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The neutrino mass problem is discussed in the context of the E6, SU (5)X U ( 1 ) and SU (4)× SO (4) models. It is found that 
the right handed neutrinos receive large Majorana masses radiatively, through a two loop diagram originally proposed by Witten 
for the SO (10) theory. Thus an effective see-saw mechanism becomes effective. The resulting left handed neutrino mass spectrum 
is discussed in detail in each model separately. 

1. Introduction 

In this letter we are going to show that by uti l izing 
the Wit ten mechanism [ 1 ], it is possible to provide  
a nice explanat ion o f  the neutr ino mass problem in 
the viable models  E 6 [2] ,  fl ipped S U ( 5 )  [3] and 
S U ( 4 )  × O ( 4 )  [4,5].  

As is well known, in any gauge theory, one must 
specify the underlying symmetry  and its part icle con- 
tent. Thus there exists an arbi t rar iness  in the part icle 
content  of  the theory and in par t icular  in the Higgs 
sector, which has been exploi ted to accommoda te  the 
var ious  stages of  the symmet~ ,  breaking. Invar iably  
addi t ional  Higgs representat ions were needed to pro- 
vide an explanat ion of  the observed fcrmion spec- 
t rum and in par t icular  the small neutr ino mass. An 
a t tempt  to l imit  this prol i ferat ion of  Higgs particles 
was provided  by Wit tcn [ 1 ]. His proposal  was how- 
ever pretty much ignored in the construct ion of  G U T  
models  which a imed  to explain the neutr ino mass at 
the tree level. It was therefore forgotten later on even 
though the prevai l ing string theories imposed strin- 
gent constraints  on the admissible  Higgs representa-  
tions and the incorpor ta t ion  of  the Wit ten mecha- 
nism could only help the string models  solve their  
problems in the neutr ino sector. 

The question o f  neutr ino mass is one of  the most 
intriguing issues in particle physics ~'. In the context  
of  the s tandard  model  the neutr inos are massless, 

~ Fora review see ref. [6]. 

since there is no Dirac mass due to the absence of  the 
right handed neutrino. The Majorana  mass is also ab- 
sent since lepton number  is conserved in thc stan- 
dard model  ( the lepton number  violat ion duc to the 
anomaly  is negligible).  In the SU (5)  model  the neu- 
tr inos remain  massless since still there is no room for 
the right handed neutr ino in the 1 0 + 3  mat ter  repre- 
sentat ions which accommodate  the 15 known fer- 
mions  o f  each generation. The exact B - L  conserva- 
t ion prevents the presence o f  Majorana  masses. The 
si tuat ion remains  thc same if  one introduces SU (5)  
singlets of  right handed neutr inos (we will see latcr 
that  the Witten mcchanism is not cffective in this 
case).  

2. The Witten mechanism in the GUT SO(10) model 

In the G U T  SO(10 )  model  there is room for the 
right handed neutr ino in the spinorial  16 d imen-  
sional representation.  In this minimal  version of  the 
model  however the neutr ino Dirac mass is naturally 
equal to the up quark mass of  the same generat ion 
and thus in conflict with the experiment .  One thus is 
forced to introduce the 126 d imensional  representa-  
t ion of  SO (10)  to generate a Majorana  mass at the 
tree level. By giving a VEV to the isotriplet  and iso- 
singlct members  of  this representat ion one can gen- 
erate a neutr ino mass matr ix which for one genera- 
t ion takes the form 
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will begin with the E 6 model which is encountered in 
the heterotic E8 × E8 string theory. 

If the isotriplet of Higgs does not acquire a VEV, 
which is the most favorable scenario, then m = 0. Now 
the left handed neutrino rcmains light provided that 
M is sufficicntly large. One finds 

m . = m 2 . / M ,  M . ~ = M ,  (2) 

thus for m,,= 10 MeV and M= Mcam= 10 t4 GeV one 
gets rn~= 10 -9 eV. More quantitativc calculations in 
the context of the SO (10) model [ 7 ] yicld a neu- 
trino spectrum consistent with experiments. Admit- 
tedly, however, there is a lot of arbitrariness in the 
couplings of the 126 with its many other useless 
particles. 

A more economic mechanism for generating the 
large scale mass which does not require the introduc- 
tion of the 126 was proposed by Witten [ 1 ]. It is only 
necessary to go to the two loop level (see fig. I ). The 
neutrino Majorana mass is given by 

vt,,a = 107rn,, (3) !Vl t, c 

which leads to 

m, ,=0 .5eV,  m,~=150eV, m ,3=10keV,  (4) 

which are consistent with the present experimental 
bounds but their sum violates the cosmological bound 
(Zm,, < 50 eV). 

The Witten mechanism is not operative in the tra- 
ditional SU (5) model since v" is not contained in any 
nontrivial representation of the gaugc group, so we 
will go directly to some more interesting models. We 

06 ,0  (¢6.g) (46. fO) ,/46, ¢) 

Fig. 1. Two loop diagram "that gives mass to v ~ in the SO(10) 
theo~'. 

3. The E~ model 

In the case of the ten dimensional heterotic string 
theory one ends up after compactification with a field 
theory in four dimensions which is characterized by 
the observable gauge group E 6. The chiral fields be- 
long to the 2"( o f E  6 which under SO (10) decomposes 
as follows: 

2 7 ~ ( Q , l ,  dC, e ~ , v c ) + ( D ,  ll, D~, lT)+~l .  (5) 

The gauge bosons belong to the adjoint 78 dimen- 
sional representation which under SO(10) decom- 
poses as follows: 

78- ,45+  16+16+  1, (6) 

where 45 is the adjoint representation of SO (10). The 
neutrino mass matrix for each generation is a 5 × 5 
matrix consisting of the fields (rE, NL, NY_, v~, nL), 
where :\~. and N]'. are the neutral members of H and 
/4. This matrix has been analyzed previously [2 ]. One 
needs a Majorana mass matrix mM in the (v~., nL) 
subspace which can be obtained only via nonrenor- 
malizable terms. Then, the see-saw mechanism be- 
comes effective if 

(det  r a M ) | / 2 >  l04 GeV. (7) 

There is no need of nonrenormalizable terms in the 
present approach since the above Majorana subma- 
trix can be generated via the Witten mechanism as 
shown in figs. 2a, 2b. In order to be able to construct 
the two loop diagrams of these figures we need a 2"/ 
Higgs representation which we will denote with 27'  
to distinguish it from the 2"/s for the fermion fami- 
lics. This Higgs develops VEVs along lhe compo- 
nents v~ in fig. 2a and r/~r in fig. 2b. In order to eval- 
uate the two loop integral of figs. 2a and 2b we make 
the following assumptions: (i) The mass of the vir- 
tual fermions of (27, 16) and of the colorless gauge 
boson is zero. (it) The masses of the other internal 
particles are equal to M=Mc~ur.  Then we find that 
the isosinglet Majorana mass of fig. 2a is given by 

( ) mq A <v~>2 (8) 
M i = m . . . .  ~ -~n m--~ M ' 

112 



Volume 258, number 1,2 PHYSICS LETTERS B 4 April 1991 

{a) 

,/t2L'~)) 

: l 

faU~ (2 L/o) (z ~, t6) (2¢, ¢) 

(b) 
Fig. 2. (a) Two loop diagram in the E 6 that gives mass to v ¢. 
(b) Two loop diagram in the E6 that gives mass to the singlct q. 

where e is the mixing between the (27, 16) and (27, 
10),  m q / m w  is the coupling (27, 16)(27 ,  16),  (27: 
1__0) and arises in a way analogous to that of  Witten's 
case. The quantity A results from the loop calcula- 
tions and is found to be 

I /,i 
A = I ( 1 - x )  dx 

0 

× dy dw z d z  1 
xz (  1 - x )  + ( 1 - w)y  

0 0 0 

3 
- - 16  " 

For fig. 2b the mass is calculated analogously and is 
found to be 

]]4~ =.~,/-qrtc = ( ~ ) 2 3 (  mq " ~ ( ( q ~ l )  2 ) 
r o w , l \  M / (9) 

We take a = 0 . 0 4 ,  which is a bit more optimistic than 
the apparent choice of  Witten ( a  = 0.01 ). Assuming 
further that v y ~ M =  10 ~6 GeV (SO(10)  breaking 
scale) and e = 10- a we get 

M . . . .  2.5X 107mq . (10) 

The Majorana mass involving the r h. is heavier since 
(r/,~) is associated with the E 6 breaking scale. Tak- 
ing (r/~r) ~ M =  1017 GeV weget  

M,,c = 2.5 X 109mq, ( 11 ) 

D =  (det mM)I/2=2.5 × 108mq. (12) 

Taking mq = 10 MeV we get D = 0.85 × 107 GeV. Since 
we do not know the precise tbrm of  neutrino genera- 
tion mixing, i.e. the full 15 × 15 neutral fermion mass 
matrix, we will ignore generation mixing. Then the 
see-saw mechanism yields 

m , = ~ m 2 / M = ~ x O . 4 x  10-8mq. (13) 

The parameter ( depends on the details of  the mass 
matrix but in the present treatment is of  order one. 
Thus we get 

m , , = 2 X 1 0  -2eV,  m,  2 = 6 e V ,  m ~ = 0 . 4 k c V ,  

(14) 

which are consistent with the experimental bounds 
but as in Witten's case, the sum exceeds the cosmo- 
logical bound. 

4. The flipped SU(5) model 

In the case of  the S U ( 5 ) × U ( I )  model the right 
handed neutrino is no longer an SU (5) singlet but a 
member  of  the 10 dimensional representation. With 
the collaborative effort of  the SU(5)  gauge bosons, 
which are members of  the adjoint 24 dimensional 
representation, and the Higgs fields H =  10, H =  10, 
and h = 5 ,  one can get an isosinglet neutrino Major- 
ana mass term at the two loop level as indicated in 
fig. 3. Note that the gauge boson attached to the iso- 
singlet neutrino must be colored. The needed Yu- 
kawa couplings are [ 3 ] 2'~k)/,~h +23HHh.  The first 
term can be decomposed as follows: 

).'ll:;l,)h=2~J( ( h )d,d~ + v~d~Dh) 

= madidj c + ( m d / m  w) v,Cd~D. ( 15 ) 

One then obtains from fig. 3 the following isosinglet 
Majorana mass: 
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Fig. 3. Two loop diagram in the S U ( 5 ) × U (  1 ) that gives mass 
to pc. 

non renormalizablc tcrm, we obtain the following 
mass matrix: 

(p  pc 4)3) t Mracl" P c . (20) 

M \ 4)3 / 

Thus the left handed tau neutrino will get a mass 
m,~ = m ~ u / M  2 < 10- 3 eV, thus within the cosmolog- 
ical bounds. 

(16) 

The above expression was obtained assuming that 
)..3(11) .~e (H)~M~; t : r ,  where e is the mixing be- 
tween Dh and d~,. For M o v T = 1 0  '6 GeV and 
a = 0 . 0 5 6  [8] we obtain 

M , ~  = M"'a ~ 4.7 × 108ma, (17) 

i.e. the isosinglet Majorana neutrino mass is propor- 
tional to the down quark mass. Neglecting the mixing 
between different generations the see-saw mecha- 
nism yields 

m,~ =5.3)< 10 -3 eV, 

Thus in the flipped 

r n ~ = 3 0  eV, m~ 3=4.1 keV. 

(18) 

SU(5)  the standard see-saw 
mechanism is not effective in yielding a light tau- 
neutrino mass such as to respect the cosmological 
bound, since the isosinglet heavy Majorana mass is 
proportional to the ma mass and not to rn,. It is pos- 
sible however to extend the see-saw mechanism by 
introducing new couplings with extra singlet fields [ 3 ] 
which suppress further the light neutrino masses (see 
also the discussion in section 6 ). In the string version 
of the  model, the violation of  the cosmological bound 
can be avoided naturally. In fact one can find the fol- 
lowing trilinear couplings [ 9 ] for the tau neutrino: 

gx/2 ( ( N~ )vC4)3 + ( E45 )u~u~) , (19) 

where 4)3 is a neutral singlet field which couples to 
the right handed tau neutrino. Settinggx/-2 ( h45 ) =mt 
and gx/~ ( N ~ )  =M,  and assuming a Majorana typc 
mass # for 4)3 which might arisc from a higher ordcr 

6. The SU(4)×O(4)  m o d e l  

From the point of  view of  Witten's mechanism, this 
is perhaps the most interesting model, lts main ad- 
vantage is that the Yukawa coupling which is in- 
volved in the calculation of  the Majorana neutrino 
mass from the two loop diagram analogous to that of  
figs. 1-3, is not longer related to the up or down quark 
mass. Thus in principle this coupling could be as large 
as of  order one. The resulting neutrino masses for x, c 
turn out to be bigger than in the previous cases and 
the see-saw mechanism is operative for the neutrinos 
o f  all families. In order to see this let us first write 
down all the possible trilinear Yukawa couplings of  
this model. They are [4] 

W = , ~  1 t'Lt PRjh + 2 2 FR I I4 )  i + 2 3 HIID 

+24HHD+25hh4)~ +)-o 4)i 4)j 4)k 

+ 2 7FL, kL, D+ ).gFRjlZ~jD+ 29DD4), , (21) 

where FL+FR=(4 ,  2, 1 ) + ( 4 ,  1, 2) are the 16 fer- 
mion fields of  each generation, h( 1, 2, 2 ) = h (  1, 2, 
- 1 ) +he(  1,2, 1 ) arc the electroweak doublets, H(4,  
1, 2), H(4,  1, 2) are the Higgses needed to break the 
S U ( 4 ) × S U ( 2 ) R  symmetry, D(6,  1, 1) are sextet 
colored fields and 4),(1, 1, 0), i=0 ,  1, 2, 3, are sin- 
glets. The two loop diagram for u c can be constructed 
as in the previous cases and it is shown in fig. 4. From 
(21) we observe that the diagram makes use of  the 
coupling 28FRjk]~jD which is not related to the cou- 
pling 2,FLil~Rjh that gives masses to the fermions. 
Thus there are no constraints on 2~. Let us then esti- 
mate the contribution of  this diagram in the minimal 
G U T  version of  the model. For M=1016 GeV, 
a = 0 . 0 4  and 28~ 1, we get 
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Fig. 4. Two loop contribution to v ~ in the GUT SU (4) × O (4). 
Thcrc is another diagram if we replace H(4, I, 2) with 1i(~,, 1, 
2). 

= 3 X I 0 9  GeV.  (22) 

We can form now the full neutrino mass matrix that 
arises from the trilinear couplings as well as from the 
radiative corrections o f  the two loop graph of  fig. 4. 
We get 

(u v ~ ~ )  . M ~ad" v c , 

M # / \ @ ~ /  

(23) 

where M =  , 'dour=  10 ~6 GeV, m,  is the up quark mass 
matrix and/z hcre is o f  the order o f  the clectroweak 
scale. It is remarkable that i f~t=0,  this matrix has 
three zero eigenvalues corresponding to three light 
Majorana neutrinos one for each generation, irre- 
spective of  the entry M r~o-. If  however u # 0, then the 
left handed ncutrino masses are given by the approx- 
imate formula rn~, =m~At /M z, but still they arc neg- 
ligibly small to be detected. We notice however here 
that the model becomes more interesting from the 
point o f  view of  neutrino physics, if the additional 
singlet fields arc not present in the model. Indeed, 
the contribution from the Witten diagram to the ncu- 
trine mass matrix would be sufficient to suppress the 
left handed neutrino masses within the cosmological 
bounds. In fact in this case thc standard see-saw 
mechanism would give the eigenmasses m,,,=rn~J 
:ll rad., thus 

m ~ = l . 7 × 1 0 - 3 e V ,  m~2=5eV,  rn~3=30eV 

(24) 

for rn, around 100 GeV. Thus we conclude that the 
introduction o f  extra singlets in the minimal G U T  
model is not necessary at all. On the contrary, since 
Mr~d << -'d, their absence allows the possibility o f  
having small but perhaps measurable masses for the 
left handed neutrinos. We think that his point de- 
serves a more detailed analysis which we are plan- 
ning to present in a future publication. 

Let us now turn our discussion to the string version 
o f  the abovc model where as we will scc both mecha- 
nisms are operative and complementary to each other. 
As a matter of  fact in this case (as well as in most of  
the string models) in addition to the standard matter 
fields there appears also a number  of  neutral singlets 
• ,. Some of  them may couple to the right handed 
neutrinos via Yukawa couplings o f  the same type as 
in (21),  i.e. F~Hcb,, leading to an extended see-saw 
mechanism of  the type discussed above. However, in 
this case this mechanism is not effective for all gcn- 
crations since additional symmetries, remnant from 
the higher string symmetry, do not allow the presence 
of  this coupling to all three generations. Ineorpora- 
lion o f  higher nonrcnormalizable terms does not ap- 
pear to be always effective. Thus, it would bc very 
interesting to realize the Witten mechanism for those 
neutrinos that the corresponding couplings of  the type 
17RH~i with the singlet fields are missing. Let us en- 
roll the trilinear couplings that are relevant in our 
case. There are [ 5 ] 

F,,, fsR h,2 + ( 1/V'~),%~FsR (2 +F3~ F~,.h3 

+& h,2h~ +4, & ¢',2 +'~, 4, @3, (25) 

where F(3,4)L , ff(3,5)R are fermion fields as before, h~2, 
h3, b4R play the role of  the Higgses and ~12, (~, ~.], are 
singlets [5 ]. Notice that the labels 3, 4, 5 appearing 
in the fields have nothing to do with the generation 
assignment, but they simply denotc the sector they 
arise from, in the particular construction [5 ]. Thus 
we are free to assign the generations according to 
phenomenological constraints. We choose to assign 
the third generation in F4L+F5R. With (~ j ) ,  
( ~ 2 )  ¢ 0 ,  the h-~ Higgs field becomes supcrheavy. 
Thus, h,2 plays the role o f  the two electroweak Higgs 
doublets which provide masses to the fermions of  the 
third generation lqL+l~R through the first term. As 
in the G U T  version of  the model [4] one gets the 
mass relations rob= m~ and mt=  rn~,. The first rela- 
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tion is the succesfull prediction of old GUTs but the 
second gives too large a value for the neutrino mass. 
However the second term (F4R) FsR(2 in (25) pro- 
vides a see-saw mechanism which leads to a massless 
linear combination of U4L and (2 which is identified 
as the left handed neutrino ~,~. The left handed fer- 
mions of the second generation are accommodated 
in F3L and h3 multiplets. In particular the lepton dou- 
blet is found in 

h3 = u° + (26) 
- \ e ;  / 

while the doublet in /73R combines with the second 
doublet on the RHS of (26) to form a superheavy 
massive state via the term (F3R)I3Lh3. The left 
handcd neutrino turns out to be a linear combination 
of the u °, ~3 and ~ as one concludes from the follow- 
ing superpotential terms [ 5 ]: 

(h~z)( ,h3 + ( ~ 2 ) ~  ~ + ½ ( ~ , ) ~  q)3, (27) 

where (qh2) ,  ( ~ )  =-t4c~uv, thus leading again to a 
light left handed state. Finally, the first generation is 
accommodated in FIE+ F2R. It does not receive a mass 
from trilinear terms but from higher nonrenormaliz- 
able terms. Such terms, however, will also yield the 
unacceptable relationship m,~ = m,. Thus one needs 
a see-saw mechanism to suppress the left handed 
neutrino mass. There is no coupling with the neutral 
singlets exactly as in the other two generations. Wit- 
ten's mechanism, however, can be applied here via 
the diagram of fig. 5. We can easily estimate the con- 
tribution which turns out to be 

M , ~ = ) , 2 , e v ( ~ ) z  3 ( ~ )  , (28, 

G 

' 7  

,~t%..~,.;.¢~, 

Fig. 5. Two loop contribution to t ,c in the string SU (4)X O(4) 
model. 

where ~,2R=gx/~ at the unification scale and ev rep- 
resents the mixing in the color triplet mass matrix [ 3 ]. 
Assuming sensible values for the parameters i.e. 
'~2R ~-~0.5, 8,D=0-1, (F2R) ---- 1016 GeV, M =  1017 GeV 
and a = 0 . 0 4  ~2, we obtain 

M , c =  1.52)< l0 9 GeV.  

Thus we get for the electronic neutrino mv~=l.6 
× 10-5 eV. 

7. Conclusions 

In the present work, we have shown that the mech- 
anism proposed by Witten provides an economic way 
of generating the neutrino mass spectrum consistent 
with the present experimental bounds. We have 
shown that this mechanism becomes particularly ef- 
fective in the string models in which the admissible 
Higgs representations are restricted by' symmetry. 
Such are the E6 [2] model, the flipped SU(5) [3] 
and the SU(4) )<0(4)  model [4,5]. Thus: 

(i) in the case of the E6 model we have shown that 
there exist two-loop diagrams for the two neutral 
fields of the 27 which are singlets under the standard 
W-S group which give them Majorana masses suffi- 
ciently large to suppress the left handed 'neutrinos 
within the experimental constraints but insufficient 
to respect the cosmological bounds. 

(ii) Correspondingly, in the casc of the flipped 
SU (5) model the same kind of diagram produces a 
large Majorana mass for the u c field which now is a 
member of the l0 dimensional representation. These 
masses however are not sufficiently large since they 
are proportional to the down quark masses, thus again 
only the experimental bound is respected. It is possi- 
ble however, in the GUT version of the model, to re- 
spect both bounds if neutral fields which are singlets 
under the whole gauge group arc introduced [3]. 
These singlets arise naturally in the string version [ 9 ]. 

(iii) In the case of the GUT version of the 
SU(4) × 0 ( 4 )  model [4], one of the couplings which 
participate in the two-loop diagram, contraD' to the 
cases considered previously, does not depend either 

~2 Thc valucs used for (/~m), M, and a have been dictated by a 
renormalization group analysis that has been performed for 
this particular model. 
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on  the up  or  on  the down  quark  Yukawa coupl ing.  
Therefore,  there are no  cons t ra in t s  on  this  coupl ing  
and  the corresponding con t r ibu t ion  can bc larger than  
those o f  the prev ious  cases. The  left h a n d e d  neu t r i no  
masses  are suff icient ly small  bu t  still measurab le  sat- 
is~,ing the cosmological  b o u n d  Sm,,, < 50 eV, with a 
na tura l  h ierarchy (m .... m,,,,, m,~). Its s tr ing va r i an t  
[ 5 ] however,  is characterized by the fact that  all three 
left h a n d e d  neu t r i nos  get negligibly small  masses. 
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