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Rational unification helps the seesaw mechanism
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In this paper we explore the possibility of intermediate scale physics in the context of superstring models
with higher Kac-Moody leve]dy focusing on left-right and Pati-Salam symmetries. We find that the left-right
scale may lie in the range 1-10'2 GeV, which is favored by neutrino physics, while the Pati-Salam scale is
at most two or three orders of magnitude below the unification dgle We also show that the scale of
B—L breaking can be as low as 1 TeV or so, providing protection against too rapid proton decay in super-
symmetry. Our results allow a natural value for the sddle~10'® GeV and the agreement with the experi-
ment requires the value of €, at My to be in general very different from the usually assumed 3/8.
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. INTRODUCTION 0 mp
( . 2

One of the main reasons to study supersymmetric theories
is that they could alleviate the problem of the gauge hierar-
chy. The minimal supersymmetric extension of the standarg,pere m, are the Dirac masses of the neutrino. If
model (MSSM) leads to a remarkable predictida]: The <M then the masses of the right- and left-handed neu-
gauge couplingsys, a,, and a; of SU(3)., SU?2),, and R
U(1)y, respectively, are unified at a scabg r=2x 10
GeV [2] through the relation

mp M,

trinos areM Ve and sz/M ] respectively. For the

seesaw mechanism to give us the neutrinos masses, the large
scaleM - should be predicted. Normally, one associates this

scale with the breaking of somgauge symmetry. For ex-
ample, this can be naturally implemented if at some interme-
az(Mgup) = ax(Mgur) = 2a1(Mguy). (1) diate scaleM, the symmetry is enhanckdo a left-right
group[5].
In the standard model, left-handed quarks and leptons are
While very exciting, this result rests, however, on the hy-doublets of SW2), , while their right partners are singlets. In
pothesis of the “big desert scenario,” which states thateft-right models, the explicit violation of parity is replaced
“nothing” happens between the scale of supersymmetryWith a spontaneous one, rendering our world more symmet-
breaking (~ TeV) and the scale of unification{Mg_7). At  1C. In fact, right-handed quarks and leptof@d thus neu-

higher energies the normalization facof U(1)y allows trinos tog appear now also in doublet representations, but
one to embed SU(3X SU(2), X U(1)y in a grand unified under another gauge group SUE2)To relate these models
theory (GUT) group SU5), SQ(10), ... . to the MSSM, one has to introduce two scales: the scale of

There are obvious reasons to look beyond this big deseR211Y Preaking,M iy, and the scale of S@)g breaking,
scenario. The main one is the possibility of detecting somé"r, With 0bviouslyMg=M paiyy. It is then natural to relate
new particles at future colliders. This needs the intermediaté'€se scales dd, ~Mg andM pait,~ Mg OF M parity~ M.
scale physics to be of the order of TeV, which is usually hard The simplest realization of this idea needs the introduc-
to obtain naturally. This is the case, for example, of extration of a Higgs triplet of SU(2), usually denotedAg,
gauge bosons or more exotic such as an extra dimension. which gets a vacuum expectation valll; . Anomaly can-

Another important motivation for intermediate scales iscellation imposes the presence of another figlg. If one
the question of neutrino masses. In the MSSM neutrinqyants to haveM iy Of the order oM, tripletsA, +A, of
masses are made to vanish by hand, through the requiremesty2), must also be introduced. A natural question to ask is,

of the absence of their rlght—handed partners. If the latter arg/hat happens to the gauge Coup”ng unification when these
present, the small values of neutrino masses could naturallyew states are present?

come from the seesaw mechaniEdpd]. If right-handed neu- |n all previous analyses, the unification of these models

trinos get Majorana masses at some SMI%, one expectsa was Supposed to appear inside an(BI gauge group, and

mass matrix of the form the above triplets arise froi26 representations. It is easy to
:Electronic address: benakli@ictp.trieste.it IHereafter, for us M, will denote any intermediate scale,
Electronic address: goran@ictp.trieste.it Mw<M, <My, whereMy is the unification scale.

0556-2821/96/5®)/573411)/$10.00 54 5734 © 1996 The American Physical Society



54 RATIONAL UNIFICATION HELPS THE SEESAW MECHANISM 5735

see that unification constraints then imply thég~Mgyr,  €ls have been found to be very difficult to build. They also
thus preventing the existence of such an intermediate scalgllow the presence of larger representations, leading to phe-
Thus these models were studied without referring to unificanomenological problem§8]. For these reasons, they have
tion. Moreover, newad hoc and more complicated states been mainly disregarded. Recently, sofstl unsuccessful
are often introduced with the only purpose being to lead taattempts have been made to build such theories, with
SQO(10) unification. ks=k,=2k,=2, trying to embed the standard model in
In this paper, we want to study the possibility of string some GUT group and explain tlaepriori arbitrary normal-
unification with arbitrary Kac-Moody levels for these mod- jzationk, of U(1)y [9,10.
els. In fact, these simple models with triplets of SU¢Zye It is worth noticing that thefield theoretical direct uni-
the first phenomenologically interesting ones, well motivatedication of gauge couplings, which is the remarkable predic-
by 'the seesaw mechanism, WhICh woumlek?q stringy unifi- - tion of the big desert scenario, takes place at a scale
catlo_n Itis WeI_I known that this type of unification does_ not M cur=2X 106 GeV. However, in contrast with the case in
require the existence of a GUT 9f°‘¢';$’ee below. We will ¢ Id theory, the unification scalel g in string models can
see below that, in contrast to all previous analyses, values (HZ predicted. Within some large class of models, it was

S|n2_0W at the unlflcatlon scale very different from ’o_’/8 could found to beM g ~2+/agx 10° GeV, nearly two orders of
be in agreement with the experimental data. We will also Use ~ anitude biager tha [11]. Some ideas have been
this opportunity to make some useful comments on the mod- g gger thalcur ' .
els. presgnted to reconcile the two scales. They fall into two cat-
. . . _egories.
In Sec. Il we review the problem of gauge couplings in ) .

string theory. This will also allow us to define our notations In th? first cat'egor)_/, one tries tp push doMy, towarq
and strategy. In Sec. Il we will discuss the models and then SUT either by invoking large string threshold corrections
determine some sets of values for Kac-Moody levels leadin 12] or by arguing on the possibility of a unified evolution of

to gauge couplings unification. Comments of the results an |oensgar$§vee ngpl'ggz ?ggvtvuiin;h;i;fw; ;cale/sMThese solu-
conclusions are given in Sec. IV. 9 Msur/M pranck,

which could be associated with some explanations of the
fermions mass spectrum or with the strength of the fluctua-
tions in the Cosmic Background Explor6€€OBE) observa-

A. String unification and the MSSM tions. Unfortunately, the needed large thresholds do not seem

. . . to appear naturally.
Superstring theory is considered today as a good candi In the second category, one tries to pudhy; toward

date for the unification of all known interactions, as we hOpeM This involves either the modification of the hyper-
that it cpntains a finite theory of quantum gravity.'l't is .thus hzl;g'ge normalizatiotsuch a&k, ~ %) [13] or the presence of
always important to readdress the question of unification Ogome extra particles in sorﬁe 3intermediate (enlf14]
ga?ﬁi;g?gg;g%im 't;ggzéiXtéll the gaund the gravita- These particles could be standard like or exotic fractionally
9 ' 9 9 charged onef§l5]. These last possibilities are a clear aban-

tional) couplings are given by the expectation value of a ;
particular field: the dilaton. Moreover, the four—dimensionaldon Qf the big de.se” scenaiibe]. In fact, the_y seem natur_al
solutions as string models usually contain more particles

space-time gauge symmetries are associated with an apprt )an the MSSM ones in the massless spectrum at the string

priate Kac-Moody algebra on the two-dimensional StringIeveI and some of them could be lying somewhere between
world sheet[6]. To a Kac-Moody algebra corresponds its i : ying
the TeV and the string scales.

level, a positive parametek; (integer for non-Abelian
groups, which determines the corresponding tree-level
gauge coupling constamt;, in terms of the four-dimensional
string coupling e, aj=ag/k;. Since at the string scale Below, we would like to investigate th@ext to minima)
a;la;=K;/k;, which are rational numbers, we have coinedsituation where some intermediate scale appears correspond-
this rational unification. The values of the levels also con-ing to some symmetry breaking, with a minimal particle con-
strain the allowed unitary representations present in the chtent motivated by some phenomenological reasons. We ask
ral massless spectrufii]. about the possible existence of string unification for these

A natural question to ask then is, what are the values ofmodels. This corresponds to determining if there exists a set
the levelsks, k,, andk; associated with the standard model of levelsk;’s compatible with it. Most of such models con-
gauge groups S@)., SU2),, and U(1),, respectively? In tain some large representations that need some high-level
most of the models built up to nowg=k,=1, while k;= Kac-Moody algebrag17]. With our actual knowledge of
2. These level-1 constructions have the nice feature of exeonformal field theories, building such compactifications is a
plaining the presence of only singlet and fundamental chirathallenging problem. In realistic models, we would also have
representations in the standard model. However, they genete explain why and how only the wanted particles appear at
ally suffer from the presence of fractionally charged particleshe low and intermediate scales. In particular, some represen-
in the massless spectrum at the string level. Moreover, th&tions (of smaller conformal weight than the ones consid-
most popular value df; =2 does not allow one to embed the ered for examplecould (probably would appear and spoil
MSSM in a GUT group because of the absence of chiral
adjoint representations.

In principle, arbitrary higher Kac-Moody levelskd, 2Such normalization does not appear in known level-1 construc-
k,>1) are allowed. However, the corresponding string mod+ions.

II. STRINGY UNIFICATION OF GAUGE COUPLINGS

B. Stringy unification with one intermediate scale
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our analysis. In view of the above discussion, we will not try  We would like to have some reasonable constraints on the
to answer these problems, but being less ambitious, we withllowed values ok;’s. We first notice that the string unifi-
constrain ourselves to the analysis of the gauge couplingation scale is predicted to be of the order of

unification in such hypothetichtases. We plan to study the

possible effects of extra matter states in the future.

We restrict our analysis to the one-loop unification of Mgu=2\ayX 10 GeV
gauge couplings in some particular supersymmetric models.
We mainly consider the possibility of one intermediate scale =2a;jk;x 10" GeV

M lying in the region between the supersymmetry-breaking
scalemg and the unification scal®ly .

Below M,, the gauge group is the standard model i 8 i
SU(3).x SU(2). X U(1)y with corresponding Kac-Moody e would like to keepMgy= 10°® GeV<M pjancyc AS i
levelsks, k,, andk, satisfying some constraints arising from &ll OUr casesas=1/25, this means thag should not exceed

the particle content of the model below the string sqale & humber of rc])rder. 100. A sftronger constra|gt I?OUId come.n‘h
More precisely, a representation;(r,. . . .f. 0y, ...q.) V€ assume the existence of an extra non-Abelian group wit

of SUN;) X - - - X SUN.) X U(1); X - - - X U(1).., of levels & smaller levek<<kj thank;=<25k. Moreover, another con-
K ( kL) Ky - -ky (h?a)s a c(:or)#ormal Weggr)]f[“ dition that could be imposed on the levels is
177 Nm n’

=2\ a3k;x 10" GeV. (6)

n _ 2 tks+ 1k, + Tky=integer, (7
h=2> k+—C(N,)+2—J- 3) - . .
N, i) J=1 Ry which is required in order to avoid the appearance of frac-
tionally electrically charged particles in the massless spec-
This state to be present in the string massless spectrum neeigidm [7]. If this condition is not satisfied, these undesired
to haveh<1. particles could, however, still get masses of the drdiéy .

In the minimal case of MSSM contenkg and k, are  Notice that what we mean by charge quantization is that all
positive integers whilé;, =1. Notice that the case where all Color singlet states have a charge which is integer multiple of
the levels go to infinity corresponds to the field theory limit the electron charge. In orbifold compactifications, for in-
as the string scale goes to infinity and all the representatior&ance, it has been shown that a weaker charge quantization,

are allowed. Unification is meaningless in this limit. where the elementary charge is a fractioN {N<12) of the
The associated effective couplings at the supersymmetr§lectron charge, can be imposfi8]. _
breaking scaleng are given, at one loop, by In Eqg. (4) we have absorbed the unknown string threshold

corrections(usually denotedd;) in the definition of My,
which can then be different from the computed vaMe.
1 K b M b’ M While the natural value of M is =10™ GeV, for practical
-y —iln(—') _‘|n(_><> (4)  computations, we allow it to take values betweer®XBeV
ai(mg)  ag 27w \mg/ 27 |\ M)’ and(more natural valuel0'® GeV. The former value has the
advantage of introducing naturally a small ratio in the theory

whereb; andb/ are the one-loogs-function coefficients in and thus it is often considered as a good value in the litera-

the corresponding energy domains. They are given by ~ tUré. - _ _
In addition toMy, our other inputs are of two kinds: As

experimental inputs without our one-loop approximations,
the values of the strong, electromagnetic coupling constants

b= —3C(G;)+ 2 T(R), (5) atmy, ag=as, agn= a1a,/(a1+ ay), respectively, and the
repsR; weak angles=sirf6,=a;/(a;+a,) will be taken in the
range

where the quadratic Casim(G;) of the groupG; equals
N for SU(N) andN—2 for SON). The indexT(R;) of the

matter representatioR; is equal to} for chiral supermultip- aem=1/128 0.2365<0.233, and 0.1% as=0.13;
lets in the fundamental representation of 8J( while it is ®)
given by the sum of the squares of charges in the case of o o

u(d). as theoretical inputs, we takes=m;, which is usually a

The perturbative unification at the scaléy imposes a 900d approximation at one loop. Below,, we will make
strong constrainkr,/k; <1, which rules out the possibility of the assumption that the massless spectrum is the one of the
a low M, scale in most of our models. MSSM with three generationsig=3) and two Higgs dou-

blets (hy=2). The coefficientd; take the values

3Neither the MSSM nor its phenomenological viable extensions
(even some versions with extra chiral matter with &ppropriate “4If they are confined at very high scale by some extra gauge factor
spectrumneeded to raise the unification sgal@ve been by now [15,19 or get a mass through one of the mechanisms discussed in
derived from strings. [27].
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bs=—9+2ny=—-3, b,=—6+2ng+ny/2=1, b;=(10/3ng+ny/2=11. 9
Our strategy is to solve E@4) in order to get the ratiok; /k, andk,/k; as a function of Inf1/M,):
ky 1—-s—(aem/2m)[b1IN(M,/mz)+(b;—b1)IN(Myx/M )]

K2~ S (@en/2m)bn(M,/my) + (b By IN(Mx/M )] (10
_(s/aem)—(llza-r)[bzln(M,/mz)+(b§—b2)ln(Mx/M,)] 11
27 (Uag) — (12m)[baIn(M, /mz) + (bz—bg)In(My/M )] (D
|
By plotting these functions as well as the valuesagfk;, If we wish to have the MSW explanation of the solar
which have to remain small, one can read the allowed interneutrino puzzle(through ve-v, oscillations, a preferred
mediate scale and the corresponding ratios of levels. value for the intermediate scale becomds=10"° GeV,
with

lIl. MODELS WITH INTERMEDIATE MASS SCALES
~ —7 ~ —3 ~
A Models m,, 10 eV, m,,# 10° eV, m,_ 1 eV, .
We want to focus on a single intermediate scale, although

we shall also discuss a case with two such scales. Our analyy which casev, can play a role of dark matteor some
sis continues the analysis [df7] and it is parallel to the ones  fraction of it). Because of the uncertaintiesfim, , we quote

for SO(10) unification. There are four possible rank-5 gaugepis asM,=108—10"2 GeV. In this caseB— L does not pro-
groups at the intermediate scale, with their respective levelgect the proton from decaying too fast.

(@ SUB)XSU(2) XU(1)rXU(1)g- with levels A spontaneous breaking & parity giving a vacuum ex-
Kg, Kz, kg, andkg_, . This model has two nice features if pectation valugVEV) to the sneutrind7g) could lead to
the scaleM, lies in the TeV region. On the one hand, it yroton decay through a dimension-4 operator in the superpo-
predicts the observation of a new vector boson at future cokentjal. One then could introduce a discrete symmetry or look
liders, and on the other hand, tie—L gauge symmetry for models where such operators are forbidden by some
forbids the appearance afnonrenormalizable operators string selection rules.
leading to fast proton decay. Another possibility to get rid of this problem is to break
(b) SU(3)cxSU(2) XSU(2)rXU(1)g- with levels the group in two steps: first, to SU(3YSU(2),
Ks, ko, kor, @andkg_, . In addition to the aesthetic beauty of x y(1),x U(1)g_, and then to break it again at the TeV
parity as a symmetry5], these models can explain small scgje to the standard model group, protecting the proton from

neutrino masses through the seesaw mechaf§mTwo  gecaying too fast. We will investigate a minimal version of
cases are priori allowed and will be analyzed below. The this scenario too.

first case corresponds to the direct breaking to the standard (c) SU(4).XSU(2), xU(1)g with levels k,, k,, and
model at the scal#!, . If this happens at the TeV scale, then k= This partially unified model provides a symmetry be-
B—L symmetry protects the proton from decg3l]. The  tyeen quarks and leptons.

model predicts then the observation of extra neutral and (g) SU(4). X SU(2), x SU(2)g with levels k,, k,, and
charged gauge bosons. However, in the natural approximg,, . This Pati-Salam partial unification is the minimal uni-
tion that the neutrino Dirac masses are of the same order 3gation based on a simple group of the standard gi@3)

the corresponding charged lepton masses, the seesaw mechgy offers both left-right symmetry and quark-lepton unifi-
nism leads to a spectrum of too heavy left-handed neutrin@ion.

masses overclosing the universe.
Namely, withmp=m; andM , =1 TeV, we predict L _
R B. Unification constraints
m, = 1 eV, m, = 10 keV, m, = 1-10 MeV. 1. SU3) . x SU(2), X U(1)gX U(1)g_,

(12 The minimal content of matter is just the MSSM

Now, v, can in principle decay through the weak currents,SpeCtrum plus three chiral superfields with quantum
v —ete v, by assuming the Cabibbo-Kobayashi- "umbers vg=(1,1,-1/2,1) under the SU(3)SU(2).
Maskawa-(CKM-) like matrix in the leptonic sector. The *<SU(2)rXU(1)s-L group, which can then be identified as
case ofv, is more problematic, and it requires the presencdight-handed neutrinos. The condition imposed by the pres-
of A, , a left-handed analogue af [22]. ence of these states on the Kac-Moody levels is

On the other hand, if all’s are lighter than 10—100 eV,
then we have no problem with the overclosure of the uni- L.t
verse, andA|’s are not necessarily present. In this case we dkg  kg_|
have a constraintv VR>108 GeV (assuming the relation

mp=m, as in the above The levelk, given by

<1. (19
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kg—L TABLE |. Examples of values of Kac-Moody levels
(15 (Ks,Kz,kq) of SU(3):XSU(2) xU(1)y, allowing for SU(3),

kl: kR+

4 ><SU(2)2L><SU(2)R>< U(1)g_. at an intermediate scale of order
can take the standard vallig=5/3. When one of the new M, =107 Gev.
fields (vg) gets a VEV, it breaks one combination U(19f  (n,,, n, , n, ) My (GeV) M, (GeV) ()
U(1)gX U(1)g_ , leading to an extrd’ massive vector bo- =7
son at the scal,, while it leaves the hypercharge U(l) (1,00 10%8 10t (99,10
with Y=Qg+ (B—L)/2 unbroken, wher@g is the generator (1.0, 10 10" (6,59
of U(1)r. How would the neutrinos get a mass in this case1,0,2 10 10t (75,9
One possibility is then the mechanism suggestef2j. A (2,0,9 10'® 10'° (10,10,12
seesaw mechanism is obtained through the mass matrix b&2,0,2 10" 10* (25/2,10,1}1
tween the left and right neutrinos and the gaugino partner of2,0,1 10% 102 (6,4,9
Z'. This, however, gives a mass only to the neutrino whosé1,1,1) 108 1012 (6,8,19
partner got a VEV. The other neutrinos presumably get1,1,) 10t 10t (6,6,10
masses through some nonrenormalizable operators. (1,1, 10% 1010 (5,4,6
Another possibility is to explain neutrino masses by the(2,1,1) 108 1012 (9/2,6,12
usual seesaw mechanism. The gauge symmetry breaking (s 1,1 10Y7 101t (5,5,9
achieved by giving a VEV to some extra state with gauge? 1,1 1016 1010 (5,4,7
numbers(1,1,1-2) [one also introduces a (1;21,2) rep-
resentation to cancel the(l) anomalie$ Then one has the i ] )
condition Ny, =0 [24]. The Ak field, when it gets a VEV, breaking SU
(2)gXU(1)g_, to U(1l)y, gives a Majorana mass to the
1 4 right-handed neutrino.
ot <L (16) The coefficients of thgs functions of SU(3), SU(2)_,
RTB-L andU(1)y aboveM, are
which implies thakg>1 andkg_| >4, and sck;>2. As the bé=—9+2ng+ Nz, by=—6+2n4+ n22+4n5L+ n,,

new states couple equally to all the neutrinos, they generate
small masses to all of them through the seesaw mechanism. bi=—6+(10/3ng+ Nyt 6N, +10ny5 + g, (17)
An important question to raise is, what are the expected val- R
ues for the Dirac masses? In the general case we are consi@éspectively. In all of the discussions below, the numbers
ering, it is not possible to make a model-independent staten;, n,, andn; will parametrize thgunknown contributions
ment. As the right-handed neutrinos and electrons are of extra particles that could appear at this scale. Unless ex-
priori independent and could come from different sectors oplicitly stated otherwise, we takey=3, n;=n,=n;=0.
the string compactification, having different moduli depen-The normalization of (1) is given by
dence, the relative Yukawa couplings could be very differ-
ent. Having smaller values fomp corresponding tov, k1=k2R+E. (18)
would allow a low scaleM, . 4

In any case the gauge couplings of SU(3) The minimal values of levels are,g=2, kz_, =8 (hence
X SU(2), X U(1)y are not affected and evolve in the same, v oitn. 40.0 dRF ,t B-L™ bl )
way as in the MSSM, with the new appropriate normaliza-<1=4)- k2=2 if n5 #0. One can define wo possible cases:
tionsk; . The scaleM, is only constrained by collider experi- One with equal couplings for SU(2)and SU(2}, implying
ments, and the corresponding gauge coupling oKz=kzr andk,;=k;+2, and the other with different cou-
U(1)’ can be now computed, becausevhg it is equal to the  PliNgs ko #kr. In the more symmetric case, one has the
one of U(1)y (k'=kg+ks_,/4=k;) and the associated constraintk;/k,=1, the equality corresponding to— .
B-function coefficient is knownb, or b; +2= 13 in the first Th|s constraint is too restrictive, and it leads us_ually to large
and second examples described above, respectively. At lofptermediate scales. We W|II_ relax this constraint and qllow
energies, the corresponding coupling is equal or smaller thaf@" K2# kar. Hencek, /k,<1 is allowed, and the limits will

the hypercharge one. come from the perturbative unification limit om; at the
unification scale.
2. SU(3) X SU(2) X SU(2)gX U(1)g_, We_ have ma(_j_e th_e analysis for different particles conter_lt
. . _ : o . and different unification scales, and we present our results in
This case is more interesting because it is more restrictrgpies 1 11 and 11l and Figs. 1-13. In particular, we studied
ing. The minimal matter content of the modelrig genera- e following cases.
tions of matter representationsQ=(3,2,1,1/3), Q° (i) nzz=1,n, =1, andn, =0. The results are plotted in

— _ — _ c_ .
=(3.12-1/3), L=(1,2,1,-1), andL (1’1’2.’1)’ which . Figs. 1 and 2. This model could be made more symmetric if
correspond to the quarks and leptons. There is also a Higgs

sector consisting im,, bidoublets(1,2,2,0 andn, pairs of o c explaind,, =0 through the introduction of some parity

. — t odd singlef24]. While from the figures one can read that the
SU2), triplets {A =(1,3,1,2 A =(1,3,1,-2)} as well i iormediate scale as low as a few TeV is allowed by the
as Ny, pairs of SU2)r triplets {Ar=(11,3-2)  (ynning of the couplings, the neutrino spectrum forbids it. In
+Ag=(1,1,3,2} and a possible parity odd singlet to make fact, as discussed above, one gets a too hegvywhich is
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TABLE Il. Examples of values of Kac-Moody levels m

(Ks,kz,kq) of SU(3):XSU(2), xU(1)y, allowing for SU(3),

X SU(2) X SU(2)sXxU(1)g_, at an intermediate scale, leading to 35

charge quantization.

(N22,Ny . NaL) Myx (GeV) M, (GeV) (ky.kz,k3) Las
(1,0, 10 10’ (22/3,10,11 %1 ]
(1,0, 10V 10 (12,12,12 Yea
(1,0, 10% 1085 (19/3,5,5 0y ]
(2,0, 108 1015 (10,10,12
(2,0 10" 10%2 (44/5,8,9 er |
(2,0, 10'6 101 (44/3,12,13 ] )
1,1,) 1018 1013 (32/3,12,19 v .
(L1Y 107 10 (812,29 A o -
(1,1, 10'6 1085 (12,12,2)
2,1, 108 10 (32/3,12,22 . \ . , . , . .
(2,111) 1047 10115 (40/3,12,2@ 0 2 4 6 l Ms 10 12 14

6 15 ogi0(37)
2,1, 10t 10t (52/3,12,17

FIG. 1. Values of 14,,1/a,, and lkg at the unication scale
My=10' GeV as a function of the position of the intermediate
scaleM,, for model(b i) (the lines are doubled to represent mini-
mal and maximal valugs

stable because of the absenceAgf, thus overclosing the
universe. We then have a constraMi{=10" GeV as dis-
cussed above.

If one insists on the equality of left and right couplings,

then fork,=10, we getM,=10'5, 10, and 16 GeV for Tables I-Ill give some possible values of the Kac-Moody
My= 10, 10", and 18° GeV, respectively. A possible set, levels consistent witiM, of the order of 18°-10'2 GeV or
for My=10' GeV, isky=11, k,=k,g=10, andkg_, =8. electric charge quantization, respectively.

(i) nyy=2, Ny.=1, andnAL=0- This case is quite similar (v) We WQU|d Iik_e_ to_invest_igate t_he possibilitfrom t_he
to the first one. As we are interested in laryg (=102  9auge couphng unification point of viewo have glow-lylng
GeV), the ratiok, /k, is not sensible to the number of bid- (B—L)-breaking scale around the TeV, protecting the proton
oublets as shown in Fig. 3. The addition of the extra bi-TOM decaying, and a left-right breaking scale at an interme-
doublet is helpful to generate a correct Cabibbo angle. wdiate scale. These two intermediate breaking scales could be
present the corresponding results in Figs. 4 and 5. achieved, for example, with the following set of representa-
(iii) npp=1, ny_=1. This is the minimal fully left-right tions (in addition to the quarks, leptons, and Higgs bogons

. : . - BetweenM, andMy, we haven,, pairs of SU(2) trip-
symmetric model allowing for seesaw “explanation” of the .
neutrino masses. For this model we present our results i“?ts{AL:(1'3’1’2}FAL:(1’3’1'_2)}’ Ewell as1y, pairs
Figs. 6 and 7. From these figures, we can see that now thef SU(2)g triplets {Ar=(1,1,3-2)+Ar=(1,1,3,2} and
scaleM, cannot be as low as 1 TeV; otherwise, the hyper-
charge coupling will blow up before the scaley . In order
that this does not happen, we get the lower value of
M,=10" GeV.

(iv) ny,=2, Ny =1, andnAL= 1. This is the most popular ok
model. As the perturbative condition of the couplings does .} o _
not allow smallM, , the contribution of the second bidoublet
is small. The results are displayed in Figs. 8 and 9. The end
result is again that the region #8102 GeV is perfectly
acceptable. 0s b ko ks ‘

Thus one can have a realistic left-right model in the con-
text of strings with the MSW mechanism and as (some 06 ‘ .
portion of) the dark matter of the universe.

—
T
1

04+ b
TABLE Ill. Examples of values of Kac-Moody levels

(k3,kp,k1) of SU(3).xSU(2). XU(1)y, allowing for SU(4).
X SU(2)_ X U(1)g at an intermediate scale and charge quantization.

SU@)1 x SU@)r x UQ)p_1,

(na2, na, s nag)=(1,0,1) -

My (GeV) M, (GeV) (Ky Ky, Kg) 0 2 4 5 s 10 12 14
10910(7.71‘;‘)
108 108 (4,20,19
10 102 (5,15,12 FIG. 2. Values ok, /k, andk, /ks, as a function of the position
1016 104 (4,8,6 of the intermediate scal®, , for model(b i) with My=10'® GeV

(the lines are doubled to represent minimal and maximal values
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1.6 T T T T T

SU2); % SU@)r x UQ)p_1

0.2 F (n22, nay, nag)=(1 =+ 2,0,1) g
0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
10910(%44",‘)

FIG. 3. Variation of the values df; /k, andk, /ks, as a function
of the position of the intermediate scalg, , when the number of
bidoublets is increased to twWaodel (b i)— (b i) with My=10®

1.6 T T T T T

SU@)L % SU@)r x UL)p-s
0.2 + (n22, ma,s nag)=(2,0,1) B

0 ! 1 .
0 2 4 6

logio(

§L§oo -

)

FIG. 5. Values ok, /k, andk, /ks, as a function of the position
of the intermediate scal, , for model(b ii) with My=10'® GeV
(the lines are doubled to represent minimal and maximal values

GeV (the lines are doubled to represent minimal and maximal val-

ues].

nr, SU(2), triplets T, =(1,3,1,0) and correspondinlgTR

SU(2)g triplets Tg=(1,1,3,0). AtM, the neutral component
of Tr gets a VEV and it breaks SU(R)to U(1)z. The

B-function coefficients are given by
b3=—9+2n4+n3,

b2: _6+2ng+ n22+4nAL+2nTL+ n2,

b;=—6+(10/3)ng+nyp+6ny +100, +2n7 40y,

40 T T T T

(19

35 -

30
1/as

SU@)z x SU)r x U(l)s-s
51 (n22, nag, nag)=(2,0,1)

0 L L L I L L

0 2 4 6 8 10 12
10910(%“,‘

FIG. 4. Values of 14, 1l/a,, and 1k; at the unication scale

14

For our analysis we takeg=3, n;=n,=n3=0, nyp=1 or
2,ny =1,ny =1, andnTL= nr =1.

At M, where the new field'g is supposed to get a VEV,
some of the above particles become massive and decouple
from the running of the coupling constants beltty .

A complete analysis of the minimization of the full super-
potential shows that below,, in addition to the particle
content of the standard model, only the neutral component
A% of Ag and all of Ag and A, may remain massless. We
found that the intermediate scale is then at most two orders
of magnitude belowM . An exhaustive study of the model,
including the phenomenological implications, will be pre-
sented in a future publicatidr25].

40 T T T T T T

35 b

30 b
1/as

25

20

15

SU@)L * SU@)R x U(Lae \

5 (n22, nag, nag)=(1,1,1)

logio(57)

FIG. 6. Values of 144, 1/a,, and 1k at the unication scale

My=10"® GeV as a function of the position of the intermediate M= 10'® GeV as function of the position of the intermediate scale
scaleM, , for model(b ii) (the lines are doubled to represent mini- M,, for model (b iii) (the lines are doubled to represent minimal

mal and maximal valugs

and maximal values
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1.2

0.8

0.6

0.4

SU@) x SU@)n x U()p_1, SU@)L x SU@)r x U(1)p_1

0.2+ (n22, na, nag)=(1,1,1) 02k (na2, nag, nag)=(2,1,1)
0 . ‘ , , 0 . , ,
0 2 4 6 8 10 12 14 0 2 4 M 6 8 10
[0910(%) logw(T,fI‘)
FIG. 7. Values ok, /k, andk, /k3, as a function of the position FIG. 9. Values ok, /k; andk; /ks, as a function of the position

of the intermediate scal, , for model(b iii) with Mx=10'Gev  of the intermediate scalll,, for model(b iv) with My= _1018 GeV
(the lines are doubled to represent minimal and maximal values (the lines are doubled to represent minimal and maximal values

3. SU(4) X SU(2) X U(1)g we have njp pairs of representations (10;41) and

. — (1_0,1,1) necessary to break SU(K)SU(2), X U(1)g to the
In this case, the quarks and leptons are unified in the samgy(3).x SU(2), X U(1)y
R .

representations of SU(4X SU(2), X U(1)g, leading to pre-
dict the existence of the right neutrinos and the size of their
expected Dirac masses. In addition to the quarks and leptons ki=2k,+kr, ks=Kkg. (22
in the nq representations,

The standard model levels are given by

The associate@-function coefficients above the intermedi-
ate scale are

(4,2,)+(4,1,-1/2)+(4,1,1/2, (20
by=—12+2ng4+6n1p+ N3, by=—6+2ng+n,+n,,
andny, electroweak Higgs representations bj=—8+(10/3)ng+ny+24n,0+ ;. (23
We made the analysis fomg=3, n;=n,=n3=0,
(1.2-1/2)+(1,2,112, (1) n,=1, andn;,=1. We display in Figs. 10 and 11 the results

40 T T T T 40 T T T T T T

35 - 35 F 4

» \1/0‘1 1/ | or )

25 < 25 k= 1/az

20 . a0k

10 10 -

SU@), x SU@)r x U1)p-z

5 (22, ma, nag)=(2,1,1) 5L
00 2 :; <Is 8 10 00
10910(%%) 10910(%2,‘)
FIG. 8. Values of 144, 1/a,, and 1k; at the unication scale FIG. 10. Values of 1,1/a,, and 1k at the unication scale

My=10"® GeV as a function of the position of the intermediate My=10'® GeV as a function of the position of the intermediate
scaleM,, for model(b iv) (the lines are doubled to represent mini- scaleM, , for model(c) (the lines are doubled to represent minimal
mal and maximal values and maximal values
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1.6

0

FIG. 11. Values ok, /k, andk, /k;, as a function of the posi-
tion of the intermediate scal®l,, for model (c) with My=10'8

logio(5%)

40

30 -

1/as

25

20

SU2), x SU@)r x U(1)s_z,

(n22, nar, nar)=(2,1,1)

1/ with singlets

1/a, E

0

2

4 6 8 10
10910(%})

FIG. 12. Variation of the values of &4, 1/a,, and 1k; at the

unication scaleM y=10'8 GeV as a function of the position of the

GeV (the lines are doubled to represent minimal and maximal valintermediate scal®,, for model (b iv) whenB—L charged sin-
ues. glets are introduced.

~1018 i _ . . :
for My=10"* GeV. In Table Ill, we give some values of g actual known trick to get such models is to notice that if
levels, allowing intermediate scale and electric charge quarg;ou take the “diagonal” part of the product of factors of
tization. the same grous at level 1, you generate a gauge group
G of leveln. This method cannot generate the minimal spec-
) . trum considered above. For instance, a triplet of(ZU
The Pati-Salam group needs large representations to ggbmes from the product of two doublets and thus is always
broken to the standard model one. The contribution of thesﬁccompanied by a singlet. We have considered the effect of
particles to the running of U(1)would make this coupling the additional singlets carryinB—L charges on our analy-
blow up very close taV, . In fact, M, is typically two to  sjs. We found a notable effect. As an example, the deviation
three orders of magnitude belolty when the latter goes for model © iv) is plotted in Figs. 12 and 13.
from 10'® to 10® GeV. Hence it is not very appealing as an  we would aiso like to compare with the case of usual
intermediate scale, since Only for a low ValueMt( does it Supersymmetric SOO) GUT. That case Corresponds to
become interesting for neutrino physics. ky/k,=3 and kz=k,. From the analysis of our plots, it is
obvious that there cannot be an intermediate scale with the

4. Pati-Salam group SU(4)x SU(2)_ X SU(2)g

IV. DISCUSSION AND CONCLUSION

Our results are mainly qualitative and need some com-
ments. The maximal values df, /k, are obtained in the
absence of an intermediate scale. They vary between 1.4 for ;4
My=10'® GeV and=5/3 for My=10'® GeV, confirming
previous analyses for the MSSM. In the minimal models, we 1
found that interesting values of the scdly are allowed.
Furthermore, since renormalization group equations usually
make the U(1y coupling increase with energy faster than
the SU(2) one, sikf, at My is typically larger than 3/8. 08
Also, the necessary levels are often large, especially when
one imposes the conditiofY) for charge quantization. The 0.6
cases of large values &k could be improved if one allows
the presence of an octet of &), for example. An increase 0.4
of precision of our analysis, by improving the uncertainty on
ag and by a serious two-loop analysis with the thresholds o
taken into account, could constrain the allowed values of the
unification scale or intermediate scale for some of these o ' .
simple models. For instance, in modél (), ky/k, is con- ° )
stant, and if it takes a value such as 1.02, we cannot associate
it with two small integersk; andk; (k3=25). FIG. 13. Variation of values ok, /k, andk,/ks, as a function

We would like to comment about the actual status ofof the position of the intermediate sca¥ , for model(b iv) with
string model building of higher Kac-Moody level models. My=10" GeV whenB—L charged singlets are introduced.

SUQ2)p x SU@2)r x U(1)p-L

(naz, nar, nar)=(2,1,1)

kyfk;
(with singlets)
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content considered in this paper. The introduction of an in- We have focused on left-right and Pati-Salam symmetries,
termediate scale would there necessitatadrmocintroduc-  and our analysis shows thikg can be as low as 20GeV or

tion of a set of particles necessary fiiting the experimental so, and furthermore the validz=10'"-10" GeV, interest-
data with a possible unification in an §ID). From this point  ing for neutrino physics, is perfectly consistent with unifica-
of view, the beauty of the prediction of the MSSM for a tion constraints. In the case of two-step breaking, we can
unification of couplings is totally lost. haveMy asM, in the range 18-10'! GeV, while allowing

Two kinds of string constructions of these GUT'’s havethe B—L gauge symmetry to remain unbroken all the way

been investigated by now, using the method sketched aboveiown to 1 TeV. Among other effects, this can save the pro-

The first uses fermionic constructiof6]. In this case, it ton from decaying too fast, which is a generic problem in
has been obtained that possible Kac-Moody levetsmal-  supersymmetric theories.

ization of anynorrAbeliangroups arek=1,2,4,8. This al- For the Pati-Salam scallps we find that it has to be
lows only for ratiosks/k, equal t0,7,3,1,2,4,8, which is  quite large, some two to three orders of magnitude below
not satisfied in most of our cases. My . Only if we pushMy down to 13° GeV (not so appeal-

The other analysis uses orbifold constructipb8], and it ing to u9 can we keepM psas low as 18 GeV to provide an

indicates that some extra states, the part of the adjoint thagteresting intermediate scale.

are not destroyed by the Higgs mechanism, must remain An optimistic point of view would be that these models

massless at the GUT scale. They are in representations can have interesting intermediate scales, allowing a correct
string unification scale and charge quantization. A pessimis-

(8,1,0+(6,1-2/3+(6,1.2/3+(1,30+(13.9+(1.3-1) tic point of view is that the predicted values of the associated

(24) Kac-Moody levels and the lack of knowledge of how to

or build such theories make it hopeless to construct these

simple models in the near future, and they can only be stud-
(8,1,0+(1,3,0+(1,1,0+(1,1,D+(1,1,—1). (25 ied from the effective field theory point of view, keeping in

mind that gauge coupling unification could be achieved

They should then be lying somewhere, between the GUT anthrough the presence of only one tree level gauge coupling in

the electroweak scales. We found that the addition of thesBeterotic string models. In any case further studies should
particles with a unique common maéas one intermediate include the possible effects of extra matter states which may

scalg always destroys the GUT unification prediction. exist in these theories.
In conclusion, we have presented an analysis of possible
string unification without GUT for simple and motivated ex- ACKNOWLEDGMENTS

tensions of the minimal supersymmetric standard model
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