 0 one can assume similarly? =
absorb charged particles but they cannot possess(HH™) andx = (n).
global charges themselves, due to “no-hair” theorems.  Baryon number is not the only global symmetry left
However, there are arguments that in the context of from the anomalou$/(1) breaking. As easily seen
Type | and Type IIB string vacua the assumptions of by the particle assignments (1)—(3) the lepton number
these no-go theorems can be evaded as the Fayeteorresponds to the combination
lliopoulos term associated with the anomaldiigl)
can be set to zero [22]. Moreover, global symmetries, , — Qc_i?’QH' (18)
as the baryon number, are expected to be violated 4
due to non-perturbative phenomena (instantons). Of In the case of the baryon number all Higgs fields are
course, this violation is expected to be suppressed neutral under it and the symmetry remains exact at
and may not be sufficient for standard baryogenesis the perturbative theory level. On the contrary thg
scenarios. However, in the brane-world models we can has lepton number (althoudh g, n are neutral) and
use some alternative higher-dimensional mechanismsit will thus break £ spontaneously and give rise to
for the generation of baryon asymmetry [31]. a massless Goldstone boson. One possible solution

Higgs mediated operators are inversely proportional to this problem is discussed in [9] where a deviation
to the Higgs remnant masses and could be dangeroudrom the orientifold point (along a direction that
for low string scale models. In the models discussed conserves baryon number) is considered. Furthermore,
here the only Higgs light remnants are the triplé{s one may note that the correct lepton number for all
These triplets are assigned with baryon number un- fermions and electroweak Higgs fields is reproduced
der (16), thus, all their couplings with ordinary matter by a more general formuld =kQ¢ — %QBfL +(k—
are baryon conserving. However, itis desirable that %)(QR — Q1) wherek is an arbitrary number, and (18)
triplet scalars receive masses (heavier than the proton)corresponds to the particular case= 1/4. This
since if they stay light enough, proton can still decay alternative definition preserves the fermion charges
to them (through baryon conserving processes). Thereput can give different PS Higgs charges. In the case
are two possible scenarios for generating masses for¢ = 1/2 and choosing = 0 we have
these scalars. The first is to assume that the scalar po-
tential — the details of which are not known since this 7 — _§QB—L — }QR + }QL, (19)
is to be provided directly from string/brane theory — 4 4 4
will eventually have some minimum which apart from  which rendersv§, neutral. Thus, lepton number is
symmetry breaking could also providé/f) masses not broken at the level of PS symmetry/g), but
for these scalars. The second is to introduce some extraat the M, scale as the right-handed doublet]),
scalar particles, namely the triplets originating from utilized in this case for the additional(1) breaking,
the sexteD (see (4)) which will mix withd{, and thus are charged. This leads to the interesting possibility
provide masses for them. We may assume a scalar po-that the lepton humber breaking is associated to the
tential of the form breaking of an additional abelian symmetry.
2t — Apart from the low energy values of the Wein-
V=p"DD' +AHHD +c.c. berg angle and the strong coupling, a consistent string

= p?(d<dT +da") model is also expected to reproduce the low energy

T T fermion mass pattern. The PS symmetry implies uni-
+M(dfyd(vy) +d yd o)) + s (17) fication of all \?ukawa couplings.)lThus fgr thiz heav-
wherep and A are appropriate combinations of vevs. iest generation, which is expected to receive mass at
In the casec = 1/2 and in the lowest ordep? = tree-level, we haven, = m; at the brane scale. In
(HH') ~ M%, while » = (hgihg;)/My ~ M2,/ M. an ordinary GUT, the observed low energy difference
Note that due toSU(2) antisymmetry at least two  of the two running masses is attributed to ®id(3)-
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contributions irnmy. In low energy unified models the  general left—right symmetric model has been presented
rangeMy—Mz is too short to account for the, —m, in [13]. The main idea is to consider a bulk right-
difference, however, the required enhancement can behanded neutrino that mixes only with the brane right-
anticipated by the ratio of the gauge couplings given handed neutrino. An additional possibility would be
in (15). In addition, the rest of the fermion masses and to consider masses for the bulk neutrinos along the
mixings are expected to be easily reproduced due to lines proposed in [14], as well as potentially unsup-
the potential presence of extra Higgs doublets (which pressed gravitational matter interactions [32], and uti-
as shown above do not affect the string scale) and gen-lize a generalized see-saw mechanism (including the
eration mixing. Kaluza—Klein excitations of bulk neutrinos) to rec-
For neutrino masses in particular, recent experimen- oncile the experimentally acceptable neutrino masses
tal explorations have shown that it is likely that a cru- with a low string scale.
cial role is played by the right-handed neutriné
which is absent in the SM. In most extensions of the
SM theory,v° receives a large mass of the order of the 7. Conclusions
unification scale. Then, the see-saw mechanism s used
to generate a tiny mass for the left-handed neutrino, In this Letter we have explored a generic Pati—
which is compatible with experimental and astrophys- Salam like model based on ali(4) x U(2); X
ical limits. In the context of a D-brane approach to U(2)g gauge symmetry, compatible with a D-brane
SM one has to assume theft will possibly arise as  configuration. We have found two consistent models
a gauged neutral fermion propagating in the bulk and one with the standard and one with an alternative
explain the light neutrino mass by the smallness of the hypercharge embedding. The former is compatible
brane-bulk couplings, naturally suppressed by the bulk with the low energy data for an intermediate string
volume [12-14]. On the contrary, one important fea- scale of the order of 8 GeV, while the later is shown
ture of the PS extension of the SM model (and left— to be compatible with the electroweak data for a string
right models in general), is that the right-handed neu- scale of the order of 5-7 TeV provided that ié4) -
trino lives on the brane as any other fermion of the andU (2) brane sets have equal couplings & ar)
SM. In addition, a Dirac neutrino mass tedm® (H,,) while theU (2); coupling is about a half of this value
is generated by the coupling; Frh which cannot (ap ~ a/2).
be forbidden as it also generates masses for all the Both scenarios contain an extra abelian factor which
SM fermions. A Majorana mass is also possible from can break at an acceptable scale by vevs of appropriate
an effective termx Fg Fg wherex an appropriate vev  scalar fields incorporated in the models. In the low
combination. These terms lead to the neutrino mass string scale case we have identified lepton number
matrix with a global symmetry of the theory whose breaking
is associated with the breaking of the additional
abelian factor.
v ( 0 (Hu>) (20) Proton stability is assured, as an anomalous com-
v \(H,) « bination of the surplus abelian factors of the original
, gauge group is identified with the baryon number. This
with eigenvaluesnjight ~ “{ﬂ , Mheavy™ kK @assuming combination is to be broken by a generalized Green—
k > (H,). For thec = 0 model the simplest choice = Schwarz mechanism at the string level leaving behind
is k = (H'HT)/My = M2/My which gives ade-  baryon number as an exact global symmetry.
quately suppressed neutrino massesMigr < My ~ The right-handed neutrino is part of the non-trivial
1010 (see Table 2). For the = 1/2 model x = fermionic representations of the theory, while there
(HYH'hghg)/MZ requiresMy > 108 in order to can exist mechanisms which make the left-handed
suppress enough the left-handed Majorana neutrino Majorana mass compatible with recent data. More
masses at an experimentally acceptable range. Henceparticularly, in the case of intermediate string scale
in this case a different mass generation mechanismthe lightness of the neutrino can be guaranteed by a
must be employed. A possible solution applicable in see-saw mechanism at the brane level while in the

m, =
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case of a low energy string scale a generalized see-[11] K. Benakli, Phys. Rev. D 60 (1999) 104002;

saw mechanism incorporating bulk sterile neutrinos
and possibly bulk masses is required.

It would be interesting if the model presented here,
and especially the variation with low string/brane
scale, could find a direct realization in the context of
Type | constructions [33].
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