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One-loop neutron electric dipole moment from supersymmetry withoutR parity
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We present a detailed analysis together with exact numerical calculations on one-loop contributions to the
neutron electric dipole moment from supersymmetry withRygarity, focusing on the gluino, chargino, and
neutralino contributions. Apart from the neglected family mixing among quarks, complete formulas are given
for the various contributions through the quark dipole operators, to which the present study is restricted. We
discuss the structure and main features of Rhgarity violating contributions and the interplay between the
R-parity conserving and violating parameters. In particular, the parameter combingtiof;, under the
optimal parametrization adopted, is shown to be solely responsible fd-fizity violating contributions in
the supersymmetric loop diagrams. Whilé \{,; could bear a complex phase, the latter is not necessary to
have aR-parity violating contribution.
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[. INTRODUCTION been previously identified. A simple estimate of the bound
obtained on the RPV parametditbe u/*\{;; combination
Neutron and electron electric dipole mome(E®Ms) are  given in Ref.[3] has already illustrated that the bound from
important topics for newCP violating physics. They are the neutron EDM as one of the most important, being com-
known to be extremely small in the standard mo@\), in ~ petitive even when compared with sub-eV neutrino mass
fact, way below the present experimental limit. With super-bounds and substantially more stringent than most collider
symmetry(SUSY) comes many plausible extra EDM contri- bounds. The present article aims at giving a detailed analysis
butions. That has led to the so-called SUSP problem[1]  and numerical study of the RPV extension of SUSY contri-
for the minimal supersymmetric standard mo@dSSM). If butions to neutron EDM. Similar new RPV contributions to
one simply takes the minimal supersymmetric spectrum o€lectron EDM have been noted in RE3]. In fact, the com-
the SM and imposes nothing more than the gauge symmeplete result for RPV contributions to the masses of the slep-
tries while still admitting soft SUSY breaking, the generic tons and othefcolor-singlej scalars has been given in Ref.
supersymmetric standard model would result. When th¢5], which focuses mainly on their implications to neutrino
large number of baryon and/or lepton number violating termsnasses.
in such a generic supersymmetric SM are removed by hand, The complete theory of SUSY witho& parity admits all
through imposing amad hocdiscrete symmetry calleR par-  kinds of RPV terms without bias. It is obviously better mo-
ity, one obtains the MSSM Lagrangian. In the case oftivated tharad hocversions of RPV theories. The large num-
R-parity violation, two recent papers focus on the contribu-ber of new parameters involved, however, makes the theory
tions from the extra trilinear terms in the superpotential andifficult to analyze. The question of the specification of fla-
conclude that there is no new EDM contribution at the onevor bases to define the parameters in the Lagrangian of the
loop level[2]. Perhaps it has not been emphasized enough itheory unambiguously becomes more important. In fact,
the two papers that they anet studying the complete theory thinking about the theory as the generic supersymmetric SM
of SUSY withoutR parity, which is nothing other than the instead of as “MSSM+ RPV terms” helps to clarify many
generic supersymmetric SM; in particular, they have nel-of the issues involvedi6]. From such a perspective, it has
gected admissible RPV parameters other than the trilineaseen illustrated 7] that an optimal parametrization, called
ones in the superpotential. It is interesting to see that in théhe single vacuum expectation val(MEV) parametrization
generic case there are in fact contributions at the one-loofSVP), provides a very nice formulation which helps to sim-
level, as pointed out in Ref$3,4]. In particular, Ref.[3] plify much of the analysis. In particular, the SVP gives the
gives a clear illustration of the much overlooked existence otomplete results for the tree-level mass matrices of all state
a R-parity violating (RPV) contribution toLR squark mix-  fermions as well as scalars in the simplest fofs. The
ings and the resulting contribution to neutron EDM throughformulation has been used to study leptonic phenomenology
the simple one-loop gluino diagram. We would like to em-[7] and various aspects of neutrino masgg8-11. The
phasize again that the new contribution involves both bilin-present EDM studyalso Refs[3,4]) and parallel works on
ear and trilineatRPV) couplings in the superpotential. Since u—ey [12] (see also Ref[13]), electron EDM, andb
RPV scenarios studied in the literature typically admit only—s+y [14] will further illustrate the advantage of adopting
one of the two types of couplings, the contribution has nothe SVP.
We focus here only on such contributions to the neutron
EDM, based on the valence quark mod&b]. Hence, we
*Email address: keum@phys.sinica.edu.tw study only the one-loop quark EDMs. We will give complete
TEmail address: kongcw@phys.sinica.edu.tw one-loop formulas for EDMs of the up- and down-sector
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quarks, of which ther andd results are used to calculate the V, after which we conclude in Sec. VI. An appendix gives
neutron EDM through the some background formulas on the color-singlet fermion
masses. Note that our formulas and calculations here natu-
rally include theR-parity conserving MSSM part, though we
dn=§(4 da—du)7 (D) will concentrate on the role of the RPV parameters and their
unigue contributions. Corresponding studies of the MSSM

formula, wheren=1.53 is a QCD correction factor from C€ase can be found, for example, in Ref$6,19-21, to
renormalization group evolutiof16,17. This is to be Which we refer the readers for comparison.
matched with the experimental boufitB]

Il. FORMULATION AND NOTATION

d,<6.3x10 %ecm. i . )
n We summarize our formulation and notation below. The

In the MSSM case, one has the SUSY loop contributions aanOSt general _renormalizable s_uperpotential for the generic
. supersymmetric SM can be written then as

the charged Higgs contributions. The latter are very negli-

gible. We focus here in this article on the analogue of the

one-loop SUSY contributions. The latter include the gluino W= e ap) s ML+ YR QIHIOL + N L2QPDY

loop, the charginolike loop, and the neutralinolike loop. By

the last two, we mean generalization of the chargino and 1 o 1

neutralino loops under the generic picture. TRPV) mix- +§)\aﬁkL§L%EE +§)\i’]kUiCDJ-CDC, 2

ings of the leptons with the gauginos and Higgsinos give five
(color-singlej charged leptons and seven neutral fermlonsWhere @.b) are SU2) indices, {,j,k) are the usual family

including the chargmos gnd neutralinos as welleag., . {Iavor) indices, and &,B) are the extended flavor indices
and three physical neutrinos. They come from the same s bing from 0 to 3. At the limit whera ;A\’ N, , and

of electroweak states and should not be separated from o I ish ’ th ijk f'Jk ’IRa”k ’ it '“'_
another in the analysis. It is no surprise that the physicaijl vanish, Ohe recovers .e ‘?X'?ress',o,” orparl y bre
chargino and neutralino states dorminate the EDM contribuS€rving caséi.e., MSSM, with L, identified asH4 . Without
tions. We use explicit exact mass eigenstate expressions [ Parity imposed, the latter is nat priori distinguishable
our analysis to illustrate that as well as other interesting feafrom theL;’s. Note that\ is antisymmetric in the first two
tures, starting from the generic electroweak states couplingsidices, as required by the $2) product rules, as shown
under the SVP. An exact numerical calculation is performedexplicitly here withe ;= —&,,=1. Similarly,\"” is antisym-
We would like to mention that the generalization of the metric in the last two indices from SU(3)

charged Higgs loop contribution involves other different R parity is exactly arad hocsymmetry put in to makeé
RPV parameters. Moreover, there are many new and POte%and out from the otheﬁi’s as the candidate fdﬁd. It is

tially important contributions including &quark l00p, as  yefined in terms of baryon number, lepton number, and spin
also pointed out in Ref4]. We will give also the formulas s, explicitly, R=(—1)®*L25 The consequence is that

of suqh quark-scalar loop contribgtio_ns, though a detaileqne ecigental symmetries of baryon number and lepton
study 1S postponed to a future publlcathn. Note tha.t R number in the SM are preserved, at the expense of making
which first appeared around the same Flme as F&fis th'e. particles and superparticles having a categorically different
only other study_ of the same toD'? available. In our opinion, uantum numbeR parity. The latter is actually not the most

our study here is more systematic and complete. Referencgye qive discrete symmetry to control superparticle mediated

[4] does not include, for example, the REWR scalar mixing o0 decay22], but is most restrictive in terms of what is
and the resulting gaugino loop contribution to EDMs. More-_ 4 ittad in the Lagrangian, or the superpotential alone.

over, to the best of our knowlegde, the present study includes 5 aive look at the scenario suggests that the large num-
the first exact numerical calculation performed. Reference ., of new couplings makes the task formidable. However, it
[4] also quotes a cq8 dependence of the major charginolike jyoomes quite manageable with an optimal choice of flavor
contribution, hence a weakening of the bound in the larg§,,qeq the SVP7]. In fact, doing phenomenological studies
tanp regime—a result with which we disagree. Our careful yishoyt specifying a choice of flavor bases is ambiguous. It
numerical study illustrates many more interesting features, ag |ixe doing SM quark physics with 18 complex Yukawa
the discussion below will speak for |ts<.alf. _ _ couplings instead of the 10 real physical parameters. For
This paper is organized as follows: We first summarizeg sy withoutR parity, the choice of an optimal parametri-

contains results presented recently in RBf.on all the sca-

lar masses, listed here so that the present paper will be self-

contained. Of most importance here is the RPV contributions INote that our notation here is a bit different from that in Re;

to LR mixings, which play a central part in the EDM contri- we follow mostly the notation in Ref§3] and[5] while improving
butions. The quark EDMs are analyzed in Sec. IV. Someand elaborating further whenever appropriate. We will clarify all
results from our numerical calculations are presented in Se@wtation used as our discussion goes alig
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|:o, bears a VEV(i.e., <|“_i>50); (ii) y]gek(E)\Ojk: ~Njo) this paper, we make the ex.plicit distinction and reserve the
— (2 Ydiag{my , My, Mg} (i) d (=)0 )= (V2 terms chargino and neutralino for the heavy states beyond
( <o L2 s kaT_ Ojk/ the physical charged lepto®s «, and 7 and neutrinos. The
vo)diagmy,ms, My}, (i) Yik=(\2/vy) Vokw diadmu, s introduced above are the Yukawa contributions to the
m,m}, wherev,=2(Lo) andv,=+2(H,). The big ad-  physical charged lepton masses, hence approximately equal
vantage of here is that théree-leve] mass matrices for all to the latter. The readers are referred to the Appendix for
the fermions do not involve any of the trilinear RPV cou- more details about the fermion mass terms.
plings, though the approach makes no assumption on any We are now ready to spell out the couplings concerning
RPV coupling including even those from soft SUSY break-the (color-single} charged and neutral fermions from the su-
ing, and all the parameters used are uniquely defined, witperpotential. We have
the exception of some removable phases. )
~We are interested in scala}r—fermion-fermior! cou_plings LX:yungKMEJ[ECRidLj+u%ial-j]+ydi|6[a%iu|’-i+d%ia|’-i]
similar to those of the charginos and neutralinos in the
MSSM. The gaugino couplings are, of course, standard. +)\','k|i_[d(|-3{kul,_-+d%kull_-]_yu-h8[ucR-uL-+U(I:?-UL-]
Coming from the gauge interaction parts, they have nothing ! ] : b b
to do with R parity. The “Higgsino-like” part is, however, v 1973 d +dS T T=NIodE dr +dSd
different. WithoutR parity and in a generic flavor basis of Yaloldrdy,+ g dy, J = Nipclildr di, +dg i}
the fourlL,’s, the Hy of the_MSSI_VIA is hidden among _the +Yei[|8|i+~|io—|f|i+T8]+yei[|6|?Ti+—|f|gTi+]
latter. The SVP, however, identifids, as the one having
“Higgs” properties of Hy, though it still maintaing RPV) +ye [P To =101 T T+ N 1 TP+ Mgl 1T
couplings similar to those of thie;'s. We write the compo-
nents of al, fermion doublet a$? andl, , and their scalar

partners ad® andT, . Apart from being better motivated where
theoretically, the common notation helps to trace the flavor
structure. However, we will also use notation of the fdufn

andh} as alternative notation fdry andl} in some places Vo= 92y, Vo= 92Mg,

below. This is unambiguous under our formulation. We will Y 2Mysing’ T 2MycosB’

also referred tdn} andﬁg as the Higgs boson and Higgsino, 4)

respectively, while they are generally also included in the gom,

terms slepton and lepton. Vo=
Note that in the left-handed lepton and slepton field nota- " V2Mycosp

tion introduced above, we have dropped the commonly used

L subscript, for simplicity. For the components of the threeare the(diagonal quark and charged lepton Yukawa cou-

right-handed leptonic superfields, we useandT;”, with  plings, and taB=v,/v, [23]. Recall that\y;, corresponds

again theR subscript dropped. The notation for the quark andto the down-quark Yukawa coupling matrix, angj, corre-

squark fields will be standard, with theandR subscripts. A sponds to the charged lepton Yukawa coupling matrix, both

normal quark state, such ajik' denotes a mass eigenstateyof WhiC_h are diagonal under the SVP; in addition, we have

. . 1 _\yTij : .
while a squark state the supersymmetric partner of one. AlL,=VckmUL, being the SU2) partner of the mass eigenstate

quark or squark state with adenotes one with the quark d, , andu, its scalar partner. We also use beldyv, which
state being the S(2) partner of a mass eigenstate. For in-. " ' '

stance,i]ﬁ3 is the up-type squark state fro@; which con-
tains the exact left-handdalquark according to our param-

—Nipl Ty +H.c, )

is, explicitly, ngMaLj. There are some more scalar-fermion-

fermion terms besides those givendn. These extra terms
> ; are slepton-quark-quark terms. We will see that the latter are
etrization of the Lagrangian. o actually also involved in one-loop EDM diagrams, though

The up-sector Higgs boson is unaffectedmyparity vio- ot the major focus of this paper. With the above explicit
lation. The scalar and fermion states of the doublet are dejgieq terms, however, it is straightforward to see what the
noted byh; , h} andh; , hy, respectively. extra terms are like.

The identity of the charginos and neutralinos is unam- |n both of the above expressions f6r , there is a clear
biguous in the MSSM. WithouR parity, they mix with the  distinction between the MSSM terms and the RPV terms.
charged leptons and neutrinos. In fact, the true charged leprhe nice feature is a consequence of the SVP. The simple
tons and neutrinos are the light mass eigenstates of the fudtructure of the trilinear coupling contributions to the
5X5 and 7X7 mass matrices, respectively. The mass eigend-quark and charged lepton masses, which is equivalent to
states deviate from the 's and|¥’s. Though the latter de- that of the R-parity conserving limit, is what makes the
viations are practically negligible in the limit of small’s, it ~ analysis simple and easy to handle. We want to emphasize
still helps to distinguish the electroweak states from the masthat the above expressions are exact tree-level results without
eigenstates. Moreover, largeparity violation, especially in  hidden assumptions behind their validity. They are good
terms of a largeus, is not definitely ruled ouf7]. Here, in  even when there is large-parity violation.
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ll. SQUARK AND SLEPTON MASSES matrix ( );c with elements listed. The (Wi N 4ji) term is the

- ) A
The soft SUSY breaking part of the Lagrangian, in termsfull F-term contribution, while the 47" Ay ) part separated

of scalar parts of the superfield multiplets, can be written aQut in the last expression gives the RPV contributions.
follows: Next we go on to the slepton sector. From Eg). above,

we can see that the charged Higgs bosons should be consid-
ered on the same footing together with the sleptons. We have

Veoit= €abBaHIL 2+ el AYQ2HET S+ APHAQ DS _ _
soft™ “ab ol ot €anl Ajj Qi H Uj iHdQiDj hence an &8 mass-squared matrix of the following+#

i e +3 form:
+AFHILPES 1+ Hct e AL LFQPDY
. ) M, M Mg,
+ 5 AWEILTES | + S ANOFDI DL+ H.e+ Qe ME=| My M R, (©)
S U U M2, ME M2
+0Tm3U+DmED + LT+ E'mZE+mj, [Hy|? R TTRLTTRR
where
Mice Moo o Mg
+7155+ 72ww+ 73'§Jg+H.c., (5) L
M =mi + ph patM3cos 28 > —sinzew}
where we have separated tReparity conserving ones from
the RPV onesi4=L,) for the A terms. Note thaETﬁriE, +MZsir? B[ 1—sirPoy],
unlike the other soft mass terms, is given by &4 matrix.
Explici ~2 T2 e B M2, =m? T * M2
xplicitly, mg,, is My of the MSSM case wh|lm,_0ks give ce=mi+Emime+(ugpg) + Mz
RPV mass mixings. The other notation is obvious. 1
The SVP also simplifies much the otherwise extremely X Ccos 28| — §+sin20v\,}
complicated expressions for the mass-squared matrices of the
scalar sectors. First, we W|I_I look at the squarks sectors. _The M%cosz B[1-sirP6y] Oixs
masses of up squarks obviously have no RPV contribution. + ,
The down-squark sector, however, has an interesting result. O3x1 O3x3
We have the mass-squared matrix as follows: ~ B
M g M3 g=mZ+memL+ M2 cos 28] —sirf 6,,] .
LL RL
MG= ( M2 M2 ) (6)
RL RR
and
where 1
S ) 11 R, = (BY)+ 2Mzsm2ﬁ[1 Sif6y,] |
M =mg+mpmp+M7 cos 26 — 5+ §S|n26W ,
03><l
M2 =m3+mpmi+M?2cos 23 —Esinze 7 ~ 2 Vo
RECTD TR T 3T Men= _(:U*i*)\iOk)E:(M: my)  (no sum ovek),
and
~ 0\ vg vy
(MéL)T=( )__(,U«*)\ )=
v v E a™apk
(MET=A 2= (3N A2 V2
. 0\ V2MycosB[ O
\/EMWcosﬁ 5 =[Ae— g tanpg] m + 9 SAE
=[Aq— png tanBImp+ g—5A E 2
B ? — pgmetang
2Mysing .
_ NEPWSTR AN, g —| V2Mysing (12)
s} (7 M) ® ———— (i Nij)

Here,mp is the down-quark mass matrix, which is diagonal
under the parametrization adoptedlj is a constanfmass$
parameter representing the ‘“proportional” part of tide
term, and the matrixA® is the “proportionality” violating
part; (uf"\{i), and similarly @j\.;), denotes the 33

°Note
tensivel
over as
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The notation and results here are similar to the squark case The neutral scalar mass terms, in terms of the-4)
above, with some difference. We hae and SAF, or the  complex scalar fieldg,’s, can be written in two parts—a
extended matrice£0 incorporating them, denoting the split- simple (M 2¢,T)mn¢;rn¢n part and a Majorana-like part in the
ting of the A term, with proportionality defined with respect form % (M $¢)mn®mPnTH.C. As the neutral scalars origi-
to mg; m_=diagl0,mg}=diaglO,m;,m,,ms}. Recall that nate from chiral doublet superfields, the existence of the
the m;'s are approximately the charged lepton masses. A 4vajorana-like part is a direct consequence of the electroweak
X3 matrix (u\ig) gives the RPV contributions to symmetry breaking VEVs, hence restricted to the scalars
(M2)T. In the above expression, we separate explicitly thePlaying the Higgs boson role only. They come from the quar-
first row of the former, which corresponds to mass-squaredC terms of the Higgs fields in the scalar potential. We have,

terms of the typd *h; type (g =Tg). The nonzera®(3,, ~ SXPlcity,
and theB’’s in M?, are also RPV contributions. The

L ~ Sir? —cospBsing 0
former is al +(h:)* type, while the latter &~ h, term. Note 1 '8, ASING Ouxa
) \ : M2 =—M2| —cosBsing cogp 0
that the parts with thé1—sir?é,/] factor are singled out as b6~ V'z 1x3
they are extra contributions to the masses of the charged O3x1 03x1 03x3
Higgs bosongi.e., I, =hg andh;). The latter are the result (12)
of quartic terms in the scalar potential and the fact that the
Higgs doublets bear VEVs. and
~2 * 2 1
My + e+ M7 C0S 28| - 5 —(Ba)
M= MGyt - 1 13
— (B, mi+(u, g+ cos =
(BZ) C+(uimg) +MZcos 28 5

Note that/\/lid, here is real(see the Appendix while  unphysical Goldstone state. However, the results as they are
M (ZM,T does have complex entries. The full’2@0 (real and ~ given here are good enough for some purposes including the
symmetri¢ mass-squared matrix for the real scalars is therPresent EDM discussion.
given by Note that in the following discussion, we will not consider
flavor changing scalar mass terms from soft SUSY breaking,
Més Mép which could be suppressed through a flavor-blind SUSY
2 T 2 ) (14 breaking mediating mechanism such as gauge mediation. A
(Msp)' Mpp major concentration of our study, however, will be on the
o effects of the flavor changing scalar mass terms from RPV
where the scalar, pseudoscalar, and mixing parts are superpotential parameters, which give interesting new re-
sults.

M§=<

2 _ 2 2
M= Re(M 1)+ Miy,,
IV. CONTRIBUTIONS TO NEUTRON EDM

MEp=ReM3Z )~ M7, AT ONE-LOOP
M2m —im(M2 (15) In this section, we will discuss the RPV one-loop contri-
sp= ~IM(My1), butions to neutron EDM systematically, drawing comparison

) ) ) with the R-parity conserving(MSSM) case wherever it
respectively. If Im(M ;) vanishes, the scalars and pseudo-yqoyid be useful. We will give complete one-loop formulas
scalars decouple from one another and the unphy§|cal Goldg, quark EDMs for our generic supersymmetric SM. We
stone mode would be found among the latter. Finally, W&yl not, however, go into the chromoelectric dipole operator
note that theB,, entries may also be considered as a kind ofpr \Weinberg gluonic operator contributions. Following the
LR mixing. _ common practice, family mixing will largely be neglected,
We would like to emphasize that the above scalar masgyough we will comment on some particularly interesting
results are complete — all RPV contributions, SUSY break-aspects of the issue. We will also compare the results with
ing or OtherWise, are included. The Slmp|ICIty of the result is Feynman diagrams given more or less in an electroweak ba-
a consequence of the SVP. Explicitly, there are no RP\sjs_ Naively, such diagrams, with a minimal number of mass
Aterm contributions due to the vanishing of VEMS insertions admitted, should represent a first order result, at
= \/2(L;). The Higgs-boson—slepton results given as in Eqsleast where mass mixings are small. Note that the latter is
(9) and(14) contain a redundancy of parameters and hide thérue for the smalle; scenario, which is our major focus.
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Here, M 4, =| M3, |e'® and the range of can be choosen
N so that —ml2<f<m/2 with tang=2|M3 |/(M?,
—M3p). In terms of the mass eigenstaiés andd. , the
,,—"X‘\\ gluino contribution to the EDM is then given ($6,20
a,,” AR d 2a M VE
/ ¥ Hd| _ 2% 1, Vg g
A B ( e )~ 3| Moz B e
! , 9 d- d-
N
d, =7 wiE & M 2
' g1 wB y +Im(r)—% o8| —2 | |, (19
FIG. 1. Diagram ford-quark EDM from the gaugino loop. M3+ M3+

_ 1 Tk_ * s 11y _
After all, a mass eigenstate result may be considered as cofhere QE— 3 I'a"=DaakDar,  giving  Im(I'g") =

s
responding to taking an infinite summation over —IM(I'§)=zsindsing, and
electroweak-state diagrams with all possible mass insertions.

The comparison helps to illustrate better the physics hidden B(x)= 1+ x+ 2X Inx}. (20)

behind the complicated formulas. In addition to a short Let- 2(x—1)° (1=x)

ter by the present authof8], some parts of the results here 5 5 5

have also been discussed in Rf]. IntroducingM3=(M3_+ Mg, )/2 and using the identity re-
lation x B(x) =B(1/x), the gluino contribution becomes the

A. Gluino contributions often-quoted
The most direct contributions come from a gaugino loop, _ M2
as shown in Fig. 1. The diagram looks the same as the %) — 2“5 Mg le(é F _9 (21)
MSSM gluino and neutralino diagrams with two gauge cou- €/5 377 2 d M;Zj '

pling vertices. As pointed out in our previous short Letter

[3], the new RPV contributions here are a simple result ofyheres2, is M RL/|\/| (with M3, restricted to thel family)

the RPVLR squark mixingg[cf. Eq. (8)]. In Ref.[3], we

focused on the dominant gluino loop contribution. We first

give some more details of that analysis before going into the 1

other contributions. Notice that though both theand d F(x)= 1=x)°

quarks get EDMs from gaugino loops in the MSSM, only the

d quark has the RPV contribution. Thesquark sector sim-

ply has no RPVLR mixings. In Fig. 1, as well as the sub-

sequent diagrams, we use a family indefor the external

quark lines though only thie=1 case would be thé- (or u-)

quark EDM we are mainly concerned with. With the only (8, we have, for thedl squark,

possible exception ofl,, which corresponds to the quark

[15], k#1 results are not relevant for neutron EDM. DM 2 A % V2MycosB
. : ! . L opMg=[Ag— up tanBmy+ —————5A};

For illustrative purposes, we first neglect interfamily mix- (o]

ings among the squarks. Tilemass-squared matrix, of the J2M sing

form given in Eq.(6) but reduced to one family, is Hermitian — L(Mi*)\i,ll)' (23

and can be diagonalized by the unitary transformation 92

1+5x (2+x)xInx
2 T 1%

(22

The EDM expression above is, in fact, the same as that of
the MSSM case, except thaf,, or equivalentlyM 3, , has
now an extra RPV part. From the general result given in Eq.

DIM %Dd=diag{M3 ,M§+}, (16)  Note that theu"\{}; term does contain nontrivial P vio-
lating phases and gives RPV contributions to neutron EDM.
with Though the above analysis neglects interfamily mixings, it is
clear from Fig. 1 that thé R squark mixingé?; is what is
> 1 _ directly responsible for the EDM contribution. Including in-
M= E[(M L+M§%R)+ \/(MEL_MZRR)2+4|M rLl’] terfamily mixings would complicate the mass eigenstate
(17)  analysis but not modify the EDM result in any substantial

way.
and
0 0 B. Neutralinolike contributions
cos; _Sinz e '’ The contributions from théelectroweak neutral gaugino
Dy= (18 loop, as shown in Fig. 1, are expected to be small, due to the
singe“‘?’ Cosf much smaller gauge couplings. Apart from the neutral
2 2 gaugino loops, there may be other neutralinolike loop
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contributions. In the MSSM, one has to consider possiblgarity, the gauginos and Higgsinos mix with the leptons. We
contributions from the Higgsino parts and the gaugino-have seven neutral fermions, all among which give rise to a
Higgsino mixing parts. Part of such contributions involvesneutralinolike loop contribution.

no LR squark mixing. The latter feature compensates for the The neutral fermion loop contribution to and d quark

smaller Yukawa-type couplings involved9]. Without R

EDMs is given by

7 M .o M2
df) Qem Xn Xn
— =5 %2 2 IMWNis)—5 B : (24
( €/ 0 477 SIP Oy f?; n=1 fn M-?I -?:
where
. Vi . N1 . Yi
Nin-=| = V2{tanu( Q= T1) Xy + T3 Xon} Dy~ 9 XpnDia1~ 5b49_2 X(k+ ayn D1 || V2 tandy QX1 Dror— % XpnDr11
Mh11
- 5b4$ x(h+4)nIDd11} :
«  Yf " M1 " \4i
Nin+=| = V2{tani( Qs — Tar) Xin+ T2t Xon} Dfyo— Exbnpfzz_ 5b4a X (k+aynDiiza| | V2 tanfy Qs X1 Dyop— o XpnDr12
Mh11
- 5b4$ X(h+4)nDd12} , (25)

with b=3(4) for Tg;=3(—3) [i.e., for f being theu (d)
quarkl, and y; the corresponding Yukawa couplingf.
Eq(4)]. Recall, from Eq.(16), thatd. denotes the twal
mass eigenstates af?} the diagonalizing matrix; likewise,

U, and D, are the corresponding notations for thejuark
case. Finally, theX;;’s are elements of the matrix that diago-
nalizesMy, as defined explicitly in the Appendix. Note that
the last term in each set of brackets of tkig,- expressions

is nonvanishing only fof =d, as indicated by thé,, sym-

bol. Similar to the case of the gaugino contributions, RPV
contributions here exist only for thd-quark EDM. We
would like to emphasize that the formulas here represent the

There is, however, a RPV analogue to Fig. 2. With the
notation as given, this is obviously given by replaciag,
in the figure with a RPWA{y, . This is shown explicitly in

- -

full one-loop result for our generic supersymmetric SM.
Each expression folV;,- above is a product of two
terms, from the two loop vertices involving thie- and
R-handed quark fields, respectively, as a chirality flip has to
be imposed within the loop. For each vertex, the three terms
(in each set of bracketscorrespond to the gauge, quark
Yukawa, and RPWA’ couplings, with the last existing only
for the d-quark case. With two gauge coupling vertices, we
have the gaugino diagram. Diagrams with a gauge apgd a
coupling are shown explicitly in Fig. 2 for thé quark, in
whichyy is indicated by\ (yy, i.e., with the notation used in
our superpotential and a general, unspecified, quark family

WiB r

~~~~~

1] \
1 )

index (yq=A\{;, in our notation. Note that the diagrams re-
quire noLR mixing on the squark line. This is the important
MSSM contribution, the chargino counterpart of which typi-

.,

. N/ !
75

xmzk l:(= ’:’d) B k

£

cally receives the major attention. The latter is numerically a FIG. 2. Diagrams with neutral gaugino-Higgsino mixing fbr
bit larger. The type of diagrams has no RPV contribution. quark EDM.
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- Y Y
dy,
,/;7 —————— \\\\ la’__><~~‘~\
I/ \\ . ,” S ;i
/, \\ akhll \‘
1 A ’ \
! ! v N
- % , > ‘
~ ; AN R =
¢Lk W/B l:’ Ains df‘k d, Aakn l: lg A d;k
FIG. 4. Diagram ford-quark EDM suggesting involvement of
/_Pr‘df; Majorana masses among tk&or “neutrinos.”
, . I
LD above, the charged fermion loop contributions uo and
R S d-quark EDMs can be written as
™
I/ \\ df e
; s - 2 E IM(Cip=)
! L €/, - 477 SInZHW f+ =1
= ) " 75 = 2
d"k P A B d;k M - M®_

FIG. 3. R-parity violating neutralinolike loop diagrams for
d-quark EDM. Naive electroweak-state analysis suggests that such
a diagram is proportional to a vanishihgaugino mass mixing.

Fig. 3. From the latter figure, one can see the the first order
result would come from ao—gaugino mass mixing. However,
under our formulation, the latter is vanishifgge Eq(A8) in
the Appendi}. Looking at the type of contributions from our
EDM formula here, while a,, coupling may not be small,
it comes into the formula with X, 4),. Forn=1-4, cor-
responding to the heavy neutralino mass eigenst{gsa),
measures a RPV mixing in the neutral fermion massés.
Forn=5-7, at least one of the thrég,, 4),'S is expected to
be of order 1, but the correspondifhysical neutrinbmass
eigenvalues!\/lxg’s give a strong suppression factor in the

resulting EDM contributions. There is also a further suppres-
sion from the mixing factor of the gaugino part, e.g.,
Xik+ay- Furthermore, there is, potentially, a Glashow-
lliopolous-Maiani(GIM) cancellation among the seven mass
eigenstates. Our numerical results, however, do show that the
type of contribution is generally important. We will discuss
the issue more carefully below, using the explicit example of
its charginolike counterpart.

Last, we come to the diagrams with no gauge vertices,
which we show in Fig. 4 for thel quark, using our generic
N,k hotation. Such a diagram in the MSSM case is totally
negligible due to the small Yukawa couplings involved and
the suppression from tHeR squark mixing required. In fact,
as shown in the figure, the minimal mass insertion needed for
the diagram corresponds to a Majorana mass amon@ﬁe
which is again vanishing. The situation is similar to that of
Fig. 3. The contribution is expected to be always dominated
by the latter one.

n

X
9B
e P\

+(Qr—Q5)

M2_

n
2 ’
i

XA (26)

for f beingu (d) quark andf’ beingd (u), where

Yu

Yd
Cun— :g_2

* *
ZnDdll( UinDanat = 9 Uzn D21

k11
g — Ui 2)nDd21> ,

Yu Yd

:E V;nDdlz( = U Dot 9 UznDiinz

Cun+

N1
+ o, Uk+2)nDiioz | »

Yd k11
Cyn—= @UZn EU(ku)n)Dun(_V’{nDﬁn
Yu * Tyk )
+_ 1
g, 2n~u21
Yd Mz
Cans = 9 —Upt+ % U(k+2)n)Du12<_V’{n 12

Yu * Tyk
+ anDPuzz |
gz n=u

(only repeated indekis to be summexl (27)

C. Charginolike contributions V and U are diagonalizing matrices of the charged fermion

Next we come to the charged fermion counterpart. Withmass matrixMc as defined by Eq(A2) in the Appendix;
similar notation as used in the neutral fermion loop formulaand the functiorA(x) is given by
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in the neutral case above. For=1-2, corresponding to the
dy, heavy chargino mass eigenstate,, ,), measures a RPV
mass mixing; it is of order 1 fon=k+2, but thenM, - is
n

the smallm,, roughly the charged lepton mass. When one
sums over forn=1-5, it is easy to see that the result is
proportional to the imaginary part of

&
=
=
*Sﬂ

5
2 ’
> VIM Ui anFealMZ N, (29)
n=1 n Xn

u, whereFBA(Mif) denotes a function OM)Z( corresponding
n n

to the large brackets in E@26) with functionsB andA. If
the Fga could be factored out, together witty,,, what is

left inside the summation is nothing other than theW™"
mass term, which is zero. This is a GIM-like cancellation
mechanism, violated only to the extent that the loop integrals
involved as given by th& andA functions are not universal.
Our numerical calculations, however, show that the cancel-

FIG. 5. Diagrams foru- and d-quark EDMs with charged lation is very substantially violated, for generic values of

gaugino-Higgsino mixing. chargino masses. Let us then look at the contribution from an
individual mass eigenstate more closely. To get an analytical
approximation, we used the perturbative resultsUgr, ,),

(28) given in the Appendix. For the=1 and 2 parts in the above
sum, we have

The first and second parts of H§6) come from the cases in

which the photon is emitted from the squark and fermion

lines inside the loop, respectively.

The basic feature of thé€;,:’'s terms is similar to the ] )
previous case ofV;,- . They do not give rise to a charged with basically the same source of RPV complex phase as the
gaugino loop contribution, though, @&handed quarks do gluino case, namely, from I \,,), except that it is one
not couple toW*. Taking the available gauge coupling term value ofk for each diagram here. Notg that the explidit,
within eachC;,,~ and ay; to form an admissible product, we factors are canceled. The=k+2 part is largely suppressed
have the contribution corresponding to a diagram in Fig. 5du€ t© & small mass elgefvalue and the very small RPV
This is the dominating MSSM contribution, besides theR-handed mixing given by/y . ,) as shown in the Appen-
equally competitive gluino one. Note again that h®  dix. Note thatvi,=Rg , andRgis a 2x 2 unitary matrix of
squark mixing is required the diagrams. order 1 elements. The expressions give an idea about the

The diagram given in Fig. (6) has the RPV analogue, strength of the RPV contributions. In the limit of degenerate
which requires d, -W" mass insertion for the first order charginos, i.e.M¢;=Mg,, the Fg, function factors out of
result, as shown in in Fig. 6. This is the &Y partner of Fig.  the sum of then=1 and 2 parts and the GIM-like cancella-

3, something we promise to discuss in more detail. Lookingdion is clearly illustrated, simply from the unitarity &z. In

at the contributions from our EDM formula here, we havefact, our numerical calculations give a cancellation up to 1
again a\ ;;; coming in with aU .+ 2)n, AS versus th¥& 4y part in 1¢ in such a situation if we enforce the condition.
However, that requires a very substantial complex phase for
Mo, hence not of the most phenomenological interest. An-

X

de w lO X’okk ‘il;;

B 1 ( 2Inx)
A(X)= —2(1_)()2 3—x+ 1%

Viati Rr, Fea(M FR) e (30)

i other interesting point on the parameter space appears when
&

the Rg matrix is diagonal, at which the contribution also goes

77 T Y away, as is obvious from the above expression. This happens
o . at the point where the conditiod? sin 8= u,cosp is satis-
S Y fied. This feature will be confirmed by our nhumerical results
N Y presented below.
: /< : The rest of the charginolike contributions each has at least
d, W I X dy oney; coupling and no gauge coupling vertex. Agair, R

FIG. 6. R-parity violating charginolike loop diagram farquark

squark mixing is required. However, of the first order
electroweak-state diagrams, as depicted in Fig. 7, each has an

EDM. Naive electroweak-state analysis suggests that the diagram &dmissiblex” mass insertion on the fermion line. This looks

proportional to the vanishing(—\7v+ mass term.

a bit different from the neutral case above. Apart from an
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B,
R Y R A S Y

afj ',, ) \a;-i l‘: 1'/ \\\ }i"
! AY 7 AY
i * \’ ! \
“a
?'/ N . \'/ \(‘
s s - 7N a3 c » » c c
u, }\tu’u' l“ hu u“k u’-h }"ahi d"i d’-j uRk
Bot
i v e, v
cj[// \fi’-z ’Z‘,/l \\l“
RV b N v N
[
X e 7 =
du, h:; A }\:aik d:k dy, u,ii u,'_j Aoja d,fk
FIG. 7. Diagrams foru- and d-quark EDMs with au, mass FIG. 8. Diagrams foru- and d-quark EDMs with aB, scalar
insertion. mass insertion.
. . N
admissible RPV down-squark mixing for the case of the cfﬁlm: &D'l’;n '1KD(I+2)m,
quark, a RPV diagram again has the RPV parameter combi- 92 92
nationug \yq; (N0 sum. Except for largen; case, there is no Vu i
reason to expect the contribution to be of any significance Chn= g—D'Zm, (32
2

compared to the other major contributions.

Our EDM formulas neglect interfamily mixings. How- and, forf=d,
ever, general, unspecified, family indices are use in our fig-
ures to make the flavor structure transparent. We note that in CR — &D'
the case of the contributions depicted by Figs. 4 and 7, off- inm
diagonalui*)\i’jk-type RPV mixings could play a role to let
the higher family squarks mediating more important contri- cL = ydD| MUY
butions tou- and d-quark EDMs. inm g 2m™ gz (i+2)m:

(33

with the ¥/ denoting a sum ovefseven nonzero mass
eigenstates of the charged scalar; i.e., the unphysical Gold-

. I . . _
There are superpariners to the diagrams in Fig. 7, stone mode is dropped from the suf, being the diagonal

; P T Af2] — 2 =1_
with quarks and charged scalars running inside the loop angatlon matrix, i.e..DMgD —d|ag{M|m,m 1-8.

a B, coupling on the scalar line. These diagrams are shown With similar notation as used in the charged scalar loop
exp||c|t|y in Fig. 8. Here, thex=0 case gives the MSSM formula above, the neutral scalar loop contributions to the

charged Higgs boson contribution. With tBg’s, we have ~EDMSs can be written as

D. Quark-scalar loop contributions in brief

the RPV contributions. Analytically, we have the formula d 3
f Qe ’
(_> . 5 E E Im(Nm |nm)
d 3 M € ¢O 47TSII’120W m n=1
_f Qe ’ L R* fr,I
( €/ - 47-rsm20W§ nzl Im(c'"mc'”m)fM3 M+, Mfzn
¢ I Xx—" Qi Al — |, (34)
2 2 Sm Msm
M M
x| (Q;— 9B _2” + 01 A 2” , where, forf=u
M7 M7
" Yu 1
(31) Nim=— % [ 1D gml,
L Yu
where, forf=u, Ninm=— 95 \/— Deml. (35
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and, forf=d, <h> <h>
¥
ya 1 . Milk s
NR === —=[D5p— DSl — — —=I[D; S S
inm g, \/E[ 2m 7m] 9> \/E[ (h+2)m /lz \\\
_iD(Sh+7)m]v ﬁ"," \‘\i{"
v N
’ [}
yd 1 ) . A4
L VAN
Ninm:_@E[D(Swz)mﬂpfiw)m] u, U, u, u,
M 1 | h
o, E[D?h+2)m+lpfh+7)m]* (36
with again the unphysical Goldstone mode to be (b=h) __><_~
dropped from the sum over scalar mass eigenstatize el BRI
nonzery, and the obvious notation T%)TMZD® 7 ;2 . P
=diag[M§m,m=1—1C}, DS being an orthogonal matrix. w f P
Note that the formulas given in this section, like those in \'-'/ ‘.
the rest of the paper, have neglected Cabibbo-Kobayashi + X
Mashawa(CKM) mixings among the quarks. However, un- 4, Yarn e, d, ;;w d,

like the previous cases, the mixings play an important role in
the quark-scalar loop contributions. This is a result of the
fact that the EDM contributions have a fermion, a quark in
this case, mass dependence, and the mass hierarchy amongF ) ) ) ) ) )
the quarks. For instance, the top quark loop is expected to IG. 9. Diagrams with a Majorana-like scalar mass |n5(_ert|on for
give a dominating contribution. Generalizing the formulas tot @nd d-quark EDMs. For thar-quark case, the direct Majorana-
include the mixings is straightforward. The formulas as the))'ke h, mass insertion is explicitly shown. For thiequark case, the
are given in this subsection do give a basic illustration of thecorrespondlng diredty mass insertion IS obvious, f@r:_,B:O, for
major analytical structure of the type of contributions We and/orB nonzero, the naive direct result from the diagram would

. . ) ’ vanish, due to the vanishing VEVs.
will only discuss the features briefly here.

Diagrams depicting the neutral scalar contributions are V. RESULT FROM NUMERICAL CALCULATIONS

like superpartners of the type of diagram given in Fig. 3. . .
This ispshgwn in Fig. 8 foypboth tha—gand d-%uark casegs We now discuss the results we obtained by a careful nu-
Such a diagram could be interpreted as requiring a Majoranépbe”Cal mﬁemeptgﬂon of loulr dE,DM f?.rmu.las dflscllljsied
like scalar mass insertion. The latter is first considered if20ve: With explicit numerical diagonalization of all the

Ref. [11], under the name of Majorana masses from thdnass matrices involved. Note that the quark-scalar loop con-
“sn.eutrin,os " However, looking at it from the present tribution is not included in the numerical study. Hence, we

framework, these diagrams should be interpreted as havin e concentra_ting on the SUSY contr?butions .in the presence
Majorana-like mass insertions among tfi&s (andh? for the RPV couplings, to be compared directly with the MSSM

results.
ca?_ehgf(;ﬂgﬂkqg?;?ér loops given by the above formulas are As diSC.USS.Ed irlth,e previous.section, the imaginary part of
not quite considered in the case of the MSSM, as they Woulf_‘e comblnatlory.L_i Nizg 1S what IS ce_ntral to t_he RP.V one-
be suppressed by the very small Yukawa couplings. Th oop EDM contrlb’utlons. To simplify the dllscussmn, we
RPV analogue, however, admits much more general flavopndle Outus andi s, and put the corresponding parameters
structure, as illustrated in the diagrams in Figs. 8 and 9. Fofor i=1 and 2 to be essentially zefdthis applies to all the
instance, a top quark with order-1 Yukawa coupling could be"umerical results discussed here.. _
contributing to thed-quark EDM through a charged scalar ~ We give in Table | some detailed numerical results for
loop. Contributions discussed in this subsection depend on fQur illustrative sample cases. To first focus on the RPV
much larger number of parameters, through the scalar maggntrlbgtmns which we are particularly mterestgd in, cases A
matriceq cf. Egs.(9)—(15)]. The extra parameters are related @"d B in the table have all complex phases in Baparity
directly to Higgs physics. The important RF3/ parameters CONserving part switched off. For the RPV parametees
here have a strong connection with the's [23]. Further- andig;;, we take the former being real and putré4 com-
more, the more general flavor structure involved means thallex phase into the latter. However, we want to emphasize
the EDM contributions involve\{;, couplings that would
also have important roles to play in the related processes of
b—sy andb—dy. We will leave all these issues for later 3n the actual calculation, tiny but nonzero values are used to
studies. avoid possible problems of numerical manipulations.
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TABLE I. Numerical one-loop neutron EDM results from SUSY with&uparity, for four illustrative cases. All EDM numbers are in
ecm. Note that the quark EDM numbers are direct output from the numerical program applying our quark dipole formulas, while the neutron
EDM numbers are from the valence quark model formula, as given iflEdqR-parity violating parameters not given are taken as essentially
zero. All parameters are taken real except those with complex phases explicitly listed in each case, where the résl imtatbéren give
the magnitudes). ParameteA here means a commoi, andA,. Only M, is shown for the gaugino masses; the others are fixed by the
unification relationship. Explicitly, we ugé ;=0.5M, andM ;=3.5M,. The first column under “EDM results” gives the couplings of the
the loop vertices involved. A indicates either one of the electroweak gauge couplings, while@upling means one with the appropriate
admissible flavor indices. In the explicit results of the four cases, the latter is alvidys.a he second column gives the reference Feynman
diagram figures, when available. The third column indicates whether the particular contribution invbResgjaark mixing. In the case that
the mixing is involved and aR-parity violating (RPV) one is involved in generating a RPV EDM contribution, it is marked with “RPV.”

Choice of parameters
Mg =300 GeV, m,=my=200 GeV,A=M,=300 GeV, o= — 300 GeV

tang 3 3 3 50
3 1x10 3 GeV 1 GeV 1 GeV 510 % GeV
Nan 0.05 0.05 0.05 0.05
(complex phases Nap(7l4) Ng1q(7l4) m0(0.5°%), A(10°) 10(0.02°), ws(—/4)
EDM results

Couplings Fig. LR mixing Case A Case B Case C Case D
d-quark EDM
Gluino loop
o 1 RPV 8.8x10 28 8.8x10™ % -3.9x10°% -6.7x10°%
Neutralinolike loop
g° 1 RPV —1.9x10°%° —1.9x10° 2 8.3x10°%8 2.7x107%°
gXVyyq 2 No ~0 ~0 —1.6x10"% —1.2x10°%
XNy 3 No —-1.0x10 % -1.0x10 % 1.1x10 % 1.1x10 %
ya 4 RPV 9.7x10° %7 9.7x107 % -3.9x10° % —2.6x10° %
YaX Nijk 4 Yes —1.7x10 3¢ —1.7x10° % 8.5x 1073 2.5x10°%
two Ny 4 Yes —2.1x10°% —3.4x10°% 9.0x 1073 —8.6x10°%
Charginolike loop
gXyqg 5 No ~0 0 2.5¢10° % 1.7x10°26
gxX Ny 6 No 2.1x10° % 2.1x10 % —1.3x1072 —1.7x10°%
YuXYa 7 Yes ~0 0 —2.7x10°% —8.0x10° %
YuX Ni 7 Yes —2.1x10°%¥ —2.1x10°% 3.8x10°3 8.3x10 3¢
u-quark EDM
Gluino loop
as 1 Yes 0 0 451072 —1.8x10° %
Neutralinolike loop
g® 1 Yes ~0 0 2.6x10°% —1.4x10° %
gxyy 2 No ~0 0 2.1x10° %8 5.3x10 3
y2 4 Yes ~0 0 1.3<10°¥ 4,010 4
Charginolike loop
gxy, 5 No ~0 ~0 —1.3x10° % —3.2x10° %0
YuX Y 7 RPV —7.6x10°3%6 —7.6x10°%3 3.2x10° % 6.4x10 %
YuX N 7 RPV 9.7x 10 3¢ 9.7x10 % —-5.1x10 % —6.4x10 %
Neutron EDM
From gluino loop 1.&10 % 1.8x10°%* —1.0x10°2° —1.4x1028
From charginolike loop 4810 % 4.3x10 % 2.5x10°26 2.4x10°%8
From neutralinolike loop —2.9x10 %8 —2.9x107% —8.6x10 %8 —2.0x10°%°
Total 5.8<10 % 5.8x10 # —7.8xX1072 8.0x10 %
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again that only the phase of the combinatjofix 5,; matters. one\’ loop vertex or involving a RPMLR mixing, except
For instance, we have checked explicitly that shifting thethe very smally3 term.
overall phase, or a part of it inta; instead, gives exactly the The overall EDM numbers of case A are still below the
same results. The difference bewteen case A and case B jisesent experimental bound. This is smaller than a naive es-
only in the value ofus; chosen. Case A has small;, at  timated result, as given for the gluino contribution by Eq.
10 3 GeV. This is the smalk; scenario, corresponding to a (21), for example, due to some unavoidable partial cancella-
sub-eV mass for, as suggested, but far from mandated, bytion. For the gluino result, in particular, the cancellation is
the result from the Super-Kamiokan@iper-K experiment  between the contributions from the two squark mass eigen-
[24].% In contrast, case B hgs;=1 GeV. Note that impos- states, which would in fact be exact when the latter states are
ing the 18.2 MeV experimental boui@5] for the mass o,  degenerate. This slightly weakens the EDM bound of the
still admits a relatively large.s, especially for a large taf.  previously estimated Im(*\/;,) <10 ® GeV result given in
Reading from the results in Réf7], the bound is-7 GeV at  Ref. [3]. However, we see here that with a unification-type
tanB=2 and~300 GeV at tapB=45. As forkz,;, the best  rejationship imposed on the gaugino masses, we are likely to
bound on théfrom 7— 7v) is around 0.05-0.[126]. Hence, have a chargino contribution larger than the gluino one.
case B is still within the admissible region of RPV parametelyioreover, the values of the other SUSY parameters chosen
space, though beyond the more popular smalscenario.  nere can be pushed to increase the EDM number, as dis-
Moreover, we have illustrated in R¢B] that thek ;; bound ¢ \ssed below. As for case B, the numbers are beyond the
is not strengthened even when the above-mentioned strinsyperimental bound, indicating that the RPV parameters, or
gently interpreted neutrino mass bound from super-K is imyna involved complex phase, would have to be further con-
posed on the one-loop neutrino mass contribution obtainablg-ined.
from the parameter. We therefore use the sarjig magni- Case C of Table | gives a different scenario. Here, we
tude of 0.05 for both, and actually all, cases in the table. 5jjow complex phases, and hence EDM contributions, of the
Apart from the overall EDM results, we are interested inpMSsSM part. The RPV parameters are set real. This ensures
understanding the relative values of the different pieces ofo RPV EDM contribution from diagrams involvingR
the contributions discussed in the previous section. Henc&quark mixings. The interesting point to note here is that
we show, in the table, the contribution from individual there is indeed nonzero RPV contributions from diagrams
pieces, identified by the couplings of the two loop-verticesyith RPV loop vertices. In particular, the RPV chargino con-
given inside the first column. They can be matched easilyrihytion to d-quark EDM is comparable in magnitude to its
with terms in the formulas. The corresponding Feynman diag parity conserving counterpart. Hence, the existence of
grams are marked whenever they are available, inside thgonzero RPV parameters, even real, would change the EDM
next column. Column 3 of the table indicates whethérR  story of the MSSM. In other words, in the presence of a
squark mixing is involved in the contribution, and if the RPV complex,, the neutron EDM bound actually constrains the
part of the latter is available and needed for a RPV contrimagnitude of the the combination of RPV parameters given
putlon to come in. The individual contribution thfat is vamsh- *\/,,, instead of just the phase of it. This is an impor-
ing under cases A and B corresponds to a diagram whichynt feature that has not been pointed out before. The result

does not admit a RPV contribution. This is the case for most ihe case serves. otherwise. as a check against other neu-
entries for theu-quark EDM and the entries for the chargi- 1+on EDM studies of the MSSM.

nolike loop contributions to thd-quark EDM not involving Finally, we illustrate in cas D a specific situation with
a\' coupling loop vertex. Note that a charginolike loop for po R parity conserving and violating phases. Here, we pick
thed quark involves. R mixing of u which has no RPV part. a case of large taf, for which the largerus is still within
As emphasized in Ref3], the RPV contributions are far the limit admitted by the stringent interpretation of the
more prominent for the-quark part. Again 3y, is the only  super-K bound8]. The negative phase chosen idy;; gives
nonzero\’ coupling introduced, though we use a more gen-a cancellation between the two contributions to the imagi-
eral\’ notation within the table to remind the readers of thenary part of LR d squark mixing. This directly resulted in
more general flavor structure admissible, as illustrated in theuppression of the EDM contributions involving the latter,
previous section. We also recall from the discussions therguch as thel-quark gluino loop. The very interesting point to
that a\j, coupling always comes into the EDM picture ac- note here is that the same cancellation results in the chargino
companied by a RPV fermion mixing matrix element propor-and neutralino loop,as explicitly illustrated by the entries of
tional to u* . The EDM results are basically in direct pro- the terms with loop vertex couplings given lgtyy and
portion to u’* \{;; over the whole region of parameter space
studied. Hence, comparing cases A and B, we seexaat
factor of 10°* suppression in case A for contributions with - sa chargino(neutraling contribution means exactly the one with
a physical chargindneutraling running in the loop. Hence, it is
only a part of the fermion mass eigenstate sum in the analytical
“Note thatus cosp~10"*GeV is actually expected, allowing a formulas given for thetotal) charginolike and neutralinolike loop
largerus in the case of large ta8 (see, for example, Reff8]). Our contributions. The latter, as illustrated in the previous section, are
choice of 4 value here is, admittedly, quite pushing the limit. It is generally dominated by the chargino and neutralino mass eigen-
mainly for illustrative purposes. states.
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FIG. 10. Lolgc:nthmlc |p|°t ofthe magnitude Ofth(_e RPVneu- epwm result verses tg®. We show here the MSSM result, our gen-

tron EDM result foru, value betweent 2000 Ge\/_, with the other _ eral result with the RPV phase only, and the generic result with
parameters set at the same vall_Jes as case A in Tgble I The_ Im%ﬁmplex phases of both kinds. In particular, thend o phases
marked byG, C, N, and “Total” give the complete gluino, chargi- - 5o chosen as 7° and 0.1°, respectively, for the MSSM line. They
nolike, neutralinolike, and totafi.e., sum of the thréecontribu- .0 o0 for the RPV-only line, with which we have a phaseréf
tlr?ns, riszzgl;'/ely'f Note tha;(t_)tz)era\I/ues of the:c_mtnbutlons and for N 3,;. All the given nonzero values are used for the three phases
those of t Ine Tor o<~ eV are negative. for the generic resul{from our complete formulasmarked by

;. . “GSSM.” Again, the other unspecified input parameters are the
g-\jj; in both cases. Essentially, when we have a small, e as forgcaserf Table I. P put P

imaginary part foru*\.,; (recall thata=0 to 3, \{q;
=yy), e.g.,, an internal cancellation among the summedhargino contributions compete with one another with one of
terms, the corresponding-quark EDM contributions, in- them being dominating in a region of the parameter space.
volving the suppressddR mixing [cf. first line of Eq.(8)] or ~ The dip on theC line for the chargino-like contribution cor-
otherwise, are all suppressed. The chargino and neutraling@sponds to the case of vanishiRghanded mixing among
contributions actually reflect some proportionality to thethe charginos, i.e., when the conditidv, sin 3+ u,cosg
(F-term) LR mixings in a way similar to the gluino contri- =0 is satisfied, as noted above, where the contribution es-
bution. Note, however, that thé-term phase contributes to sentially vanishes. Note that in the region to the left of the
the gluino diagram while leaving the charginolike and neu-point, the contribution becomes negative. Thdne is hori-
tralinolike diagrams not quite affected, and hence spoils th&ontal, as the gluino diagram result has no dependence on
simultaneous cancellation achieved in the case D resultgo.
here. Besides, as thequark EDM results do not have a Next, we check the taf dependence and compare with
complete matching analogue between Biparity conserv- the MSSM result. In Fig. 11, we give again a plot of the
ing and violating contributions, the simultaneous cancella{total) EDM result for the same set of input parameters as in
tion mechanism does not exist there. In the current case, thease A of Table I, while varying tg8. This is the line
u-quark parts are suppressed due to largestan marked as “RPV only.” The numerical result confirms our
The above sample cases illustrate some of the interestingarlier discussion that there is not much sensitivity ingan
features about the RPV contributions to neutron EDM. Next[cf. expressior(30)], as indicated by the flatness of the line.
we discuss how the EDM result varies with some basic paThis is in good contrast to the MSSM result, also based on
rameters. Figure 10 shows a logarithmic plot(thfe magni- the same set of input parameters except with nonvanishing
tude of the RPV neutron EDM result for, value between phases folA and uq. The third line, marked by “GSSM”,
+2000 GeV, with the other parameters set at the same valugives the total result obtained from our formulas given above
as case A in Table I. Note the the smblly| (=70GeV)  with the same nonvanishing phases foand wq, as well as
region has been ruled out for having too light a charginox3;;. Note that the GSSM result here is more than the sum of
mass[7]. As noted in the previous section, the gluino andthe two other lines, due to the presence of RPV contribution
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EDM result versug, (the complex phase for theparameter. The FIG. 13. Logarithmic plot of(the magnitude ofthe neutron
four lines shown are characterized by the gamalues(3 or 50 EpM result versusvl,. The four lines correspond to the four cases
used and whether it is for our GSSM res(dgain with a phase of ¢ Fig. 12 each withd, set at the dip location, i.eG-3 for GSSM
/4 for \3,,)—marked byG, or the result for MSSM—marked by ¢ tanB=3 with 6,=2°, M-3 for MSSM at tanB=3 with 6,=

M. Again, thek g, phase is set atr/4 for the G lines, and theuo  —1°, G-50 for GSSM at tagg =50 with 6,=20°, M-50 for MSSM
phase at 0.1° for all; the other unspecified input parameters are thg tang=50 with 6,=3°. All other unspecified input parameters
same as for case A of Table I. are the same as for Fig. 12.

even in the limit of a reahs,,, as discussed for case C of . . . .
Table | above. The tag degbléndence, or the lack of, illus- 9ENeric supersymmetric SMvithout R parity). The extra,

trated in the figure is quite generic, in a wide region of theRPV' co_ntrlbutlons are interesting additions to Rearity
parameter space. conserving part. We have given results from an exact nu-
The dip in the GSSM line of Fig. 11 represents a pomtmgncal study,_|IIustrat|ng_var|ous novel aspects. Qur formu-
where the overall contribution is small as a result of thelation emphasizes the universal structure offfearity con-
cancellation among the different pieces, a feature that hagerving and violating parts, which also is illustrated itself
attracted a lot of attention lately in the case of the MSSMWell in the results. The experimental bound on the neutron
(see, for example, Ref27] and Refs[20,21]). The MSSM  EDM is hence established as an important source of con-
line in the figure has a dip only beyond the range of the&an straints on the model parameter space, including the RPV
value shown. As also pointed out in a little bit different set-part. The one-loop RPV contributions always involve the
ting (with vanishingA phasg for case D of Table | above, particular combination of RPV parameters givend¥;,,,
the new RPV contribution modifies the overall picture andwith little sensitivity to the value of taB. So far as the RPV
provides a possible new cancellation mechanism. The carparameters are concerned, this combination is well con-
cellation feature is better illustrated in Fig. 12, in which the strained by the EDM bound. This applies not only to the
variation against thé\-term phase is shown, for the small complex phase, or imaginary part of, the combination. Real
and large ta cases. Again our GSSM result is compared )\ contribute in the presence of complex phases in the
vggr\]/that tofbtht‘.a MSE.';I/I' g}ne can Slfi.that thetprest?ntcetpf”thghargmo and neutralino mass entries. Studies with ejther
contribution Shitts e cancetiation points substantia’ty \'-type couplings assumed to be zero miss the class of

Flnal[y, we show variations of the result as a functhn C.Jf thevery interesting phenomenological features of SUSY without
gaugino mass parameters here representetbyThis is R parity

given in Fig. 13 with the four lines marked and correspond to
the four cases of Fig. 12, each with tAeterm phase set at
the position of the dip as given in the latter figure. ACKNOWLEDGMENTS
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APPENDIX: NOTES ON THE FERMION MASSES

Under the SVP, thécolor-singlej charged fermion mass
matrix is given by the simple form

M, V2Mycosg 0 0 O
V2Myysing Mo M1 M2 M3
M= 0 0 m 0 0|,
0 0 0 m O
0 0 0 0 ms
(A1)

with explicit bases for right-handed and left-handed state
given by (—iW"hI 15 17,15) and (—iW Iy 17,
I5,13), respectively. Here, we allowl, and all four u,
parameters to be complex, though tings are restricted to

be real, for reasons that will become clear below. Obviouslywe have R-
eachu; parameter here characterizes directly the deviation OBy

thel;” from the corresponding physical charged leptef; (

=e, u, and7), i.e., light mass eigenstates. For any set of

other parameter inputs, the;,’s can then be determined,

through a simple numerical procedure, to guarantee that the

correct mass eigenvalues ofng, m,, and m. are
obtained—an issue first addressed and solved in Hegf.
The latter issue is especially important whefis not sub-
stantially smaller than., are considered. Such an odd sce-
nario is not definitely ruled out7]. However, for the more
popular smallg; scenario, we have ~/; , and deviations
on m;’s from the (rea) /; masses are negligible. Note that
the deviation ofl;* from /;" is quite negligible in any case.

We introduce unitary matriceg andU diagonalizing the
R- andL-handed states with

VIMcU=diagM,-}=diagM 1 ,Mcz,Me,m,, ,m,}.
(A2)

Here, the mass eigenvalubk, - with n=1 and 2, i.e.M,;
n
andM,, are the chargino masses. Consider further

M,
\/EMWsin,B

J2M,y cosB
Mo

+

Rr

)RL=diag{Mgl,Mgz},
(A3)
with M, and M2, being the chargino masses in the=0

limit. One can then write the diagonalizing matrices in the
block form

R —RgV'
v

R
U

—RLUT

) . (A9

I3x3 I3x3

PHYSICAL REVIEW D63 113012

*
Mi

U, ==
(i+2)1 Mc]_

Ray

i

Ui+2)2=1y > RR,,

m
Vii+2)a=17—Yii+2)a (@=1 and 2.
a

M
(A5)

Elements in th&Rg andR; matrices are all expected to be of
order 1. The above expressions illustrate the magnitudes of
given matrix elements involving RPV mixings, as well as
their dependence on the RPV parameters. We note that the
L-handed mixings are roughly measured by the ratio pf a

to the chargino mass scale, whiRthanded mixings are fur-

Ther suppressed by a charged lepton to chargino mass ratio,

hence quite negligible under most consideration.

Note that the notation here is different from that given in
Ref. [7] and many others in the literature. More explicitly,
and L-handed mass eigenstates given

Ocen) =VI=IW* R IT 151517 and (v-n)
=UT—iW",l5 17,15 .,15]", which form the five Dirac fer-
mions

X-n
X:—n

Xn =

The U(;, 2y, elements as given above show no obvious de-
pendence on tagh, though some nontrivial dependence is
expected through thRRZa elements. Our exact numerical

result also indicates a weak sensitivity on the famalue
here. On the other hand, we have, from Egg!) and(A5),

Uai+2)=— wil R (diagiM 2y, M %1 ~*RE ],

cl:
Vagi+2)= — mil Re(diag M2, M%) ~?RE L0,

cl»

(AB)
giving the result
14i72My cosp
Ul(i+2):—Mg )
HiM2
U2(i+2): - M_S’
v - V2M (M3 sin B+ o cosp)
1(i+2) = MilTh )
[Mo|*
(|M,|2+2MZ, cosB)
Vait2)= — im , (A7)

IMo|*

For,ui<Mga (a=1 and 2, a block perturbative diagonaliza- where

tion can be performed directly on the matt to obtain
the following simple result

M§=poM,— MG sin28=M M2,
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These RPV elements correspond to those given in Réf. phasized. The difference betweéd;. ), and Uy, o) is
(with all complex phases neglecjeavhere the crucial co8  hence very important.

dependence of the nonstandafboson couplings of the The 7X7 Majorana mass matrix for the neutral fermion
physical charged leptons’(= x;, ) throughU, ., is em-  can be written as

M4 0 Mzsin6ysinB  —MyzsinfycosB 0 0 0
0 M, —M;cosbysinB My cosby, cosp 0 0 0
M;sinfysinB  —Mzcosé,,SinB 0 — Mo —M1 — Mo — M3
Mpy=| —Mgzsingcosg M;cosb cosp — Mo 0 0 0 0 ,
0 0 — M1 0 0 0 0
0 0 — Mo 0 0 0 0
0 0 — 3 0 0 0 0

(A8)

with explicit basis iB,—iW,h%,hJ,19,19,19). Note thathd=193, and, from the above discussion of the charged fermions, we
have, for smallu;’s, (1%,19,13)~(ve,v,,v,). The symmetric, but generally non-Hermitian, matrix can be diagonalized by
using unitary matrixX such that

XTMyX=diagM ,o}. (A9)

Again, the first part of the mass eigenvalukk,o for n=1-4 here, gives the heavy states, i.e., neutralinos. The Iasl\pggt,
n
for n=5-7 are hence physical neutrino masses at the tree level.
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