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We study in detail the renormalization group evolution of Yukawa couplings and soft supersymmetry
breaking trilinear couplings in the minimal supersymmetric standard model with baryon and lepton number
violation. We obtain the exact solutions of these equations in a closed form, and then depict the infrared fixed
point structure of the third generation Yukawa couplings and the highest generation baryon and lepton number
violating couplings. Approximate analytical solutions for these Yukawa couplings and baryon and lepton
number violating couplings, and the soft supersymmetry breaking couplings are obtained in terms of their
initial values at the unification scale. We then numerically study the infrared fixed surfaces of the model, and
illustrate the approach to the fixed points.
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[. INTRODUCTION bead hog since it is not required for the internal consistency
of the model. Considerable attention has, thus, recently been

Considerable attention has been focused on the infrarefdcused on the study of the renormalization group evolution

fixed point behaviof1] of the standard modé¢SM) and its  of Yukawa couplings, including the baryon and lepton num-
extensions, especially the minimal supersymmetric standarger violating couplings, of the MSSW7—10. This includes

model (MSSM). This is because there may be a stage ofhe study of quasi-fixed-point behavior as well as the true

unification beyond the SM, and if so, it then becomes imporinfrared fixed points of the different Yukawa couplings, and

tant to perform the radiative corrections in determining allthe analysis of their stability. It has been shown that in the

the dimension=4 terms in the Lagrangian. This can be yykawa sector of the minimal supersymmetric standard

achieved by using the renormalization group equations 9, 4e| with baryon and lepton number violation there is only

find the values of parameters at the electroweak scale, givelhe infrared stable fixed point. This corresponds to nontrivial

their values at the unification scale. As such, much effort hag int for th ) ] K Yuk i
been devoted to the study of the evolution of various dimen- xed point for the top- and bottom-quark Yukawa couplings

sionless Yukawa couplings in the SM, and its minimal su—and the V'O'at”_‘g coupl|ng)\_’2’33, _and a tr|y|al one for the
persymmetric extension, the MSSM. Using the renormalizaZ~ Y Ukawa coupling and the violating couplingh 3;. It was
tion group evolution, one can relate the Yukawa couplings too"oWn that all other fixed points are either unphysical or
the gauge couplings via the Pendleton-Ross infrared stablé”St*_"‘b'e in the infrared region. Similarly, fixed points were
fixed point (IRSFP for the top-quark Yukawa coupling op_talned for the corresponding soft supersymmetry breaking
[2,3], or via the quasi-fixed-point behavip4]. The predic- trilinear couplings as well9].
tive power of the SM and its supersymmetric extensions The purpose of the present paper is twofold. First, we
may, thus, be enhanced if the renormalization groR(®) study the renormalization group evolution in the minimal
running of parameters is dominated by infrared stable fixecsupersymmetric standard model with baryon and lepton
points (IRSFP$. These parameter&'ukawa couplings, ra- number violation in order to obtain the exact as well as the
tios of Yukawa couplings to gauge couplings, eito not  approximate analytical solutions for the Yukawa couplings
attain fixed point values at the weak scale, the range betweeand the soft supersymmetry breaking couplings at the weak
the grand unified theoryGUT) scale and the weak scale scale given their initial values at the ultraviol@tV) or the
being too small for them to closely approach the fixed point GUT scale. Second, we study the renormalization group flow
Nevertheless, the couplings may be determined by the quasif such a system, and determine the infrared fixed surfaces
fixed point behaviof4] where the value of the coupling at and infrared fixed points toward which the renormalization
the weak scale is independent of its value at the GUT scalegroup (RG) flow is attracted.
provided the coupling at the GUT scale is large. The plan of the paper is as follows. In Sec. Il we describe
In supersymmetric theories there are superpartners of thiée renormalization group equations for the minimal super-
ordinary particles in the spectrum, due to which there aresymmetric standard model with baryon and lepton mumber
additional Yukawa couplingg5] in these models which lead violation involving the highest generations. We obtain the
to baryon numbe(B) or lepton numbefL) violation. Often, exact solutions for the RG equations, and describe the infra-
a discrete symmetr}6] calledR-parity (R,) is introduced to  red fixed points for the third generation Yukawa couplings
eliminate theseB and L violating Yukawa couplings. How- and the highest generation baryon and lepton number violat-
ever, the assumption &, conservation in MSSM appears to ing couplings. Here we also study the corresponding RG
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equations for the soft supersymmetry breaking trilinear couwhere a tilde denotes the scalar component of the chiral su-
plings, and describe their infrared fixed points. Section Il isperfield, and the notation for the scalar component of the
devoted to the study of the approximate analytical solutiondliggs superfield is the same as that of the corresponding
of the RG equations for the Yukawa couplings and the sofsuperfield. In addition there are soft supersymmetry breaking
supersymmetry breaking trilinear couplings. In Sec. IV wegaugino mass terms with the masaéswith i=1,2,3, cor-
carry out a detailed numerical study of the infrared attractiveresponding to the gauge groupd$(1)y, SU(2)., and
fixed surfaces, and present their two dimensional projectionSU(3), respectively.
to demonstrate the existence of a strongly attractive fixed Since the third generation Yukawa couplings are the
point. In Sec. V we present the summary and conclusions. dominant couplings in the superpotentid), we shall retain
Only the elements Ku)33Eht, (hD)33E hb’ (hL)33EhT in
Il. RENORMALIZATION GROUP EQUATIONS each of the Yukawa couplings matrickg ,hp ,h, , setting
AND INFRARED FIXED POINTS all other elements equal to zero. Furthermore, since there are
36 independentt violating trilinear couplings\ ;pc andX\ ;..
in Eq. (2), and 9 independerB violating couplings\ . in
In this section we recall some of the basic features of thehe baryon number violating superpotenti&), we would
renormalization group evolution in the minimal supersym-have to consider 39 coupled nonlinear evolution equations
metric standard model with baryon and lepton number viofor the L violating case and 12 coupled nonlinear equations
lation, and obtain the infrared fixed points of the Yukawafor the B violating case, respectively. Thus, there is a clear
couplings and the soft supersymmetry breaking trilinear couneed for a radical simplification of the evolution equations
plings of the model. The superpotential of the model is writ-before we can study the RG evolution of the Yukawa cou-

A. Infrared fixed points for Yukawa couplings

ten as plings in the MSSM withB and L violation. Motivated by
J— J— J— the generational hierarchy of the conventional Higgs cou-
W= (hy)abQUrH2+ (hp) apQDrH1+ (hg)apl {ERH1 plings, we shall assume that an analogous hierarchy amongst

the different generations @& andL violating couplings ex-
ists. Thus, we shall retain only the couplingsss,\ 333,533,

s L DD carots e epon and e s TS0 e 0 et 1 L iy
and anti-lepon singlet, d-type anti-quark singlet and u'typecauge ogf lar er?—ﬁ sgcou lings in their evolution e ugailions
anti-quark singlet, respectively. In E(L), (hy)ap, (hp)ab 9 99 ping q '

. . . and hence could take larger values than the corresponding
and (he)ap are the Yukawa coupling matrices, withb, ¢ as couplings to the lighter generations. We also note that the
the generation indices. Gauge invariance, supersymmet ping 9 9 '

r . L :
and renormalizability allow the addition of the followirlg é(xperlmental upper limits are stronger for BeandL vio-

S ) lating couplings with lower indicefl1]. With these assump-
andB violating terms to the MSSM superpotentid): tions we can write the relevant renormalization group equa-

+ILLH1H2, (1)

1 - o tions as[9]
Wi = 5N and LLUER+ Nanc {QUDR+ wiliHz, ()
dh?
2 t
1 . . 167 ﬁ
Wa= 5\ DRDRUE, ® de=Inu®

:h2 1_6 2+3 2+1_3 2_6h2_h2_)\/2 _2)\!/2
respectively. In this paper we shall consider, apart from the t| 39572927 7591 t b 7333 233}

Yukawa couplings in Eq(1), the dimensionless Yukawa

couplings\ ape, A gpe @ndA . only, and ignore the dimen- ®
sionful couplingsw andu; . The couplings\;pc and\ . are
antisymmetric in their first two indices due ®U(2), and ) dhﬁ
SU(3)¢ group structures,_respectively. Corresponding to thel6m d(—Inx?)
terms in the superpotentiald), (2) and (3), there are soft
supersymmetry breaking trilinear terms which can be written 16 7
as =hj| 595+ 303+ 1297~ h{—6h;—h?
_Vsoft:[(Au)ab(hu)abbi‘a—gH2+(AD)ab(hD)abéﬁB_ng —6)\512;,3— 27\%3), (6)
+ (Ag)ap(he)apl FERH, ]
1 TaybEc r TaRbRC 2 dhi
+ E(A)\)abc)\abcLLLLER—'—(A)\’)abc)\abcLLQLDR 16m d(—In w2
1 7 Nambric 2 2 9 2 2 2 2 12
+ E(A)\”)abc}\abcDRDR R| (4) =h? 392+591_3hb_4h7_47\233_3)\333 ; )
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whereg,,0,,9; are the gauge couplings &f(1)y (in the
GUT normalization, SU(2), andSU(3): gauge groups, re-
spectively, andu is the running mass scale. We note that
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e[ 23]

The corresponding one-loop renormalization group equations
for the gaugino massed; ,i=1,2,3 can be written as

with

33
—-,1,-3

5 (12

2 dM'2 2n 2
167 mz —2bigi Mi . (13)
Defining
~ h2 . =~ )\333
Yi=167'72, i=tb,7, V=127, (14)
N e V-
I T 19

the solution of the RG equatior(§)—(10) for the Yukawa
and theB and L violating couplings can be written in a
closed form[12]

, tzln( )

2
MX

2

Yi(0)F(t)

YW=—"4
1+akkYk(0) fOFk(t,)dtl

within the context of grand unified theories, one is led to the
situation where baryon and lepton number violating Yukawa

(16)

couplings may be related at the GUT scale, and one may
longer be able to set one or the other arbitrarily to z&ve,
therefore, include both, the baryon and the lepton numbe
violating couplings, in our RG equationg he evolution
equations for the gauge couplings are not affected by th
presence oB andL violating couplings at the one-loop level,
and can be written, in the usual notation, as

"Rherem « is some large initial scale, and whéfg stands for

the functionsY; (i=t,b,7), ¥, ¥, andY”. Analogous no-
tation holds for the functionk, . The quantities, are the
diagonal elements of the wave function anamolous dimen-
sion matrix, and are given by

a,x=16,6,4,4,6,6, (17
2 i T and the functions=, are given by the set of integral equa-
167 m b,gI , | 1,2,3, (ll) tions
E(t)
Fut)= ~ n 76 ~ t n 76 = " 73 (18)
1+6Yb(0)f Fb(t’)dt’)1 1+6Y’(O)f F’(t’)dt’)l 1+6Y”(0)f F”(t’)dt’)L
0 0 0
En(t)
Fp(t)= - n 76 ~ n 73 ~ : 76 ~ n 73
1+6Yt(0)f Ft(t’)dt’)l 1+4YT(0)f FT(t’)dt’)l 1+6Y’(O)f F’(t’)dt’)l 1+6Y”(0)f F”(t’)dt’)l
0 0 0 0
(19
E,
FAt)= - " 72 - (tt) ~ " 72 (20
1+6Yb(0)f Fb(t’)dt’)l 1+6Y(O)f F(t")dt’ 1+6Y’(0)j F’(t’)dt’)1
0 0 0
E(t
F(t)= v (21

_ t
1+4Y,(0)J F(t)dt’
0

- t 121
1+6Y"(0)f F”(t’)dt’)L
0
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) E'(t)
F'(t)= ~ n 76 - n ~ n z - n z
1+6Yt(0)f Ft(t’)dt’i)l 1+6Yb(0)f F(t))dt’ 1+4YT(0)f FT(t’)dt’)l 1+4Y(0)f F(t')dt')l
0 0 0 0
1
X - n 3 (22
1+6Y"(0)f F”(t’)dt’)l
0
, E"(t)
F'(t)= - . 73 ~ . 73 ~ . 73 (23)
1+6Yt(0)f Ft(t’)dt’>l 1+6Yb(0)f Ft(t’)dt’>l 1+6Y’(O)f F'(t')olt')1
0 0 0
|
where the functionsE,(t) [=E«(t), Eu(t), E(t), E(1), ,dRy 7
E’(t) andE"(t)] are given by 3g3d_g2: Ro|3 ~Ri=6R,~R,—6R'—2R"|, (30
3
& dR
_ - C i/bi T '
B =11 @ +bia(0)n% ™, (24) 3g§d—g§= R,[—3-3R,—4R,—4R-3R’], (31)
with drR
3g5—>=R[—3-4R,—4R—3R'], (32
- gA0) 405
ai(O):W, 1=1,2,3, (25) 4R .
3g3—=R'|z—R—6R,~R,~R—6R'—2R"|, (33
(18 16 (7 16 HEP dg; (3 (33
Gi=| 1593 GiT\15°3 ) CAiT|5oY)
(26) 27 _pr'rreE_ _ _ ’r_ "
3655 —R/[5-2R~2R,~ 2R'~6R']. (34)
(9 (7 .16 (4 %
G~ |5 30 CuyTl1EdF) GyT|5 08 There are no physically acceptable infrared fixed points for
27 this set of RG equations with all the couplings attaining non-

The solutions for the RG equatioit$l) for the gauge cou-
plings and the gaugino mass@ds3) are well known and will
not be repeated here. We note that Eif) gives the exact
solution for the Yukawa couplings, whilg,’s in Egs.(18)—
(23) should in principle be solved iteratively.

In order to study the infrared fixed points for the Yukawa

couplings, it is convenient to redefine

ht hy h? 333
R==, Ry="7, R.=%, R=—7,
J3 J3 J3 J3
)\12 )\112
R=—2, R=—, (28)
J3 J3

and retaining only th& U(3): gauge coupling constaigt,
we can write the renormalization group equatidfs—(10)
for the Yukawa couplings as

7
~—6R,—R,—R'—2R"|, (29)

d
395 3

R
=R
3

dg

trivial values. The only nontrivial infrared fixed points are
obtained by neglectindk’. Then, the true infrared fixed-
points for these RG equations &

7 2 2

- * _ D% —
102,17,17>, R¥=R*=0 (stable,

(39

-

11
(R{;,Rt*)z(g,g), RI=R*=R"*=0 (unstable,

(36)
(R//* R* ) — (1_9 E) R* = R* = R* = O (unStab@
7 a8 T b ’

(37)
(R/I* * ) — (1_9 E) R* = R* = R* = O (unStab@
)T 2g0g) T ' '

(38

We note that the- Yukawa couplingR,. and the lepton num-
ber violating couplingR approach trivial fixed point values
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since there is no contribution from ti8J(3) couplinggs in  plings. However, these fixed points may not be reached in
their renormalization group equationslso, because of this practice, the range between the laf@@UT) scale and the
reason the B and L-violating couplings do not approach weak scale being too small for the ratios to approach the
simultaneous non-trivial fixed pointSurthermore, the infra- fixed point values. In that case, the various Yukawa cou-
red fixed point values of the top- and bottom-quark Yukawaplings may be determined by quasi-fixed point behajddy
couplings for the stable fixed poif5) are significantly dif- where the values of various couplings at the weak scale are
ferent from the case wheB andL is conserved13]. Thus, independent of their values at the large scale, provided the
the inclusion ofB andL violation in MSSM has the effect of Yukawa couplings at the large scale are large. More pre-
lowering the infrared fixed point values of the top- andcisely, in the regime where the Yukawa couplings
bottom-quark Yukawa couplings. These are the importan¥,(0),Y(0),Y.(0),Y(0),Y'(0),Y"(0)— with their ratios
conclusions of our analysis. From E@5) we note that the fixed, it is legitimate to drop 1 in the denominators of Egs.
fixed point value for the top-quark Yukawa coupling trans-(16) and (18)—(23) so that the exact solutions for the
lates into a top-quark (pole mass of aboutm;  Yukawa couplings approach the infrared quasi-fixed-point
=70sinB GeV, which is incompatible with the measured (IRQFP defined by
value of[14] the top massm,=174 GeV, for any value of

. . . . FQFP(t)
tanB. Thus, the stable infrared fixed poi(85) is not actu- K

S YRFP(1) = : (39
ally realized in nature. QFP, 41\ s
The infrared fixed point$lRFP’s) that we have discussed Akk OFk (t)dt
above are the true IRFP’s of the renormalization equations
for the Yukawa and baryon and lepton number violating cou-with
|
Ed(t)
FOPP()= : 6 1 t B 1 73 (40
(J FSFP(t/)dt/)l (J FIQFP(t/)dt/)l (J FHQFP(tI)dt/j
0 0 0
Ep(t)
FETh(t)= . 67 1 ZyErT 7 T3 (41)
(J' F?Fp(t,)dt,)l (J' F?Fp(t,)dt,j (J' F/QFP(tr)dtr)l (f F,,QFP(t,)dt,j
0 0 0 0
E.
FSFP(t) = t 2 t © t 121 (42)
(j FSFP(t,)dt’)L (j FQFP(tI)dtI><J FrQFP(tI)dtr)l
0 0 0
E(t)
FOFP(t) = . 7 (43)
(f F(TQFP(tr)dt/> ( f F//QFP(tI)dt/)L
0 0
, E'(1)
FOPP() =+— 6 1 n AT 1t ATt 73 (44)
(J' F?Fp(t,)dt,j (J' F?FP(tr)dt/><f F?FP(t/)dtr)l (f FQFP(t/)dtr)l (f F//QFF‘(I:/)dtr)l
0 0 0 0 0
E"(t
F”QFP(t): ( ) (45)

t 13 t 1/3 t 13+
(jOFt(t )dt )’ (foFt(t )dt ) (J;F (t")dt )L

We note that the resu(89) follows immediately by dropping Yukawa coupling as well as the dependence on the ratios of
1 from the denominator of Eq16), whereas the results initial values of Yukawa couplings have completely dropped
(40)—(45) follow from the corresponding equation48)— out of the runnings in Eqs(39) and (40)—(45). In other
(23) by using an iterative procedufé2,15. We stress here words, the quasi-fixed point$39) are independent of
that both the dependence on the initial conditions for eaclwvhether theB andL violating couplings and the third gen-
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eration Yukawa couplings are unified or not. The fact that ,
the ratios of the various Yukawa couplings do not enter Eqs. 39§ )‘2 =
(39—(45) implies that these results are valid for any fan O3
regime.

[8—2RA— 2R A, — (6R"+3)A,].

(50

One can obtain the exact solutions for RG equati@t®—

(50) for the trilinear parameters; analogous to the solutions

(16) that we have obtained for the Yukawa couplings. The
We now consider the evolution equations for the soft suexpressions for these solutions are lengthy, and will not be

persymmetry breaking trilinear parameters in the potentialvritten down here. Instead we shall obtain approximate ana-

(4). For these trilinear parameters we shall assume the sanical solutions for these RG equations in Sec. lll, and shall

kind of generational hierarchy as was assumed for the corrdurther study them numerically in Sec. IV. Nevertheless, we

sponding Yukawa couplings. Thus, we shall consider onlycan optain the true fixed points for tife parameters easily.

B. Infrared fixed points for the trilinear soft supersymmetry
breaking parameters

the highest generation trilinear couplingsA)ss=A;,
(Ap)as=Ap, (A=A, (A)2a=A\, (A\)z=Ay,

(Ayr)235=A,», setting all other elements equal to zero. As

there is only one IRSFR35) in the MSSM withB and L

violation, we shall consider the IRFPs for tiheparameters

corresponding to this case only, i.e. T8¢, A,, A., A,

andA,». Retaining only these parameters, and defining th

ratios A=A, /M5 (Ai=A.,A,, A, A, ,Ayv), We can write
the relevant renormalization group equatid®$ for A; as
[neglecting theSU(2), andU(1)y gauge couplings

These are

ey s o o~ 2 ~

(AY, AL AL ,A:)=<1,1,1.— 1—7), AX=0. (51
It is straightforward to show that this is the only infrared
Qtable fixed point for thé, parameters. The stability of the
fixed point(51) also follows from the general results con-
necting the stability of a set ok parameters to the stability
of the corresponding set of Yukawa couplifd$]. We fur-

ther note that the fixed point values f8g, and A, are the

,dA, [16 5 _ _ same as in MSSM with baryon number conservafib6].
393F: 3 ~(6Ri+ 3)At_RbAb_2R"A)\”}1 (46)  However, the fixed point value foh, is affected by the
% presence of th@-violating parameteR, » .
39§d—A§= 13_6_ th‘t_ (6R,+ 3)Ab_ RT’AT_ 2RHA)\”:|, I1l. ANALYTICAL SOLUTIONS
dos | Having obtained the infrared fixed points of the renormal-
(47) ization group equations for the Yukawa couplings and the
G R . soft supersymmetry breaking trilinear couplings, it is impor-
20A; ~ ~ ~ tant to determine the approach to these fixed points. The rate
303 dgg_ ~3RpAp— ( AR+ 53 A~ ERAJ’ of approach to the fixed points can be determined by solving
(49) the RG equations in the neighborhood of the fixed points.
Linearization of the RG equatiori29)—(34) in the neighbor-
d~Ax 7 R 5 hood of the stable infrared fixed poif@5) leads to the fol-
3g§—2= —ERTAT— 374— 4R+ S)AJ, (49 lowing approximate analytical solution for the Yukawa and
dgs | B andL violating couplings:

2

~1 ~1.18 2\—0.2
2
Rt=T7—O.002?TO(g—;) +[O.5(Rto—Rbo)+0.02?To](g—:’) +[O.4&Rt0+Rbo)—O.OZQTO—O.OG?'é—O.Oﬂ<g—23)
930 g J30
gz —1.68
+[0.02A R+ Rbo)+0.OOZRTO+O.06?g—0.OSJ<—;’) , (52
930

03

2
Ro=1+ 0.04?70(

J30

2 \—1.68
g
+[0.02Ryo+ Rug) + 0.00R o+ o.omg—o.oa( 73) ,

930

—1.18

-1
9
T) —[0.5Rio— Rup) +o.02R,O](T3
J30

2\—0.2
+[0.48 R+ Rbo)—o.omm—o.omg—o.on( g—j‘)
930

(53
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A
R,= Rw(g;) , (54)
30
2\-0.2
R=R0(§73) , (55
30
77 2 —1 % —0.2
R'=155 0005270( > +[—0.37(Rt0+Rb0)+0.02RTO+0.05R6+0.05](T +[0.37MRyp+ Ryo) +0.0R 4
930 930
gz —1.68
+0.9R;—0.8] ) , (56)
930

where Ryy,Ry0,R,0,Ro, Ry are the corresponding initial values at the lafg®/) scale. These equations determine, in the
leading order, how fast the infrared fixed poi86) is approached. The measure of infrared attraction is the size of the negative
power in (g%/g%o) in various terms in the expression fBr.

Similarly, linearization of the RG equatiori46)—(50) for the trilinear couplings about the stable infrared fixed p¢ai)
leads to the following approximate solution for these couplings:

o2 ~12 —257 o \—1.21
~ ~ 93 ~ ~ ~ e 3
A=1+0.5Ap— Abo) +0.4(A)\"0—1)( ) —0-5(1-2—(Ato+Abo)+0-8Avo)(T) , (57)

930 30

2\-12 ~257 92 -1.21

~ ~ o~ ~ 3
A,=1-0.5A—Ap)| — +0.4(A,np— ( ) —-0.51.2—- (At0+Abo)+0 8AMO)< ) , (58

930 g30

2\"12 2
~ 2 ~ 93 - el ~ ~ = ~
AT:—1—7—O_aAtO AbO) +0.03A)\//0 T +(0.47+O.O%to_O.57Abo+A7-0+O-19A)\”0)
30 30
2\—1 2\—1.21
93 -~ = ~ O3
X —0.27(1.2- (A +Ap) +0.8A0)| - | (59
930 30
2\-1
~ 93
A=Al 5 ) , (60)
930
2 \—2.57 2\—1.21
~ ~ 93 gS
Av=1+(Ayo—1)| —- +0.06(1.2— (Ag+Apo) + 0.88,m0)| —| (61)
30 30

Where’Ato,’Abo,ATO1’A)\O1’A}\,,O are the initial values of thé& with several fixed pointS, this Imp|IeS that the SyStem of
parameters at the UV scale. equations(29)—(34) has an infrared fixed surface, thg
—Rp,—R" surface,R.=R=0. In principle, a three dimen-
sional plot for the evolutions would reveal the infra-red fixed
IV. NUMERICAL RESULTS surfaces, with the sole infrared stable fixed point being ap-
proached by the flow from different directions. However,
Having obtained analytically the true fixed points as wellsuch a demonstration is rather cumbersome. We shall instead
as the quasi-fixed points for the various couplings, as well asoncentrate on the two dimensional projections of this three
the approximate solutions to the corresponding RG equadimensional surface to illustrate the approach to the fixed
tions, it is instructive to carry out a numerical study of thesepoint.
equations in order to illustrate the discussion of the previous For the purposes of our numerical analysis, we set the
sections. unification scaleM y=10'® GeV, the unified gauge coupling
Since the RG equations are coupled differential equations (M) =1/24.5 and an effective supersymmetry scale of
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Ms=1 TeV. We shall use the one-loop RG equations in the
numerical analysis, since the difference between the one-
loop and two-loop results for the infrared fixed poifits] is *
less than 10%. Reinserting the electroweak gauge couplings 0.8 )
01,9, in the RG equation§29)—(34), the fixed points are no

longer found to be exact. In order to determine the approxi-

mate positions of the fixed points, we shall maintain running 0.6
01(w),9-(u) and follow the prescription that the approxi- 2
mate infrared fixed point in th& —R,—R" space is deter-

mined as the unique point in the evolution path fram 0.4

=My to u=M g which has the same value at=My and at
pn=Mg. The results depend somewhat on the evolution path,
and in particular on the scaldy, the deviations from the 0.2
values in Eq(35) being larger, the larger the scadlky. We
note that the idea of grand unification is not important for our
results. The infrared fixed point and the infrared fixed surface 0.2 0.2 0.6 0.8 1
are the properties of minimal supersymmetric standard @ Re
model with baryon and lepton number violation. Note that it 1
is only in that they are not exact but approximate do they
depend orM .

Our main objective here is to study the renormalization 0.8
group flow in the coupling ratioR; ,R, ,R” from My to Mg,
to display the fixed surfacegrojections of three dimen-

sional surface onto two dimensignsand to locate the infra- 0.6

red fixed point. We start witth, and h, each taking the R
values (9,1,0.5) to ensure a large range in the variation of =& *
these parameters and,, fixed at a reasonably large value of 0.4

1.1 for the computations that we perform. We evolve the
Yukawa couplings down to the IR scale using the one-loop
RG equations and evaluate the coupling ratigsR,,R". 0.2
The values of the couplings so obtained at the IR scale, viz.,
Mg, are then used as the input at the UV scélg;, and
evolved down to the IR scale and then iterated again. This
procedure is repeated until all the final points meet in the (b} ' TR,
infrared fixed point. The results of these iterations are then 1
projected onto th&};—R,, R,—R” andR,—R" planes, re-
spectively. The results so obtained are presented in Figs.
1(a), 1(b) and Xc), respectively. It may be observed that the 0.8 AN
approach to the fixed point of the ratR’ is rather rapid N "
since at the outset this quantity was chosen close to it. The W
approach of the ratioR; and Ry, is significantly more dra- 0.6
matic since they are required to approach the fixed point I’
from rather disparate values. This clearly illustrates the Y .
strong attraction to the sole IRSFP.

The end result of the series of iterations that we have
performed lead to the following infrared fixed point values
for the coupling ratios:

R"QFP~(.65,

RSFP20.59, © 0.2 0.4 0.6 0.8 1
RRFP=0.59. (62)
FIG. 1. (a) The values of the ratioR, andR; at the end of first
This infrared fixed point and the fixed surfaces are as eXfour iterations for the input$,=9,1,0.5,h,=9,1,0.5, and\}ss
pected from the preceeding analytical considerations with=1.1. (b) The values of the ratioR” andR at the end of first four
however, shifted position of the fixed point due to the effectiterations for the inputs;=9,1,0.5,h,=9,1,0.5, and\53,=1.1. (c)
of including the electroweak gauge couplings in our numeri-The values of the ratioR” andR, at the end of first four iterations
cal iterations. It is, in fact, the quasi fixed point for the re- for the inputsh,=9,1,0.5,h;=9,1,0.5, anch%5,=1.1.
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spective coupling ratios. The fixed poif62) implies the 0.75
approximate top-bottom Yukawa unification at all scales
The fixed point values in Eq62) translate into the fixed 6.7

point values for the top-, bottom-quark Yukawa couplings,
and the baryon number violating coupling:

0.65
\"957=0.90, 2
hQFP=0.86, "
hQFP=0.86. (63) 0.55
These quasi-fixed-point values for the Yukawa couplings are 0.5

not significantly different from those obtained in a situation
when ther Yukawa coupling was ignored, and when the
baryon and lepton number violating couplings were consid-
ered separately in the fixed point analy$id. Since the
quasi-fixed points are reached for large initial values of the 1
couplings at the GUT scale, these reflect on the assumption
of perturbative unitarity, or the absence of Landau poles, of
the corresponding couplings. The quasi-fixed poi(@8),
therefore, provide an upper bound on the relevant Yukawa
and the baryon and lepton number violating couplings. From 0.9
our analysis we, thus, conclude thef;;<1 in a process 2
independent manner.

We have carried an analogous numerical study for the soft
supersymmetry breaking trilinear couplings. Here the choice
of inputs is larger and we economize on the possibilities, 0.8
however, ensuring that the main focus of the analysis is not
lost. In Figs. 2a), 2(b) and Zc) we illustrate the infrared 0.75
attraction for the trilinear couplings with a choice of Yukawa
and the baryon number violating couplingg=\%35=1.1
andh;=1.65(in order to break the near isospin invariance of
the top- and bottom-quark couplingsand universal bound-
ary conditions for the trilinear couplings (3,2,1,0.5M 5,

0, with M4, the universal gaugino mass, for the eight differ-
ent computations that we perform. The results for the 0.95
Yukawa couplings and the trilinear couplings at the infrared
scale are then fed back to the RG equations at the UV scale
and then evolved again. We exhibit the resulting attraction in
terms of the projections onto the,—A,, A,—A,» and A, L
—A,~ planes in Fig. 2. The dramatic focusing property of the
renormalization group equations for th& parameters is
clearly observed in these results. The results of this iteration 0.8
process results in the following predictions for the quasi-
fixed points for theA parameters:

@ 0.75

0.75

0.75
A P=0.95m;,
0.7 0.5 0.55 0.6 0.65 0.7 0.75
ARFP=0.66m;, @ "o
FIG. 2. (a) The values of the ratio8, andA, at the end of first
ASFPZO.BWTTQ, (64)  four iterations for the input,=»\335=1.1 andh,=1.65, and uni-

versal trilinear coupling®= *(3,2,1,0.5M,,,, 0. (b) The values
where iy is the gluino mass £ M3) at the weak scale. of the ratiosA,» andA; at the end of first four iterations for the
These quasi-fixed point values for tAgparameters must be inputs h,=\53;=1.1 andh,=1.65, and universal trilinear cou-
compared with the true fixed point valuggl). We note that  plings A= +(3,2,1,0.5M )5, 0. (c) The values of the ratiod,,
the quasi-fixed-point value®4) provide a lower bound on andA, at the end of first four iterations for the inpultg=1\’ss
the corresponding parameters, whereas the true fixed-point=1.1 and h,=1.65, and universal trilinear coupling#=
values(51) represent an upper bound on these parameters:(3,2,1,0.5M,,, O.
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From this analysis we are able to constrain thAggaram-  breaking couplings, and obtained the infrared stable fixed

eters in the following model independent manner; point for these couplings, and the approach to the fixed point
analytically.

le Since the true fixed points may not be reached at the

m; electroweak scale, we have also studied the numerical solu-

tions of the RG equations, and obtained the infrared fixed
A surfaces, and demonstrated the convergence of the RG flow

0.66< ESL towards the fixed point. From this analysis we have obtained
a process independent upper bound on the highest generation

Ay baryon number violating coupling,5;5<1.
0.675Fsl. (65 Our study of the RG flow of the Yukawa couplings has

¢ been complemented by the corresponding numerical study of

the RG equations for the soft supersymmetry breaking trilin-

V. SUMMARY AND CONCLUSIONS ear couplings, and the demonstration of the rapid conver-

We have carried out a detailed study of the infrared fixeddence towards the fixed point for these couplings. From this
point structure of the minimal supersymmetric standarc®nalysis, we have constrained the parameters to be
model with the third generation Yukawa couplings and withAx»/Mg=1,0.66<A;/mg=1,0.67%<A,/mg=1. We empha-
highest generation baryon and lepton number violation. Wéize that our results are independent of whether or not there
have obtained the infrared fixed points for such a model, ané @ unification of the couplings at some large scale or not.
shown that there is no physically acceptable infrared fixedl he infrared fixed points and the infrared fixed surfaces are
point with both baryon and lepton number violating cou-the property of the MSSM with baryon and lepton number
plings approaching a nontrivial fixed point. The simulta- violation. Since they are approximate, only their actual value
neous nontrivial fixed point for the top- and bottom-quarkdepends on the large scale.

Yukawa couplings, and thB-violating coupling\ 545 is the
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