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We show that the present experimental limits on electron-nucleon interactions that violate both parity and
time reversal invariance provide new stringent bounds on the imaginary parts of some of the products of the
R-parity-violating coupling constants in tHeparity-violating minimal supersymmetric standard model.
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[. INTRODUCTION tons. The present status of these bounds is given in the re-
views in Ref.[9]. Most of the upper limits on the individual
In the minimal supersymmetric standard mo@diSSM) coupling constants are of the order of £6- 10~ * for squark
[1], unlike in the standard modéBM) [2], the conservation and slepton masses of 100 GeV. There are also more strin-
of lepton numbekL) and of baryon numbe(B) is not auto-  gent bounds, including some on products of two coupling
matic [3,4]. In particular, the superpotential can containconstants, coming mainly from processes forbidden in the
renormalizable and gauge-invaridntandB-violating terms.  SM.
The general forms of these g4 The R-parity-violating coupling constants can be com-
plex, and thus represent new source£éf violation. Strin-
(1) gent constraints come from the experimental values aifid
€'/e [10]. The effects ofC P-violating R-parity-violating in-
1 teractions have also been considered in semileptkinie-
WBZE)\i”ijfD}:DCv (20 cays[11], B decays[12], semi-inclusive decays of heavy
quarks[13], leptonic collider processd44], and in lepton-
wherei,j,k=1,2,3 are family indices, and summations overpair production inpp reactiong15].
i,j,k are implied. In Egs.(1) and (2), L;,Q; are the In this paper we show that the present experimental limits
SU(2)-doublet lepton and quark superfield§, U7, Df are  on P, T-violating e-N interactions(electron-nucleon interac-
the SU(2)-singlet charged lepton and up- and down-typdions that violate both parity and time reversal invarigreet
quark superfieldsH , is the Higgs superfield which generates stringent bounds on the imaginary parts of some of the prod-
the masses of the up-type quarks. The constagisare  UCtS Aj\in,. In the next section we analyze the,
antisymmetric under the interchange:j, and\{), is anti- ~ T-violating e-N interactions arising from theR-parity-
symmetric undej < k. violating couplings. In Sec. Il we derive the bounds on the
The couplings ifW, andWg violate invariance undeR  imaginary parts of products of the coupling constants in-
parity [R=(—1)38""2 wheresis the spin of the particle; volved, and consider the constraints on them from other data.
thusR= + 1 for the particles of the SM, ar@= —1 for their  In Section IV we summarize our conclusions.
superpartnedd5]. If both the\;, term and the\{;, term are

1
Wy =5 Nije ik Bt N LiQyDict iLiHy,

present, some of the products would have to be extremely Il. P, T-VIOLATING eN INTERACTIONS
small (for example,|\jy\jy/=10"%* for k=2,3 andmg, IN THE R MSSM
=100 GeV to prevent too rapid proton decg§]. One way The general form oP, T-violating e-N interactions, in-

to deal with this problem is to postulakeparity invariance.  ¢jyding nonderivative couplings only, is given py6]
This would eliminate bottW, andWg [4]. Another possi-

bility is that B is conserved, but th&-violating terms are e L o
present. This scenario is obtained by demanding invariance Hp = E E Cgelyseaa+ Cpeead ysa
a=p,n

under “baryon parity” (under baryon parityQ;— —Q;, Uf

——-Uf{, Df—-Df, and L;, Ef, H,, Hyq remain un- 1 S By

changed[4,7]. The model we shall consider in the following +CTa§'€a375e‘T ear=al, )

is the R-parity-violating MSSM RMSSM), defined as the

MSSM with W, included in the superpotentif8]. wherea=p,n (p=proton, n=neutron) andCs,, Cp,, and
The presence d®-parity-violating couplings has rich phe- C;, are real constantsl7].

nomenological implications. IR parity is violated, the pro- Stringent limits onCs,, Cp,,andC, [18] follow from

duction of single supersymmetric particles becomes possibl@xperimental results on the electric dipole moments of the
and the lightest supersymmetric particle is no longer stable!33Cs[19], 2°°T| [20], ***Xe [21], and 1%*Hg [22] atoms, and
The main source of constraints on tReparity-violating cou-  on the P, T-violating spin-flip parametep of the TIF mol-
pling constants is experimental data on processes with thecule[23]. The best of these afd6]

SM patrticles, to which thé-parity-violating couplings can

contribute through the exchange of single squarks or slep- |0.4C5,+0.6C < 3.4X 107, 4
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|Cpp|<1.4x10°%, (5) .
151
|0.75Cp,+0.25Cp,|<3X10 %, (6) e g i e,
'
|Crnl <4x1078, 7 |
I
l Ul
|0.75C1p+0.25C 1, <4.5x 1077 8 | ViL
|
The limit (4) has been deduced from the experimental bound I
on d(TI); the limits (5) and(7) come fromd(Hg), and the :
limits (6) and (8) from v(TIF). d 7»’ d
In the SM the constant€s,, Cp,, and Cr, are very kL jkk kR

small: the Kobayashi-Maskawa phase contributes at the level £ 1. piagrams contributing t&, T-violating electron-quark
of 107*%, and the contribution of the term is of the order of . i " o mSSM Here =23 (7 =71, Pa.=7.)
10" *—10 ' [24]. They can be much larger, however, in 4,qk=12 3 d,=d, d —s d —b). R Tl LT
some extensions of the SM. The T-violating e-N interac- e T T
tions have been studied for general electron-quark intera
tions [25], in multi-Higgs models[24,26,27, models with
leptoquarks [24,27,28, and in the R-parity-conserving
MSSM [29]. In multi-Higgs-boson and leptoquark models
they can be as strong as allowed by the present experimental NE N
limits. In the R-parity-conserving MSSM the constarts, H= >, > LZJKKE(J_JF ys5)€0(1— y5)d,+H.c. (10)
(which are the dominant ond&9]) are smaller by several k=123j=23 4nr

orders of magnitude than the present limit@g, [Eq. (4)].
This is implied by the limit on the pertiner® P-violating  The P, T-violating component of Eq10) is
phase, obtained from the limit on tiR T-violating nucleon-

%ach down-type quark: one mediatediby , and one by
(see Fig. 1L The corresponding effective Hamiltonian is
given by

Yj

nucleon interactions set by the experimental limitai IMO\G A ) —  —  ——

[30], e WO e 35 T G eqeedivsy
We shall consider now thie, T-violating e-N interactions T ”j

in the RMSSM. Relative to thér-parity-conserving MSSM, (11

in this model there are additional contributions @

S : . S It follows that the constants in the-N interaction(3) are
T-violating e-N interactions, originating from tha;; and

' . ; . given by
Aijk couplings in Eq.(1), which appear already at the tree
level. Thehjx and)\i’jk couplings in Eq(1) in terms of the IMNF N ) J2
i i Ce.= ;llkk _f(dk) , 12
components of the superfields are given[B¥] Sa k=112’3j=§;3 2m§ G, a (12

j

_ - o = 4 “x _C -~

E_)\ijk[ViLekRejL+ejLekRViL+ekRVCiLejL_VjLekReiL .

Im()\ljl)\jkk) Eg(dk)
Gg 72

_EiLEkRVjL_EERVJCLeiL]+)\i/jk[7/iLadejL +ajLakRViL Cpa= _k:1,2,3j:2,3 om?2 ' (13
~— o~ — ~ — ~ — i

+dggri dj —ej dygUj — UjL dygrei — dggei uj ]+ H.c.
Cra=0, (14

9

. L , wheref% andg' are defined by
In Eq. (9) only the\;j, with i <j are nonvanishing, since the a a
relation\ i, = — \jjic that holds for the coupling constants in <a|akdk|a)=f(dk)au (k=1,2,3:a=p,n) (15)
a ava 169, 1 )

the first term in Eq(1) has already been used.
Contributions to electron-quark interactions can come
from the combination of either twa;, terms or from a
combination of a;;, and a)\i’jk term. It is easy to see that in
the former case the electron-quark interaction has ng,

st ; n estimate of the matrix elemen¢p|dd|p) and (p|ss|p)
P, T-violating component. The reason is that the only termsCan be obtained from the term (deduced from pion-nucleon

in Eq. (9) involving the electron field arelj dyrei and scattering dataand, assuming octet type §) breaking,
dxrefLuj. . and therefore their contribution to the electron- from baryon mass splittinf32]. These yield 33]
quark interactions must be proportional |vq’jk|2, which is

(aldid ysdilay =g ugiysu, (k=1,2,3;a=p,n). (16)

insensitive toC P-violating phasesP, T-violating contribu- ff)d)22-8, 17)
tions do arise, however, from combinations okg and a ©
\{j term. We find that there are two such contributions for fp'=1.4. (18)
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One obtains alsé(’~3.5 for the form factor in the matrix

element(p|uu|p)=f{’u,u,. Charge symmetry and isospin

invariance imply, respectivelyf"=f(? and f{?=f{, so
that

fd=35, (19

f9=1.4. (20)

The matrix elementgaldiysd|a) and (a|siyss|a) (a
=p,n) can be estimated using the relati@ee Ref[34])

M
P
ggq):_

q

A+ 3 A —ud 21
q +E g (q_u! !S)! ( )

whereM is the proton massdq’ is the form factor at zero

PHYSICAL REVIEW D 61 095010

B IM(A TN 210) Efgd)

Sa— Zm% Ge (a=p,n), (28)
"
IM(\ 50510 V2
LS 7 o

zm; GF ga

-
We shall consider first the information frod{TI). We note
that although the rati@gd)/ffid) is large (~20 and~40 for
a=p and a=n, respectively, the contribution of theCp,
interaction tod(TI) can be neglected, since it is supressed by
about four orders of magnitude relative to the contribution
from Cg, (two orders of magnitude due to the absence of
enhancement by factors @fandN, and a further two orders
of magnitude due to the fact that i, interaction arises

momentum transfer in the proton matrix element of the axiaPnly as a correction to the nonrelativistic approximation

vector current (p|qy, ¥sa|p)=Aq’ Uy, ysUp), andAg is
defined by
(p|TrG,,G*"|p)=—2M,Aguyi ysu,, (22

where G,, is the gluon field intensity andG*"
=3€e*"™G,,. With Au’=0.82, Ad’=-0.44, As'=0.11

Using for f{’ and ") the values(17) and (19), we obtain
from the limit (4)

M\, 51| =1.7X 10*8(m;M/100 GeV%. (30

With the value (24) for g'¥ about the same limit
[Im(\ipy A5yp)|=1.9%10°°  (mm; /100 GeV] follows

[35], deduced from data on polarized nucleon structure funcfrom d(Hg) [Eq. (5)]. In d(Hg) the contribution ofCp, is

tions, and the estimatex(/27)Ag=—0.16[34], we find

gy =61, (23
g{"=gf’=121, (24)
gP=gP~-15. (25)

In Egs. (24) and (25) we used again charge symmetry and

isospin invariance.
There are no estimates available fidf’ and g . We
shall usef P/f@=m./m,, g®/g{=m./m, [as expected

on the basis of the heavy quark expansion of the correspond-

ing operators(see Ref.[36])] and f{©=0.04, g{=-0.1
[36]. Then
fP)=10"2 (26)

(27)

(a=p,n),
gP=3%x10"2 (a=p,n).

IIl. BOUNDS ON THE COUPLING CONSTANTS

smaller than the contribution o5, only by an order of
magnitude. The reason is that in diamagnetic atonGsa
interaction can contribute to the electric dipole moment only
with the participation of the hyperfine interactif87]. As a
consequence, the limit dmm(\3,,\5,,)| from the Cg, con-
tribution is weaker than the one implied by tg, contri-
bution by about a factor of 4.

For A3\ 311 ONne obtains in the same way as fof,\ 5,

|IM(N\ 30519 [=1.7X107%(m;, /100 GeV?. (3D

B. NpA505 and ANz,
With the valueg18) and (20) for f(? andf(® the limit (4)
from d(TI) yields

|Im(N T2\ 520) | <410 °(nm;, /100 GeVf?,  (32)

IM(N\ 3320 =4X 107 %(m; /100 GeV?. (33

The limits fromd(Hg) are in this case weaker than those in
Egs.(32) and(33), sinceg! andg{ are small.

We are now ready to consider the limits on the quantities

IM(\7j1\ k). In deriving these we shall assume for each
such product that it is the only one which may have a sig-
nificant size. This assumption precludes additional con-

straints to apply on a given Img;;\y,) and the possibility
of cancellations among the various contribution<Ctg, and
Cpa-

* ! * !
A. NipAp1qand Mgy

The contribution of\},,\ 5, to the constant€g, andCp,
is [see Eqgs(12) and(13)]

C. N2:Nz33 @nd Aj3hgs,
The best limits come again from(TI) [Eq. (4)]. Using
the value(26) for ) andf{” gives

|IM(N 20 259 [=4X 10 °(nm;, /100 GeV?,  (34)

|IM(N 30\ 339 | =4X 107 %(nm; /100 GeV?.  (35)

In obtaining the bound&30)—(35) we treated the fields in
the Lagrangiart9) as if they were mass eigenstates, which is
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The limit (37) (and also the limits frond, for m, in the
rangem;,j=100 GeV to 1 TeV is more stringent than Egs.

(34) and (35) by an order of magnitude.

The couplings involved in th®, T-violating e-N interac-
tions give rise also, through two-loop diagrap3®] similar
to the one in Fig. 2, to electric and chromoelectric dipole
moments for the down-type quarkd(gk) and dfdk) , respec-

tively). The best limits ondy, and dfdk) come from the

experimental limit on the electric dipole moment of the neu-
tron and the'®Hg atom, respectively16]. The limits im-
plied on the quantities Im(j;;\j,) are weaker than those
from d., since all thed(dk) anddfdk) are proportional to the

electron masgrather than to the mass o), and also be-
FIG. 2. Two loop diagrams contributing to the electron electric cause the limits odq), d(y), d(s), andd(y, are weaker than
dipole moment in the/ RISSM. As in Fig. 1,j=2,3 andk=1,2,3.  the experimental limit or, by two or three orders of mag-
nitude [16], and the limits ond,) and df,) most likely by
not the case in generdB8]. While mixing is compulsory even more.
only either among the left-handed up-type or down-type
quarks and, in the light of new evidence, among the neutri-
nos, the weak eigenstates are not expected to be identical IV. CONCLUSIONS
with the mass eigenstates for any of the fields involved. In
the presence of mixing the bound30)—(35) hold for the
quantities Im{3;;\ j,) multiplied by a factor, which is the
product of the appropriate elements of the mixing matrices
If the mixings are hierarchical, this factor would not be far
from unity.

*

R e Ay ©

L

In this paper we pointed out that experimental limitsRyn
T-violating e-N interactions provide stringent constraints on
the R-parity-violating interactions in thé RSSM. Unlike in

the MSSM with R-parity conservation, in the RSSM P,
T-violating e-N interactions arise already at the tree level.
he bound<301—(35) d donl h D We found that there are two such contributions for each
ThT e bounds )__( 5 depen or)1yon Es)e constarfig’. down-type quark, mediated by the, and ther; [Eq.

e upcertalntles in the valuesﬁc,]d andfy’ come from the (11)]. From the experimental bounds &h T-violating ob-
expenmenta:jl ;/alue Oéb tgﬁ tl?'rm' tfr;e }[’a“ﬁfﬂ?f the quarkt servables in atoms and molecules, the best limits on the as-
Py o v 0 e o . SO0 Coupng constat proucs )

=2,3; k=1,2,3) come from the limit on the electric dipole

3—4. The theoretical uncertainties fiff’ are, of course, dif- moment of the 2%T| atom. Here| labels the mediating

ficult to assess. _ _. sneutrino, andk the participating down-type quark. For
We shall consider now the constraints on the quantitiegneytrino masses of 100 GeV the upper limits on

IM(A\Tj1N (k) in Egs. (30)—(35) from other data. The avail- IM(\%;1\ e are of the order of 10° for k=1 andk=2,

able bounds on the individual coupling constantg and  5nd about two orders of magnitude weaker for 3 [see
Nijk [9] imply upper limits on the ImK3;1\ i) in the range  Eqs (30)—(35)]. Fork=1 andk=2 these limits are the best
2X1072-2x10"° [9]. The electric dipole moment of the ayailable bounds on these products. Ker3 the limit from
electron @), which is of relevance, receives contributions ¢_ is more stringent by an order of magnitude.

involving the same products af;j, and)\i’jk asCgzandCp,

through the two-loop diagrams shown in Fig[Z]. These Note added in proofAfter this paper was submitted, two

papers(Refs. [41] and [42]) appeared on fermion electric

give [40] dipole moments in the RSSM. These papers also find that
2\ 2 in the RMSSM one-loop contributions to the electric dipole
4 :e1—6 @ % In% MO N, (36) moments from trilineaR-parity violating couplings can arise
T3 (4m3\ m2 1j1% jkk only with the participation of either neutrino Majorana mass
VJ- V;

terms, ory;-7{ mixing. In Ref.[41] a limit on the coupling
constants is derived from a two-loop contribution to the elec-
tron electric dipole moment, which is identical to the limit
from the same source in our E@7).

For k=1, Eq. (36) and the experimental limitdg|<4
X 102" ecm[20] imply for n, in the range 100 GeV to 1

TeV alimit on Im(\3j;\[14), which is weaker than the limits
(30) and (31) by three orders of magnitude. F&=2 and

. in the same range, the limit fromwh, is weaker than the ACKNOWLEDGMENTS
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