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INTRODUCTION

It is widely believed that superstrings can provide a con-
sistent quantum theory of all fundamental interactions, inclu-
ding gravitation. Noticeable progress is made in this field
and some definite contours of a future theory are already
outlined. Now it seems that the most realistic scheme is the
Eg x Eg heterotic string theory in ten dimensions’ .

An effective four—-dimensional theory can be obtaired from
a ten-dimensional one by compactification on the Calabi-Yau
manifold /¥ . In this case the gauge/%roup Eg x Eg 1s reduced
down to Eg xEg, Eg xS0j5 or Eg xSUg’ A gnd N =1 supersym—
metry is conserved.

All observed particles belong to the singlet representation
of the unbroken Eg-gauge group.Threfore its gauge fields in-
teract with observable particles by means of gravitation alone
and form a dark sector of matter.This leads to the four-dimen-
sional N = | supersymmetric theory with E4 or S0;5, SUg gauge
groups. We will consider the theory with the Eg-gauge group.
This group was earlier considered ds a basis of the old Grand
Unified model. The superstring version of the Eg-model dif-
fers in many aspects from such approach to unification; it has
a more regid frame. For example, chiral superfields only be-
long to the following Ee—multiplets’e/

02 by (T« 2Ty) + 1, ' (1

where n,=y/2 is the number of a particle generations, x and
bj,1 are the Euler characteristic and the Betti-Hodge number
of the Calabi-Yau manifold.

A physically acceptable picture below the compactification
scale can be obtained if the compact manifold is non-simply
connected. Usually, one considers quotient manifolds K = K4/G,
where K¢ is the simply connected manifold and G is its freely
acting discrete symmetry group. The Euler characteristic of
K is x(K) =x (&) /n(G) . n(G) being the number of elements
of G.

This is very important, since values of yx for the well-
known simply connected Calabi~Yau manifolds are too large
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(> 100), which leads to an unacceptably large number of gene-—
rations. '

Compactification on multiply connected manifolds provides
a new type of gauge symmetry breaking - flux breaking caused
by topologically nontrivial configurations of gauge fields/3/,

Topology of the compact manifold K determines many other
important properties of the 4-dimensional theory. Only some
of these properties have been studied now and they make super-—
string phenomenology rather restrictive.

Some questions arise: does this scheme describe the well-
known experimental and cosmological facts? Is it possible to
solve problems which are not solved in Standard Model and in
Grand Unified models? Now many papers are devoted teo these
questions/5?0/.

‘Neutrino mass problem is one of the most complicated prob-
lems for superstring inspired models. In particular, it is
difficult to bring weak universality into line with the small
neutrino mass. A well-known "see-saw' mechanism/11,12/ is in-
valid in this case’®/. There are some approaches to this prob-
lem: '

. to take into account non-renormalizable terms like /13’

—1-27 x &7 X‘2_’iH x ﬁ-ﬂ .

Mc . -- .

2, to use neutral gaugino, corresponsing to B-L-symmetry
to form A(B-L)Y=1Dirac mass term 714/,

3. to take into account the Yukawa interactions with the
Eg— singlet field 718,16/

£-27 x 27y x 1,

4. to generate the neutrino mass in a high order of per-
turbation theory/17/

The problem of an additional neutral lepton is in clese rela-
tion with the neutrino mass problem. During the last years
such leptons have been <earched for at various experimental
facilities ¥, 1n this paper we consider the neutrino mass
problem and a possibility of existence of an additional light
neutral lepton within the framework of the superstring inspi-
red Eg-model with the intermediate energy scale. Our appreach
differs from the above-mentioned one by a maximum wide sector
of neutral fields for one generation. The non-renormalizable
terms and Eg-singlet fields are not used.

It is shown that the mass matrix of neutral fermions consis-
tent with weak universality does not exclude existence of an
additional neutral lepton with a mass of tens or hundreds MeV.

Neutrino appears to be a Majorana particle with a mass close
to zero. More exact quantitative estimation of these masses

is very difficult because of large uncertainties produced by
compactification of the ten—dimensional theory.

We neglect the mixing of neutral fermions which belong to
different generations. To take it into account is very diffi-
cult from the teechnical point of view. On the other hand, no
unambiguous prediction of this effects from superstring is
known.

The paper 1is organized as follows.

Section 1 1is devoted to some aspects of superstring phe-
nomenology. The mass term of the initial Lagrangian is discus-
sed in Sect.2. The mass spectrum of neutral particles has been
obtained by means of diagonalization of the mass matrix.

Some possibilities of experimental observation of neutral
fermions are considered in Sect.3.

1. HIERARCHY OF SfMMETRIES AND- SET OF FIELDS

Let us consider some questions of superstring phenomenolo-
gy ditectrly related to determining the mass matrix of neutral
fermions.

An important part of superstring models is topological sym—
metry breaking at the compaectification scale M,. This effect
is due to topologically non-trivial vacuum configurations of
gauge fields A, on the multiply connected manifold K = K,/G.

It is the subgroup § CE, satisfying the condition”12/

(G, U,T=0, (2)
where

U =PexplifA dx"}, gecGC (3)

that remains unbroken.

The condition Fmn = 0 is fulfilled for fields A . Integra-
tion was carried out over the loops on K which are not contrac-—
table to a points. )

If G is an Abelian group, § has the rank 6; if it is non-—
Abelian, the rank is 574/, In this paper we consider a case
with the subgroup of rank 6

Eg 0§ =8Ug, xSUg x SUyp x Uy xUyp. (4)




Here the electric charge operator has the form
v 1
Q ={3L+13R+ §4YL‘*YR ).

The index theorem applied to the Dirac operator on the ma-
nifold K guarantees masslessness of all fields of 27-plets
in formula (l)/14/. At the same time some 274 and 274 fields
get a large mass Mg due to topological symmetry breaking and
decouple from the observed spectrum. The index theorem only
demands that the remained light fidls should be present in
combination 274 + 274. Then light components are usually re-
garded as Higgs fields; they ensure spontaneous breaking of
the gauge group @ according to the scheme.

em

(5)
1
Here My ~ 10! Gev and m F-.102 GeV are the intermediate /20/

and Fermi scales. Ujy is the possible gauge extra factor.

From the point of view of the hierarchy problem supersym-
metry breaking at the scale M| is inadmissible. To preserve
it below M;, vacuum expectation values must comply with the
following condition:

<27H> = <27H>.

It ensures that the D-term in the scalar potential is equal
to zero.

Since this paper is aimed at considering the mass matrix
of neutral fermions in the most general form we shall proce-
ed from the maximum wide Higgs sector, which will include
all electroneutral colourless fields of 27.

In order to determin the members of the 27-plet we show its
(50,4, SUgl contents /19

27 = [16,101 + [16,5] + [16,1] +[10,5] + [10,5] + [1,1], (6)

where

[16,10]; (u,d)=Q, U%e",

[16,5] : v,e”) = L, d°,

(16,11 : v°©, ' (7)
10,5} « D, N EY) =E,

E”) = E®,

Here D is the exotic quark and E,EC are the exotic lepton
doublets.

We obtain a general form of the superpotential in the
model under consideration

P =1,0QD +1,uCd°DC ryupe’ 4
) C.C . (1) AnCr (1) A C e C
+1;‘>Zk(r1 LiE¥e” +15° QU'E, +14 QA"E] + (8)
) c . p (1ik) c . (k) Y
T, QD L1 Ty LiEjvk +Tg EiEjSk+
(ijk) ;C c {ijk) c
+1'8 d‘Dj Vi +l'4 D{D]Sk).

Summation is made over i, j, k= (H,M) = (fields of 27H’
fields of 27). The Higgs superfields are

C . N©C
Vg VH NH'NH’ SH

and their mirror partners

* c* * c* *
VH,VH R NH, NH ,SH.
The scalar components of these superfields develop non-zero
vacuum expection values and ensure symmetry breaking (5).

Quantum numbers for the subgroup;gf)Eﬁ(see (4)) for all
electroneutral fields of the model are listed in Table 1.

Table 1
Quantum numbers of neutral fermions from the 27.-plet of Eg
in the subgroup SUsq x SUgp xSUgy x Uy x Uypg

Fields Igy, " Ign Yy, Yr
v 1/2 0 -1/3 -2/3
ve 0 -1/2 2/3 1/3
N 172 -1/2 -1/3 173
N -1/2 1/2 -1/3 1/3
S 0 0 2/3 -2/3




2. MASS MATRIX OF NEUTRAL FERMIONS

In this paper we shall confine ourselves to consideration
of the mass matrix within one generation.

In this case the model contains 14 neutral fermions which

can mix with one another. They are in the following multiplets:

v, vC, N, NC,s 27-plet of matter

Vi vg,NH,Ng, S 4 .27-plet of higgsino (9)

AS U AS A A

oL> MR Mpo Mgt 78-plet of gaugino

To obtain the mass matrix of these fields we shall proceed
from the following mass term in Lagrangian of the model:

L, =1(27%) + L(27 x 78 x 27) + L(78%). (10)

L(27%) can be determined from superpotential (8). It is
a ysual Yukawa contribution of the type ¢¥ xy x <H>, where ¢
are the fermion fields from 27 and 27y, H is the Higgs scalar.
The second and the third terms describe the gaugino inte-
ractions and soft supersymmetry breaking respectively. They
have the form

LRI x T8 x27) = ~Aemg, oA, v, <T> +
V2 ‘

2L
N.<N%> - NC<«NS*s - X 4 o (uC<;c*>+
+ Ny<Ng> - Ng <Ny ‘/-'?—gzsz r “YH
N*s _ nyCone*
+ NH<NH> NH<NH >) +
(1rm)

P 1 ~ 2 ¢ zc*y _
+V2g1LAr1L'(—-, -—?;-VH <V};‘> +§—uH <vH >
Y N R - LNCRCs By Sy

3 H B g H H 3 H H

e 3 2 ™ok 1 C “C*
+V2glR. )(IR-(—- ?VH <VH> + ?VHL <VH > ¥

LY

1. - }C HC*'ng_ <~*>
+-§-NH<N§> + —3—-an '<NH_ > 3 SH- SH );

(4>
N ghog - (12)

2 (1) () €3y
L(78") =G A;L-A§L+G A;R-A;R+G XAiprAqtG
The mass matrix of the neutral fermions can be obtained
from these formulae. To get information on the mass spectrum
one should estimate matrix elements. Since SUp;-singlet Higgs
fields break symmetry at the scale M;, we shall censider that

P> =<8, > = My = 101 Gev, (13)

The vaecuum expectation values and Yukawa coupling constants
which correpond te SUg;-doublet Higgs fields breaking symmetry:
at the Fermi scale can be estimated on the basis of mass for-
mulae for the Z-bozon and the u—quark

M, ~Z = gﬁ2L_<N}cI> ~10% Gev, (14)

~c -
m =m=r<Ng> =107° GeV. (15)

For the further calculation of the spectrum we shall admit
the following

: (SR
Bor™~ 8o, =8y~ E1g~8, G =G,
I<y > = r<f\J'H>= I<NS > =m=~ 107 GeV,

7 ~ 10° GeV,

u

~ < C
= g<NH > g4<NH>

L]
A

R
Vv
1

A
A
<
v
!

70> —g<S, >=A= S M, =101Cev.
H r

The last relation is obtained from (13) with allowance for
(14) and (15). The mass matrix obtained from (8), (11), (12)
in this approximation coinsides with the matrix written in
Table 2 at B=a=1 The meaning of 4 and B will be clear a bit
later.

The mass spectrum of neutral fermions corresponds to eigen-
values of this matrix, i.e. to soclutions of the equation

detlﬁr-xflw. (17)

It is obvious that the neutrino should be searched for
among the eigen-vectors with zero eigenvalues (or those close
to zero). The matrix under consideration has a high degree of
symmetry, which is manifested in equality of different matrix
elements. This symmetry is however an approximate one. Its

v



Table 2.
Elements of the mass matrixz M of neutral fermions. The
table lists non—zero matrix elements above main diagonal

U 4 A

“:.}) ﬂij li,j) \/M"J' (‘-;J) ju.'J‘ (i,d) y“‘

LV [ am VS | mo (Al 2B NSk | m
e P B TR B TR P vl IR TV M 47,
J{,V: dm NC, Vucj m | A "A/2 Mf, Aa "2/2
D, N (4| V5 ] M Al AZ3 (W Al Z/3
VNS (NS Sk | m US| 2473 [N Al 23
Vol ] mo [ SoMe | mo [ NGNE| | Su, Ausl- 2473
vEnE | m (SN m (M, SW m |8k, 2453
VNEL e 0] me Mt =22 [ A Rl G
NS | m (bWl M (M d| 272 [Rde]| G
NNe | Mo | Ra] T/ [ M| 23 |Andd G
M,Su | m |V, el -27/8| My Rl ZBB Ao, | C

accuracy does not exceed the accuracy of approximations (16).
As a consequence of the symmetry, the mass matrix has two ze-
ro eigenvalues, The corresponding two-dimensional subspace of

eigenvectors X is characterised by the relation X;=Xg=Xg=c.

This follows from the solution of the set of equations

Rl ¢y S 2

@-2"Hx® o, xP P21, itz .14, (18)

Therefore physical massless fields have the form

Ph. _ o _ c 19
—Xklk = Qv +C:1/H +CNH+..., (19)

D wm—>

where

N ,NCs | ASeaA LA ) (20)

o [o] Cc C
EI{:(V’V ,N.N 'S’VH,VH H H H 2L’ lL' 1R

are current fields. .

At the same time universality of weak interactions 2} and
experiméntal data on the matrix element of neutrino mixing
with neutral leptons/18/

U, 1% 51078 (21)
imposes limits on states corresponding to the neutrino

X —1-—-|Uv“ >1-1078, 3 x§s|UW|2510"8- (22)
These conditions cannot be fulfilled for fields (19). This
means that, the above-mentioned approximate symmetry of the
mass matrlx is broken. The breakdown must ensure at least
fulfillment of conditions (22). Let us introduce the parameter
a ~ 103 in matrix. Then, as the solution of equations (18)
shows, conditions (22) will be fulfilled for each of the two
massless states which are still present in the spectrum. Each
state can be regarded as a neutrino.

However, there is only one neutrino per generation. There-
fore one must eliminate degeneration ,of the zero mass level,
so that only one massless state satisfying (22) remained. The
minimal complication of mass matrix leading to the necessary
result is to introduce the parameter B#1 (Table 2).

Thus we obtain a mass matrix yielding one massless neutri-
no. Its masslessness is the result of approximations (16).
This implies a conclusion that the model under consideration
allows a light, perhaps massless, neutrino. More accurate
calculations of its mass are possible after refining the va-
lues of matrix elements. It is a separate problem which is not
solved yet because of its diffeculty.

Solution of the equation (17) for mass matrix leads to the
following mass spectrum of neutral fermions

mv = m(l):. 0 , m(z) ~

-2m%/M) =~ 1078 ev,

mp=m® = ml-Blo-m=102GV, m@W-z-102 cey, (23

m.8) _ tamé~ tam ~ 102 GeV , m(7'8)=:—;(0i\/02+§-z2a2)

;D L 10t Gev,



where

o ={(a? +3) a2/ (3a%(a? +4) +65.- 8B +a?)+ B2(T+a? )2 ’
¢ =[2a%@®+8)/(4a* +7a? +1)] 2 /q.

As is seen, fields with masses m, m(2)’rn@), m® are Majo-
rana flelds, others are Dirac flelds
Physical fields

fk = (v ',x',n,n1 ""'nll.) | - (24)

with these masses are related te original current fields (20)
via the formula
Ph. -~ o o _y D

be = Ui 15 U =Xy » (23)
whére U is the mixing obtained by solving set of equations
(t8). Because of its complication we do not write down this
matrix, but present only those physical fields, which are in-
teresting from the physical point of view.

It follows from (23) and (25) that the spectrum contains

two light states with a significant admixture of SU, doublet
current fields

- - C c . ,
v P o - a ™ - e (v e NN +NS NG, (26)
n = pl.a‘2v —pz(l——;a_g)N + e s (27)
JEB the Majorana neutrino with a mass close to Zero; R -

the light neutral lepton whose mass m_can be very small.
In formulae (27) an 1n51gn1f1cant admlxture of the Standard
group singlet fields is not written.

Besides, spectrum (23) contains a very light fermion y of
the mass 10 eV which is sterile under standard group

y =% +8)/V2. (28)

There are a few comments on solution method for equations (17),

(18). Coefficients of the polynomial te the l4-th power of
correspondlng to the left-hand side of equation (17) were com-
puted 1n an analytical form. Then the equation was solved with
an accuraLy to the leading order of the perturbation theory

in the small parameter m/M. System (18) is solved 1n the same
approximation. The obtained solution of (17Y, (18) does not

10

qualitatively change when values of parametersa, 8,M,m ,Z
vary within three orders.

3. ON A POSSIBILITY OF EXPERIMENTAL OBSERVATION
OF NEUTRAL LEPTONS

Thus, beside the almost massless neutrino, other quite
light neutral leptons can be found in each generation of fer-
mions. The model under consideration admits of masses which
allow direct experimental observation of these particles. Lep-—
ton n €27) is of special interest from this point of view,
since it can contain a noticeable admixture of the SU 4 ~doub-
let field, and consequently, it must participate in weak in-
teractions. Weak vertices get the corresponding factors[Uun[‘
(see €26)-(27)).

The Figure shows up-to-date result obtained in studying
the problem of the neutral lepton;

2
. . —
Ul | NN\ MARKE
[ !
1 0-2 _\..' \\ \\ ; -
. ..-»." \‘\._\'}‘—.’./a
10‘3 P ',-,.;.L ’ \\\ \\ monoJ'e (S -
g s, \\ \\
- v\ i
107 Y \
TRIUMF \ \
. \ \
10°F \‘\. \ Vo
| N, \'\ \\
. i, N \
10-‘ .'o \\\ \\' |
SOLAR J v ood
10'7 L \ % i
\\ f‘
L
p"s = T
24 vl e 0 o paaanl A YR ST 4
0,04 01 f M, (CeV) 10

Experimental limits on neutral Zepton mass m, and
square matrix element |Byql*
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The main sources of neutral leptons (also called "heavy
netrinos'") are the following processes:
- in experiments with wide-band neutrino beams:

K e+n, (29)

vN » nX (hadrons) (30)
- in "beam—dump" experiments:

D' > e™n. 31

The neutral lepton n produced in these reactions decays by
one of the modes given below:
+ - + - -+
n-ee Ve » e u Voo e u Ih ,

+ - -+ -+
u#yu.eﬂ, #omo.

(32)
The width of each of the above leptonic decay modes is
equal to
2
Sr Sy 12 \
vn © _(33)

r —m
Wy 192”3

The width of respective semileptonic decays is

G

I, = ——cosf -f_ .m . U, 12, (34)
18

where f_ =~ 137 MeV, cosf, = 0.98. Formulae (33), (34) do not
take into account masses of final particles. Study of reaction
(29) allows investigation of the neutral lepton mass region
m, $493.669 MeV. This limit is shiffed to 1868.4 MeV in reac-
tion (31). Experimental statistics in the mass region me<m <
<My is determined by the value of the production cross sec-
tion for charmed particles which increases with the energy

of incident protons. In some models 722/ the value of the cross
section increases by two orders with the proton beam energy
growing from 70 GeV to 3 TeV. Larger statistics leads to a wi-
der region of measurements (see the Figure) with respect to
smaller values of |U{. The limitation m, < 1868.4 MeV remains
valid for reaction (31).

12

This limit for m; can be made higher by studying the reac-
tion of neutral lepton production in deep inelastic scattering
of neutrino on the nucleon (30). One must detect production
and decay of n. Semileptonic. modes n -+ eX (hadrons), uX (had-
rons) are the most preferable.

The expected number of decays N of neutral leptons in the
fiducial volume of the detector can be computed according to
the expression

N = fa-fm, ., U] log (=) - $(E) dE, 35)
n
where a is the parameter characterising the detector, f is the
known function of M, and [U|; ¢(E) is the spectrum of the
neutrino beam.
Thus, the increasing mean energy of the beam results' in
a greater number of the events.

CONCLUSION

So the superstring Eg model with the intermediate scale
of symmetry breéaking allows a light, probably massless Majo-
rana netrino v and a light neutral lepton:n: The lepton n
(30) participates in weak interactions and can be experimen-
tally observed. We have discussed some conditions under which
these observations can be performed dr are already performed
at some facilities /187,

1t goes without saying that our result is not a strict
prediction of the superstring theory. It only indicates a pos-
sible existence of the particles mentioned. A more accurate
solution of this problem depends upon a choise of the Calabi-
Yau manifold. The theory is still unable to say what manifold
shoud be.

The authors are thankful to Bunyatov S.A. for stimulating
interest in this work, to Ivanov E.A., Kazakov D.I., Osi-
pov A.A., for the discussions of the above results.
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AnTa#ickwit M.B., Hcaes I1I.C., KoBamenko C.I, E2-87-519
He#iTpanbHhe depMHOHM B CYNEPCTPYHHOH Eg-Mopenn '

H3yuen cnekTp HefTpalbHEIX (epMHOHOB B npepejiax OJHOTO
TMOKONEeHHA KHPAJIbHBIX CYNepIoneil CyNepcTPYHHOU Eg-MomesnH.
B xauecTBe mpoMexXyTOYHOH IpYyIbl, BEDKHBAWMEH HPH TOHONOTH-—
YeCKOM HapymeHHH CHMMEeTPHH, paccMoTpeHa noarpynna SUggx
xSU 1 x SUPP xlhjl) x Up(1) C Eg. Ha mpomexyTouHOM
Macmrabe 10 I'sB nmpoucxoOouT ee CNOHTaHHOe HAapymEeHUE Ho
cTaHmapTHo#i rpynmei. CorjlacoBaHue MacCcOBOM MAaTpHUB C HPHH—
LIMIIOM YHHUBEpPCanbHOCTH cCJy1abblx B3auMMoOOeHCTBHI yKasmBaeT Ha
BO3MOXHOCTh CyUeCTBOBaHHSI B MOOeiiM, IIOMHMO JIerKOoro Ma#opa-
HOBCKOI'O HEeHTpPHHO, JIerKoro HeHTpallbHOro nenToHa. Ero Macca
MOXET JIeXaTh B o0llacTH KBApKOBBIX Macc, T.e. COCTABIATH
OecCATKH WM COTHH M3B.

PaGora BhmomHeHa B JlaBopaTopHH sOepHuX npoGnem OHUAM.

Coobuenne O6nenHHEHHOro HHCTHTYTA AAEPHBIX HecexoBaHuit. [ly6Ha 1987

Altaiskij M.V., Tsaev P.S., Kovalenko S.G. E2-87-519
Neutral Fermions in Superstring Eg-Model

The mass spectrum of neutral fermion has been studied
within the framework of the superstring inspired Eg-model)|
The subgroup SU3c x SUgp x SUgr xU(DxU g)C Eg is considered
as an intermediate gauge group surviving after flux break-
ing. At the intermediate energy scale ~108 Gev it is
spontaneously broken. The obtained mass matrix is consis-
tent with weak universality and allows existence of
a light, possibly massless, Majorana neutrino and an addi-
tional neutral lepton in the spectrum. The mass of the
lepton can be in the region of quark masses.

The investigation has been performed at the Laboratory
of Nuclear Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna 1987




