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We study the evolution oR-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 attention is given to solutions where bothRteenserving andRr-violating top-quark
Yukawa couplings simultaneously approach infrared fixed points; these we analyze both algebraically and with
numerical solutions of the evolution equations at the 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 behavior 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 a m@sd0 suppress strong new top-quark
decays to sparticle$S0556-282(96)00511-5

PACS numbsefs): 11.10.Hi, 11.30.Er, 11.30.Fs, 12.10.Kt

[. INTRODUCTION are the Yukawa coupling matrices. In our notation, the su-
perfields above are the weak interaction eigenstates, which
Supersymmetry is a very attractive extension of the stanmight be expected as the natural choice at the grand unified
dard model(SM), with low-energy implications that are be- scale, rather than the mass eigenstates. The tgtryH, in
ing actively pursued, both theoretically and experimentallythe superpotential can be rotated away intoRgarity con-
[1,2]. In the minimal supersymmetric extension of the stan-serving termuHH, via an SU4) rotation between the su-
dard modelMSSM), with minimum new patrticle content, a perfieldsH; andL;. However, this operation must be per-
discrete symmetryR parity) is assumed to forbid rapid pro- formed at some energy scale, and the mixing is regenerated
ton decay. In terms of baryon numbBr lepton numbet._, at other scales through the renormalization group equations.
and spinS, the R parity of a particle isR=(—1)**-*25 The Yukawa couplings ., and\2, . are antisymmetric in
with value R=+1 for particles andR=—1 for sparticles. their first two indices because of superfield antisymmetry.
An important consequence d® conservation is that the These superpotential terms lead to the interaction
lightest sparticle is stable and is thus a candidate for coldagrangians
dark matter. However, sinde conservation is not theoreti-
cally motivated by any known principle, the possibility of o o
R nonconservation deserves equally serious consideration. In :Z=§ Nabd VaL€crEbL + EbLEcRValL
addition to the Yukawa superpotential in the MSSM,
_ + (€cr)* (vaL) ey — (ae=h)}+H.c. 4
7= (U)apH2QEUB+ (D) apH1QE DR+ (E)opH1LTER, (1) ()" (var) e~ (2D} @
there are two classes &violating couplings in the MSSM for the A terms, whereas the’ terms yield
superpotential, allowed by supersymmetry and renormaliz-
ability [3]. The superpotential terms for the first class violate #= N o ParderboL + Ao degrar + (der)* (vVa) SdpL

lepton numbelL, ~ ~ * (@ \C
_eadeRubL_udecReaL_(ch) (€a)°up f+H.c.,

1 _ _
7°=5 Navc FLUER A ol EQUDRF piHaLi, (2 ®

with corresponding terms for each of these generations. In

while those of the second class violate baryon nunier e case of 8-violating superpotential, the Lagrangian reads

1
7//=—)\abCD aDRUS. 3 L T L TR e cyqc
L= Npdugdgdh +ugdf di+TE didf} +H.e.  (6)

Here, L,Q,E,D,U stand for the doublet lepton, doublet

quark, singlet antilepton, singlet-type antiquark, singlet To escape the proton-lifetime constraints, it is sufficient that
u-type antiquark superfields, respectively, aa,c are only one of these classes be absent or very highly sup-
generation indices. ThdX).,, (D)ap, and E),p in Eq. (1)  pressed. Phenomenological studies of the consequences of
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TABLE I. 167723/? in the MSSM plus additional terms for lepton or baryon number-violating
]
couplings, wheré andj are flavor indices.

Pi MSSM Lepton no. violation Baryon no. violation
L ,Hy — NBPE_ 4+ 30\'135D, —

Lij EET-395— 592 Niabh/22+ BN {p\ 120 -

Ei 2E'E- 2¢? NN —

Di 2D'D- $93- &2 20"\ 2NN

Uiy 2U'U- $95- 15 08 - NN

Qi UUT+DD!- &g2— 2 92— & g2 Naiph 4P —

Hy Tr(EE")+3Tr(DD") - 3 92— 592 — —

Hz 3TH(UU") -~ 5 95— 1 97 - -

R-parity violation(RPV) have placed constraints on the vari- do not try to impose the additional constraint\gf= \ . uni-
ous couplings\ apc, N apesMape [4—8l, but considerable lati- fication.
tude remains for RPV.

Studies of the renormalization group evolution equations Il. RENORMALIZATION GROUP EQUATIONS
(RGE’s), relating couplings at the electroweak scale to their AND FIXED POINTS
values at the grand unified theof@UT) scale, have led to - ) ) A b c
new insights and constraints on the observable low-energy FOr any trilinear term |rk1)the superpotentigl, »°P°d
parameters in th&-conserving scenario. It therefore seemsinvolving superfieldsb?,®?,®°, the evolution of the cou-
worthwhile to see what can be learned from similar studie®!iNgs dap With the scalew is given by the RGE’s
of RPV scenarios. An initial study of this type addressed the
evolution of N\j55 and N335 couplings[8]. This was subse- u
quently extended to all the baryon-violating coupling

[9]. In the present work, we undertake a somewhat MOTGhere they; are elements of the anomalous dimension ma-

general study of the RGE's for RPV interactions, PaYINYyrix. Table | gives the anomalous dimensions for the super-

particular attention to solutions for which both the . ) .
R-conserving andR-violating top-quark Yukawa couplings fields. The first column of the table gives the results for the
MSSM in matrix form; herdJ, D, andE are the matrices of

simultaneously approach infrared fixed points. Such fixeds ;
. . . . , P Yukawa couplings to the up quarks, down quarks, and
point behavior requires a coupling\’, or A" to be of order . . o
. charged leptons, respectively, and a unit matrix is understood
unity at the electroweak scale. After our study was com-

pleted, a related work on RGE's for RPV couplings appearecg1 ofurolri]r: O; the terr:r? dl nvﬂ\ég?hi(tsg,rmsgvatlha?rgci? .?.ﬂlég:ec_
[10], which, however, has a different focus and is largely PiNgsds.9,, 91 '

ond column of Table | gives the additions to the anomalous
complementary to the present paper.

H H : : H ’
In the context of grand unified theories, one is led todlmensmn matrix due ta.-violating terms\ape and A gpc

consider the possible unification of RPV parameters. If, forWhile the third glolumn gives the corresponding additions due

example, the RPV interactions arose from ar(®unvariant  t© B-violating A5, terms. In our notation, an RPV coupling
term, then in fact the.-violating RPV couplings would be With upper indices is the complaegi CO';‘JUQate of the same
related to theB-violating ones[11] at the GUT scale. We Coupling with lower indices, €.gN"™™=Ag,c.

could then no longer set one or the other arbitrarily to zero The evolution equations for th&-conserving Yukawa
and the proton lifetiméwhich places very strong constraints MatricesU,D,E of Eq. (1) are obtained from Ed(7) with the

on products ofL-violating andB-violating RPV couplings, indexc belonging to a Higgs field. The general forms of the
typically requiring productsA’\” to be smaller than RGE’s are

5% 10 7 [11]) would strongly constrain all types of RPV _

cou_plings. It can be_ argued _that some _products of Mi(u)ab:(u)ib’)’gi +(U)ai7&+(U)ab7:2, (8)
B-violating and L-violating couplings, containing several I a Yp 2
high-generation indices, would not contribute directly to pro- B

ton decayf 12]; however, proton decay would still be induced d _ Q D; H . L

at the one-loop level by flavor mixinfl1], so in fact all “ﬁ(D)ab_(D)iblea+(D)aiychJr(D)aWHiH‘iabyHll'
RPV couplings would have to be very small. In such sce- (9)
narios, the fixed-point solutions for RPV couplings would be
excluded; our present studies therefore implicitly assume that  d L E; Hy L,
this kind of RPV unification does not occur. Furthermore, # 7 (Blan=(Bliny + (B)aivg + (Blan¥yy, +Nan i,
since RPV unification is analogous to the popular hypothesis (10)

of A,=M\, Yukawa unification, it would appear somewhat

inconsistent(though not completely unthinkabléo assume When we solve Egs. (8)—(10) for the general
one without the other. Accordingly, in our present work, we R-parity-violating case, we get additional contributions from

adabc: 'ygdebc+ 'ygdaec+ 'Ygdabe- (7
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Hermitian matrices involving the RPV couplings that are  To simplify the form of the RGE’s, we adopt the notation
analogous to combinations like'D for the usual Yukawa

matrices. For example, the matrix equation for the Yukawa Y-—i)\z(i —tb.7) ,,_i}\ "y
matricesU andD become T MU TERT) T Qs
du 1 16 . 1 auutDD! 1, 1,
Gt 16.2|| T 3 @s 3@ ggart3UUNE Y’:E)\sssa Y=g Mo
+Tr[3UUT]+M QU+ UM”(U)], (11  The one-loop RGE's then take the following forms, where
a;=1/47g?:
db 1 16 7 . daj 1
Gt 1622 | T 3 @882 g5 +3DD+UU ot ~3.0ier. bi={33/51-3}, (17)
+Tr[3DD'+EET+M '@ D+2DM"(D42DM'(D)) dy, 1 oo 1613
Gt = 22 Vi BYeH Yo Y +2Y — —ag—3a,— Tz e,
+ Map(NEcg+ 3N °Deg), (12) (18)
i ; N ——=7—Yp| Yi+6Yp+Y_ +6Y'+2Y
=\"30\7 0, andM{(P)=\"130\7are the combinations of dt 27 Pt TR 0T
RPV couplings appearing in Table I. The variable is 16 7
t=In(u/Mog), (13 T3 a3 o), (19
where u is the running mass scale ail; is the GUT uni- dy, 1 9
fication mass. T EYT( 3Yp+4Y +4Y+3Y' —3a,— gal) , (20
The gauge couplings are not affected by the presence of
R-violating couplings at the one-loop level.
; - . . dy 1 9
The third generation Yukawa couplings are dominant, so —=—Y|4Y,+4Y+3Y' -Ba,— —a;|, (21
if we retain in the anomalous dimensions only {Be3) ele- dt 27 S
mentsh;,\,,\ - in U,D,E, setting all other elements to zero, 4y’
Egs. (8)—~(10) read o Y/ Y+ B+ Y, Y Y
dt 27«
d U,
- Q3 3, He
mo=MENMLYE Y T vl 14 16 7
du "t THQs Tug THy —§a3—3a2— Ik (22
,U«ai)\bz)\b[ Yot 75:3+ A RN P ) dy” 4
o 3 oy + + " __ _ .
T 277Y 2Y+2Y,+6Y"—8ajs 5011) (23
d Eq .
,uﬁ)\T:)\T[ y:-f— yE—3+ 7:1]+)“337h1' (16) Here, it is understood that one takeikher Y=Y'=0 or
3 "
Y"=0.

Since there are 36 independent RPV couplings An extremely interesting possibility in the RGE’s is that

ro C : : Y, is large at the GUT scale and consequently, is driven
Nabe» N ape i the L-violating sector9 independent couplings 't X X '
N apc in the B-violating sectoy to be added to the three domi- toward a fixed point at the electroweak scgl@,14). In par-

nant R-conserving Higgs couplinga,\y,\,., we would ticular,_ in _the MS.SM M—1l as p—m; -since
have to consider 3912) coupled nonlinear evolution equa- A(my) = \/Emt(mt)/(vsmﬁ), this leads to the relation, for
tions, in general. Some further radical simplifications in theIOW tang [14]
RPV sector are clearly needed to make the system of equa-

tions tractable.

It is plausible that there may exist a generational hierarwhere ta=u, /v, is the ratio of the Higgs vacuum expec-
chy among Fhe RPV cquplings, analogous to that of 'ghe CONe5tion values(VEV's) and my(pole) is the mass at the
x?gnr:::rnglerg?ziisoﬁsue%ggg; rl]no(jrgegt’rcfggelng;:a%Osl:apI(I)r;glz r;()t—propagator pole. It is interesting to examine the impact of
Higgs couplings in their RGE’s, and hence have the potential PV couplings on this fixed-point resus].
to take larger values than RPV couplings to lower genera-
tions. Thus, we consider retaining only the couplingss
and X333, OF N335, neglecting all others. This restriction is  We first review the\, fixed-point behavior in the MSSM
also motivated by the fact that the experimental upper limitdimit, where RPV couplings are neglected. Setting
are stronger for the couplings with lower indices. dv,/dt=0 at u=m, gives the fixed-point condition

m,(pole)=(200 GeVsing, (24

A. \, fixed point in the MSSM
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16
6Yt+ Yb:_

az+3a,+ —
3 @3 2

15 @ (25

The\; and\,, couplings atuw=m; are related to the running

masses

\/Emt( m)
vsing ’

V2my(my)

Ai(my) = 70 COB

Ap(my) =

with v =(y2Gg) ~Y?=246 GeV. Hereg, gives the QCD or

QED running of my(u) between u=m, and u=m;;

=15 for ag(m;)=0.10 [14]. Thus, we can express
Ap(my) in terms of A¢(m,), tanB, and the known running

masses:

my(my) tans
m(m)

Ap(my) = ?\( 1) =0.017 taB\(my), (27)

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

Y, (my)=3x10"*tarfBY,(m,). (28)
For small or moderate values of {BF20, we obtain
Y,/(6Y;)<0.02 so we can safely neglect tivg contribu-
tion. In this case, taking the approximate values

Cl’3:1/10, a2=l/30, 0121/58 at,uzmt, (29)
we find the numerical value
Yt(mt):O.los, )\t(mt): 1.16. (30)

For large tag~m,/my,, we can express the, fixed-point
relation as

NE(my)
Yi(m) =~ —

8 ! 13 1+5x10 5tar?
9a3+ ar+ — 90% (1+ tarrg).

(31

B. A", A, simultaneous fixed points

Next, we consider
Y=Y’

fixed-point limits are approached for boy and Y” cou-

the B-violating scenario with

plings, as found numerically in Reff8] (note that these au-

thors use a different definition olk},). This requires
dY,/dt=0 anddY"/dt=0 at u=m;, giving the conditions

. 16 13
6Yt+Yb+2Y _? a3—3a2—Ea120, (32)
2Yt+2Yb+ 6Y"—8a3— g 011:0 . (33)

Taking linear combinations to solve f&% andY”, we obtain
(with Y,<Y))

=0 andY” nonzero, investigating the possibility that
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1) ~0.071, A\,~0.94,
(34

1 9
Y= 16 8az+9as+ e

23
30{2+ 15

"

1]=0.112, \js~1.18,
(35)

showing a considerable downward displacemerx;idue to
N5a3. Such a large value ok%s; would imply substantial
t—bs,sb decay, if kinematically allowed.

If both \; and\ 45 fixed points are realized as above, then
the predicted physical top-quark mass is

1 (56
1613 ¢

m,(pole)=(150 GeVjsing. (36)

Even for moderate values of tar{tan3>5) one has sif=1
(sinB>0.98. This prediction is at the lower end of the
present dat§15,14:

m,=176+8+10 GeV

[Collider Detector at Fermilab (CDF)], (37)

m=199"29+22 GeV (DO).

When the data become more precise, the fixed-point possi-
bility for N335 could be excluded, if the measured central
value ofm; is unchanged.

One can also consider the case of largeStavhere the
coupling Y, is non-negligible, and, in fact, may be near its
own fixed point. In that case, we add another equation,
dY,/dt=0, to those above. This gives

16
Y+ 6Yp+Y,+2Y — = az—

3 a;=0. (39

7
3042_ 1_5
A new couplingY , enters here, but it can be related\g
since

\/—m (mt)
MM =g (39
and hence
m.(m,) »
)\T(mt)_ m (m ) b(mt) O 6)\ (mt)i
Y (mp) =0.4Y,(my), (40)

by arguments similar to those above relating(m;) to
Ni(my). Then we have three simultaneous equations in three
unknowns, that give the solutions

Y,=0.067, \;=0.92, (42)
Y,=0.061, \,=0.88, (42)
Y"=0.092, N}g~1.08. (43)

C. N\, N\', \, simultaneous fixed points

If, instead, fixed points should occur simultaneously for
Y; and Y’ (with Y”"=0), the conditions aju=m,, found
from dY,/dt=0 anddY’/dt=0, are
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180 71 M and M{{® to the RGE's as defined following Eq.
Yt—§_) 3 @t 15a,+ 1—5a1+YT+Y ' (44) (12). The RPV contributions to the RGE’s can be diagonal-
ized by
1,80 29 i " " "
=25 3 @at 150+ Tpan—35Y,~6Y,~6Y|. (49 M"(U)diag = v MO VT ={INGZ N2 A% (52)

) ) M/r(D),diag :VR Mn(D) VRT = )\//2 ,)\”2 ,)\112 , 53
If Y is small and we also neglett, and Y, (e.g., assuming (D) ©={Na"AsT A (53

small tarB), thenY, andY’ approach almost the same fixed- for which new matrices
point value
, vW=VEvE ), (54)
ARERVAVAS (55
In this case,\{(m;) is only slightly displaced below the
MSSM value, whilek 335 has quite a large value. The latter can be defined. We find the RGE's take the form

would imply substantiat—b7,7b decays, if kinematically

; ; i i incé i dv; 1 N +N?
allowed; thet—b7 mode is more likely, since is usually o _ , D |2 thzviﬁv* V.
expected to be lighter tham and we discuss its implications dt = 167|477 \| —Aj p L
later. N2 42
. If Y is negligible,_Yt andY can approaqh fixed poin'gs + > . g)\szfﬁVjaViﬁ
simultaneously; in this case, the two conditions essentially jB#Fa Ng—Ng
decouple, giving the MSSM result fof,. If Y, andY, are A
negligible, the solution is My 2y (U (U)*
g g +k’j¢i )\Iz_)\Jz}\k Vik V]k V]a
)\t(mt):l.IG, )\233:0.64, (47)
2N A\
aB | 2\ (D) /(D)
but if Y}, too is large and approaches its fixed point, the three + %me )\i_)\z)‘y Vis Ve Vig|,  (56)

corresponding conditions give

wherei,j,k=u,c,t and «,8,y=d,s,b. One observes that
A(m)=1.09, A,=1.04, (48)  generally there is a contribution to the evolution of the CKM

matrix from the RPV sector.

gnd the)\z_33fixed point is.very small and never truly reached Assuming, as we do, that only the RPV couplingssa,

in numerical stl_Jdles. It is alsq not p0§S|bIe for Y’, ar!d_ N335 OF N34 are nonzero, the off-diagonal elements of the

Yy to have simultaneous fixed points; the conditionsymayices defined in Eq¢54) and(55) vanish. Then the one-

dY/dtde’./dtdet./_dtzo cannot be satisfied with all loop RGE'’s for mixing angles and th@P-violation param-

three couplings positive. eter J=Im(V qVeeVi Ve have the same forms as in the

MSSM, namely{17]
D. CKM evolution

. dw W
The presence of nonzero RPV couplings can also change T ﬁ()\tq )\g), (57)

the evolution of Cabibbo-Kobayashi-Maskaw@KM) mix-
ing angles. This has interesting implications for the predic- B P 2 2 2
tion of fermion mixings at the electroweak scale from anwhereW—|Vub|  Verl® [Vidl®, [Visl®, or J. Nevertheless,

ansatz for Yukawa matrices at the GUT scale. In a mode‘he evolution of CKM angles differs from the MSSM be-

such as the MSSMor the SM with no RPV terms, the ﬁztrj]fjesitgg(s;%l)uitéogngggeb Y?hk:g%\(;ocuopdmlgns Son the right-
evolution of the CKM angles at the one-loop level comes y pings.
entirely from the Yukawa matrix terms in the anomalous

. : , . . Ill. NUMERICAL RGE STUDIES
d|men3|onyQ'_. The Yukawa matricesé) and D can be di-
J

agonalized by biunitary transformations In the previous section, we identified the quasi-infrared
fixed points that can be determined through the algebraic
ydiag— vb UVST, (49 solutions to the RGE equations. The one-loop RGE's form a
set of coupled first-order differential equations that must be
DYiag= L DVRT (500  solved numerically.

Figure 1 shows the fixed-point behavior of each of the

The CKM matrix is then given by three RPV couplings considered in this paper

(N333.M333.M239 along with the corresponding fixed-point

V=VyVi'. (51)  behavior for\;, assuming that tg#is small and henca,,

and\ ; are negligible. It can be seen that for a1 at the
In the presence of RPV, there are additional contributionsGUT scale, the respective Yukawa coupling approaches its
to the anomalous dimensions and hence to the CKM RGE’dixed point at the electroweak scale. These infrared fixed
Consider, for example, the case in which only ¥fecou-  points provide the theoretical upper limits for the RPV-
plings are nonzero, for which there are new contributionsyukawa couplings at the electroweak scale summarized in
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5 M M(GUT) 5 M M(GUT)
[ a) Baryon # violation 1 [ b) Baryon # violation ; A
4 A0 AMGUT) =j4.0 4l 33(t) 1(GUT) =ja0 T

for A933(GUT) = 2.0 S L for A (GUT)=238

A At
2r 2F .
02 02
-30 -20 t -10 0 -30 -20 t -10 0
5 5
[ c) Lepton # violation ] I a Lepton # violation ;
4 A (1) MGUT) =j40 1 4t A233(0) A233(GUT) =j4.0 - FIG. 1. Couplingsh as a function of the en-
for A33(GUT) = 2.0, . L fori,(GUT)=28, s ergy scalg for \, in (a) baryon-number RP\c)
A My33(GUT) = 0.2 i [ Ms(GUD=02 : lepton-number RPV  with\ 35>\ 4555 and ()
N lepton-number RPV with 533> \ 535 for different
starting points at the GUT scalé=0). Panels
zr (b), (d), and (f) show the same foh’gs, Aps3
(N 233N 339 @ndN g3 (N33 N 239, respectively.
s Here t=—33 represents the electroweak scale,
where these couplings reach their fixed points.
0
5 T ST T
[ €) Lepton # violation ] [ f) Lepton # violation :
4 (D A(GUT) =j4.0 1 ar Ni33(GUT) ={4.0
for Az33(GUT) = 0.2, ] | for A,(GUT) =28
A333(GUT) = 2.0 A233(GUT) = 0.2

Table Il. The numerical evolution of the fixed points ap- bem,>150 GeV[15,16). These additional limits are shown
proaches but does not exactly reproduce the approximaie Fig. 2; the dark shaded region is excluded in all types of
analytical values of Eqg34), (35), (46), and(47). models only by assuming this lower bound on the top mass.
We obtain additional restrictions on the RPV couplings One might hope that RPV interactions could help
from the experimental lower bound an, (that we take to to explain the measured value oR,=I'(Z—bb)/

TABLE Il. Fixed points for the different Yukawa couplingsin different models foi) tan8=< 30 and(ii)
tanB~m,/my . In the case of large t#h \,, also reaches a fixed point.

Model At Np N2s3 N33z N33
(@) MSSM 1.06 - - - -
Lepton No. violation {>\") 1.06 - 0.90 - -
Lepton No. violation £'>\) 0.99 - - 1.01 -
Baryon No. violation 0.90 - - - 1.02
(i) MSSM 1.00 0.92 - - -
Lepton No. violation §'>X\) 1.01 0.72 - 0.71 -

Baryon No. violation 0.87 0.85 - - 0.92
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b)

FIG. 2. Excluded regions in the(a)
M(GUT), A33(GUT) plane and(b) \(GUT),
N3 GUT) [A23(GUT)= 334 GUT)] plane ob-
tained fromm,>150 GeV.

A233(GUT)

A(GUT) A(GUT)

I'(Z—hadrons), which differs from the SM prediction by the ratio of RPV to SM decays would be typically
over three standard deviations. However, while their contri- _
butions can have either sign, the RPV couplings must bel (t—b7 *)/T(t—bW*)=0.7Q\539* (for mz=My,).
significantly above their fixed-point values to explain the full (62)
discrepancy5]. In the case of lepton RPV, the bounds on the _
leptonic partial widths are always strong enough to preventt is natural to assume thatwould decay mostly tar plus
RPV couplings from taking such large values. the lightest neutralinq(f (which is also probably the lightest
Next, we address the question whether RPV couplingsparticlg, followed by the RPV decay)—bbwv,(v,), with a
will significantly change the relation between electroweakshort lifetime[19]
scale and GUT scale values of the off-diagonal terms of the L
CKM matrix. When the masses and mixings of the CKM 7(x?—bbuv.,bbv,)
matrix satisfy a hierarchy, these relations are given by
~3x10 ?!'se¢my/m,)*(100 GeVin,)/(N539%  (62)
W(GUT) =W(u)S(n),
giving altogether
whereW is a CKM matrix element connecting the third gen-
eration to one of the lighter generations, éds a scaling t—>b7*—>b7-xg—>bb?r+ v(v,). (63
factor [17]. The other CKM elements do not change with
scale to leading order in the hierarchy. The scaling factofrhis mode could, in principle, be identified experimentally,
S(w) is determined by integrating E(57) together with the ¢ g by exploiting the large number of potentially taggable
other RGE'’s. In Fig. 3 we show the dependence of the scaly jets and the presence of a However, it would not be
ing factor S on the GUT-scale RPV couplings,ss, N33s,  readily confused with the SM  decay modes

andX\ 333, respectively. t—bW"—bqq’,b/ v, (/=e,u), that form the basis of the
presently detectedp—ttX signals in the W—/v)+4 jet
IV. RPV DECAYS OF THE TOP QUARK and dilepton channelseglecting leptons from— /vv that

. o suffer from a small branching fraction and a soft specitum
The RPV couplings\ 333 and\ 353 give rise to new decay on the contrary, the RPV mode would deplete the SM sig-
modes of the top-quarKL8], if the necessary squark or slep- s by competition. Withm=~M,y, fixed-point values
ton masses are small enough. . —__ Mj=0.9(Fig. 1) would suppress the SM signal rate by a
The L-violating coupling\ 33; leads totg—br7r, br7r  factor [1+0.70(\4592] 2=0.4, in contradiction to experi-
decays, with partial widthpL8] ment WherepF—qt_XebbWWXsignals tend, if anything, to
(M2 gxceed _SM expec_tati0|1j$5,1q. We conclude that .eith_er the
[(t—bf)=—22 m(1-m2 Im2)?, (58 fixed-point value is not approached or themass is higher
32w T and reduces the RPV effede.g., mz=150 GeV with
N335= 0.9 would suppress the SM signal rate by 0.88 in-
stead. Note that our discussion hinges on the fact that the
RPV decays of present interest wouldt contribute to SM
top signals; it is quite different from the approach of R&i,
neglectingm, andm,.. The former mode is more likely to be which considers RPV couplings that would give hard elec-
accessible, since sleptons are expected to be lighter thdrons or muons and contribute in conventional top searches.
squarks. Since the SM top decay has partial width Similarly, the B-violating coupling \3;; leads to
tr— brSg,brSg decays, with partial widths

~ (\339)?
P(t—Br=" 3323733

mt(l—m% Imd)?, (59)

Gem?|Vyp|?
r(t_>bvv)=%(1—M@/m5)2(1+2mwmﬁ, (N3a9?

(€0 I‘(t—>b§)=F(t—>Bs_)=Wmt(l—m%/mtz)z, (64)
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neglectingm, andmg and assuming a common squark mass We have identified the fixed points that occur in the RPV
mp=mz=mg. If the squarks were no heavier than 150 couplings, under the usual assumption that ddyiolating

GeV, say, the ratio of RPV to SM decays would be or only L-violating RPV interactions exist.
These fixed points provide process-independent upper
I'(t—b3,bS)/T(t—bW*)=0.16\ 44,2 bounds on RPV couplings at the electroweak scale; we con-

firm previously obtained bounds in ti&violating case and
(for mG=150 GeV}. (65 provide new results for the-violating casgFig. 1).

) We have also addressed scenarios with largg tahere

G—qyx} andx3—cbs,chs [via the same 545 coupling with The fixed point values are summarized in Table II. It is
a short lifetime analogous to E¢62)], giving altogether interesting that they are compatible with all present experi-
L mental constraints.
t%(bﬂé,S’B)*)bSX?H(CbbbS&)bb?)_ (66) However, fixed-point values of the-violating coupling

A 3445 OF the B-violating coupling\ 545 would require the cor-
This all-hadronic mode could, in principle, be identified ex- responding sparticles to have masm, to prevent unaccept-
perimentally, through the multiple jets plus thet—5-jet  aply large fractions of top-quark decay to sleptons or
and xJ— 3-jet invariant mass constraints. However, it would squarks.
not be readily mistaken for the SM hadronic mode The fixed points lead to constraints, correlating the RPV
t—bW—3 jet, and would simply reduce all the SM top cqyplings with the top-quark Yukawa coupling at the GUT
signal rates. If the coupling approached the fixed-point Va'”%cale, from lower bounds on the top maBig. 2).
Az35=1.0, whilemg=150 GeV as assumed in E(5), the We have derived evolution equations for the CKM matrix
SM - top f|gr21a152 would be suppressed by a factoryng examined the evolution of the CKM mixing angles in the
[1+0.16(\539] “=0.75, which is strongly disfavored by 5 esence of RPV coupling®ig. 3). In the most general case,
the present datgl5,16 but perhaps not yet firmly excluded. e, ckM-like angles occur in the RPV coupling sector and

If ind_eed _thes andb squarks were Iigh_ter thanto allow influence the scaling of the CKM unitarity triangle.
the B-violating modes above, it is quite likely that the
R-conserving decay—t X? would also be allowed, followed
by t—cx? (via a loop andB-violating decays for both neu- ACKNOWLEDGMENTS
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