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Intermediate mass scales

m and myg associated,

respectively, with the violation of

electron—muon—tau-lepton universality and the parity restoration within the framework of Pati-
Salam groups SU; (2) X SUx(2)XSU¢(4) and SU.(2)XSUx(2)X[SUc(4)]* are discussed, assuming
that m <mp < My, where iy is the usual partial-unification mass scale for Pati-Salam groups. It is

shown that, with #~8X10° GeV

(a lower limit from the K;-Kg

mass difference),

mg ~ix=8X10° GeV for the first case and mg~ix=~9X 107 GeV or mr~m =8X10° GeV,

iy =10'"! GeV for the second case.

I. INTRODUCTION

If there are no gauge forces except those associated with
the group SU; (2) X U(1) X SU(3), then there are only two
mass scales: the mass scale of the electroweak unification
my ~100 GeV and the grand unification mass scale
my~10"" GeV. There are two important questions: Is
there a “desert” between these two mass scales or are there
intermediate mass scales? If there are such mass scales,
how they can manifest themselves?

The parity violation characteristic of low-energy weak
processes may not hold up to the grand unification mass
scale of 10" GeV. The parity restoration may occur at an
intermediate mass scale mg <<my. If this is so, then the
weak group is enlarged! to SU, (2)xXSUg(2)xXUp_;(1);
the gauge forces associated with this group will give both
V —A and V + A4 currents. The vector bosons associated
with V + A currents will be very massive and this interac-
tion will be effectively suppressed at low energies. Now,
— Al =+5A(B —L) implies that the breakdown of parity
and the breaking of local (B —L) symmetry are related
and occur at the mass scale of my. In such a case, this
mass scale may manifest itself in the AB=2 and AL=2
transitions, in particular n-7 oscillations.? For free n-7
oscillations, ¢,; > 107 sec implies intermediate mass scale
mpg > 10° GeV.

If the Abelian group U(1) is embedded in SUc(4) as in
the Pati-Salam group,” then one can define a partial-
unification mass #iy associated with the partial-
unification group Gps=SU; (2)XSUR(2)XSUc(4). With
fractionally charged quarks, the proton is stable in this

model. The model gives*> #iy>102? GeV for sin?
J

0w <0.25. As such, this model has no observable conse-
quences. However, if the residual color symmetry is
[SUc(3)]>=SU¢. (3)XSUg(3), then it is natural to ex-
tend6 GPS to

Gps =SU.(2)XSUR(2) X [SU(4)]* .

Recently we examined’ this model. In this model, we get
300<mg <107 GeV for 5x102>#iy>3x 10 GeV.
Such a model has observable consequences.

So far we have assumed that e-u-7 universality holds
up to Aix~10'? GeV. It is conceivable that this univer-
sality may not hold up to such a high energy. In this
case, we have another intermediate mass scale associated
with the violation of this universality. The purpose of
this paper is to consider such a possibility. For this pur-
pose, we consider the partial-unification groups
Gps =Gy XSUc(4) or Gpg =G4y X[SUc(4)]?, where

Gu= [ [SUL(2) X SUR(2)];
i 8ri 8Ri

and i is the generation index® (i =e,u,,... or 1,2,3,...).

We shall assume the discrete symmetries
e<>U<>T ,
8re =8Lu=8L7>
8Re =8Ru=8R7 >
and L<—R symmetry
gri=8ri=g, for eachi .

The partial-unification symmetry is spontaneously broken
by the following chains:

Model A: Gps— I1[SUL(2)XSUR(2)]; X Up_.(1)xSUc(3)

&1
— [T [SUL(2)XU(1)]; XSUc(3)

MR i 81i

—[SUL(2) X U'(1)]XSU.(3)>Ugpu(1) X SU(3) .
m ’ my

g

29

2589 ©1984 The American Physical Society



2590 FAYYAZUDDIN AND RIAZUDDIN 29

Model B: Gps— [T [SUL(2)XSUg(2)]; X Up_(1)X[SUc(3)]?

my i

— [TISUL(2)XU)]; X[SU(3)]
mg o
—[SUL2)X U (D]X[SU(3)]

—Upm(1)X[SUC(3)]?.
mp

The mass scale for the violation of e-u-7 universality is
determined by the flavor-changing currents associated
with the Y vector bosons (see Sec. III). The K; -Kg mass
difference gives the following bound on my (m, being the
mass of the charm quark):

G mWL2 GF(GFmCZ)
<
Fomy? 1672

’

m
Y S 4x103.

mWL
It is therefore reasonable to take #i ~8Xx10° GeV.
With this value of 7, we find the following results (num-
bers of generations f=3):

For model A: (iy=mpg)=7.8X10° GeV .

For the model B: (#iy=mpg)~8.7X 107 GeV .
Another interesting possibility is to take mg ~ 7 =8 X 10°
GeV. This is possible for model B only since for model
A, this choice would make miy much larger than the

Planck mass. Thus for model B, there is the possibility
that

mp~m ~8X 10° GeV, miy~10'! GeV ,
independent of the number of flavors.
II. INTERMEDIATE MASS SCALES

Using the renormalization-group equations, as shown in
the Appendix, we have for model A

a(mL)

a~mz) [(1—2sin? 6y)—C,>
as(mL)

— 20 B X 2B In
mp mpg
mpg , m
=23 (Byi—Bri)In———2(B,— B )In—— , (1)
i m my

where

With respect to the third equation above, note that for
each generation (i.e., for each i)

Bai= 21;( — ZTZ + ';‘ )
and we take sin’0y=0.23, a~(m;)=128, a,(m)
=0.14, m; =80 GeV, 0y being the weak mixing angle. «
is the fine-structure constant, ¢ is a similar constant for
QCD, and f is the number of generations.
From Eqgs. (1) and (2), we obtain

(mp)
a=(my) |(1—2sin20y)—C 2l
as(mL)

T3 mLZr’n' f—1

This is the basic formula for intermediate mass scales
for model A. We shall use it for the case #iy=mpg. In
this case, we have one intermediate scale m related to
violation of e-u-7 universality and partial unification
occurs at the same mass scale at which parity restoration
is set in. This is an interesting case. For this case

almy)
a1 my) |(1—2sin0y)—C2——=—
as(mL)
11 5+
=3, oy (4)
L
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For model B (cf. the Appendix), the mass scales are given For model B, we get

by f=3: (Mixy=mpg)~8.7X10" GeV ,
—1 ) 2. olmy)
a 'my) |(1=2sin%0y ) —2C2————
as(my) f=4 Aiy~4x10" GeV , (10)
m m
DYV PR W S LB L. S B =5 Aigm2.3%10" GeV .
my 37 mf—my
h If, however, we take my = =8X 10° GeV, Eq. (7) gives
where ) Ay =~ 10! GeV.
Bi=7—(=F+3N. (6)
From Egs. (5) and (6), we have III. INTERACTION LAGRANGIAN
AND SYMMETRY BREAKING
—1 .2 2. olmy)
a (mg) ((1—-2sin"0y)—2C;"——— . . . .
ag(my) The fermions in this model are assigned to the follow-
i ti f th Gps=G S 4):
T i ymgt o ing representations of the group Gpg wk XSUc(4)
3T fh"f—lmL3 Uy Uy usz v,

FiV= _| 2,1,1,1,1,1,3),
Again for the case 7iy =mp, we have £ dy dy dy e” | )
—1 . 2 , almy)
a” (mp) [(1—2sin“Oy)—2C{"————— €1 C2 C3 Vy _
mr [ w U (my) F¥= _ | (1,1,2,1,1,1,4),
S1 S S3 4 L
_a [ A ] ®
= ~ f_ ty, tp t; v
3 il m? B 1 2 I3 Yy

bl bz b3 T

(1,1,1,1,2,1,4) .
The results obtained from Egs. (4) and (8) for my/m; L
for models A and B are given below with 7 =8X 10’

GeV. For model A, Similar expressions hold for right-handed multiplets ex-

cept that v—N. We have exhibited the fermions for three

f=3: (Mx=mg)~7.8X10° GeV , families of generations. In this section we will confine
—4: Aig~1.23X10° GeV , 9 our discussion to families of three generations only.
4 X x © ©) The interaction Lagrangian for this group (omitting the
f=5: Aiy=~3.64X10% GeV . QCD terms which remain unchanged), is given by
]
mt— z( +(I J+(1 (l) +H c. )+__ z (J(”WSL;; +J3RyW3Rp)
W) T, 20 3g gy o)
zvgz%(u,,y“u,,’—kd,,’yy I)BM+2‘/B§(VL‘}/“VL+NR’}/ ¢ ,e'")B,
~—‘§§ S i vV X+ T RV W N Xy +d Py e VX, +Hec.) . (11)
n,i

Here i is the generation index and n is the color index.
Dropping the subscripts for the moment, we define the physical weak vector bosons as

W:%(W“#W‘Z@W‘”), _'=_‘/1__2_(W‘”—\7V‘2’), ?l=\/16[(W(l)_W(Z))_(W(Z)_W(3))]' (12)
In terms of the above vector bosons, the weak-interaction Lagrangian is given by
82 i i
L= ‘, \/E E(JL#"WL#+JR i WrptHe) |+ 57 | 3 5+ S0P aru)
1

%z(ﬁg)nun;) Jﬁ,"’y,,d,‘,”)—%z(Vf)y,,vL M/ (z)+5(1)7, ey |B
n,1 i

& 1
(e — Iﬂf’)YLM+(L—->R)+H.c.] 22‘/i[(Jg?,,—Jgﬁ,,)Y3L,,+(L_+R)]

+iva v
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(13)

2592
522‘/_6[( I — 20t 4 Iy, +(L—>R)+H.c.]
+ e U — 2 W+ T Vi +L—R)]
Here we have put g,>=2g? and
S0 =i | S sl 45 r,el?
IRu=i| 3 s yusd —ad8 v di )+ Py v —efyei) |

n

i =e,u,7, and similar expressions hold for the other
currents.

Redefining g,/v3=g;, the first three terms give the
usual weak-interaction Lagranglan in a left-right-
symmetric model involving WL , WR , Zr,and Zg. The
terms involving Y,Y’ bosons violate e-u-7 universality.
These are new terms.

We now briefly discuss the spontaneous symmetry
breaking of Gps. For model A, we introduce a set of
Higgs bosons as follows.

Case (i) (Majorana neutrinos):

Se'=(1,3,1,1,1,1,10) ,
S =(1,1,1,3,1,1,10) ,
SP'=(1,1,1,1,1,3,10) ,
and similar representations for S;”, with (S Lfii’ ) =~0:
$V=(2,2,1,1,1,1,1),
$Y=(1,1,2,2,1,1,1),
$P=(1,1,1,1,2,2,1),

k 0

0 K|’ K' <<k .

i 1
By .~
=13
The above Higgs system is the usual one’ for Gpg general-

ized here to

Guy= [ [SUL(2)XSUR(2)]; .

We now introduce a new Higgs multiplet E( (” be-

longing to following representation of Gpg:
="=(2,1,2,1,1,1,1),
==(2,1,1,1,2,1,1),
=P=(1,1,2,1,2,1,1) ,

e VO 59y ~0
0O vy .

In this way, we get the masses of vector bosons as

+ 2 2,2 2 2,2
My, “~82°K°, My “~8"v

i 822"
il ~g? my P~g)"V .

Thus we have the symmetry-breaking pattern as in Sec. II:
(Miy=mp)>>m>>my

with v2>>1%>>k? (7 here refers to the lightest of Y’s,
i. €., YL)

For case (ii), viz., Dirac neutrino, replace S, L by <I>R L»
where (I)(') belong to the following representation of Gpg:

®P=(1,2,1,1,1,1,4)

and similar expressions for ®%, ®%’, and &% with

(DY =0v/V2, (®P)=0.

The other Higgs fields remain unchanged.
For model B, we introduce the following Higgs sys-
tem:!°

==(1,1,1,1,1,1,4,4), (Z4)=c;

SY =8y = (131111110)
and similar expressions, for S§’ and S§’ with (Sg{))=v
and (S;H{)) ~0;

M=(2,2,1,1,1,1,4,4)

and similar expressions for .#'? and .#®) with

1 M(i) 0
(i) —_
M — 3 kI® 0o I

and
3P=(2,1,2,1,1,1,1,1)

and similar expressions for =2, =% and =¥ with

(== (3%)=0.

-
V2
This Higgs-field system will reproduce the symmetry-
breaking pattern for model B discussed in Sec. II. For the
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possibility mgp~m in this case, we can make iy higher
by making ¢2>>+2.

IV. CONCLUSION

We conclude that by taking into account the possible
violation of e-u-7 universality, it is possible to reduce the
partial-unification mass scale #iy. But the mass scale mpyg
is greater than or equal to 7, viz., mg > 8% 10° GeV. On
the other hand, my can be made as low’ as 300 GeV for
model B, if it is assumed that e-p-7 universality holds all
the way to iy ~5X10'2 GeV.
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APPENDIX

In this appendix we give the derivation of Egs. (1) and
(5) of the text. Note first that in the symmetry limit we
have the independent coupling constants

84=8, 8Li> 8Ri > (A1)

where for the latter two we shall use the discrete sym-
metries mentioned in the text. Now note that we have the
following relations for the electromagnetic coupling con-
stant e:

a_l(mR)= Eau_l(mR)+ EaRi_l(mR)

+a1"1(mR) , (A2)
a @)= a7\ #)+ 3 a; " H), (A3)
i i .
a W mp)=a; ~Nmp)+a' " Ymy) (A4)
with
zaRi_l(mR)+a1_l(mR)= 2(11,'_1(”‘11() , (A5)
i i
S a A =a " Ym), (A6)
i
S ap (A =a, " l(m), (A7)
i
where
a__iz. o __gLi2 o ‘__gRiz
Tar THT 4 TR 4y
2 2 ”2
a =2k =8l y_8

4’ T

Using the discrete symmetries mentioned in the text, Egs.
(A2) and (A5) become

(AB)
(A9)

a~ Y mg)=2fa," mg)+a;"(mg),

2 aliﬁl(mR )=fa2_l(mR )+a1—‘(mR) s

where f is the number of generations. Now the known

2593

couplings are

ar ~Nmp)=a"Ymyg )sin®0y (my)=a " 'sin’0y ,
(A10)
a'Wmp)=a"cos’Oy ,

the relations implied by Eq. (A4). To relate the unknown
couplings in Eq. (A3) with the known ones, we make use
of the renormalization-group equations

—1f ~ —1 mR
ay; (m)=a2 (mR)—l—ZBZ,-ln-T ) (All)
m

ar ~Nmp)=a; ~\(#)+2B,In—2 |
mr

(A12)

o'~ \mp)=a'~1(#)+2B8In 2 ,
my
where § functions are given in Egs. (2) of the text. Equa-
tions (A 12) and (A10) then give

o™ \(sin?6yy —cos Oy ) =ay, ~ (i) —a’~ ()

+2(B,—B)In-2 . (A13)
my,
Now from Egs. (A7) and (A11) we have
aL"'l(n~1)= 2(11‘,‘_1(’%)
—1 mg
=fa2 (mR)+2232,1nT > (A14)
i m

while Eq. (A6) gives
o'~ Um)= 2(11,‘_1(771)
m
= zali—l(mk)"‘zzﬁliln—,f_ .
i i m

Using Eq. (A9), this gives

&=\ (Fi)=fa, " mg) +a; " mg)+2 3, B In—%-
i m

(A15)
so that from Egs. (A13), (A14), and (A15) we have
a~!(sin?0y —cos?0y,)

m
=—a; " mp)+2 3 (By —Bi)In—=-
i m
+2(B,—B)In2- . (A16)
mp

The only unknown coupling now is a;~mg). To elim-
inate this, we have for model A,
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—1 -1 ﬁX
a, (mp)=ag” +2B3ln—— ,
mp,

(A17)

o7 mp)=C1Pag ™ +2B)In—
mpg

where we have made use of the fact that in the symmetry
limit g3(fmiy)=g,(Miy)=g and g,(Aiy)=C,;/g. From
Eqgs. (A16) and (A17), we get Eq. (1) of the text.

For model B, as shown in Ref. 7, we have to simply re-
place C;% by 2C,? and B; by 35 in Eq. (A17) so that Eq.
(A 16) then gives in this case

. almyp)
a~Nmy) (1—2sm29W)—2C12;~S(m—LL)

m m
= —4C 2B In—> 4+ 2B/ In—>
mp mg

=23 (B —ﬁ“)lnm—f ~2(B2——B’)1n—fﬁ~ .
i m my

(A18)

Substituting the values of 3 functions in (A18) we get Eq.
(5) of the text.
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