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Supersymmetric relations among electromagnetic dipole operators
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Supersymmetric contributions to all leptonic electromagnetic dipole operators have essentially identical
diagrammatic structure. With approximate slepton universality this allows the muon anomalous magnetic
moment to be related to the electron electric dipole moment in terms of supersymmetric phases, and to
radiative flavor changing lepton decays in terms of small violations of slepton universality. If the current
discrepancy between the measured and standard model values of the muon anomalous magnetic moment is due
to supersymmetry, the current bound on the electron electric dipole moment then implies that the phase of the
electric dipole operator is less than20™ 3. Likewise the current bound op— ey decay implies that the
fractional selectron-smuon mixing in the left-left mass squared maﬁ'né;/mz, is less than 10*. These
relations and constraints are fairly insensitive to details of the superpartner spectrum for moderate to large
tans.

DOI: 10.1103/PhysRevD.65.075012 PACS nuniderl2.60.Jv, 13.40.Em

High precision measurements of low energy processes camnomalous magnetic moment and radiative flavor changing
often provide useful probes of physics beyond the standartépton decays has previously been considered in the context
model. Many processes of this type involve the coupling of af supersymmetric seesaw models of neutrino masles
photon to standard model fermions, such as anomalous mag- In the next section the structure of the various supersym-
netic dipole moment§l], electric dipole momentsEDMSs) metric contributions to electromagnetic dipole operators are
[2], and rare radiative decay8]. The effective operators illustrated. The relative importance of various classes of dia-
which describe these interactions are all of the electromaggrams are presented and the dominant contribution identi-
netic dipole form. The magnitude of these operators in genfied. Under the assumption of slepton universality and pro-
eral depends on the overall scale and details of the heavyyortionality the Ilepton dipole operators for different
particle mass spectrum as well as the interactions which viogenerations are shown to be related by ratios of the lepton
late the requisite symmetries. masses. The manner in which these ratios may be modified

In supersymmetric theories the one-loop contributions tdy slepton sflavor violation is also described. In Sec. Il su-
all the electromagnetic dipole operators have very similapersymmetric contributions to the muon anomalous magnetic
diagramatic structure. In this paper we point out that in themoment are discussed, and the magnitude of possible contri-
lepton sector this similarity allows the muon anomalousbutions from sflavor violation evaluated. These contributions
magnetic moment to be related to the electron EDM in termsre shown generally to be smaller than the flavor conserving
of the phase of the electromagnetic dipole operator, and toontributions. Circumstances allowing the stau contribution
the rate for radiative lepton decayg—ey, 7—uy andr  to be comparable to the flavor conserving supersymmetric
—ey, in terms of violations of slepton universality. For contributions are discussed. The relationship between the
moderate to large tgh and with approximate slepton univer- electron EDM and muon anomalous magnetic moment is
sality these relations turn out to be fairly insensitive to de-discussed in Sec. lll. For moderate to large faihis shown
tails of the superpartner mass spectrum. If the discrepandjat the electron EDM is dominated by a single supersym-
between the current measured value of the muon anomalousetric phase to lowest order in gaugino-Higgsino mixing
magnetic momenit4] and the standard model value is inter- and assuming strict gaugino unification. Under the assump-
preted as arising from supersymmetry, fairly model indepention of slepton universality and proportionality, the most
dent bounds can be obtained on the phase of the dipole optringent possible model independent limit on this phase aris-
erator and fractional flavor violating splitting in the sleptoning from the 2°°TI EDM experiment consistent with the
mass squared matrix from the current experimental boundBrookhaven muong—2 experiment is derived. Contribu-
on the electron EDM ant|—1;y decays respectively. Alter- tions to the electron EDM from sflavor violation are also
nately, an upper limit on the supersymmetric contribution toconsidered, and in particular, important contributions from
the muon anomalous magnetic moment provides a lowestaus are identified. For large selectron-stau mixing the stau
limit for the most stringent possible bounds arising from theprovides a significant contribution to the electron EDM, vio-
electron EDM and;—I;y decays. The relations among the lating the relation between the electron and muon dipole op-
supersymmetric electromagnetic dipole operators presenteztators derived under the assumption of slepton universality
here are particularly interesting and useful in light of theand proportionality. Radiative flavor changing lepton decays
recent high precision measurement of the muon anomalouwarising from transition dipole moments are considered in
magnetic moment[4]. The relation between the muon Sec. IV. Fairly model-independent stringent bounds on sfla-
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onl;—l;y and consistent with the Brookhaven mugn 2
experiment are derived. The manner in which they are model - ~
independent are described below. Throughout this paper the ZL R/
mass insertion approximation for the sflavor violation and i
the gaugino-Higgsino mixing is used. The complete expres- L :
sions for the one-loop supersymmetric contributions to elec- (; R )~(i’0
tromagnetic dipole operators in the large gatimit and to ’
first order in gaugino-Higgsino mixing are given in the Ap-  FIG. 1. Chirality conserving left-left or right-right contributions
pendix. to lepton electromagnetic dipole operators. Arrows indicate the flow
of fermion or scalar-partner chirality. To lowest order in the fermion
|. ELECTROMAGNETIC DIPOLE OPERATORS Yukawa coupling only gaugino-gaugino propagators contribute to
the internal chargino or neutralino propagators. The external photon
The coupling of an on-shell Dirac fermion to the electro-is attached to internal charged lines in all possible ways.
magnetic field strength may be represented by the Lagran
ian dipole operator

vor violating mass squared mixings implied by current limits Y
5

LR

%ne-particle-irreducible diagrams are chirality conserving or
violating. The chirality conserving diagrams give dimensions
1 1 _ six operators which reduce to the chirality violating dipole
— =D o RF ,, — =DF Tra” f L F (1) qperator(l) (_)n-'shelll thrqugh 'the external equations _of mo-
2 rro2 K’ tion. The chirality violating diagrams give the effective di-
mension six dipole operatdf) directly.
where D; is the dipole moment coefficient, ané The chargino and neutralino mass eigenstates are general
=P, f are the left- and right-handed chiral components ofmixtures of the B-ino, W-ino, and Higgsino interaction
the Dirac fermion. The dipole moment coefficient can in gen-eigenstates. However, fon?— x?>m3, which holds over
eral be complex and have nontrivial flavor structure. Themuch of the parameter space, the mixing may be treated
on-shell dipole operator is chirality violating and so mustperturbatively in m%/(miz—,uz), where m;={mg,mg} are
vanish with the fermion mass. Supersymmetric contributionshe B-ino andW-ino Majorana mass parameters gids the
are therefore proportional to the fermion mass, and supHiggsino Dirac mass parameter. It is therefore sufficient to
pressed by two powers of the superpartner mass scale, rework to lowest nontrivial order in gaugino-Higgsino mixing.
dering the dipole operator effectively dimension six. It is seen below that diagrams with gaugino-Higgsino mixing
Supersymmetric contributions to anomalous magnetican provide the most important contributions to the dipole
moments require only violation of chiral symmetry, which is moments. In addition, for lepton dipole operators it is suffi-
already violated in the standard model by the fermioncient to work to first order in the small lepton Yukawa cou-
Yukawa couplings. In contrast, electric dipole moments repling. This greatly simplifies classification of the supersym-
quire in addition the violation of parity and time-reversal metric diagrams.
symmetries beyond that of the standard model. And flavor The chirality conserving one-loop diagrams for leptons
changing radiative decays require violation of flavor symme-are shown in Fig. 1. Since the use of the external lepton
tries, which in the leptonic sector are not violated within theequation of motion to obtain the dipole operatby involves
standard model. The strategy here is therefore to use thie lepton Yukawa coupling it is sufficient consider diagrams
similarity of the one-loop supersymmetric contributions dis-which do not include additional powers of the lepton
cussed below to determine the overall scale of the dipolerukawa. Left-right slepton mixing must vanish with the lep-
operators from anomalous magnetic moments and to rela@n mass, and so can be ignored in the chirality conserving
this to electric dipole moments in terms of supersymmetricdiagrams. Likewise, the charginos and neutralinos only
phases which violate parity and time reversal, and to radiagouple through gaugino components to lowest order since
tive flavor changing decays in terms of supersymmetric viothe Higgsino components couple through the lepton Yukawa
lations of flavor symmetries. Experimentally, only the muoncoupling. The chargino propagator is therefore given by
anomalous magnetic moment is measured sufficiently acc W+W~) where throughout a sum over mass eigenstates is
rately to allow the possibility of discerning the supersymmet-ngerstood. Charginos only contribute to the left-left dia-
ric contribution. As a practical matter, model independentgram_ For the neutralino diagran®-ino-W-ino mixing

relations among the dipole operators are therefore only Usgyises only at second order in gaugino-Higgsino mixing and
ful in the ieptor]lc secl:'tor. Udnder thet.mllt?_tasg,_umptlorés bOfso the chirality conserving neutralino propagators are given
approximate universality and proportionality discussed be- . ~ e . . ]
low, these relations turn out to be rather insensitive to deta"g_redomlnantly~bx(\/\/0 \_N0> Wh'(_:h contributes to_left-left
of the superpartner mass spectrum. diagrams andB* B) which contributes to both left-left and

In order to determine the dominant diagrams and relation§ght-right diagrams. The parametric dependence of the
among the dipole operators it is instructive to consider theehirality conserving contributions arising from the diagrams
parametric dependences of various contributions. The supeff Fig. 1 are
symmetric one-loop contributions to the electromagnetic di-
pole operators arise from virtualllsleptons {:md charginos or y conservingLL,RR <~B*§>: Dy~
neutralinos. These can be classified according to whether the

2
g.m

1672m?
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;VJ 7 fﬂ of chirality violating contributions coming from the first dia-
- -

P R gram of Fig. 2 in this case are
LR, > i, N
I 1 ! ! 2 e
I — gimgumitan
(LR g0 lr1 1 R (g x violating LR (BHY): Di~——— =y
167“m

4

FIG. 2. Chirality violating left-right contributions to lepton elec-
tromagnetic dipole o_per_ators. Arrow_s ir_ldicate the flom_/ of ferm_ion o ggmw,umltan B
or scalar-partner chirality. A cross indicates a chirality violating  y violatingLR (W™ 'OH;‘()): Di~ ————
propagator. A dot indicates a left-right slepton propagator or equiva- 16m°m*
lently a left-right mass squared mixing chiral insertion. To lowest (5)
order in the fermion Yukawa coupling only gaugino-Higgsino
propagators contribute to the diagram without a chiral insertion ovhere m~\jvq. Even though these contributions require
the scalar line, and only gaugino-gaugino propagators to the diagaugino-Higgsino mixing, they are parametrically enhanced
gram with a chiral insertion on the scalar line. The later are domi-by a factor of tarB with respect to the chirality conserving
nated byB-ino-B-ino propagators up to second order in gaugino- contributions(2) and (3) because of the coupling to the up-
Higgsino mixing. The external photon is attached to internaltype Higgs condensate.

charged lines in all possible ways. The second class of chirality violating diagrams involve
the lepton Yukawa coupling through left-right scalar mixing.
_ ~ g§m| To first order in the lepton Yukawa this mixing may be

x conservingLL (W™ %W~9%: D~ P (3)  treated as a mass squared insertion on the slepton propagator.
167°m Under the assumption of proportionality of the scalar tri-

_ linear soft A-terms, the left-right mixing mass squared for
where 1672 represents the loop factar represents the su- sleptons is given byA— wtanB)m, . The factor ofu tang
perpartner mass scale determined by the heaviest particle #rises from a superpotential cross term between the Higgsino
the loop, and the lepton mass arises from lepton equation mass parameter and lepton Yukawa coupling which mixes
of motion. TheB-ino contributions are suppressed by a factorthe scalar sleptons through the up-type Higgs condensate.
gi/g§=tanzaw compared withA-ino. The dominant chirality — Left-right mixing only occurs for charged sleptons. So only
conserving contribution then arises for the left-left diagramneutralinos contribute to the diagrams with external charged
throughW-ino propagators. leptons. To lowest order in the lepton Yukawa only the

The chirality violating one-loop diagrams for leptons are gaugino components of the neutralinos couple the sleptons to
shown in Fig. 2. These diagrams contribute directly to thethe external leptons proportional to a gauge coupling. Only
operator(1l) and have an explicit factor of the lepton Yukawa the B-ino component of the neutralinos couples to the right-

coupling. In the first class of diagrams the lepton Yukawahanded slepton. And sin¢&V°B) arises only at second order
coupling, A, arises directly in the vertex which couples the jn gaugino-Higgsino mixing the chirality violating neutralino

SO\II_\/n—t%/p(tehngigs;no co&npotnentsi |°f tthe _Ic_:hzlalrglnot ordneq— ropagators are given predominantly@ﬁ). For moderate
raiino to the siepton and external iepton. 10 Iowest order 1, large tarB the parametric dependence of this class of

the Iepto_n Yukawa coupling the othe_r vertex then_couples t%hirality violating contributions coming from the second dia-
the gaugino component of the chargino or neutralino propor-

tional to a gauge coupling. Left-right slepton mixing can alsogram of Fig. 2 is

be neglected in these diagrams to lowest order in the lepton 2ms wmytan g
Yukawa c~ouEIing. The chargino propagator in these diagrams x violating LR (BB): D~ % (6)
is then (W"H). Since theW-ino couples to left-handed 167°m

fields, only the left handed slepton arises in this class of

. : . ~ ~ 0 wheremg arises from the chirality violatin@-ino propaga-
chargino diagrams. The neutralino propagators(m;@Hd> tor andu tang from left-right slepton mixing. These contri-

which arises only with the left-handed slepton af&Ha)  putions are also enhanced by a factor of famith respect to

tons. All these propagators require gaugino-Higgsino mixing  For moderate to large tahthe chirality violating contri-
which arises through coupling with the Higgs condensaig,ytions to dipole operators should dominate over the chiral-
proportional to a gauge coupling. To lowest order in mixingjty conserving ones because of the coupling to the up-type
the(W*Hy) and(WPH) chirality violating propagators are Higgs condensate. Among these, the neutralino contributions
proportional tomg,(g,v,) o through mixing of chirality vio-  (4) and (6) which involve B-ino couplinds) are suppressed
lating W-ino and Higgsino propagators through the up-typeby a factor ¢3/g3) mg /mg, compared with the chargino and
Higgs condensate, ampv 4 through mixing of chirality con-  neutralino contributiong5) which involve W-ino couplings.
serving propagators through the down-type Higgs condenwith gaugino unificationmg /mg,=g?/g5 which implies an
sate. The chirality violatingB°HS) propagator is likewise overall suppression ofgf/g3)=tarf'6,. So with slepton
proportional tomg(g,v,)u# andg,vy. Mixings through the universality and proportionality the first diagram of Fig. 2,
down-type Higgs condensates are suppressed for moderatewudich includes a left-handed slepton akéino coupling,
large tanB=v,/v4. The parametric dependence of this classshould give the dominant contributions to the dipole operator
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for moderate to large tgh [6,7]. This expectation is useful K e mif“mﬁ
in identifying the microscopic phase bounded by the electron D= 962 22 tang (8
T

EDM discussed in Sec. lll, and the source of slepton flavor
violation bounded by;—1;y decays discussed in Sec. IV.
Even though the neutralino and chargino diagrams of theind for u=nm; this can easily dominate. Ag is decreased

dominant chirality violating contribution are parametrically fyther the chargino diagram becomes dominant.£small
identical, the loop integrals differ because the external phocompared to theéw-ino and left-handed slepton mass the

ton does not couple to the same internal lines. For equaéhargino diagram decouples aﬁ’g, but the loop integral

superpartner masses the neutralino diagram turns out to beh%s an logarithmic infra-red divergence that is cutoff oy
factor 6 smaller than the chargif6]. For general superpart- In this limit the chargino diagram is

ner masses the relative importance of these two diagrams

-2 2 _ 2 2
depends on the ratios= u“/my, andy= rrreL/mW. An ex- )
plicit evaluation of these diagramsee the Appendix for DX — 9_93M
detail9 indicates that the relative importance of the chargino " 1672 mﬁ
to neutralino diagram strictly increases for large left-handed

slepton masses, i.e., fgr>1, x=1, or for smallu, i.e., for . . . . .
y=1,x<1, and strictly decreases in the other directions inwhereas the neutralino diagram with the left-right mass in-
' ' rtion is unchanged from E¢B). In this limit the logarithm

arameter space, that is for small left-handed slepton masses; ) : ! . .
b P P Is large, and the chargino diagram still dominates this neu-

i.e., fory<l, x=1, or largeu, i.e., fory=1, x>1. Even ; : ;
y geu y tralino diagram for left-handed slepton and wino masses

though the ratio is decreasing fg<<1x=1, the chargino h hiv 10 ti | h Bei
diagram is more important for well-motivated values for more_t an roughly times larger than theterm, B-ino,
and right-handed slepton masses.

For example, withy=1/10 the chargino diagram is three Finally, the importance of the first neutralino diagram of

times larger than the neutralino diagram, and for the extremEig 2 with B-ino coupling and right-handed sleptons, rather

value ofy=1/100 it is still twice as large. There is a similar than W-ino coupling and left-handed sleptons considered

behavior fory=1 and withx varying. As noted above, for . ;
x<1 the chargino diagram is even more important than fOIab_ove, obviously depends om r_;md the_rlght-ha_mded and
B-ino mass spectrum. If gaugino unification is assumed,

the case of equal superpartner masses. ol the ratio = Ime— a2/ th thi rali di d th
decreases rather slowly, with the chargino diagram still fourM8/Mw=01/dz, then 1his neutralino diagram an €

) o di i 2/ 2
times as large even at the extreme valugefL00. We there- ~ chargino diagram depend on the mass ratissu“/mg,, y

fore conclude that the chargino first diagram of Fig. 2 iSEmE /m\27v, and z= ng/m\%v. The relative importance of

dominant over the neutralino first diagram over essentially[hesé two diagrams is determined by these ratios. Consider
all of parameter space. the case witth=m\7v, i.e., y=1. For comparable right-

The importance of the second neutralino diagram of Fig. . .
depends on the size of the parameter and the right-handethanded and left-handed slepton masses the chargino diagram

slepton mass compared to the other superpartner masses. ll_%rdomlnant.. For example, f.oz= 1 cprrespondlng tomg,,
equal superpartner masses it is a factor g§/g3=>3/tarfg =My, theb-ino neutralino diagram is typically a factor of
~10 smaller than the dominant chargino diagram discussefPughly 10 smaller than the dominant chargino diagram for
above. However, in the limit in which thg term is much # in the range 1/8x<9. For a right-handed slepton mass
larger than all the other superpartner masses this diagram §nall compared to th&\-ino mass the neutralino diagram
easily seen to be larger than the other gaugino-Higgsino digh@y however be comparable to the chargino diagram. More
grams. The reason is that the neutralino diagram with th&oncretely, forz=1/9 corresponding tane_=mg=nn, /3,
left-right mass insertion is directly proportional tp, the neutralino diagram is typically less than but comparable
whereas the diagrams with gaugino-Higgsino propagatorto the chargino diagram for various values @for x; the
decouple at least as fast as . This behavior is preserved neutralino to chargino diagram ratio far=1/9 is 0.7, and
even if the left-handed slepton av@-ino masses are large steadily decreases to 0.5 fer=9.
and comparable tg, whereas the right-handed slepton and For even lighter right-handed slepton masses this neu-
B-ino masses remain small. In this case the chargino diagratialino diagram remains larger than the chargino diagram by
decouples as a factor of a few. It might be imagined that in this limit the
neutralino diagram scales as an inverse power of the right-
handed slepton mass and then easily dominates. In fact, there

2

m

2

11
% tang 9

. e m? is no infrared divergence. This is apparent in the effective
DX~ —2 _Hian , 7 theory below theB-ino and Higgsino masses. At this scale

® 2 2 B
647" m; integrating out thé3-ino and Higgsino generates a dimension

five operator which couples two fermions and two sleptons.

This operator contributes at one-loop to the muon dipole
whereas in the same limit the neutralino second diagram odperator, and by inspection naively vanishes as the right-
Fig. 2 with the left-right mass squared insertion decoupledianded slepton mass goes to zero. The loop integral however
more slowly, is linearly divergent and this cancels the vanishing mass de-
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pendence to leave a finite part. In this limit tBeno neu-  the underlying theory of flavor and supersymmetry breaking

tralino first diagram of Fig. 2 approaches and in most models are small at least for the first two gen-
erations.
& eq m, More interesting modifications of the relatiqil) can
a2 (100 arise from sflavor violation in the slepton soft mass squared

1 2 ~
32" ume matrix. For the first two generations, sflavor violating mix-
in this limit. Thus the heavieB-ino and Higgsino masses set INgs can introduce dependence on a heavier lepton mass.
the scale for this contribution rather than the lighter right-This occurs in the second chirality violating diagrams of Fig.
handed slepton mass. Comparing this result to the charging Sflavor violation in the slepton propagators allows left-
diagram assuming gaugino unification and equatterm  right mass squared insertions proportionaintg or m. for
Higgsino massW-ino mass, and left-handed slepton massthe electron dipole operator, ama, for the muon. For mod-
shows that in these limits it is larger by a factor of two thanerate to large tag the parametric dependence of this class of
the chargino diagram. chirality violating contributions to the electron and muon
The result is that within the gaugino mass unification as-dipole operators is
sumption the firstB-ino neutralino diagram of Fig. 2 with

right-handed sleptons is actually more important than the D gfmg,u 5 5

chargino diagram for a right-handed slepton mass roughly e 1%2%4[( 1211 (921 RRM,

three times smaller than the mass scale ofSki2), super-

partner masses. For heavier right-handed slepton masses the +(é‘13)LL(5'3,1)RRmT]tanﬁ (12
chargino diagram is dominant. Finally, it is interesting to

note that for equal superpartner masses and assuming slepton grfmé,u«

proportionality there is an accidental cancelation between the [(523) LL(égz)RRmT]tanﬂ (13

leading targ contributions to theB-ino neutralino first dia-

gram of Fig. 2 and the secori8lino neutralino diagram of

Fig. 2 which involves a left-right mass squared insertion.
Independent of which diagrams dominate, up to very

small corrections proportional to powers of the lepton (8, = it (14)

Yukawa coupling, all contributions to the lepton dipole op- ILL™ 2

erators are proportional to a single power of the lepton mass, L

as discussed above. With slepton universality and Ioroloorr'epresents insertions of sflavor violating left-left mass

gpno?g%o;g?o?gafgr g.'];flggﬁ[ fgfiéirsm;fah'rse:glggezmaf thbe squared mixings in the slepton propagators, and likewise for
P P : P Imply yright-right and left-right sflavor violating mass squared

?ﬁgg:esofTHi‘s aYUIEZ\ga:ji;or:?:nt?S dioar rg?nu'\g?rg)l();r:]eﬁ’éo? terms. The potential importance of these sflavor violating
the elec.tron anc??nuon 9 y diag : Pie, %lxmg effects in introducing d(_ependence on heawgr fe_rm|on
masses depends on the magnitude of the sflavor violation and
Me on the specific dipole operator. Possible contributions asso-
De=—0D, (11 ciated to the EDM and flavor changing operators are pre-
My sented in subsequent sections.

for both the real and imaginary parts, and likewise for the tau
dipole operator. This relation is good over all of parameter Il. MUON ANOMALOUS MAGNETIC MOMENT
space with slepton universality and proportionality. This re-
lation will be used in subsequent sections to relate the MUoR,
anomalous magnetic moment to the electron EDM in terms

ko16m2mt
where throughout

sme -

The anomalous magnetic momeat=(g—2)/2 of a
rac fermion is related to the dipole operatd) by

of the phase of the operator, and to radialive |;y decays 2|my|
in terms of small violations of slepton flavor. a;= = | Ds|cose (15
Violations of slepton universality and proportionality can Q

in principle modify the relation11). The magnitude of the
scalar tri-linearA-terms for the first two generations are in
principle limited only by the requirement that the radiatively @=Arg(D;m?) (16)
induced contribution to the lepton mass not be larger than the

observed lepton massef8]. For non-proportional A s the relative phase between the dipole operator and fermion
= ptang the relation(11) would be modified. However, in mass.

almost all theories of supersymmetry breaking in which the  Supersymmetric contributions to the anomalous magnetic
lepton masses arise in a conventional fashion from tree-levejipole moments of various fermions can be related in terms
superpotential Yukawa couplings, theterms are at most of of the microscopic parameters of the theory. As discussed in
order of the other supersymmetry breaking mass parameters.

Splittings of thee, u, and T masses would also of course

modify the precise relatioi11). Such splittings depend on  The electron electric charge @,=—1.

whereQ; the fermion electric chargkeand in a general basis
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Sec. |, slepton universality and proportionality imply that thefor other lepton dipole operators through the relatiéhd
lepton dipole moment operators are related by ratios of lepand (17). Since these relations assume slepton universality
ton massesl1l). With the definition(15) this gives the well and proportionality it is important to consider the magnitude
known relation relation that supersymmetric contributions toof possible modifications of these relations from violations
anomalous magnetic moments are related by ratios of femf universality or proportionality. As mentioned at the end of
mion masses squared. For example, for the electron anBlec. |, dependence of a dipole operator on a heavier lepton
muon mass can be introduced by slepton flavor violation. For the
muon dipole operator the presence of both right-right and
i susy left-left smuon-stau mixing gives a contributi¢h3) propor-
a =5 a, (17 tional to m, through flavor conserving left-right stau mixing
s in the chirality violatingB-ino second diagram of Fig. 2. In
and likewise for the tau. terms of insertions this corresponds to smuon-stau mixing
The best measured anomalous magnetic moment in pr('5r_1sertio_ns on both _th_e Ie_ft and_ right handgd slepton lines and
portion to the fermion mass squared is for the muon. Bound@ [€ft-right stau mixing insertion proportional to. repre-
on, or measurements @, therefore provide the most useful sented by a dot in the second diagram of Fig. 2. For moder-
information about the overall magnitude of supersymmetrict€ 10 large tap the parametric dependence of the sflavor
contributions to lepton dipole operators. The BrookhavenYiolating contribution(13) arising from stau mixing propor-
muong—2 experiment has observed a value which differstional tom_in t.he B-ino 'dlagram,.compared to the dominant
by at the 2.6 level from the standard model prediction flAvOr conserving contributiofs) is

aP—a>"'=43+16x10 1 [4]. Additional data and a run susY: o )
utilizing anti-muons will reduce both statistical and system- 4 &&E(ﬁl DL ho ., (19
atic errors. The largest theoretical uncertainty in the standard aSusYn  3gim, mg 22 tH T3RRE TOLR

model prediction arises from hadronic contributions to pho-

ton vacuum polarization. At present there is not a completevhere the sflavor violating mixing masses squared are

concordance among the various theoretical calculations usagkated as insertions, and here it is understood that the flavor

to extract the photon polarization froet e~ — hadrons and  violating insertions refer to the real parts only. The functions

tau decays. Itis of course very important that this uncertaintyf . andh, are loop functions defined in the appendix for the

be better understod®,10]. chargino first diagram of Fig. 2 and the neutralino second
One possible explanation for the experimental discrepdiagram of Fig. 2, and normalized to unity for equal super-

ancy[4] is the existence of additional non-standard modelpartner masses. The dimensionless derivative function

contributions to the muon anomalous magnetic moment.

Electroweak scale supersymmetry can easily give contribu- mTZ m% ?h 1 ?h

tions toa, of the requisite magnitudgL1]. The dominant f = = ——— (20

chargino-sneutrino diagram gives a contribution to the muon ' h WWLWWR ho 91n WWLO? In m.

anomalous magnetic moment of

) ) represents the modification of the loop function induced by
= gytangm the two sflavor violating mixing insertions such thgig,
V= s sanw) a9 iy

o32m? mP is the loop function for the stau contributiaj,”>*"". This
function does not differ significantly from unity and is fairly
wherem is the effective mass of the virtual superpartners.insensitive to details of the superpartner mass spectrum since
This supersymmetric contribution can account for the disdt is a logarithmic derivative of the loop function. The ratio

crepancy withm~50ytan3 GeV and sgng) = +. The to- of loop functionshy/f . does howe\_/er depend on the super-
tal supersymmetric contribution of course depends on detailBartner spectrum. For equal sparticle madsed . =1 and

of the superpartner mass spectrum and couplings and [%,r=2/5. With gaugino unificatiomg /m=g3/g3, the ra-
model dependent. However, as detailed in the next two sedio (19) is then roughlyO(10™1—1)x (859 (559 rr. SO @
tions, the relation among supersymmetric contributions tssignificant sflavor violating supersymmetric contribution to
electromagnetic dipole operators in terms of violations ofthe muon anomalous magnetic moment would require essen-
time reversal and parity or sflavor symmetries is not particutially maximal smuon-stau mixing in both the left-left and
larly sensitive to details of the superpartner spectrum and igght-right channels.

fairly model independent. The discrepanaﬁfp—ai'\”, if in- The magnitude of possible sflavor violating mixings is
terpreted as arising from supersymmetry, may therefore beounded by radiative flavor changing lepton decays, as dis-
used to set the overall scale for supersymmetric contributiongussed in Sec. IV. The bounds depend on the overall magni-
to all lepton electromagnetic dipole operators. Alternatelytude of the electromagnetic dipole operators, which as dis-
the discrepancy may be interpreted as an upper limit on theussed here may be related to the muon anomalous magnetic
overall scale of supersymmetric contributions to lepton di-moment. First, assume thaiUSY is dominated by the flavor

pole operators. conserving chargino contribution, and that the discrepancy
The muon anomalous magnetic moment, or equivalentlyali"p—aiuSY [4] is interpreted as arising from supersymmetry.

the dipole moment coefficient, may be used to set the scall this case limits onr— w7y radiative decay discussed in
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Sec. IV imply that 54)  (85,)rr=10"* up to model depen- This relation is independent of which diagrams dominate the
dent ratios of loop functions. So possible sflavor violatingdipole operator, or any details of the superpartner spectrum.
contributions tca,”>" are subdominant in this case. If super- It is valid over all of parameter space if slepton universality
symmetric contributions to the muon anomalous magneti@nd proportionality holds.

moment are in fact smaller than the current discrepancy If the current discrepancy betwea(® and a3 [4] is
a%®—a>"S¥ then the bound on sflavor violating mixings are interpreted as arising from supersymmetrg-US"— 42
weakened since the overall magnitude of all electromagnetie< 10~ *°, the current bound on the electron EDM |df|<4
dipole operators is smaller. To estimate the importance o 10~ 2’e cm obtained fron?°°TI [13] along with the relation
this effect consider the Brookhaven mugr-2 experiment (22) can be used to obtain a bound on the phase of super-
which may reach an ultimate sensitivity aﬁaixp~4 symmetric contribution to the dipole operator of

%10 1°[12]. If agreement with an improved calculation of

the standard modelsggytribution were obtained at this level tang|=2x10"3,

then the bound om would improve by approximately _ _ o

an order of magnitude. This would weaken the bounds ob?\ternately if a;,*—a;" is taken as an upper limit oa;”",

tained in Sec. IV derived under the assumption that the sflan€ above bound gz%”i_rl_be interpreted as the most stringent
vor conserving chargino contribution dominata§”® to possible bound the™Tl EDM experiment places on the

roughly (5|23)LL(532)RR51 again up to model dependent ra- pgggye of the dipole operator consistent with the bound on

tios of loop functions. In this case the sflavor violating stau—“»

B-ino contribution could be at most comparable to the flavor The _relation of the phase of the dipol_e operator to the
conserving smuon-chargino contribution. underlying phases of the supersymmetric Lagrangian de-

So we conclude that for any value aﬁUSY which could pends in principle on the relative importance of the indi-
: : L vidual diagrams. As discussed in Sec. I, for moderate to large
be accessible to .the ultimate sensitivity of the quokhaveqanﬂ the ghirality violating diagrams of Fig. 2 are all para-g
muogU%Y— 2 experiment, sflavor violating stau contrlbutlons metrically larger by a factor of tgé than the chirality con-
::()oril;ibutii;e(vsaicr:r;losvt/ocu??prgra:ﬁi 'E[(r)w;[th eb(IItiV(I)éft(-:l(()e ?ts G;:X:jngserving diagrams of Fig. 1. In order to relate the phase of the
riaht-right Smuon-stau mixin qare near maximaind in fact dipole operator in this limit to underlying supersymmetric
gnht-ng . 9 : ’ . hases it is instructive to determine the origin of the phase of
are an order of magnitude smaller if the current discrepanc

. . ach chirality violating diagram. All the supersymmetric
*®—a>\ [4]is due to supersymmetry. This allow§”°" to Y g diag persy

a, phases arise from relevant terms in the supersymmetric and

be idgntified with the dominant sflavor conserving charginoSupersymmetry breaking Lagrangians, and appear in the neu-
contribution for moderate to large t@hover most of param-

) tralino, chargino, and slepton mass matrices and therefore
eter space. And in turn the overall scale for other eleCtromagpropagators after electroweak symmetry breaking.

netic dipole operators may then be relatechfy*" through Consider first the dominant chargino diagram of Fig. 2.
the relationg11) and (15). This diagram involves a sneutrino propagator, which with
slepton universality does not involve a phase. The chirality

lll. ELECTRON ELECTRIC DIPOLE MOMENT violating chargino propagator may be obtained to lowest or-

der in W-ino—Higgsino mixing by treating the mixing in-
duced by the Higgs condensate as an insertion. In Weyl no-
tation this propagator is

An electric dipole momentEDM) coupling the spin of a
fermion to the electric field is odd under both parity and time
reversal. The dipole operatdfl) in general violates both
these symmetries and is related to the electric dipole moment . . . . .

Y P ~ iB(—igovg/2)iB+imi(—igov)/\2)iu*

by (WHHG)
d 2 e 12V(n2_ | .12
df:|Df|Sin(P (21) (p |mW| )(p |M| ) 23

whereo is the relative phas€l6) between the dipole opera-
tor coefficient and fermion mass. An EDM requires that this
relative phase be non-vanishing.

Under the assumption of slepton universality and propor
tionality the electron and muon dipole operator coefficients

wherevu,dz\/ﬁ(H&@ are the up- and down-type Higgs bo-
son expectation values. The first term in E2P) arises from
chirality conservingW-ino and Higgsino propagators con-
nected through the mixing insertion to the down-type Higgs

including the phase, are related by the ratio of magts tondensate, while the second arises from the chirality violat-

; S ing propagators connected through the up-type Higgs con-
The supersymmetric contribution to the electron EDM maydegnsattf. I%cluding the lepton Yukagwa couprl)in}g/f fromg?he

tmhennbenrerlnatled tomthensijiper;syr;nr?ftgc contributions to th‘l:"—|iggsino-lepton-slepton coupling, the dipole operator phase
ton anomalous magnetic moment by arising from the first term in Eq(23) proportional to the
down-type Higgs condensate is Afg)=Arg(\jvq), while

dSUSYz —elezaiUSYtamp that from the second term propoitional to the up-type Higgs
my, condensate is Ardp)=Arg(\\mgu*vy). The physical
phase relevant for the EDM is the relative phdé) be-
=—4.6x10 "%} "*tanpe cm. (22 tween the dipole operator and lepton massArg(D;m}).
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The phase of the lepton mass in a general basis is determined i[iN(Avg— w*v*)]i
by the down-type Higgs boson expectation value Amg( <~L~§>: PR RV ”2 . (27
=Arg(\jvq). The physical phase arising from the first term (p*=m; )(p"—ny )

in the propagator(23) therefore vanishes Ar@fm/)

=Arg(\jughfv%)=0, and so contributes only to the mag- The first term in the numerator arises from the soft scalar
netic dipole moment. The magnitude of this contribution istri-linear A term mixing left- and right-handed sleptons
however suppressed with respect to the second term in tH8rough the down-type Higgs condensate, while the second
propagator for large ta#, as discussed in Sec. I. The physi- term arises from a superpotential cross term between the
cal phase arising from the second term in the propagatdriggsino boson mass parameter and lepton Yukawa coupling
(23) along with the lepton Yukawa couplingy,, from  throughthe up-type Higgs condensate. Through second order
the Higgsino-lepton-slepton coupling is A@MY) in mixing, thg chwaﬁty violating 'neutrallno propagator of
=Arg()\fm§vu*vﬁ)\|"v§ = Arg(Mipvwy). In the this diagram is dominated by th&ino component. In Weyl

. . notation this propagator is
ground state with broken electroweak symmetry the relative propag

phase of the up- and down-type Higgs condensates is anti- im?
aligned with the Higgs up-Higgs down soft mass parameter, <~~>: 8 (28)
Arg(vwq) = —Arg(m?y), where VOm2 H,Hq+H.c. [14]. (p%—|mg|?)

The phase of the dominant chirality violating chargino— _ . . .
sneutrino contribution to the lepton EDM to lowest order in The dipole operator phase arising from the first term in slep-
W-ino-Higgsino mixing and to leading order in (t@) 1 is  ton propagator(27) proportional to the down-type Higgs
therefore given by the basis independent combination ofondensate along with the phase of Byno propagato(28)

phaseg 14] is Arg(D|)=Arg(7\|Avdm~;). The physical phase
Arg(Dym) from these terms is therefore given by the basis
o=— Arg(Miyu(M’y)?) (24) independent combination of phadés]|
v )
@=Arg(ANg). (29

Next consider the neutralino first diagram of Fig. 2. With

slepton universality the slepton propagator does not involveyith slepton proportionality the magnitude of this term is
a phase. The chirality violating neutralino propagator dia-however suppressed with respect to the second term in the
gram receives contributions at lowest order from boths|epton propagator for moderate to large gasince it is
W-ino—Higgsino andB-ino—Higgsino mixing. The(\7\/°ﬁ8> proportional to the down-type Higgs condensate. The dipole
propagator is identical to the propagatt?3) including operator phase arising from the second term in the slepton
phases. The physical phase of the leading contribution ipropagatok27) proportional to the up-type Higgs condensate
(tanB) ! is therefore identical to chargino diagram phasealong with the phase of the3-ino propagator(28) is

(24). TheB-ino—Higgsino propagator to lowest order in mix- Arg(DOIAI’g()\“U,*U:mZé). Anti-alignment of the relative

ing in Weyl notation is very similar phase of the up- and down-type Higgs condensates with the
Higgs up—Higgs down soft mass parameter, A@(y) =
- i|z$(—iglvd/\/E)i¢_+im§(—iglv§/\/§)m* —Arg(m?,) . then implies .th'at the physical phase
(BHY) = 5 o 5 ) Arg(Dym/") is given by the basis independent combination of
(p*—|mg|?) (p*—[ul?) phaseg24). So under the assumption of slepton universality,

(25 proportionality and gaugino unificatiorgll the tang8 en-
hanced electromagnetic dipole operator diagrams have the
Applying the same discussion of the relative phases as givesame phase to leading order in Higgsino-gaugino mixing.
above for the chargino diagram then implies that the basidhe phasg24) therefore dominates the phase appearing in
independent physical combination of phases arising at leadhe electron EDM for moderate to large tarover most of
ing order in (tanB) ! from this diagram is parameter space.

It might have been possible in principle for the phases
among various contributions to the dipole operator to have
accidentally approximately cancelgtb]. This could in prin-
ciple occur for small tag by a cancellation between the
with strict gaugino unification Argfg)=Arg(mg). So in  phaseq24) and(29). But theB-ino diagram proportional to
this case the phase of this contribution is also identical thathe phase(29) is parametrically suppressed by ratios of
of the chargino diagran24). gauge couplings compared with the dominant chargino dia-

Finally, consider the neutralino second diagram of Fig. 2gram. Cancellation would only occur if the ratio of the
The slepton propagator includes left-right mixing which in aphaseg24) and(29) just happens to be nearly equal in mag-
general basis can involve a phase. To lowest order the leflaitude and opposite in sign to the ratio of the chargino to
right mass squared mixing this may be treated as an insertid&-ino contributions. Cancelations might also in principle oc-
in the slepton propagator. With slepton universality and procur in the region of parameter space with large Higgsino-
portionality gaugino mixing. However, such fortuitous cancellations de-

@=—Arg(mu(m?y)?) (26)
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pend on accidental details of the superpartner spectrum, afanctions. Since the sflavor violating phases are uncon-
not enforced by any symmetry, and occur only over verystrained, tham,. enhanced sflavor violating stau contribution

narrow slivers of parameter spad$)]. Outside of these nar- to the electron EDM could clearly dominate the flavor con-
row regions of parameter space the electron EDM can thereserving contribution. So unlike the muon anomalous mag-
fore be considered to bound the phé&24) rather directly for  netic moment discussed in Sec. Il, the electron EDM can
moderate to large tgh under the assumption of slepton uni- potentially receive significant contributions from sflavor vio-

versality and proportionality. lation.

Slepton flavor violation can in principle lead to violations ~ The muon anomalous magnetic moment is likely to be
of the proportionality relatior(11). Left-left and right-right  dominated by sflavor conserving contributions for arjy/Y
sflavor violation in the slepton propagators allows flavorwhich will be accessible to the ultimate sensitivity of the
conserving left-right mass squared insertions proportional t®rookhaven muong—2 experiment[12], as discussed in
bothm, andm; in the electron electromagnetic dipole op- Sec. II. The sflavor conserving supersymmetric contribution
erator as illustrated in Eq12). This sflavor violation can aiUSY may then still be used to characterize the magnitude of
introduce important additional sources for the physical phasene sflavor violating stau contribution to the electron EDM in
appearing in the electron EDM. The intermediate stau conterms of sflavor violation and ratios of loop functions. From
tribution to the electron EDM proportional tm, through a  the ratio(30) and the relation between the flavor conserving
left- r|ght m|X|ng arises from the Second neutra“no d|agramcontr|but|on to the e|ectron EDM andSUSY g|ven in Eq

vor V|oIat|ng mass squared insertions. The ratio of the stau—

B-ino contribution to the electron EDM to the flavor con- - 9% m. mg
serving contribution from the selectron-chargino first dia-dSYSY7=— > — SUSY|(5 DL (Sh)rA
gram of Fig. 2 is 692 m? my
5 h
susy 0, )
de ™" g m, mg | X oLrX (tan@ COS@i331+ SiN@33)€ CM
dSUSYe 3g me | 513)LL( 531)RR| +
e
~ 714 SUSY
ho ,  SIN(¢+ @iz a0 4.9x10 (81911 (S5)rA
X — _—
f, TOLR sing (30) hy .
><f— oLrX (tane cosgq331+ Singyzz)ecm. (32)
n

where ¢ is the relative phase between the flavor conserving

contribution to the dipole operator and electron méE®  |f the current discrepancy betweeff*® andaS" [4] is inter-

and preted as arising from supersymmeterSY~42>< 10710,

the current bound on the electron EDM dfl|<4
#1391~ ATO(( 8191 (83)rR) @y 10~ ?’e cm obtained from?°°TI [13] along with the relation
(32) can be used to obtain a bound on the imaginary part of
the product of the left-left times right-right selectron-stau
"inass squared mixings

is the phase of the left-left times right-right selectron-stau
mass squared mixing, and where strict gaugino unification
Arg(mg) =Arg(mg), has been assumed. The functidns
and hy are loop functions defined in the Appendix for the
chargino first diagram of Fig. 2 and the neutralino second
diagram of Fig. 2, and normalized to unity for equal super-

partner masses. The dimensionless derivative fundtfgr, =2x10° (f OLR
defined in Eq.(20) represents the modification of the loop "

function induced E?y the two sflavor violating mixing inser- \hare nossible cancellation with the flavor conserving con-
tions such thahoh,, g is the loop function for the stau con- ipytion has been ignored. If the sflavor violating phase are
tribution d3YS"7. large, the electron EDM apparently provides a more stringent
The importance of the sflavor violating stau contributionbound on the the product left-left times right-right selectron-
to the electron EDM depends on the magnitude and phasesau mixing than that obtained from— ey decay discussed
of the left-left and right-right selectron-stau mass squaredn Sec. IV. Alternatively, an observation of—ey close to
mixings. With gaugino unification, the first term in parenthe-the current experimental limit combined with the electron
sis on the right-hand side of the ratid30) is EDM constraint would yield a very strong direct bound on
(m,/3mg)tarf'9,,~100. The most stringent possible limits this product of sflavor violating phases.
on the magnitude of left-left and right-right selectron-stau The electron EDM can also receive analogous sflavor vio-
sflavor violation arising from the limits om— ey radiative  lating contributions proportional tm, through sflavor con-
decay, and consistent with the current experimental resultserving left-right smuon mixing in combination with both
for the muon anomalous magnetic moment, are presented Igft-left and right-right selectron-smuon mixing, as illustrated
Sec. IV. The bounds derived there imply that at bestin Eq.(12). The ratio of this contribution to the sflavor con-
|(8) 3),_,_(5 )rr =10 ! up to ratios of model dependent loop serving chargino contribution is identical to E§0) with m,

|(5 SRR 5|31)RR| |Sin @133
-1
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replaced bym,, , and stau mixing replaced by smuon mixing.  Consider first the assumption of approximate slepton uni-
This contribution should be smaller than the possible stawersality and approximate proportionality which we define as
contribution discussed above for two reasons. First, theflavor violation which is small enough so as not to modify
smuon contribution is proportional tm, rather thanm,. the relation(11) that flavor conserving dipole operators are in
Second, the bounds on selectron-smuon mixing are mucproportion to the fermion masses. In this case the leading
more stringent than those on selectron-stau mixing. The mosiffects come from single insertions of flavor violating mass
stringent possible limits derived is Sec. IV on selectron-squared insertions. Possible modifications of approximate
smuon sflavor violation arising from limits gm— ey radia-  universality and proportionality arising from sflavor viola-
tive decay, and consistent with the current experimental retion are considered separately below. As discussed in Sec. |
sults for the muon anomalous magnetic moment, imply thathe chirality violating chargino-sneutrino first diagram of
at best|(8},) 1 (85)rr =107 up to ratios of model depen- Fig. 2 generally gives the dominant contribution to the flavor
dent loop functions. In this case the smuon contribution teconserving dipole operators for moderate to largegaim

the electron EDM is smaller than the sflavor conservingthis case, ignoring possible cancellations with sub-dominant
selectron-chargino contribution unless the the sflavor condiagrams discussed below, the supersymmetric contributions
serving phase is smaller than the sflavor violating phase by & the transition dipole moment féy—1; can be related to

factor of roughly 10°. the flavor conserving muon dipole moment in terms of
sneutrino flavor violating left-left mass squared insertions in
IV. RADIATIVE FLAVOR CHANGING LEPTON DECAYS the chargino-sneutrino diagram as

Nontrivial flavor structure of the electromagnetic dipole
operators gives rise to radiative flavor changing fermion de-
cays. There are two possible chiral structures for such tran-
sition dipole moments. For example, fare transitions the ~ where the flavor conserving;=(m;/m,)D,, is assumed to
operators are be dominated by chargino-sneutrino diagram, aﬁ!g)(L is

the dimensionless sflavor violating left-left mixing defined in
(33) terms of the left-left mixing mass squared matrix in Etgd).

m.
DLijD_ml DM(5:,')LLf3r,L (36)
"

_ -
— 5 DrepLo" urF 41— 5 Diguro”’eLF

2 2 wy The dimensionless derivative function
1 - R m gf, dinf
3 Dreyero* m F = > DReu0"€rF ., (34) L= LA et (37)

fy ﬁm% - dln m%
where the subscrift or R refers to the chirality of the lighter
final state fermion, and likewise far—x and r—e operators.

The lepton radiative flavor changing decay rates arising fro
transition operators of the forit83) and(34) are

represents the modification of the loop function induced by
n%he left-left sflavor violating insertion on the sneutrino propa-
gator such that . f', | is the loop function for the transition
dipole operator Witrf+=f+(m§,m\27v,uz) the loop function
(|DLij|2+ |Dpai,'|2)m|3i of the dominant chirality violating chargino first diagram of
167 (39 Fig. 2. This order one function depends on details of the
superpartner mass spectrum. For equal superpartner masses

where the left- and right-handed operators do not interfere up’. . = — 0.4, while for 0.3 m?/mg < 10 with mg,= u it var-
to corrections of ordemjzlmi2 [17]. ies in the range- 0.11<f’, | <—0.75. Aside from this slight
The supersymmetric standard model allows for the possimodel dependence from modification of the loop function,
bility of individual lepton flavor violation in the left- and the transition dipole moment induced by left-left sflavor vio-
right-handed slepton soft mass squared matrices and in tHation is related rather directly to the muon dipole moment
scalar tri-linear softA-terms mixing left- and right-handed by Eq. (37) for moderate to large tgh and assuming ap-
sleptons. These flavor violations appear in the slepton propgroximate universality.
gators after electroweak symmetry breaking. The supersym- Transition dipole moments can also receive contributions
metric diagrams which contribute to the transition dipole op-from left-right and right-right sflavor violation through dia-
erators are just those of Sec. | with the inclusion of sleptorgrams which are sub-dominant in the flavor conserving di-
flavor violating propagators. If the flavor violation in these pole moments. The importance of these diagrams depends on
propagators is small, it may be represented by left-left, rightthe relative magnitude of the underlying sflavor violations.
right and left-right flavor violating mass squared insertions.Left-right sflavor violation contributes to transition dipole
In this case the magnitude of the flavor violating operatorperators through the chirality violating neutralino second
may be related to that of the flavor conserving operators imdiagram of Fig. 2. The left-right slepton mixing insertion
terms the small flavor violation. Under the various assump+sepresented by the dot in the second diagram Fig. 2 in this
tions detailed below, the muon anomalous magnetic momerdase is flavor violating. Since this diagram does not involve
may then be related to the decay rates of radiative flavoan explicit Yukawa coupling in the neutralino coupling, it
changing decay$—|;y in terms of flavor violating mass contributes to both chiralities of transition operat(88) and
squared insertions. (34

T(li—l;y)=
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2
m gl mg hy MM,
m, #3935 mg, f+ Mutans

2
gl mg _fO ’ hO '
Diij , DrijD 5=j)RL- ERij:_3ggm_\7v ( f. fO,R+HhO,R)(5=j)RR

(38)

fo MM

|
e () } (42
X ij/RL|"

The factor ¢2mg/g2mg,)(ho/f.) accounts for the differ- f. mutans
ence in loop function and parametric dependence of the coys . _— . .

. ) X . . upersymmetric contributions to the branching branching ra-
plings and gaugino mass insertions and of the subdominan e i

. . ) . tios for radiative flavor changing decals-1; y relevant for

neutralino second diagram of Fig. 2 compared with the !

dominant chargino first diagram. The loop functions are nor-1uon and tau decays are then

malized to unity for equal superpartner masses. The factor

. A 12773a(aSUSY)2
rerrWR/(mi,utanﬁ) accounts for the difference in paramet- Br(l,—Iy)= ©
ric dependence of the flavor conserving and violating left- Gﬁmi
right mass squared insertions. _
gR- > S ot ; " - X (| €Lii|?+ | erii| D) Br(l— v, v)
ight-right sflavor violation contributes to transition di- Lij Rij R gl

pole operators at lowest order through two diagrams. The
first is the chirality violating neutralino first diagram of Fig.

2 with a right-right mass squared mixing insertion on the
slepton propagator. The second is the chirality violating neu-
tralino second diagram of Fig. 2 with again a right-right mass ) ,
squared insertion on the right handed slepton propagatof/neére« is the fine structure constant, the muon weak decay
Both these diagrams have the same parametric dependeniéde iSF(MH_eVeVM)ZGEmi/(1927T3), Br(u—ever,)=1,

on couplings and chirality violating mass insertions on theand Br(7'—>|]-1/|j1/_r)20_175_ Note that then; dependence of

neutralino propagators the transition dipole coefficier{B6) cancels with then, de-
pendence of the radiative decay r&s®) within the branch-

=1.85x 10"(a},"%Y)?

X (JeLij] >+ erijl?)Br(li—1jm v)) (43

m 9% ms [ —f h ing ratio (43).
DRijD_IDu t B _Of(’)R_|_ —Oh(’)R Left-left and right-right sflavor violating slepton mass
m 39 mg\ fe 7T f squared mixings appear in the dimensionless flavor violating

transition element$41) and (42) in proportion to ratios of
| coupling constantsB-ino to W-ino masses which may be
X(9ij)rr (39 related to coupling constants under the assumption of
gaugino unificationmg /mg,=g3/g3, and ratios and deriva-
where (8),)gg is the dimensionless slepton sflavor violating V&S of loop functions. Since, as discussed above, the ratios
right-right mixing. and derivatives of loop functions do not depend too drastl-
In order to display the relation between the transition di—CaIIy on Fhe _superpaaner_ spectrum,_left—left and rlght—r!ght
pole moments, the muon anomalous magnetic mome flavor violating contributions to radiative flavor changing
which determines the overall scale for the dipole moments; ecays cahn theﬂ bk? rﬁlatedht'o the muon anofm_allous rgalgnetlc
and sflavor violating mass squared insertions, it is convenie (cj)mentdt rough the Iranc Ing ratll():.‘;[?))_lr;]a ﬁury mo Ie .
to define the transition dipole operator coefficients in termdndependent manner. In contrast leit-right sflavor violating

of the scaled flavor conserving dipole operator coefficien{nzssééqyared MIXINgs ap:oear in the transngn eI_I(_arr]r(dms
times dimensionless flavor violating transition elements an (42) in proporthn to s.elpton masses and fanrhe re-
lation between left-right mixings, the muon anomalous mag-

netic moment, and flavor changing branching rafi) is

M cusy _therefore model erende_nt. Therefore only the fairly model
Dijj=—e— a, €L independent relations which can be extracted for left-left and
2my, right-right sflavor violating mass squared mixings are pre-
sented below.
o If the current discrepanci4] betweena$’® and a5 is
Drij=—e——5 a5 e (40) interpreted as arising from supersymmetrya’”>"
2my, ~43x 1071 the current bound om—ey of Br(u—ey)

<1.2x 10 *'[18] along with the relatiort43) can be used to
é)btain a bound on the smuon-selectron transition dipole co-

The leading sflavor violating contributions discussed above ..
efficients of

then give
|€L21|°+ | €ror “=6x107°.

€Lij2(5!j)LLf'+, + (Sij)RL (41) In the absence of cancellations among the various contribu-

g% mg ho M7, Mg
LY 32 _ F o tann
392 my, f+ mintang tions, this bound on the dipole coefficients may be used to
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bound the individual dimensionless sflavor violating mix- functions as indicated. If the current discrepapélbetween

ings. Assuming a single contribution dominates then yields®® and a3 is interpreted as an upper limit on supersym-
bounds on left-left and right-right selectron-smuon dimen-metric contributions,aiUSYs43>< 10 1% then the bounds

sionless mass squared mixing of given above may be interpreted as the most stringent pos-
| sible bounds consistent with the muon anomalous magnetic
(8121 =6x107>(F, )7t moment.
-1
| _3[ 10 0
|(612Rel=2X 107 o+ £ hog V. CONCLUSIONS

Supersymmetry can give many interesting signals which
may be observable in low energy processes. In this paper we
have illuminated the relation between the muon anomalous

roughly a factor of 50-100 than a previously quoted bound"agnetic moment, the electron EDM, and the lepton flavor
[19]. The difference arises from a number of factors[ 18] violating radiative decaysy—ey, 7—uy and 7—ey. A

only the chirality conserving photino diagram is Considered,t.)ounc(measurememtof the non—standa}rd model contribu-
which is suppressed compared to the dominant chargino didions to the muon anomalous magnetic moment can bound
gram by factors of gauge couplings, f@nand for equal (determlne the overall scale of Fhe dipole opera‘Fors.whu:.h
superpartner masses, a smaller loop function. In additiofontribute to these processes in a manner which is fairly
there has also been an improvement in the experimental seffisensitive to details of the superpartner mass spectrum. In
sitivity to u—ey radiative decayg§18]. All these factors this way the electron EDM arig—|;y decays can be related

where gaugino unificatiomg /mg,=g2/g5=tarfé has been
assumed.
The bound obtained above on%*l LL IS stronger by

combine to provide a stronger constraint. to small supersymmetric violations of time-reversal and slep-
In analogy the the bounds derived above, the currenton flavor respectively in a fairly model independent manner.
bounds on flavor changing radiative decays of B The Brookhaven muog—2 experiment may eventually

—uy)<1.1x107° [20] and Brr—ey)<2.7x10°° [21]  reach a sensitivity oha$*~4x 10 1°[12]. If this sensitivity
along with the relatior{43) can be used to obtain bounds on is achieved and the measured value is in agreement with an

smuon-stau and selectron-stau dipole coefficients of improved determination of the standard model hadronic
vacuum polarization and light by light scattering contribu-
V| €13+ | €rar?=4%x 1072 tions then the bound oaiuSY would improve by approxi-
mately an order of magnitude. Such an agreement with the
standard model would imply concomitantly heavier super-
Vl€eLsl* +] erad *=7x 1072, by / ’

partners and weaken the bound given above on the phase of

the dipole operator coming from the preséffTl EDM ex-
Assuming a single contribution dominates then yields theperiment[13] by an order of magnitude, and weaken the
bounds on the left-left smuon-stau and selectron-stau dimemounds given above on the slepton mixing amplitudes com-

sionless mass squared mixings of ing from the present;—I;y experiments[18,20,2] by a
factor of roughly three. However, future EDM experiments
|(85) L |=4x1072(f. )7t in atomic traps may improve the sensitivity to the phase of

the dipole operator by two to three orders of magnit{23,
and a future experiment sensitive to RBrbey)=2

X 10~ 14[23] would improve the sensitivity to the selectron-
smuon mixing amplitude by a factor of roughly 25.

where again gaugino unification has been assumed. Bounds

on the right-right mixings are not significant since these in-

sertions appear in subdominant diagrams ACKNOWLEDGMENTS
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. APPENDIX: SUPERSYMMETRIC DIPOLE MOMENTS
All the bounds given above are good for moderate to large

tang for which the first chargino diagram of Fig. 2 generally ~ Supersymmetric contributions to lepton electromagnetic
gives the dominant contribution. The only model dependencéipole operators which couple to the up-type Higgs conden-

appears in the ratios and logarithmic derivatives of loopsate are enhanced by a factor fawith respect to couplings
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to the down-type Higgs condensate. As discussed in Sec. |
the contributions which are enhanced by this factor include a
subset of the chirality violating diagrams of Fig. 2. In this

appendix the expressions for these gaanhanced contribu-

tions are presented. Gaugino-Higgsino mixing is treated per-
turbatively to first order as an insertion of a up-type Higgs
condensate. Slepton proportionality is assumed in which th

left-right mass squared mixing is given oy« tang in the
large tanB limit.

The supersymmetric contributions t®; may be ex-
pressed in terms of the dimensionless loop functions

PHYSICAL REVIEW [®5 075012

o 1
J Xo, L XN)= | d Al
n(X1,X2 XN) fo YYZIHI VX, (A1)
o) N 1
In(X1, X0, o X)) = . dyyi[[1 v (A2)

fh terms of these functions, the chargino with sneutrino,
W-ino neutralino with left-handed sleptoB;ino neutralino
with left-handed sleptorB-ino neutralino with right-handed
slepton, andB-ino neutralino with left-right mass squared
insertion diagrams of Fig. 2 give, respectively,

2 2
2 2 2 22
WTHS _ZDV—ME =1 4] E’u’_z m"“_z_z +4] E'U‘_ m_Wﬂ’ﬂ’
( a) f = 2 =2 MMw| As| =5 =5 =5 =5, =5 5| =2 =51 = =5~
327 my my Mg mg mg mg mg mg my my mg
2 2 2
4] (va p? Mg Mg MZ))
5 7,?,;,?,?
_egtanfm;
=Wﬁﬂmwf+ (A3)
2 2 me e m 2 m2 m o
~0~0 Xo egtang my My u fL 1L fLop” Mg 7 T
<W0Hd f :_—,..,_/,me 12|4 ~ 5 J~n )~ 1~ _12\15 ~ A i~ )~ 1~ 1~
19272 m}, mg 'mZ mZ mj mZ 'm3 m3 m2 ma
H H My My My H My My My my
_ egtanB my o A4
= Tooe M e Ay
H
5 2 2 2 5 2 2
~~ XOL_egitan:B me mg w? M M i w? mg Mr Mr
(BHg): —2D; =, =z MMp 12, AR R —12]g = R =g
egftan,B ms
= = pMgfy (A5)
19272 my,
-2 gzt m.z_ 2 mg I’WZ mg 2 mg 2 mg
~~ XoR egitang my B M fr TR fr M B R IR
<BHd> _ZDf =—~_Mm§ 12'4 ~ 5 i~o5 1~ 1~ _12J5 ~ A5 1~ 1~ 1~ 1~n
19272 m}, mZ 'mZ’ mZ m3 m 'm3 mZ mZ m?
H H My My My H My My My my
—2editang my
= loom e tmelER "o
H
s 5 2 2 2 5 o 2 2 2
= XoLR 2egitanB my mg mg My M, Mg my mg M My My
(BB): 2D = = UM == =5 =5 =5 | T6d5| =5 =5 =5 =5 =5 (A7)
f 2 4 S\ z21=21=2'~21=2 S| ~2~2=o 1 =25 1~9
192 H H My My My my my My My my my
2edtanB my
TR "8
T H
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In the textfgg is denoted byf,. The dependence of the loop

functionsf; andh, on the mass ratios has been left implicit. I4(x,l,1,])=;(—1+x2—2x Inx),
The three neutralino diagrams of the first diagram in Fig. 1 2(x—1)*

are proportional to the same loop function evaluated with

different arguments, as is evident from the above expres- x<11

sions. Also note that the factors in the large parentheses or, - 5(1+O(X))’ (A15)

equivalently, the loop functionf andh,, are normalized to

unity for equal superpartner masses. In particular, for equal 1

superpartner masseds(1,1,1,1,1=1/12 and 1,(1,1,1,1) I4(x,x,1,1)=—3(2—2x+(1+x)|n X),
=1/6. Thus, for example, for such a spectrum the chargino 2(x—1)

diagram is(3272) ~1. Note that a factor om~* has been
factored out of the loop integrals in order to render them
dimensionless; this may be any internal mass but for conve-
nience it is chosen to the mass of the heaviest sparticle. The
arbitrariness of this factoring follows from the scaling rela-Note  that = Js(x,x,x,1,1)=x"2Js(x"*x"*,1,1,1)  and

x<1

H—%(2+|nx). (A16)

tions J5(x,x,x,x,1)=x‘2J5(x‘1,1,1,1,1), which is an example of
X X the more general relation in EGA9).
In(Xq, ... ,xN):foJN(l,—z, . ,—N) (A9) The loop functions appearing in the radiative transition
X1 X1 dipole moments involve additional sflavor violating mass

squared insertions beyond those of the flavor conserving di-
| —y2-N X2 XN pole moments. The function
N(X1, o XN =XT N 1,X y.o..— . (AL10)

2
nm-
v of dlnf
Lo _ Tt (A17)

The contributions given above for the individual diagrams o _
froomé  ginm?
YL L

agree with those found if6]. There appears to be a differ- L
ence in the expressions for the chargino diagram and the first

neutralino diagram of Fig. 2. This superficial difference isepresents the sflavor insertion for the chargino-sneutrino
however a result of a different choice of routing the Ioopa:

A ical . b | iagram such thaf . f,  is the loop function. The loop
momenta. A numerical comparison between our results ang,,ions for the sflavor insertions for the three neutralino
those of[6] indicate no difference.

) . . diagrams from the first neutralino diagram of Fig. 2 are de-
. Anglync expressions may be obtained for the loop func'scribed by the same loop function but with different argu-
tions if only two mass scales appear: ments. These are represented by a subscript that indicates
B-ino or W-ino coupling, and right-handed or left-handed

1
6(x—1)% ,
' mTL(R) LRy dInfaL(r
“laso Al1 BRLR T I ainm
— 5@ +0MX), (A11) BL(R) O L)
2
IsX L LD = (1+ dx—5x2+ 2x(2+X)InX) " M It Ity
5(%,x,1,1,)=—— X—5x2+ 2X(2+x)In x), A - _
2(x—1)* Moht fg oy alnmg
x<11 The sflavor violating mass squared insertions for the second
- §(1+O(X))' (Al2)  neutralino diagram of Fig. 2 are represented by
2
XXX L) = (= 54 Ax 3= 2 Inx—dx N X) b o dInh
5 X, X, X, 4, =—(—0+4X+X"— NnX—4x I"IX, O,L(R): > = 7
2(x—1)% ho &rnTL(R) »
x<11 2 2
— =(=5-2Inx+0(x)), (A13) L MM 6%hg
2 OLR™ 2 .2
0 Jmy dmy
2 L R
J (X,X,X,x,1)=—<x2—6x+3+ —+6 Inx), 1 92h
° 6(x—1)* X _1 AL
ho gInme Ingm:
X<11 2 L R
—g| 3t +eInx+ O(X))1 (A14)  such thathoh, (g, andhohf, & are the loop functions.
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