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Bounds onR-parity violating couplings at the weak scale and at the GUT scale
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We analyze bounds on triline&-parity violating couplings at the unification scale by renormalizing the
weak scale bounds. We derive unification scale upper bounds upon the couplings which are broadly indepen-
dent of the fermion mass texture assumed. Rigarity violating couplings are factors of 2—5 more severely
bounded at the unification scale than at the electroweak scale. In the presence of quark mixing, a few of the
bounds are orders of magnitude stronger than their weak scale counterparts due Repagty violating
operators being induced in the renormalization between high and low scales. These induced bounds are
fermion mass texture dependent. New bounds upon the weak scale couplings are obtained by the requirement
of perturbativity between the weak and unification scales. A comprehensive set of the latest limits is included.
[S0556-282(99)04819-5
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[. INTRODUCTION Since the quantum numbers are fixed, these predictions can

_ _ be extended to thétp-Yukawa couplings: see for example

~ When constructing the most general supersymmetric velr17-19. In string theories the Yukawa couplings are also in
sion of the standard modelSM) there are baryon- and pyrinciple calculable.
lepton-number violating operators in the superpotential. When constructing ai.. model at high enerav. it is es-
These lead to rapid proton decay in disagreement with the . € L g amp M gn 9y,
strict experimental boundd]. Therefore, an extra symmetry Sential that it is consistent Wlth aII_experlmentaI bound_s_ on
beyond the SM gauge symmetrGey=SU(3)xSU(2) baryon- and lepton-number violation. There are empirical
XU(1), must be imposed to protect the proton. In mostbounds on all of thﬁ?p'YUkawa coupling$20-23, some of
cases the discrete multiplicative symme®yparity (R,) [2], wh|ch are quite strict. However, these bounds are all Qeter—
is chosen. This prohibits all baryon- and lepton-number vio-mined at the weak scale. They can therefore not be directly
lating operators with mass dimension less or equal to 4 angompared to the predictions of the unified models, which are
leads to the minimal set of couplings consistent with theat the GUT scaleNlgyr) or higher. There are at present no
data. The resulting model is denoted the minimal supersymbounds forliQp couplings at the GUT scale. In order to com-
metric standard modéMSSM) [3]. However, the choice of pare the unification predictions with the data we must em-
R, is ad hoc There are other symmetries which are theoreti-ploy the renormalization group equatiofRGES for the
cally equally well motivated4] and which also prohibit & _yyukawa couplings. These equations have recently been
rapid proton decay, e.g. both baryon-parity and lepton-parity

: I ) . given up to two-loop order with the fuﬂep flavor structure in
Baryon-parity even prohibits the dangerous dimension 5 Op[24]. The effect of running the couplings from the weak scale

eratorg5]. For both baryon and lepton pariti, is violated to the GUT scale can be substantias, 24.

(Ry). It is the purpose of this paper to first update the weak-

There is at present no direct experimental evidence fo&cale bounds Oer couplings and then to translate these
supersymmetry and in particular no evidence Ry or R, bounds in a model independent way into GUT scale bodnds.
[1]. Theoretical models are our best guide. Ultimately wec . ic e employ the full one-loop RGEs of tﬁg-MSSM
expect the w_e_ak-scale theory to be embedde_d_ Ina more fu 24].2 In order to obtain the GUT-scale bounds we assume a
damental unified theory formulated at a significantly highe single coupling at the GUT scale in the current eigenstate

energy scale which should also be the originRyfor R, pasis. After running the RGEs, we obtain a set of couplings
There is an extensive list of models wiRy, [6]. However,

Fép grand unified models have been constructed for the gauge

groupsSU(5) [7-11, SU(5)xU(1) [12,8,9, Eg [13] and We do not discuss the bounds on the bilinear coupling of the

SQ10) [8], as well, and there are also string modelsﬁgf superpotential ternx;L;H», since this analysis needs knowledge of

[14]. At present no model is clearly preferred. the u parameter possibly combined with the radiative electroweak
Grand unified theorie€GUTS) typically make predictions symmetry breaking scenario, and we postpone it to a forthcoming

for ratios of Yukawa couplings, e.gy,/m, [15]. If the GUT article.

is extended to include a family symmetry for example via the 2since we allow for the fully generated flavor structure of Rbe

Frogatt-Nielsen mechanisfi6], a prediction is obtained for couplings, a full calculation at two loops using the equation4f

the order of magnitude of the Higgs Yukawa couplings.would be too complicated.
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at the weak scale, both from the flavor structure of the RGEs
and from the rotation into the mass eigenstate basie W= €,
compare this set with the existing weak-scale bounds, includ-

ing bounds on products of couplings. We also include per- ax b~ 1 A b= s b=
turbativity bounds where they are more stringent than the +(Y0)ijQTHU jx+ 5 NijkLiL Bkt Mip L7 Q" Dix
empirical ones. The bounds on the induced couplings often
lead to significantly stronger bounds on the GUT-scale cou-

plings.

(Ye)ijLBHIE + (Yp);; Q*HED

1 o
+ 5 6y U/DID;. ®)

+ uHIHS+ (L2HS

Il. LOW ENERGY BOUNDS We denote ar8U(3) color index of the fundamental repre-
) ) sentation byx,y,z=1,2,3. TheSU(2), fundamental repre-
The first systematic study of low-energy bounds on thesentation indices are denoted ayb,c=1,2 and the genera-

R-parity violating Yukawa couplings was performed[R0].  tjon indices byi,j,k=1,2,3. We have introduced the three
Since then, updates have been performef@®21. More 3% 3 matrices

recently there was a very nice thorough update of all the
bounds on the lepton-number violating couplings performed Ye, Yp, Yu. 3)
in [27]. We present in Table | an updated version of the
strongest bound at two standard deviatiGhsigma on each  for the R, conserving Yukawa couplings.
coupling, respectively. For the lepton-number violating cou-  The boundary values of the running dimensional reduc-
plings we update the results fro@7] using the more recent tjon scheme DR) gauge couplingg;(M;) andg,(M;) can
data compiled by the particle data groud. The main dif-  be determined in terms of the modified minimal subtraction
ference from[{27] is due to the improved data on the tau scheme IS) values ofeg(M5)=127.9 and sihty(My)
lepton parameters. In the case of atomic parity violation we_q 2315 Mgyur is found by the conditionas(Mgyr)
have made use of new experimental d&8] which is not  _ a,(Mayr). Because abovil, we work to one loop order
yet inc_luded in[1] and which leads to a new value Q‘W_. only, Mgur=2.1X 10 GeV is independent of any Yukawa
This differs from the_standard model value by. 2.5 SigMa.coyplings. The relations(M gyr) = a@o(Mayr) is used to fix
Thus we quat a 3 sigma bound. We do not include the 4,4 strong coupling constdhirs(M,) =0.118.
recent bounds obtained froR, [29]. Though they are the  \ye yse the following experimentally determined fermion
best bounds at 1 sigma, they are very weak at 2 sigma. 1555 parametéréin GeV):

In Table Il we present a compilation of the bounds on the
product of two couplings. We have updated the bound from mp(My)=4.25, mP*=175 m.(m,)=1.777, (4)
the decayK * — 7" vv [30] with the new data ir1,31]. We

have then translated this bound into a bound on the product m.=0.12, my(m.)=1.25 m,=0.105
of two couplings. I 30] the assumption was explicitly made S o B '
that at the weak scale there is only one dominant coupling in my=0.006, m,=0.003, m.=0.000511,

the quark current basis. As described below this is not nec-

rily true for our studies. . e o
essarily true for our studies wherem; are listed in theViS renormalization scheme except

for the pole mass of the top quamk®®. The masses of the

1. FRAMEWORK AND NUMERICAL INPUTS fermions are determined to 3 loops in QCD and 2 loops in
The chiral superfields of the MSSM have the following QED [32] in the MS scheme and at the scaVe; . They are
Gsmy=SU(3).®SU(2), ®U(1)y quantum numbers: then converted int®R diagonal Yukawa couplings using
1 — 1 My.sbe s T( M Z)
. _ = . . = h (Mg)=——— =
L.<1,2, 2), E:(1,1,1), Q'(3’2’6>’ d,sb.eu, z Vv cosp
D:<3’1’_ §)’ H1:<1’2’_ E)’ H2:<1’2’§>’ “Note that the extracted value ofy(M;) at one-loop accuracy
and without sparticle splitting threshold effects is in excellent
2 agreement with the experimental data. TRparity violating cou-
U: ( 3,1,_> ] ) plings do not affect the running; at one loop accuracy but they do
3 at the two-loop leve[24]. However, the effects are smaks2%)

for A, ', \"=<0.9.
We write thel’Qp-MSSM superpotential as °For quarks and leptons with masses less than 1 GeV, their run-
ning masses have been determined at the $@ald GeV. As we
go down toQ=1 GeV fromQ =M, we decouple quarks or leptons
whenm(Q)=Q. In the case of the top quark, only QCD correc-
3For a detailed discussion of the basis dependence dﬁ,;hﬂ)u- tions have been taken into the calculation of its running mass from
plings sed26]. the pole mass listed here.
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TABLE I. Latest 2r limits on the magnitudes of weak scale trilinduparity violating couplings from
indirect decays and perturbativity. The dependence on the relevant superparticle mass is shown explicitly.
When the perturbativity bounds are more stringent than the empirical bounds for mgssed TeV, then
we display them in parentheses. Where a bound without parentheses has no explicit mass dependence shown,
the mass dependence was too complicated to detail here and a degenerate sparticle spectrum of 100 GeV is

assumed.
ijk Nij(M2)? Nik(M2)® Mik(M2)®
111 - 5.2< 107 4x f () -
mg, _ m; .3GeV o
112 - 0.021X ——— 2x107°% ———
100 GeV 100GeV
mg 4
113 - 10
002760 Gev
- 5/2
121 0.049¢ 5 004328 2x10°9 8 S5V
100 GeV 100 GeV 100GeV
122 Mg M
0044750 Gev GeV 0043750 Gey GeV
m;, mg
123 __ R R (1.23
0049766 Gev 0043760 Gev
131 % méR 1 rn;" 1074
0062756 Gev 0019756 Gev
132 Miig M, (1.23
0062750 Gev GeV 0284750 GeV(l 04 '
133 0.0060/m-/100 GeV 1.4¢ 10 3\/m;/100 GeV -
211 Aok M -
0049756 Gev 0059756 Gev
212 Miig M (1.23
00434750 Gev GeV 0.05% 150 Gev '
: m,
213 R R (1.23
0.04% 150 Gev 0.05% 150 Gev
mg
221 - R (1.23
018750 GeV(l'lz)
222 . -
0.21x 1ooe V(l 12
FTT
223 - 0.21X ———(1.12 (1.23
100 GeV
mg m,
231 R o (1.23
0.070< 766 Gev 018150 Gev 112
-
232 HR 0.56(1.04 (1.23
0070756 Gev
233 M 0.15/m;/100 GeV
. mp, e -
0.070< 150 Gev °
311 0.062x e 0.11x Mo 1.1 -
: 100 GeV 100 GeV( Z
312 Mg M 0.50(1.00
0.062< 355Gy 01750 Gev' 112 R
m,
313 0.0060/m-/100 GeV _ R 0.50(1.00
01750 Gev 112
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TABLE I. (Continued)

ijk Nijk(Mz)*® )\i,jk(MZ)b Ni(M2)©

321 0.070¢—2" 05214 0.50(1.00
~ 100 Gev 5% 100 Gev 112

322 0.070¢—F_ 052¢——2 (1.1 -
100 Gev 5250 Gev -

323 0.070x M 0.52% o 1.1 0.50(1.00
100 Gev 52750 Gev 112

331 - 0.45(1.04 0.50(1.00

332 - 0.45(1.04) 0.50(1.00

333 - 0.45(1.04) .

dUpdated bounds from Ref§27,21. Bounds on\j,1,\122,\ 123 have been obtained from charged current
universality[20]. Bounds 0N\ ;31,\132,\231, A 232 @and N»33 have been derived froff20] measurements of
R,=I'(r—ev)/I'(r—uvv) andR,,=I'(7— pvv)/T'(u—evv) [1]. The bound om\,5; [35] has been
obtained from the experimental limit on the electron neutrino nhaks

PBounds 0m\j;5,M13,M 121, 00, @Nd\ ], have been obtained from charged current universp#iey. The
bound on \j;; has been derived from neutrino-less double beta del®6,37,3§ where ()

= (my/100 GeVY X (m0/100 GeV)2 and onh 15, from atomic parity violatior{20,2§. This latter bound is
at the 3r level, since the data disagree with the standard model at tlel@/@! [28]. The bound on\ 3,
comes from the forward-backward asymmetryeihie™ collisions [20]. Bounds on\is3,\533 have been
obtained from bounds on the neutrino mas§&S] and on\j;;,A515,M 53 from R =T (7m—ev)/T (7
— uv) [20,27. Bounds 0n\;,;,\ 53, come fromv,, deep inelastic scatterif@0,27 and on\ 5,,,\ 5,3 from
the D-meson decay$27], D—KIlv. The bounds without parentheses ®fs,,\331, 530, A 333 have been
derived fromR,=I'(Z—had)I'(Z—II) for m;=100GeV [39] and onXj;;,A555, M55 from R, =T(7
— v )T (m— wv,) [20,27. The bounds on the couplings;,; ,\ 35, and\ 3,3 have been derived from
decayq27], i.e.,Rp =I'(Ds—7v,)/I'(Ds—pv,). There are also bounds ar;; from R, [29] but these are
weak at 2r level and thus not displayed.

“The indirect bounds onj, existing in the literature are ok, from double nucleon deca33] [Aisa
hadronic scale and it can be varied from 0.003 to 1 GeV angl/  GeV)®? from 2x 10" to 1P for my
=100 GeVM| and on\’;; from neutron oscillation$40,33 for mz=100 GeV. Formz=200 (600 GeV the
bound on\;3is 0.002(0.1). The bound on\3;, has been derived from,=I'(Z— had)I"(Z—11) at 1o for
M=100 GeV[41] and, for heavy squark masses, is not more stringent than the perturbativity bound, which
is displayed in the parentheses.

my (M) termining induced phases in weak scdi@ couplings. We

= ﬁ— (5)  therefore assume for simplicity th&tP violation is negli-
vsing gible in the GUT scalé’, coupling.

wherev =246 GeV is the standard model Higgs vacuum ex- For the purposes of the calculations we assume the entire
pectation valugVEV), and tanB=v, /v, is the ratio of the MSSM spectrum to be at the scale of the top quark mass,
two MSSM Higgs VEVs. As an example study, throughout Mt» @nd furthermore we assume a desert betwegrand
most of the paper we set t@+5. We briefly discuss the Meur-
case of tapg=35 at the end.

We use central values of the mixing angles in the “stan- IV. NUMERICAL PROCEDURE
dard” parametrization oV detailed in Ref[1]:

hyci(Mz)

To obtainYy (M) andYp(My), assumptions have to be
$1,=0.2195, $,;=0.039, S,5=0.0031. (6) made about the Yukawa matrices in the weak eigenbasis. To
’ ’ start with, we assume that the mixing occurs only within the
We initially set theCP-violating phases,s=0 but later we ~doWn quark sector, and that the Yukawa matrices are Her-
examines,s= 7/2 to see if includingCP violation affects the mitian. We later also consider the other extreme case where

GUT scale bounds. Once one has allov@Rlviolation in the ~ the mixing only occurs in the up quark sector. With the defi-
R, conserving couplings there does not seem any compeIIing't'on of Yp,Yy in Eq. (2) and the mixing fully in the down

theoretical reason to ban it from tl1‘§J couplings. We are uark sector, we obtain
mainly interested in showing that the inclusion©P viola- ok T
tion does not change the GUT scale bounds rather than de- YD(MZ)_VCKMYDdiag(MZ)VCKM' (7
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TABLE Il. Current relevant upper limits on the values of products of weak sBatarity violating

couplings form=100 GeV.

INgjiNgjal
IN2zih 131
|\ 231N 23d
|N2soh13d
|\ 233\ 134
N 122\ 514
IN 132N 311
INg2N 114
N3N a1
IN 1N 2]
IN{12M 2]
Im Afh 51
N 13 iad
N1 i3]
N kaM el
N LkaN il
N1y 2y
N3N 1
REIMEPA
IN 22k 12 (k=2,3)
IN32N 15
IN 23N 1
ING ANl (1#3)
RNERNEP!
N3N 1]
M3\ {2l
N3N 2l
IN33N13
IN33N3s

7 x 1072
7 x10°7P
5.3x 10°6°¢
8.4x 10764
1.7x 10°5¢
4.0x 10 8f
4.0x 10789
4.0x 10°8h
4.0 1078
2.2x 10°%]
1079 k

8 x 1012
3 x10°8m
8 x 108"
8 x107°
8.0x 1078°P
8.5x 10784
4 x 107"
43x 10778
2.1x 1078t
2.0x 10°6¢
2.1x 1078V
6.1x 1078V
1.6x 105X
2.4x 10°5Y
7.6x 10732
6.2x10 33
2.5x1073 b
4.8x1074 ¢

aFrom u— 3e [42].

bErom u— 3e [42].

°From uTi—eTi at one loop[43].
9From uTi—€Ti at one loop[43].
®From uTi—eTi at one loop[43].
fFrom uTi—eTi at tree level[43].
9From uTi—eTi at tree level[43].
PErom wTi—eTi at tree level[43].
'From uTi—eTi at tree level[43].

"From uTi—eTi at tree level[43].

SFrom uTi—€eTi at tree level[43].

'From uTi—eTi at tree level[43].

YFrom uTi—eTi at tree level[43].

VFrom uTi—€eTi at tree level[43].

“FromK andB systemg45].

*FromK andB systemg45].

YFrom K andB systemg45].

“From non-leptonic decays of heavy quark

IFrom K — v [30]. AlSO |\/;\ ) ~1078 from €'/e [44].  mesonsB’ —K + K™ [46].

KFrom Amy [11].

'From e, [11].

MFrom Amg [38].

"From Amg [11].

°FromK, — ue [11].

PFrom uTi—eTi at tree level43].
9From uTi—eTi at tree level[43].

YDdiag(MZ) is the diagonal matrix witthg(M2), hg(M,), and
hy(M) along the diagonal. Thu¥ (M) is determined

3% rom non-leptonic decays of heavy quark
mesonsI'(B* =K%+ #")/T(B*—=J/y
+K*) [46].

bPFrom non-leptonic decays of heavy quark
mesong46].

““From the contribution oK-K mixing to
the K. —Kg mass differencé¢47].

lations are controversial, we do not include mixing of the
charged leptons: i.eYg(My) is set by its eigenvalues, the

uniquely in terms of its eigenvalues and the CKM matrix, charged lepton masses evaluatedViat.

and all of theRy-conserving couplings are defined

at

To begin, the system of all gauge couplings and all the

=M, in the DR scheme. Because the data on neutrino oscilHiggs Yukawa couplings is evolved d gt using the one-
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loop RGEs of theR,-MSSM [25,24. At the GUT scale, we V. CASE STUDIES

then add only one non-zer@nd real R, coupling. This Here, we detail the results of the above procedure for
coupling is in the weak current eigenbasis. All of the dimen-yarious cases. Initially, we present the bounds on GUT scale
sionless couplings, now including tii&, coupling, are then R, couplings for a simplified case in which there is 68
evolved down taVl; . In the process more than one NON-Zeroyjiplating phase and zero mixing, i.¥cqy=1. The results

R, coupling is generated. The Higgs Yukawa couplingsare displayed in Tables I, Ill. The perturbativity bounds upon
evaluated aM; in general lead to incorrect fermion masses, ", presented in Table | are in full agreement with those
so they are reset, as in Eqé), (5). The system of couplings  given by Ref[33]. A two-loop calculation alters the pertur-

is then re-evolved up &,y now including theR, cou-  bativity bounds by up to 109%24]. In this case, there are no

plings. At Mgyr, the Ry couplings can differ from their phounds caused by inducing new non-zBgpcouplings in the
initial values atM gyt and are reset. The process is iteratedrenormalization; a GUT scale bound is obtained by renor-
until the system converges. malizing the empirical bound on the dominant low energy
The Iép couplings thus obtained at the sctlle are valid  coupling. The explicit dependence upon the sparticle masses
in the weak eigenbasis. For comparison with experiment, thén Table Il has been demonstrated numerically. It is valid
gua_rk _Sl_UPdeffiE'_dS meSt”be rﬁtated todthe qug[fgoanilifss eigemecause of an approximate linear relation between GUT and
asis. To do this, we follow the procedure o TWE  \veak scaleR couplings, valid in the limit that they are
assume all the Cabibbo-Kobayashi-Maska@&M) mixing small. This m%lss dependence is incorrect for cases where the

is in the down quark sector only, we obtain thg interac- o ng multiplied by a sparticle ma$s/100 GeV is large,
tions i.e., greater than 0.6. In those cases one can use the pertur-
bativity bound. As can be seen from Table Ill, bounds on
Nijk(Mgyr) are approximately twice as severe than those on
Nij(Mz), whereas those oNjj ,A{j(Mgyr) are 3-5 times
) as severe as their weak scale counterparts.
Next, we examine the effects of quark mixing by assum-
ing that it occurs in the Hermitia¥, given by Eq.(7). Here,
All superfields written in Eq(8) are in the quark mass eigen- we set theCP violating phase to zero. The results are dis-
basis, contrary to those in E(R). The ' terms have been pjlayed in Table IV without parentheses. Obviously the
expanded into two S(2) components containingQ;  pounds upor;;(Mgyr) in Table IV are identical to those

=(U;,D;) andL;=(N; ,E;). Referring to Eq(8), we define i, Taple III, because the weak and mass bases of the leptons
the rotation of the couplings to the quark mass bassioted  paye peen assumed to be identical. When the bounds on

Wépg)\i,jk(VZ:KM)mk[Ni(VCKM)jI D,—EU;ID,

1 -
+ E)\;jk(VEKM)mj(VIﬁKM)nkUiDmDn :

with a tilde): Ni(Maun), Nk (Mgyy) including quark mixing effects are
-, , . compared to those without mixing in Table IIl, we see a
Nije=Nijm(Verm) ks ©) remarkable difference for many of the couplings. Many of
_ them are an order of magnitude more stringent when quark
Nijk = Nimn(V k) mi( Verm) nk- mixing has been taken into account. Th&,; GUT scale

(10) coupling is essentially unbounded in Table (tr bounded

. ) ] o by the limit of perturbative believabiliyy whereas in Table

As shown in Ref[30], sgveravﬁp interactiongas implied by |/ the hound becomes strengthened by an incredible seven

Egs. (9), (10)] result in flavor chang|ng.neutra~l current orders of magnitude\j,; becomes more constrained by a

(FCNG). Upper bounds may then be obtained updnand  5¢(0r of 500. For the\/, in Table Il that had the strongest

A" from FCNC data. Thus, starting with a domind® cou-  hound being that of perturbativityfor heavy sparticle

pling in the weak eigenbasis at the GUT scale, we evolvenassel down quark mixing effects imply that the empirical

Njk sAfj to the electroweak scale, causing some of Kje  bounds are the strongest.

couplings to become non-zero through RG evolution. At the |n order to check the robustness of the bounds under

electroweak scale, this systemkg couplings is rotated into  changes in the assumé&dparity conserving texture, we now

the quark mass basis using E¢3), (10). perform the analagous analysis for the case of mixing in a
The resumng system of non_ze|7~0’ and X” Coup"ngs HermitianYU Only. For this case, EC{?) becomes repIaCEd

valid at the electroweak scale is then checked against thy

bounds summarizedogether with their sourcgdn Tables |,

[I. Almost all of the bounds depend on the sparticle masses. .

The Iép GUT scale coupling is varied until the couplings YU(MZ):VCKMYUdiag(MZ) CKM s (12)

generated alWl, just pass the low-energy bounds. The value

of the PQp GUT scale coupling at this point is then an upper ) )

bound upon the non-zei-parity violating GUT scale cou- With Yp(Mz)=Yp . The superpotential terms in E(B)

pling. These bounds are summarized in Table III. become
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TABLE Ill. Bounds on the trilineaR-parity violating couplings at the GUT scale which are in agreement
with the low energy experimental bounds of Tables | and Il. The dependence of the superparticle masses is
shown explicitly, except where it is too complicated amd 100 GeV is assumed= indicates that the
strongest bound is the one where the couplings are small enough to use perturbation theory, for example 3.5.
The input value of ta has been chosen to be tafM,)=5.

ijk INij(Mgum)| INik(Mgur)] INik(Mgur)|
111 - 1.4¢ 1074 f () -
112 Mer 4x10°9| — 4 3Gew)™
0.005%< 756 Gev 100GeV A
Mg, _
113 - 2x107°52
00058756 Gev
121 e M ax10°9 8 3GeV "
0032766 Gev 0012756 Gev 100GeV
122 0.032¢ M 0 012><—msR -
: 100 GeV : 100 GeV
b
123 (**)
0.032X 750 Gev GeV 0012150 Gev
131 0.0 Meg 0.0060X ——~—— rmL 2x10°52
04760 Gev 100 GeV
p 0 091><—nrr[L (165
132 MR . . (%)
0.041X 155 100b Ge
133 0.0039/m-/100 GeV 4.410"*\/m;/100 GeV -
d
211 -
00324150 Gen GeV 00164756 Gev
~ mz
212 0.032¢ % 0.016<——= (x%)
100 GeV 100 GeV
lbe
213 (%% )
0.032X 150 Ge GeV 0.016< 150 Gev
221 - __ R (**)
0.05X 150 Gev ™
M
222 - 0.060X ——F (%% ) -
: 100 Ge\/(
223 - ok
0.060< 755 G v( (*+)
mg M,
231 R v (%)
0.046< 150 Gev 0.05% 150 Gev ™
232 N 0.20(1.66° (3 )
0.048< 156 Gen GeV
233 __ R 0.048/m;;/100 GeV -
0.046< 756 Gev °
311 Mer Mdg -
004X 750 Gev 0.03X 750 Ge
~ g
312 N R 0.16(0.76°
004X 150 Gev 0.031X 150 Gev ™
mp b
313 0.0039/n, __ R 0.16(0.76
/100 GeV 0.031x 100 Ge\/(** )
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TABLE lIl. (Continued)

ijk Nij(MguT)| INik(Mgur)] INik(Mgur)|
321 0.046¢ 8 0.17x L (+ 0.16(0.76"
: 100 GeV =17100 GeV
322 0 04®<i 0 17><A c (*%) -
: 100 GeV =100 GeV
323 0.046x M 0.17x LI 0.16(0.76P
: 100 GeV 1 T50Gev ¢
331 - 0.16(1.66" 0.16(0.76°
332 - 0.16(1.66" 0.16(0.76°
333 - 0.16(1.66" -

3 or mg=200(600) GeV the bound is7;5= \]5;=4Xx 10" 4(3x 10" ?).
PFrom perturbativity of the top Yukawa coupling.
°This bound can be used only for small departures of sparticle masses from the electroweak scale.

Wk D\ [NiDj— EU) (V)i 1Dk for superfields in the quark mass eigenbasis. This implies the
rotation of R, couplings,

1 —
n ~
+ 5 Nijk(Verm)i UiD Dy, (12) N =N (V) (13)
TABLE IV. Basis dependent bounds on the trilind&parity violating couplings at the GUT scale with
the mixing assumed in the downp] quark sector. The value d¢h=100 GeV for squarks and sleptons is

assumed. The input value of t@nand the hadronic scal® have been chosen to be tafM;)=5 and 300
MeV respectively.

ijk |)\ijk(MGUT)| |)\i’jk(MGUT)| |)\i"jk(MGUT)|
111 - 1.5<10 4 [1.5x 10 4] -

112 - 6.7<10 % [0.0059 4.1x10 1°[4.1x 10 19
113 - 0.00590.0059 1.1x 1078 [2Xx1079]
121 0.032 0.00156.7x 10 4] 4.1x1071°[4.1x 10719
122 0.032 0.001%50.012 -

123 0.032 0.0120.017 1.3x 107 [0.029
131 0.041 0.00270.006(Q 1.1x10 8 [2X 107 9]
132 0.041 0.00270.091] 1.3x 107 [0.029
133 0.0039 44104 [4.4<10°%] -

211 0.032 0.001%50.016] -

212 0.032 0.001%50.016] (*%) [2.1X1079]
213 0.032 0.0160.016 (**) [1.0x107%]
221 - 0.00150.051] (#%) [2.1X 10 %]
222 - 0.00150.060 -

223 - 0.049/0.060 (++) [0.029

231 0.046 0.00270.057 (*+) [1.0x107%]
232 0.046 0.00280.20] (*++) [0.029

233 0.046 0.0480.049 -

311 0.041 0.001%50.031] -

312 0.041 0.001%50.031] 0.099[1.5x107"]
313 0.0039 0.003{0.0317] 0.015[0.0075
321 0.046 0.001%50.17] 0.099[1.5x10° "]
322 0.046 0.00150.17] -

323 0.046 0.0490.17] 0.015[0.16]

331 - 0.00270.16] 0.015[0.0075
332 - 0.002g0.16] 0.015[0.16]

333 - 0.091[0.16] -
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Xf}k:)\f]k(VCKM)il ' (14) worlflng to one loop alecuracy in perturbation theory but in-

_ _ cluding all of the 45 trilinear supersymmetrlkp couplings.
supplanting Eqs(9), (10). The rest of the numerical proce- The latest empirical bounds upon the couplings have been
dure is identical to that outlined in the previous section.  ¢ojlated in Tables I, Il. The bounds upovf;, presented in

_Some Of the bounds from mixing in the up quark SeCorTaple 1 in parentheses are new exceptXgg;, and are de-
(d'SP'ded In square brapkets in _Tgble_) lafe again remark-_ rived from the requirement of perturbativity below the unifi-
ably_dﬁferent to those W'thOUt rTuxmg in Table 1ll. There 'S cation scale. They are the most stringent bounds on these
q_ualltatlvely less C*??”ge in thej;, bounds frpr_n the inclu- couplings depending upon the squark mass. We have dem-
sion of up-quark mixing than down quark mixing, but SOME hstrated that at high energy, the empirical bounds upon the

of the )\i”]—k show an even larger strengthening effect. For . K . .
example\},,, instead of being bounded only by the pertur- dominantR, _coupllngs are more severe Fhan the empirical
bounds applied aM, and are displayed in Table Ill. The

bative limit, acquires an empirical bound of X10 °, ob- .
viously very constraining upon relevant GUT models. bounds are made stronger by a factor of 2—5 from their

To see the effect oEP violation, we pickd;s= 7/2 as an renormalizatiqn. These_ upper bounds are still gpplic_able un-
example and follow the above procedure for quark mixing inder changes in th€P-violating phase and the inclusion of
the down quark sectofand subsequently in the up quark quark mixing. They are also approximately staljé the
sectoj. The bounds in Table IV remain unchanged by the30% leve) to changes in the parameter {@&nHowever,
addition of CP violation. While being the main purpose of when quark mixing is included some of the limits become
this particular case study, we now briefly present results oseveral orders of magnitude more severe than their weak
the small phases picked up by tm% couplings in their scale counterparts due to neRparity violating operators
renormalization from the GUT scale to the weak scale. Thd€ing induced in the renormalization between high and low
largest imaginary parts of couplings acquired occur when th&cales. These very strong limits are dependent upon the fer-
dominant couplings are large. The induced imaginary part ofnion mass texture, as we have demonstrated by calculating
these couplings at the weak scale is as large-49 2 for ~ them in the cases where the quark mixing is wholly within
quark mixing either in the down quark or the up quark secthe down quark sector or wholly within the up quark sector.
tor. For example, let us suppose we start with the case wheihile a CP violating phase in the CKM matrix does not

the mixing is in the down q’uark sector and the dominaniaffect the bounds, the weak scéftg couplings acquire small
coupling at the GUT scale s;,,= — A3, and is taken to be  jmaginary components from the renormalization. The mag-
real. Then the renormalization down to electroweak scalgtudes of these phases are dependent upon the mass texture

induces non-zero and complex values for all of the Othe%lssumed. Since in genené,g terms can be induced via non-
Nij - The largest imaginary component is obtainedXgs,  renormalizable operators in GUT or other unified models,
where IM\5(Mz) = —Im N3, Mz) =4x10"°, this analysis is hopefully useful for their phenomenology and
To investigate how sensitive the GUT scale bounds are teonstruction. A necessary condition upon any unified model
the free parameter tg8) we performed another analysis with s that it satisfy the upper bounds given in Table IlI. Stronger
tanp=35 and no mixing. For the case of the limits B,  constraints arising from bounds upon induced couplings de-
we find that the bound relaxes by up to 9%. In the cases obend upon the fermion mass texture assumed and so must be
the A, or Nij F’Qp couplings we obtain a 30% or 6% weak- checked on a case-by-case basis. The results presented here
ening of the the bound respectively. Thus, to a 30% accurackepresent the most comprehensive collation of bounds upon
level, the bounds of the Table Ill are stable over a largerilinear supersymmetriézp couplings to date.
range of tarB. Of course there is a strong dependence of the
perturbativity bounds in the regions t8%3 and tan3=40

upon the input value of tai[24,34]. The bounds from these ACKNOWLEDGMENTS
values of tarB are stronger than for tg8=5 and so present-
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