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Quark-lepton Yukawa unification at lower mass scales

M. K. Paridd and A. Usmani
International Centre for Theoretical Physics, Trieste, Italy
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In the nonsupersymmetric two-Higgs-doublet standard model, wetfimd Yukawa unification consistent
with the CERN LEP data, experimental values wf,, m_., and m=160-190 GeV at lower mass
scales: Mc=3x10P—3x10° GeV. We also show how such quark-lepton unification scales can be reconciled
with SU(2), XSU(2)g X SU(4) intermediate breaking in S@0) including threshold and gravitational correc-
tions.[S0556-282(196)05317-9

PACS numbeis): 12.10.Dm, 12.15.Ff, 12.60.Jv

Considerable attention has been paid to the study of imGeV<m,<180 GeV. Such a high scale of quark-lepton uni-
plications of quark-lepton unification through the fication would predict branching ratios for rare kaon decays
SU(4)--gauge hypothesifl]. If SU(4); occurs as a part of twelve orders smaller than the current experimental limit.
left-right gauge group such as &) XSU2)g More recently, the question of Yukawa unification at the
XSU(4)c(=G,,, with parity (g, =0,g) Or without it  GUT scale has been analyzed in the context of nonsupersym-
(92.#92r) [2], or even as SU(Z)X U(1),, XSU(4)c, it metric SG10), where partial unification of gauge couplings

can undergo spontaneous symmetry breaking to the standai®achieved througks,,, intermediate §ymmetr§/91.

model(SM) gauge group, directly or by more than one step, T_he purpose of this Brle_f_Re_port is to examine whether
such that weak interaction phenomenology at lower energieie idea of quark-lepton unification through &t is real-
remains close to that of the SM. In addition, rare-kaon deizable at mass scales significantly lower than those investi-
cays mediated by S4).-gauge bosons might be observablegated earIie_r but consistent with the most recent determina-
by low-energy experiments in the near futy@4], if the  tions of the input parametef40].

relevant symmetry breaking scale is not too high. When em- .

bedded in a grand unified theot¢UT), the existence of a Sir? (M) =0.2316+0.0003,
G, breaking scale near $910’ might lead to observable
proton decay$5] or neutron-antineutron oscillatio§]. If
neutrinos are Majorana particlesGy,breaking scale near
10°-10" GeV yields small neutrino masses necessary to un-
derstand solar neutrino puzzle by Mikheyev-Smirnov-

ay(Mz)=0.118+0.007,

a Y(M;)=127.9-0.1,

Wolfenstein(MSW) mechanism or dark matter of the uni- m,=4.25 GeV,
verse[7]. _
Almost five years ago, an interesting possibility of relat- m,=1.785 GeV,
ing the SUW4)--breaking scale to the top-quark mass was m=174+15 GeV. 1)

advanced by demanding unification of the three Yukawa

couplings of the third generation fermions at the spontaneoug/e also examine how such a scale is accommodated within
symmetry breaking scale of the intermediate gauge symmesQ(10) throughG,,intermediate breaking.

try SU(2); XSU(2)gX SU(4)c (=G24 in SO(10) grand unifi- We use the renormalization group equati¢R&E’s) for
cation, but by using8], the top-quark, bottom-quark, and thdepton Yukawa cou-
2o _ plings in the two-Higgs-doublet SM in the range of mass
sin“6y,=0.226+0.005, scalesm,<pu<M,,
as=0.100-0.117. dh 9 1
) 167° d_tt:ht[i hi+ 2 hp—2 Ci(t)giz},
With the standard moddiSM) gauge group containing one '
Higgs doublet below the intermediate scale, it was shown dh 9 1
that either the running mass of bottom quark must be greater 1672 b hb[_ h§+ - ht2+ hE_E Cfb)gf},
than 4.35 GeV, or the top-quark pole mass must be less than dt 2 2 i
80 GeV. However, with two Higgs doublets in SM, it was dh .
noted that for taf=35-45, the three Yukawa couplings 29 120 2 (D2
meet in the allowed range of the intermediate scale 16m dt h- 2 h7+3h El g @

M.=10'%2-10"°® GeV yielding the bounds 80
wheret=Inu, h;=Yukawa coupling of thgth fermion, and
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(m=(2 go i=Y,2L,3C
C| - 41 41 ) 1= ) ) .
For u>m;,, the integration of Eq(2) gives
hy(my) 9 1
ht(/.,L)— A, eX[{Elt‘l‘Elb),

hp(m,) 1 3
hp(p)= A, ex Elt—"_zlb—"_lr

Ho(y= 4™ a1 2
T(IU’)_ AT ex b+§ T
e hZ(t) .
Ii_J’mmt Wdt, |—t,b,7’,

()

. ¢ 'I2a;
A=T1 (“'(“)) . f=t,b,7. 3)
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FIG. 1. Variation of Yukawa couplings for the top quark
(dashed ling the bottom quarkdotted ling, and ther lepton(solid
line) as a function of mass scale and gaexhibiting quark-lepton
unification at 3x10F-3x10° GeV.

For a given ratio of the vacuum expectation values of the
two Higgs scalarsy /v q=tans, we computed the three val-

In the earlier worK 8] only h, was included inside the square ues of Yukawa couplings gai=m;, using

brackets, in the right-hand side of E@), but we take into

account the contributions of all the three Yukawa couplings hy(mp) = my(my)

of the third generation.

The functionsA;(f=t,b,7) are obtained by integrating

out the gauge coupling contributions in E&) using terms
up to one-loop out of the two-loop approximation,

11 A kg by (e
ai(p) a(m) 27 m 47 T oa T a(my)’
(4)
where
104 18 144
)1 2% 5 5
5 8
&=\ _5 > bij = 5 8 12
—7 11 9
= 2 _2
10 12

Using mass-operator renormalization of @WXU(1)en
theory belowM ;, the QCD rescaling factors fon,(m,) and
m,(m,) are obtained ag9]
7p=1.53= {57,
7,=1.015,

wherem;(m;)=m;/7%;, i=b, 7. The renormalization group
equations for gauge couplings frolh, —m, gives

a;}(m)=58.51, a,'(m,)=30.15,

a3 1(m)=9.30+0.5. (5)

174siB’
my(m;)
hp(my) = 1727%,
mr(mt)
h.(my)= T74cog" (6)

Using the initial values from Eqg5) and (6) as inputs in
Egs.(2) and(3), we have plotted;(w) vs loggu, such that
the solutions foih;(x) are consistent with Eq$2)—(4).

For smaller tag in the range of 5-10, the ratio,/h is
found to approach unity fop=10*3-1C GeV, but there is
no possibility of the three Yukawa couplings having a com-
mon meeting point.

In the next step we searched the parameter space in the
large tang region taking the allowed values of the top quark
mass from 160 to 190 GeV. Our results are shown in Fig. 1
where unification of the three Yukawa couplings is clearly
exhibited form;=160, 170, 180, and 190 GeV with tan
=52.80, 55.89, 58.94, and 61.94, respectively. The unifica-
tion scale increases with top quark mass from=10%°
GeV toM.=10"° GeV.

In Fig. 2 we have shown the variation of the unification
scale u(=Mc) as a function of tad where in the larger
(smalley tang region, the values gf and tar8 correspond to
the unification of thre€two) Yukawa couplings. The dotted,
solid, and dashed lines correspondp=160, 170, and 180
GeV, respectively. From the larger fganegion of Fig. 2, itis
clear that, for a fixed tg® the unification scale increases
with m;; and for a fixedm,, the unification scale increases
with tang, although the rate of increase is different in differ-
ent regions of the curve. In Fig. 3 we show how, for smaller
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FIG. 2. Variation of the quark-lepton unification sc#}e) as a 06 F /\\ _f:_ -

functional of targ for m;=160 GeV (dotted ling, m;=170 GeV 04 E \\ F E

(solid line), andm,=180 GeV(dashed lingwhere, for small tas, T F S ~J
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values of tags, the ratioh,/h . approaches unity &l c=10%* log,.(1u/1 GeV)
GeV (m=170 GeV, solid ling and at M:=10° GeV 10
(m,=180 GeV, dotted ling

So far no specific intermediate gauge group embeddin%ia
SU4). has been assumed. The unification of the three
Yukawa couplings is a consequence of low-energy data and

FIG. 4. Extrapolation of Yukawa couplings beyond the interme-
te scale fom;=160—-190 GeV.

the two-Higgs-doublet standard model. In order to embed 1 _ 1 a4 ni—i ﬁln aj(p)
such a scenario in S@0), the most attractive candidate is  @i(x) ai(Mc) 27 Mc 47 T a  a;(Mc)’
the intermediate gauge group &) XSU(2)g X SU(4): with (8)
parity broken at the GUT scal&]:
where
My Mc Mgz
SO(10) — Gaze— SM—U(DenXSU3)c, 3 g 3 =
210 126 10 2
11
— 584 765
where fromM, to M we have now two weak doublets, ai= 3 |, bj=| 3 =3
and ¢4 instead of one as in earlier analyddd-13. The -23
Yukawa coupling for every fermion of the third generation in 3 9 153 643
the presence 06,,, Ssymmetry has the forrf9] 2 2 6
dh; Integrating the fermion Yukawa coupling in E) with the
1672 thf<6hf2—2 c!f )gi2>, help of one-loop approximation from E¢8) and using the
I

unification value aM ¢, for h;(M¢), we have plottedh; ()
as a function ofu as shown in Fig. 4 by the dashed line for
. [9 9 45 u=Mc;—10' GeV. It is clear thath; uniformly decreases
ci= (Z’ 7 Z)’ () and attains the value of 0.35 and 0.27atM ,=10'"°GeV
and u=10' GeV, respectively.

Now we include thresholfi11] and gravitational correc-
tions to the two-loop approximation for the intermediate
scaleM ¢ and the GUT scal®#,, which are predicted up to

and the renormalization group equatio(RGE’s) for the
gauge couplings fop>M_ are

one loop as
1.8 TTT TTT TT T TTT1 TTT
E 3 | Mc 36w [ 7 _n20+2a
16 p E "M, 47a |24 5 W g )
{*-1.4} 3
£ - ] M 157 ([ 1 19 a
S 1.2 F — _U=_ - . =
f E In M, 47a(10+sm2 O Eal 9)
0.8 S PO T With the input parameters given in E¢L), the model
0 2 4 8 8 10 put p g )

predictions in two-loop approximations ahé =10'9-0-2
log,(1/1 GeV) GeV, M 2=10'9%02 GeV, where the uncertainties are due
to the input parameters. Threshold corrections are very close
FIG. 3. Variation of the ratidv,/h.. as a function of mass scale to the values obtained in Refl1]. We now evaluate gravi-
for smaller values of tgsandm,=170 GeV(solid ling, m=180  tational corrections due to the five-dimensional operators
GeV (dotted line. [14] contributing to the nonrenormalizable tefdb]
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TABLE I. Gravitational corrections to mass-scale predictions bydecreaséincreas¢ M, . Using »= x5 and the threshold cor-

five-dimensional operator in S00) with SU(2), XSU(2)rXSU4)c  rections of Ref[11], our estimations on the mass scales are
intermediate symmetry.

+2.7
M c= 1010.9_ 14= 1.3+ 0.2,

7 5(N:RO 5URO %g_ %(L;
c U My= 1015_91’(1):?4; 06+0.2
+5 +3.2 F1.3 10°%3 10796
10 462 =26 10:26 10713 where the first(second uncertainty represents threshold
(gravitationa) corrections. It is clear that when threshold and
five-dimensional operator effects are taken into account, the
7 intermediate scale encompasses the quark-lepton-Yukawa
aNRo=—mTF(FW¢><2m)FW)- (10 unification scales for the third generation fermions. Our

analysis includes the most recent global fits to the CERN
- . . _
When the 210-dimensional Higgs field acquires vacuum ex€ € collider LEP data encompassings(M,)=0.111
pectation values, the added presence of(E@). in the renor-  —0-125 and effects of Yukawa couplings of all the three fer-
malizable Lagrangian leads to the modification of the boundMoNS Of&?'rd g%r)]eratlon. The quark-lepton unification at
ary conditions on gauge couplings and consequently th&c=3%10"—3x10" GeV has been demonstrated as a con-

gravitational corrections on the mass scales are sequence of low-energy data and two-Higgs-doublet stan-

dard model below th&,,breaking scale. In this work we
NRO Mc 9 (37 12 ME’J have not considered large threshold effects on Yukawa cou-

oc =01In M_:&f(2_3> T plings and possibility of unification at still lower scales

z %G P Mc=10° Gev, which might be more model dependgh6].
M 15 [ 37 MO _T_he _allowed_values of intgrmedi_ate scales for Yukawa
55y°=6In _Yv__ = (_3) 7 Y (11)  unification predict the branching ratio for rare-kaon decays
Mz 376\ 2ag) " Mpy to be B(K, — ue)=10"1-10"18 and v, as a candidate for

. , _1 hot and cold dark matter of the universe.
Using GUT coupling constant, g =46.3+0.3,

M=10" GeV/2r=1.6x10" GeV, andMy and M¢ at The authors thank the Theory Group, ICTP for hospital-
their two-loop values, we preseAt"° and 5,°° in Table | ity. One of the author§M.K.P.) thanks Dr. K. S. Babu for

for »=—10 to 10. We note that while positivenegativeé  discussions and acknowledges financial support through Re-
values ofz increasedecreaseM ¢, the same values tend to search Project No. SP/S2/K-09/91.
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