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Abstract
We study the evolution of R-parity-violating (RPV) couplings in the minimum
supersymmetric standard model, between the electroweak and grand unification
scales, assuming a family hierarchy for these coupling strengths. Particular atten-
tion is given to solutions where both the R-conserving and R-violating top quark
Yukawa couplings simultaneously approach infrared fixed points; these we analyse
both algebraically and with numerical solutions of the evolution equations at one-
loop level. We identify constraints on these couplings at the GUT scale, arising
from lower limits on the top quark mass. We show that fixed points offer a new
source of bounds on RPV couplings at the electroweak scale. We derive evolution
equations for the CKM matrix, and show that RPV couplings affect the scaling
of the unitarity triangle. The fixed-point behaviour is compatible with all present
experimental constraints. However, fixed-point values of RPV top-quark couplings
would require the corresponding sleptons or squarks to have mass 2 m, to suppress

strong new top decays to sparticles.




I. Introduction

Supersymmetry is a very attractive extension of the Standard Model (SM), with low-
energy implications that are being actively pursued, both theoretically and experimen-
tally [1, 2]. In the minimal supersymmetric extension of the standard model (MSSM),
with minimum new particle content, a discrete symmetry (R-parity) is assumed to forbid
rapid proton decay. In terms of baryon number B, lepton number L and spin 5, the
R-parity of a particle is R = (—1)*2+5+25  with value R = +1 for particles and R = —1
for sparticles. An important consequence of R-conservation is that the lightest sparticle
is stable and is thus a candidate for cold dark matter. However, since R-conservation is
not theoretically motivated by any known principle, the possibility of R-nonconservation
deserves equally serious consideration. In addition to the Yukawa superpotential in the
MSSM

W = (U)asH2Q2U% + (D)ap H1Q3 DY + (B)ap Hy LE EY, (1)
there are two classes of E-violating couplings in the MSSM superpotential, allowed by
supersymmetry and renormalizability [3]. The superpotential terms for the first class

violate lepton number L,
W = Ao LG LLEfy + X3 L3Q1 D2 (2)
while those of the second class violate baryon number B,
W = Ny D5D4TS (3)
Here L, Q, E, D, U stand for the doublet lepton, doublet quark, singlet antilepton, singlet
d-type antiquark, singlet u-type antiquark superfields, respectively, and a, b, ¢ are gener-
ation indices. The (U)ap, (D)ap and (E)g in Eq. (1) are the Yukawa coupling matrices.
In our notation, the superfields above are the weak interaction eigenstates, which might
be expected as the natural choice at the grand unified scale, rather than the mass eigen-
states. The Yukawa couplings Ag. and MY, are antisymmetric in their first two indices
because of superfield antisymmetry. These superpotential terms lead to the interaction
lagrangians
L = Mape{ParEcrEsr + EbLEcrVar + (Ecr) (Par) esr — (a < b)} + h.c. (4)
for the A-terms, whereas the X-terms yield

L = MNyAvarderdsr + dyrdervar + (der)* (Par ) dor

2




~&arderusr — Usrderear — (der)*(Ear) us} + hec. (5)

with corresponding terms for each of these generations. In the case of a B-violating

superpotential the lagrangian reads
L o= Ay {uidid; + uidid + @did5} + hec. (6)

To escape the proton-lifetime constraints, it is sufficient that only one of these classes be
absent or very highly suppressed. Phenomenological studies of the consequences of R-
parity violation (RPV) have placed constraints on the various couplings Aape, ALy, Al [4,
5, 6, 7, 8], but considerable latitude remains for RPV.

Studies of the renormalization group evolution equations (RGE), relating couplings
at the electroweak scale to their values at the grand unification (GUT) scale, have led to
new insights and constraints on the observable low-energy parameters in the R-conserving
scenario. It therefore seems worthwhile to see what can be learned from similar studies
of RPV scenarios. An initial study of this type addressed the evolution of A{;; and
MY, couplings [8]. This was subsequently extended to all the baryon-violating couplings
Al

is [9]. In the present work we undertake a somewhat more general study of the RGE
for RPV interactions, paying particular attention to solutions for which both the R-
conserving and R-violating top quark Yukawa couplings simultaneously approach infrared
fixed points. Such fixed-point behaviour requires a coupling A, X', or A" to be of order
unity at the electroweak scale. After our study was completed, a related work on RGE
for RPV couplings appeared [10], which however has a different focus and is largely
complementary to the present paper.

In the context of grand unified theories one is led to consider the possible unification
of RPV parameters. If for example the RPV interactions arose from an SU(5)-invariant
term, then in fact the L-violating RPV couplings would be related to the B-violating
ones [11] at the GUT scale. We could then no longer set one or the other arbitrarily
to zero and the proton lifetime (which places very strong constraints on products of L-
violating and B-violating RPV couplings, typically requiring products A’A” to be smaller
than 5 x 107! [11]) would strongly constrain all types of RPV couplings. It can be
argued that some products of B-violating and L-violating couplings, containing several

high-generation indices, would not contribute directly to proton decay [12]; however,

proton decay would still be induced at the one-loop level by flavor mixing [11], so in fact



all RPV couplings would have to be very small. In such scenarios the fixed-point solutions
for RPV couplings would be excluded; our present studies therefore implicitly assume
that this kind of RPV unification does not occur. Furthermore, since RPV unification
is analogous to the popular hypothesis of A, = A, Yukawa unification, it would appear
somewhat inconsistent (though not completely unthinkable) to assume one without the
other. Accordingly, in our present work, we do not try to impose the additional constraint

of Ay = ), unification.

II. Renormalization group equations and fixed points

For any trilinear term in the superpotential d,;.®*®%®° involving superfields ®¢, ®° &°,
the evolution of the couplings d,;. with the scale g is given by the RGE

0
)u"a;dcbc = Y;debc + ’}';daec + 7:dabe 3 (7)

where the « are elements of the anomalous dimension matrix. Table I gives the anoma-
lous dimensions for the superfields. The first column of the table gives the results for
fhe MSSM in matrix form; here U, D and E are the matrices of Yukawa couplings to
the up-quarks, down-quarks and charged leptons, respectively, and a unit matrix is un-
derstood in front of the terms involving SU(3), SU(2) and U(1) gauge couplings gs, g»
and g; and the terms with traces. The second column of Table I gives the additions to
the anomalous dimension matrix due to L-violating terms Az and AL,., while the third

H 3
wbe terms. In our notation,

column gives the corresponding additions due to B-violating A
an RPV-coupling with upper indices is the complex conjugate of the same coupling with
lower indices, e.g. A% = A%, .

The evolution equations for the R-conserving Yukawa matrices U, D, F of Eq. (1) are
obtained from Eq. (7) with the index ¢ belonging to a Higgs field. The general forms of

the RGE are

5, ) 7.

b U)a = (Na1g: + (Naivg: + (V)i » (8)
v . B.

hg (Dl = (D)a1g: + (D)aivpy + (D)asVir: (9)
a ) B

M%(E)ab = (BE)aris + (B)aivg + (B)a Vi - (10)

When we solve Eqgs. (8)-(10) for the general R-parity violating case, we get additional

contributions from Hermitian matrices involving the RPV couplings that are analogous to
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Table I: 167:2')«;?; in the MSSM plus additional terms for lepton or baryon number violating

couplings, where ¢ and 7 are flavor indices.

&i MSSM Lepton # Violation Baryon # Violation
L;; EE! - 3g2 — 242 Xigp A9 + N, Ao —

E.; 2E'E — g2 A%\ oy —

D; ; 2DtD — ggg — %gf 2X““A;M 2)\""“*’)«;;’“&

Ui ; 2UMU — 82 — 34t — X'abiAij

Qi; UU'+DD'— %gg - %93 - 51393 XX —

H, Tr(EE")+3Tr(DD)— 295 — 1%912 — —

H, 3Tr(UUY) — 393 — 243 — —

combinations like DD for the usual Yukawa matrices. For example the matrix equation

for the Yukawa matrices I/ and D become

aw 1 16 ] 13
Pl T | R
+ 30Ut + DD + Tr[3UU1 +M’<Q>}U+ UM"(U}} : (11)
iD 1 16 7
@ 16x2 ["?’3_3“2_1—5“1

+3DD' + UU' + Tr[3DD' + EE + M'@|D + 2DM"®) + 2DM'®P)| | (12)

where M{%) = X, \eb MP) = yabint, o MY = xrabiye - and MDY = A are

the combinations of RPV couplings appearing in Table I. The variable is
t =In(u/Mc) (13)

where g is the running mass scale and Mg is the GUT unification mass.

The gauge couplings are not affected by the presence of R-violating couplings at the
one-loop level.

The third generation Yukawa couplings are dominant, so if we retain in the anomalous
dimensions only the (3,3) elements A;, Ay, A, in U, D, E, setting all other elements to zero,
Eqgs. (8)-(10) read

0 @ U, H,
ﬂaf\t = At [7(2: + 75, +7H2] ) (14)



0

bgpte = M b +D +8] (15)
9 L | By , H
#a)\r = A 72418 +m] (16)

Since there are 36 independent RPV couplings Auc, AL, in the L-violating sector
(9 independent couplings A/, in the B-violating sector) to be added to the three dominant
R-conserving Higgs couplings A, A, A-, we would have to consider 39 (12) coupled non-
linear evolution equations, in general. Some further radical simplifications in the RPV
sector are clearly needed to make the system of equations tractable.

It is plausible that there may exist a generational hierarchy among the RPV couplings,
analogous to that of the conventional Higgs couplings; indeed, the RPV couplings to
higher generations evolve more strongly due to larger Higgs couplings in their RGE, and
hence have the potential to take larger values than RPV couplings to lower generations.
Thus we consider retaining only the couplings Ass3 and Aj3,, or AY,5, neglecting all others.
This restriction is also motivated by the fact that the experimental upper limits are
stronger for the couplings with lower indices.

To simplify the form of the RGE, we adopt the following notation:

1., 1 1 1
Y; = EA‘? (i=tb71), Y'= gf}*grf?,» Y= 2;1\32337 Y= gf\gss-
The one-loop RGE then take the following forms, where a; = g7,

da; 1

7‘;“1 = —hal,  b={33/51-3} (17)
dY; 1 ’ n_ 16 13

d—t = %Yt (6}’,3 -+ YE, +Y' 42Y7 - T a3 — 3ay — Tgal) (18)
dY, 1

d—; = % (y; +6Y, + Y, +3Y' +2Y" — ¥o5 — 3a, — %az) (19)
ayY, 1

= = Y (3% +4Y; +3Y +3Y" — 30, — %ay) (20)
dy 1 ‘

= = 5oY (Y +3Y 437" — 30, — fa) (21)
dY‘ 1 / f 16 7

o = oV (A 3% Y+ Y 46— Pas — 30z — ffe) (22)
dY” 1 1 1 4

T = oV (42K 4 6Y" 8oy — fay) (23)

Here it is understood that one takes either Y =Y' =0 or Y = 0.
An extremely interesting possibility in the RGE is that Y; is large at the GUT scale

and consequently is driven toward a fixed point at the electroweak scale [13, 14]. In



particular, in the MSSM ), — 1.1 as g — my; since A (m;) = v/2mq(m,)/(vsin B), this
leads to the relation, for low tan 8 [14]

mq(pole) = (200 GeV)sin G, (24)

where tan 8 = v;/v; is the ratio of the Higgs vevs and my(pole) is the mass at the
t-propagator pole. It is interesting to examine the impact of RPV couplings on this

fixed-point result [8].

A. ) fixed point in the MSSM

We first review the A; fixed-point behavior in the MSSM limit, where RPV couplings are
neglected. Setting dY;/dt ~ 0 at p ~ m, gives the fixed-point condition

6Y: + Y = Faz + 302 + fog. (25)

The A; and A, couplings at p = m, are related to the running masses

Vamm) e -

Ae(me) = vsin 8

with v = (\/iGp) R 246 GeV. Here 7 gives the QCD/QED running of ms(p)
between p = mp and g = my; 7 ~ 1.5 for a,(m,;) ~ 0.10 [14]. Thus we can express
As(m) in terms of Ay(m,), tan B and the known running masses:

mp(m) tan B

mt(mt) i3

taking my(myp) = 4.25 GeV, my(m,) = 167 GeV, and hence

Ap(my) = Ae(my) ~ 0.017 tan 8 As(my) , (27)
Ya(m) =~ 3 x 107 tan?B Yi(m,). (28)

For small or moderate values tanf8 < 20, we obtain Y;/(6Y;) < 0.02 so we can safely

neglect the Y; contribution. In this case, taking the approximate values
az =1/10, a3 =1/30, a; =1/58 vat g = my, (29)
we find the numerical value
Y:(m,) = 0.108, Ae(my) = 1.16, (30)
For large tan 8 ~ my/m;, we can express the \; fixed-point relation as
AL (me)

Yi(me) = 4 = (gag + “;‘(12 + é—gal) / (1 + 5 x 1075 tan? ;3) . (31)



B. ), ); simultaneous fixed points

Next we consider the B-violating scenario with Y = Y’ = 0 and Y" non-zero, investigat-
ing the possibility that fixed-point limits are approached for both Y; and Y couplings, as
found numerically in Ref. [8] (note that these authors use a different definition of A,.).

This requires dY;/dt ~ 0 and dY"'/dt ~ 0 at g ~ m,, giving the conditions

8Y; + Y, +2Y" — 2y — 3a; — Bay ~ 0, (32)
2}./; + QYE, -+ 6Y” - 8(13 - %al ~ 0. (33)

Taking linear combinations to solve for ¥; and Y we obtain (with ¥; € Y;)

Y, o & (8as+ 902 + 20y) = 0.071, A 2 0.94, (34)

V' & (%as— 30+ Bay) > 0112, Mg ~ 118, (35)

showing a considerable downward displacement in A; due to Aj,;. Such a large value of
Ajaz would imply substantial ¢ — b3, sb decay, if kinematically allowed.
If both A; and A%,; fixed points are realized as above, then the predicted physical top

quark mass is

my(pole) ~ (150 GeV) sinf. (36)

Even for moderate values of tan 8 (tan 3 > 5) one has sinf ~ 1(sin B > 0.98). This

prediction is at the lower end of the present data [15, 16]:
my =176 £8£10 GeV (CDF),  m;=1991)0 422 GeV (D0).  (37)

When the data become more precise, the fixed-point possibility for A},; could be excluded,
if the measured central value of m; is unchanged.

One can also consider the case of large tan 8 where the coupling Y; is non-negligible,
and in fact may be near its own fixed point. In that case we add another equation,

dYy/dt ~ 0, to those above. This gives
Y}+61’E,+Y§.+2Y”~3§ag—3ag—%al20. (38)

A new coupling Y, enters here, but it can be related to Y} since

ﬂmT(mt)

n-veos 3’

Ar(my) = (39)




and hence

A (me) = ma(ms) 1 xo(me) = 0.605(ms) ,  Yi(my) = 0.4Y3(my) , (40)
my(ms) s

by arguments similar to those above relating Ay(m:) to Ai(m:). Then we have three

simultaneous equations in three unknowns, that give the solutions

Y, ~0.067, A ~0.92, (41)
Yy ~0.061, X 0.88, (42)
Y" ~0.092, Mg ~1.08. (43)

C. A, N, )\ simultaneous fixed points

If instead fixed points should occur simultaneously for Y; and Y’, the conditions at

p =~ my, found from dY;/dt ~ 0 and dY'/dt ~ 0, are

Y, = [%Oas + 150 + o = 3%, + Y7 + Y] ’ (44)

1
35
V' = % [%’qas + 160z + gon — 17% — 6, — GY] ' (49)

If Y is small and we also neglect ¥; and Y, (e.g. assuming small tan 5), then ¥; and Y’

approach almost the same fixed-point value
Ae(me) o Agag ~ 1.07. (46)

Alternatively, if Y} is large, all three couplings Y;, Y3 and Y’ can approach fixed points;

the solution of the corresponding three equations gives
Ae(my) 2 1.05, A o2 Ajyp ~ 0.86. (47)

In both the above cases A;(m,) is only slightly displaced below the MSSM value, while
Mg has quite a large value. The latter would imply substantial ¢ — b7,7b decays, if
kinematically allowed; the ¢ — b7 mode is more likely, since 7 is usually expected to be
lighter than b, and we discuss its implications later.

If Y’ is negligible, Y; and Y can approach fixed points simultaneously; in this case
the two conditions essentially decouple, giving the MSSM result for Y;. If ¥} and Y, are
negligible, the solution is

At(mg) ~ 1.16, A233 g 0.74, (48)
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but if ¥, too is large and approaches its fixed point, the three corresponding conditions
give

/\t(mt) ~ 109, Ab ~ 104, A233 ~ 0.40. (49)

D. CKM evolution

The presence of non-zero RPV couplings can also change the evolution of CKM mixing
angles. This has interesting implications for the prediction of fermion mixings at the
electroweak scale from an ansatz for Yukawa matrices at the GUT scale. In a model such
as the MSSM (or the SM) with no RPV terms, the evolution of the CKM angles at the
one-loop level comes entirely from the Yukawa matrix terms in the anomalous dimension

7Q The Yukawa matrices U and D can be diagonalized by bi-unitary transformations
Uds = VEUVH, (50)
D = vEpyiH. (51)

The CKM matrix is then given by
vV =VEVE. (52)

In the presence of RPV there are additional contributions to the anomalous dimensions
and hence to the CKM RGE’s. Consider for example the case in which only the X"
couplings are nonzero, for which there are new contributions M;;-(U) and M;;-(D) to the
RGE’s as defined following Eq. (12). The RPV contributions to the RGE’s can be

diagonalized by
n U ’dia _ n U II2 II2 I12
MOk = B M OVE = (X207, (53)

M::(D),diag — V.(D)MH(D)VED) {Anz /\”2 Au2 , (54)

for which new matrices

v = Vg, (55)
VP = VRV (56)
can be defined. We find the RGE’s take the form
Vi 1 N+ ] Aa A5 20
. 1672 LZ A2 — AJZAZV;ﬁV}ﬂV}Q + % 22 _ ,\2 /\fVJ,;VJaV;
I o

A A " U U)x 2A AB " D)«

3 o VIOV Via + 3 35 Y A8 512y Dy D)yl (57)

kg#i 7 1.BFa
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where ¢, 7,k = u,¢,t and a, 8,9 = d,s,b. One observes that generally there is a contri-
bution to the evolution of the CKM matrix from the RPV sector.

Assuming, as we do, that only the RPV couplings X233, Aj33 or Als, are mon-zero,
the off-diagonal elements of the matrices defined in Egs. (55) and (56) vanish. Then the
one-loop RGEs for mixing angles and the C P-violation parameter J = Im(V,_,V,_, V. V%)
have the same forms as in the MSSM, namely [17]

dWw w
P T=10R IR (58)

where W = |Vi3|2, |Vis|?, |Vial?, |Vis|? or J. Nevertheless the evolution of CKM angles
differs from the MSSM because the evolution of the Yukawa couplings on the right hand
side is altered by the RPV couplings.

ITTI. Numerical RGE Studies

In the previous section, we identified the quasi-infrared fixed points that can be deter-
mined through the algebraic solutions to the RGE équations. The one-loop RGEs form
a set of coupled first-order differential equations that must be solved numerically.

Figure 1 shows the fixed point behaviour of each of the three RPV couplings consid-
ered in this paper (33, Ajss, A2ss) along with the corresponding fixed point behaviour
for A;, assuming that tan 3 is small and hence ), and ), are negligible. It can be seen
that for all A 2 1 at the GUT scale, the respective Yukawa coupling approaches its fixed
point at the electroweak scale. These infrared fixed points provide the theoretical upper
limits for the RPV-Yukawa couplings at the electroweak scale summarized in Table II.
The numerical evolution of the fixed points approaches but does not exactly reproduce
the approximate analytical values Eqs. (34), (35), (46) and (48).

We obtain additional restrictions on the RPV couplings from the experimental lower
bound on m, (that we take to be m; > 150 GeV [15, 16]). These additional limits
are shown in Fig. 2; the dark shaded region is excluded in all types of models only by
assuming this lower bound on the top mass.

One might hope that RPV interactions could help to explain the measured value
of Ry = I'(Z — b)/T(Z — hadrons), which differs from the SM prediction by over
three standard deviations. However, while their contributions can have either sign, the

RPV couplings must be significantly above their fixed-point values to explain the full

11




Table II: Fixed points for the different Yukawa couplings A in different models for

i) tanf < 30 and i) tanf8 ~ m;/ms. In the case of large tanB, Ay also reaches a

fixed point.
Model A Ab Aass Adas Aas
i) MSSM 1.06 - - - -
 Lepton # Violation (A>> \)  1.06 - 1.04 - ~
Lepton # Violation (A > A) 0.99 - - 0.97 -
Baryon # Violation 0.90 - - - 1.02
i) MSSM 1.00 092 - - -
Lepton # Violation (A>»> X) 099 098  1.04 - -
Lepton # Violation (M >> ) 096 081 - 0.80 -
Baryon # Violation 0.87 0.85 - - 0.92

discrepancy [5]. In the case of lepton RPV the bounds on the leptonic partial widths are
always strong enough to prevent RPV couplings from taking such large values.

Next we address the question, whether RPV couplings will significantly change the
relation between electroweak scale and GUT scale values of the off-diagonal terms of the
CKM matrix. When the masses and mixings of the CKM matrix satisfy a hierarchy,

these relations are given by

W(p) = W(GUT)S(p),

where W is a CKM matrix element connecting the third generation to one of the lighter
generations, and S is a scaling factor [17]. The other CKM elements do not change
with scale to leading order in the hierarchy. The scaling factor S(u) is determined by
integrating Eq. (58) together with the other RGEs. In Fig. 3 we show the dependence of
the scaling factor S on the GUT-scale RPV couplings Asas, Ass; and Ajs, respectively.

12




s m; M(@GUT) 5 m; MGUT)
| a) Baryon # violation . [ b) Baryon # violation .
4 A (0 L(GUT) ={40 1 4r “533(H) %3(GUT) =40 ]
for A533(GUT) = 2.0 ] L for A(GUT) = 2.8 T
3t i3 3t is0 1
A At L
.| Y 20 ]
1t 38 i} w 10 4
50.2 : 0.2
0 L 0 +
-30 20 ¢ -0 0 30 -20 t 10 0
5 : 5 —
| ¢} Lepton # violation 1 " d) Lepton # violation :
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3ir i3 3t .
H 2 2} 20 -
1F — o L ]
T n 02
0 L i i 1 i i i 0 N N . . N - :
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[ e) Lepton # violation 1 [ ©) Lepton # violation E
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1t . A _
T, 0o
N P e P
’ t ’ t

Fig. 1. Couplings A as a function of the energy scale ¢ for A; in (a) baryon number
RPV, (c) lepton number RPV with Az33 3> AL;; and (e) lepton number RPV with
Alsz > Aggs for different starting points at the GUT scale (¢ = 0). Panels (b), (d)
and (f) show the same for AJ;3, Azaz (Azas 3> Ajzs) and Ajy, (Ass3 > Agss) respectively.
Here t ~ —33 represents the electroweak scale, where these couplings reach their
fixed points.
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.b)

V53(GUT)
A33(GUT)

AGUD X GUT)
Fig. 2. Excluded regions in the (a) A, (GUT), AJ;3(GUT) plane and (b) A,(GUT),
A233(GUT) (A2a3( GUT) = 2Xy3,( GUT)) plane obtained from m, > 150 GeV.

4 4 T T () L L}
b)
Slﬂ:
s 3 0.95
0.9
~ 0.85
i-‘ 7~
- =
=]
g 2t Q2r 038 1
b o
2 g
0.75
1+ 1l -
0.7
0 0 L L L L . .
0 4] 1 2 3
AAGUT) AGUT)

Fig. 3. Contours of constant S'/2 for different values of (a) A;,( GUT) and A,(GUT)
(baryon number violation) and (b) Az33(GUT) = 2Aj;3(GUT) and A,(GUT) (lepton

number violation).

IV. RPYV decays of the top quark

The RPV couplings Aj,; and Aj,, give rise to new decay modes of the top quark [18], if
the necessary squark or slepton masses are small enough.

The L-violating coupling Ajs, leads to tr — brTr, brTr decays, with partial widths [18]

’ 2

re-b7) = Sl o m2miy, (59)
~ / 2

T(t —b7) = (—?f,;%)-m,, (1 —mi/mi)*, (60)

neglecting m; and m,. The former mode is more likely to be accessible, since sleptons
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are expected to be lighter than squarks. Since the SM top decay has partial width

GFmt |Ves|?
a2

the ratio of RPV to SM decays would be typically

I(t — bW) = (1 — M /m?)? (14 2My /m?) (61)

T(t — b7 7)/T(t — bW ™) >~ 0.70 (M43)°  (for msz >~ My) . (62)

It is natural to assume that 7 would decay mostly to 7 plus the lightest neutralino x?
(which is also probably the lightest sparticle), followed by the RPV decay x — bbu, (i),
with a short lifetime [19]

(X} — bbu,, bbi, ) ~ 3 x 107 sec (my/m,)* (100 GeV /m,)/(Ass3)® (63)

giving altogether
t — b7t — brx? — bbbrt v (Dr). (64)

This mode could in principle be identified experimentally, e.g. by exploiting the large
number of potentially taggable b-jets and the presence of a tau. However, it would not
be readily confused with the SM decay modes t — bW ™ — bgd, blv, (£ = e, ), that form
the basis of the presently detected pp — t£X signals in the (W — £v)+4jet and dilepton
channels (neglecting leptons from 7 — fvv that suffer from a small branching fraction
and a soft spectrum). On the contrary, the RPV mode would deplete the SM signals
by competition. With ms ~ My, fixed-point values M35 ~ 0.9 (Fig.1) would suppress
the SM signal rate by a factor (1 + 0.70(A%3,)?)~2 ~ 0.4, in contradiction to experiment
where pp — tEX — bbBWW X signals tend if anything to exceed SM expectations [15, 16].
We conclude that either the fixed-point value is not approached or the 7 mass is higher
and reduces the RPV effect (e.g. m; = 150 GeV with A}z, = 0.9 would suppress the SM
signal rate by 0.88 instead). Note that our discussion hinges on the fact that the RPV
decays of present interest would not contribute to SM top signals; it is quite different from
the approach of Ref. [7], which considers RPV couplings that would give hard electrons
or muons and contribute in conventional top searches.
Similarly, the B-violating coupling X, leads to tg — bg3g, ?7353 decays, with partial
widths
Nt - 8) = 1t - b) = G888 o, (1 mymae, (65)
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neglecting m; and m, and assuming a common squark mass mz; = m; = myg. If the

squarks were no heavier than 150 GeV, say, the ratio of RPV to SM decays would be
I(t — b5,53)/T(t — bW™) = 0.16 (Alys)®  (for mg = 150 GeV) . (66)

These RPV decays would plausibly be followed by § — qx? and x9 — cbs,bs (via the
same Aj;, coupling with a short lifetime analogous to Eq.(63)), giving altogether

t — (b3, sb) — bsx? — (cbbbs, cbbbs). (67)

This all-hadronic mode could in principle be identified experimentally, through the mul-
tiple b-jets plus the ¢ — 5-jet and x] — 3-jet invariant mass constraints. However, it
would not be readily mistaken for the SM hadronic mode t — bW — 3-jet, and would
simply reduce all the SM top signal rates. If the coupling approached the fixed-point
value A, ~ 1.0, while mg ~ 150 GeV as assumed in Eq.(66), the SM top signals would
be suppressed by a factor (1 + 0.16(\555)?)~2 ~ 0.75, which is strongly disfavored by the
present data [15, 16] but perhaps not yet firmly excluded.

If indeed the s- and b-squarks were lighter than t to allow the B-violating modes
above, it is quite likely that the R-conserving decay t — £x? would also be allowed,
followed by £ — cx? (via a loop) and B-violating decays for both neutralinos, with net
effect

£ Bx? o exOx® — (cecbbbb, ccbbibl, ccabbib). (68)

This seven-quark mode would look quite unlike the usual SM modes and would further
suppress the SM signal rates. Depending on details of the sparticle spectrum, however,
other decays such as £ — bW x? might take part too, leading to different final states; no
general statement can be made except that they too would dilute the SM signals and

therefore cannot be very important.

V. Conclusions

The renormalization group evolution of the Standard Yukawa couplings can be affected

by the presence of RPV couplings. In this paper we have done the following:

o We have identified the fixed points that occur in the RPV couplings, under the

usual assumption that only B-violating or only L-violating RPV interactions exist.
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o These fixed points provide process-independent upper bounds on RPV couplings
at the electroweak scale; we confirm previously obtained bounds in the B-violating

case and provide new results for the L-violating case [Fig.1].

e We have also addressed scenarios with large tan 3 where Ay too can reach a fixed

point.

e The fixed point values are summarized in Table II. It is interesting that they are

compatible with all present experimental constraints.

o However, fixed-point values of the L-violating coupling Ajs; or the B-violating
coupling \j,, would require the corresponding sparticles to have mass 2 m; to

prevent unacceptably large fractions of top decay to sleptons or squarks.

¢ The fixed points lead to constraints, correlating the RPV couplings with the top
quark Yukawa coupling at the GUT scale, from lower bounds on the top mass
[Fig.2].

e We have derived evolution equations for the CKM matrix and examined the evo-
lution of the CKM mixing angles in the presence of RPV couplings [Fig.3]. In the
most general case, new CKM-like angles occur in the RPV coupling sector and

influence the scaling of the CKM unitarity triangle.
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