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Constraints on lepton flavor violation in the minimal supersymmetric standard model
from the muon anomalous magnetic moment measurement
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We establish a correspondence between those Feynman diagrams in the minimal supersymmetric standard
model (MSSM) that give supersymmetric contributions to the muon anomalous magnetic moment and those
that contribute to the flavor violating procesges-ey and r— wy. Using current experimental limits on the
branching ratios of these decay modes, combined with the assumption of a supersymmetric contribution to the
muon anomalous magnetic moment, we establish bounds on the size of the lepton flavor violating soft masses
in the MSSM largely independent of assumptions about other supersymmetric parameters. If the deviation
measured at Brookhaven National Laboratory is from supersymmetry, we find the bnﬁgpﬁzsz
X10"% andm?_, /m?<1x 101, wherem? is the mass of the heaviest particle in any loop that contributes at
this level to the anomalous magnetic moment of the muon. This provides a significant constraint on the
non-flavor-blind mediation of supersymmetry breaking that often occurs at a suppressed level in many models,
including gaugino mediation.
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[. INTRODUCTION establish are largely insensitive to any supersymmetric pa-
rameters and assume only that there is no accidental cancel-
The recent measuremefit] of the anomalous magnetic lation between independent diagrams contributing to the fla-
moment g—2) of the muon at Brookhaven National Labo- Vor violating processes.
ratory (BNL) exhibits a deviation from what is expected To understand the underlying reason for the correspon-
from the standard modéBM) (for a clear review, see Ref. dence between the diagrams for the two types of processes
[2]). This suggests that a contribution from physics beyond3°n5'der the_structure of the relevant operators. The anoma-
the SM is necessary to explain the discrepancy. SupersyniQus magnetic moment operator has the form
metry (SUSY) has been known for some time to provide a e
significant contribution to anomalous magnetic moment op- M, =5—U,(p2)a,o* q,u,(p)A, . (1.1
eratorg 3—5]|. Several recent papers have also considered the 2m,
possibility that the BNL measurement is evidence of a super-
symmetric contribution tog—2) at the level of the experi- | € Operator for the procegs— ey has the form
ment[6]. Other papers also have considered a possible con-
nection between muorge 2) and lepton flavor viqlation in Mﬂeyzz—m(pz)gwqy(alpL+arpR)uM(p1)A#+ H.c.,
both a supersymmetric7] and nonsupersymmetric context m,
[8]. In this paper we establish a correspondence between the 1.2
supersymmetric diagrams in the minimal supersymmetri (1% wr— (i Wy ;
standard mode(MSSM) that contribute to the anomalous ﬁgesarzélqstrﬁitu?g)g &Zd;omaslléﬁ)s[?négn]éti-cl:—hrforzaesnt op-
magnetic _moment of the muon and a precisely analt_)gougrator above provided,=a, . In particular both operators
plass of d'agrams th{?‘t contribute to the Iept_on flavor V'Olat'involve a net chirality flip between the ingoing and outgoing
ing processes, including—ey andr— uy. Thls;r:gables US " |eptons. This suggests that the different sets of graphs con-
tozplac?e bounds on the flavor violating soft masses, and i ting to the two processes will have almost identical
m?,, in the MSSM. In particular we findn?,,/m?<2  stryctures.
X104 and mzmlmzslx 1071, wherem? is the mass of The complete expressions for the supersymmetric contri-
the heaviest supersymmetric particle in any loop that contribbutions to the muon anomalous magnetic moment have ap-
utes at this level to the anomalous magnetic moment of thpeared in Refs[4,5,9. In general, the muong(—2) arises
muon. We do not assume any relation between the gauginivom chargino-sneutrino and neutralino-smuon graphs, with
soft massedM,, M,, and theu term in the superpotential, contributions differing due to the gaugino in the loop, the
nor any relation among the slepton masses. The bounds veermion in the loop, and the location of the chirality f&p
In Figs. 1-6 we show the supersymmetric diagrams that give
rise to muon ¢—2). In order to obtain the corresponding
*Email address: zchacko@phys.washington.edu u— ey graph for each of these diagrams we simply insert a
TEmail address: kribs@pheno.physics.wisc.edu flavor violating soft massr;neﬂ2 along the slepton lin¢other
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FIG. 1. Chargino-sneutrino contributionsapthat give rise to a oo . N e P
muon (@—2) and u—evy in the interaction eigenstate basis. The i 3
photon(not shown is emitted from the chargino. The chirality flip M
is shown by thex on the fermion line, while the the lepton flavor %™ # A T ™ R A A
violating mass insertion is shown by tlee. H Py
discussions of lepton flavor violation can be found in, e.g., of-®: e ;EXM% b ol pm P2 er
Refs.[10—12). The resulting graph then gives an amplitude £oe e #BLoer e
for u—ey that is related in a straightforward way to the i e B Y sn
original amplitude for the muong(-2) and also to the mass . m po Al um m o
insertion meﬂz. We can then use the upper limit on the * Yoo o . Vo & 9
branching ratio for the process—evy in the literature to B i B . JHi
obtain a bound on the flavor violating soft manéu. This o %ZXM%XD o
bound will of course be crucially dependent on the super-* " 7 & T, Ty, M Ge TS Ty
symmetric amplitude for the muorg ¢ 2), which is an ex- " o o
perimental input. m
Naively one might think that these flavor violating dia- af®: #= R oo afR: pn v, 8 e e

grams may be heavily suppressed compared to ghe2()
diagrams by a ratio of the electron mass to the muon mass or FIG. 3. Neutralino-slepton contributions & that give rise to a
more since eachg(—2) graph depends explicitly on the muon @—2) andu—ey in the interaction eigenstate basis. The
(muon flavor through one or more powers of the fermion photon(not shown is emitted from the slepton. The chirality flip is
mass(or the fermion Yukawa coupling resulting in a very  shown by ax on the fermion line and the slepton flavor violating
weak bound. However, the detailed analysis we perform irmass insertion is shown by@.
subsequent sections reveals that thisdsthe case. We show
that the supersymmetric contribution tg+2) is dominated severe[12] in models that communicate supersymmetry
by graphs whose flavor violating analogues have no suppregreaking from a hidden sector through gravitational interac-
sion factors, resulting in a very stringent bound. tions[13]. In this framework the effective size of soft SUSY
Once constraints are established on the flavor violatingreaking is given by Planck suppressed operators such as
mass mixing, they can be immediately applied to supersym-

metry breaking models. Generally the constraints are most sfs
f d*o—LL, (1.3
X . M
w Pl
aeD: g m pR o pr - er whereSandS' are hidden sector fields, whilg and L; are

MSSM chiral multiplets of generationand . The Planck
. i suppressed operators need not respect global flavor symme-

m tries, and sa andj can be different. When the hidden sector
. - - 2
PV S in oD p P e fields acquire a SUSY breakirfgterm the soffmas$~ gen-
“ Y, 3, Y we Yo 5, 5 Y. erated is
W Hy W Hy |FS|2
- m - : (1.4
ay™H: 92___17,:__Yu Bbr o ainbr o 7 _77_u®17_e_yl»‘ er Pl

FIG. 2. Similar to Fig. 1, the chargino-sneutrino contributions tofor all entries of the mass matrix in flavor space. Instead,
a, that give rise to muond—2) and u—ey in the interaction current bounds on both quark and lepton flavor violating
eigenstate basis. processes require either that the mass matrix is nearly diag-
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FIG. 4. Similar to Fig. 3, the neutralino-slepton contributions to B s Ha B sedlla
a, with a left-right slepton mass insertion that gives rise to the sy m o m
H H : ; H a,; " ———2- - -~ - - br apt ML - -- €r
muon @—2) and u—ey in the interaction eigenstate basis are “ 91 g Ya Hey 9 G e Ye

shown. The slepton left-right mass insertion is shown 1#.a
FIG. 5. Neutralino-slepton contributions &p that give rise to a

s i . .. muon (@—2) andu—ey in the interaction eigenstate basis. The
onal, or that it is "aligned” to the Yukawa couplings. This is chirality flip is shown by anx on the fermion line and the slepton

the supersymmgtric flavor problem. . flavor violating mass insertion is shown byga
One solution is to push at least the first and second gen-

eration scalar masses to be very heéwyler tens of TeV or 5
greatey [14], but this is inconsistent with generating a large e,MLﬂ
supersymmetric contribution ofg(-2). Other methods of M2
generating nearly flavor blind masses involve the gauge and

gaugino fields in some nontrivial way. Gauge mediafibs] L ANa2\1/3 .

postulates that the dominant SUSY breaking is communiyvhere'vI = (L""Mp)""is the effective Planck scale of the

. . . theory. Constraining the size of flavor violation therefore re-
cated to the MSSM through gauge interactions with heaV%trictrsy the size of t%]e extra dimensidn requiring it to be

o X e u|90ughly an order of magnitudéarger than the effective
Anomaly mediatior{16] and gaugino mediatiofl7] postu- Planck length. Conversely, observing flavor violation in this

late physically separating the hidden sector and the MSSM,mework would allow an estimate of the size of the extra
across a small extra dimension. Soft masses are generated {§fension.

MSSM fields through either tree-level interactiofgmugino Why is leptonflavor violation important? The large body
mediation or at higher orders via the trace anomaly of evidence for neutrino oscillations shows that the lepton
(anomaly mediation In either case, the result is a nearly humber cannot be an exact symmetry of nature, and hence
flavor blind soft mass spectrum. there is flavor physics that is outside the Cabibbo-
Why then is SUSY breaking induced flavor violation im- Kobayashi-Maskaw#CKM) matrix. Probing the sensitivity
portant? We view this as a means to test these mechanism$ the supersymmetry breaking sector to this flavor physics
by accessing the flavor-nondiagonal structure. For instancenay provide insight into the scale and the nature of the new
gravity mediation does contribute at a suppressed level to thigavor structure. It would be interesting to see how con-
soft SUSY breaking masses in gauge mediation, and so costraints on the SUSY induced lepton flavor violation relate to
straints on the size of flavor violating soft masses can béhe lepton violation through neutrino massesy., sed18]).
translated into upper bounds on the scale of supersymmetiy/e leave this for further study.
breaking. Also, in both anomaly mediation and gaugino me- This paper is organized as follows. In Sec. Il we discuss
diation there are exponentially suppressed flavor violatinghe chargino-sneutrino contributions tg-2), and in Sec.
contributions resulting from the small wave-function overlapll A we calculate the chargino-sneutrino contribution to the
on the visible brane of SUSY breaking fields localized on theepton flavor violating procesga—ey. We then use the cur-
hidden brane. The size of this suppressed contribution is rent experimental bounds on the branching ratio ipio

1.5
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Note that we have absorbed the electrowBaierms into
our definition ofm? for any 1=7,,7, €. Following the

{}w(
5
[ ]

W
%}

(m~L). (m—L—p). . . . . ..
o 9 7y e " usual procedure we diagonalize this matrix, defining the
i 7o mass eigenstates, , as
o e Ha ot m o v cos#;, sing;\[ v
Yo fip ju Yo Yijin fin & Ye 1 _( v V) e (2 3)
W’D B WO B V2 —SIin 6; COS&; V,M
ale~: py, m PR afpt % €r ~ . . . L~
9 i jin 9 9y, jin €% ordered such that, is the sneutrino that is majority, (and
a9/B ay/B v, is majority v,,). The sneutrino mass mixing angle is given
£y L >
-0 p --®-- bR alD: p @ -3- e
au ‘ Yo bp 9 G ‘ Yajig fip 6,9 " )
2m
HY/B HY B . 12
4 { sin 26;= - - . (2.9
2 2
. - . s f X \/(m —nm: )“+4mji,
ali™h: pr v, #L.#R o bR eGP pr Yﬂﬂ:yﬂ@qg 53 vy Ve

W ey The interactions of the sneutrino mass eigenstates with

=D, s - o charginos can be obtained by inserting the mass eigenstates
o fin fip %2 e Yujin fur &% into the interaction Lagrangigri9]
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FIG. 6. Similar to Fig. 5, the neutralino-slepton contributions to

a, with a left-right slepton mass insertion that give rise to a muon ,— 2 [e( gPRrVii+ P Y, Ukz)Xk( v, COSH;— ,,2 sings)
(g—2) and u—evy in the interaction eigenstate basis are shown.

The slepton left-right mass insertion is shown b@a _ — -
+u(—=gPrViq+PLY UR) xk(vy sin;+ v, cosé;) ]
—evy to establish a bound on the sneutrifieft-left) e« +H.c. (2.5
flavor mixing mass. In Sec. Ill we carry out the same analy-

sis for the neutralino-slepton contributions, and obtain simi-,
lar bounds on the left-left and right-right slepton flavor mix-
ing masses betweea~ u. In Sec. IV we calculate the
bounds on the flavor violating process- uy. We find sig-
nificantly weaker constraints on thg«< 7 flavor mixing
mass as compared with thee— u flavor mixing mass. Fi-
nally, in Sec. V we present our conclusions.

We now calculate the chargino-sneutrino contributiondo (
—2) in terms of the mass eigenstates. There are three distinct
contributions that can be identified by the gaugino running in
the loop and the location of the chirality fliga) pure gauge,

(b) pure Higgsino, andc) mixed, as shown in Figs. 1 and'2.
The total chargino-sneutrino contribution is simply

a,—a®+a®+a® 2.6
II. CHARGINO-SNEUTRINO CONTRIBUTIONS

We begin by calculating the contributions to flavor viola- Where the individual diagrams give
tion resulting from sneutrino mixing. These are the analog
processes to the sneutrino contributions tp—@). It is 1672

m
rather instructive to do this case analytically in detail, and so m aﬁf‘)= 12;:% g§|Vk1|2[sin20;xk1Ff(xkl)
we restrict to considering,— v mixing only. K’ Xk
mall flavor violati 2m<rrr~i
Suppose a small flavo oatr’@nass el S 1020, F S (X0)] 2.7
added to the MSSM,
1672 m
9~y 2~y ~ (by__ TR\ 2r i c
EZ”*,,EV: Vet m;#VZVM-I- mfzv;‘ v,+Hc., (2.7 m, a, 1. Y,L|Uk2| [Sin 6%, F T (X1)
Xic
C
giving a simple 2 2 mass matrix for the sneutrinos: +coS #rXioF 1 (Xka) ] (2.8
m2 2
2 Ve M1 These diagrams are in the interaction basis and are therefore
MZ_ m?2 mg : (2.2 schematic. However, this is merely for purposes of clarity and does
12 Y not affect our conclusions.
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1672 a9 g,uM
() — _ 1 2Vl
a,’= Y, ,RdVU —_— . .
m, 2 3m;(kigz u REViqUio] agj) Y,m M, (2.12
X[SIP @ FS (Xeq) This ratio is much greater than one even fa/M,
c =(m,/My)*~10°. Diagram(c) therefore dominates in the
+C08 0;X10F 5 (Xi2) ], (2.9 |ight Higgsino case.

Hence, the overwhelmingly dominant chargino-sneutrino

_ ~ contribution to g—2) arises from diagramga) and (c).
where the sum ovek=1,2 for the two charginos is implic- Hereafter, we ignore diagraii).

itly understood. Her& ,, is the muon Yukawa coupling; is

. _ 2,2

the SU(2) coupling, Xy = mXE/m;lz' andU;; ,V;; are the Flavor violating chargino-sneutrino graphs

chargino mixing matrices in thé*,H*) basis. In the Ap- The chargino-sneutrino contribution to lepton flavor vio-
pendix we provide the one-loop kinematical functidhns), lation is related to the muong(-2) graph by a simple re-

which are defined identically to Reff9]. In the limit of no  placement of the outgoing muon with an electron. The (
flavor violation,m2,— 0, this result agrees with previous cal- —2) graphs can be written in pairs, with the same particles

culations[5,9]. in the loop but the ingoing and outgoing muons having dif-
Given that the size of the flavor mixing mass is small,ferent chiralities. These graphs have the same amplitude if
m§2<m§ m% , there are two limiting casesn?,<|m? there are no phases. Fpr—ey, however, there are two
e

2 5 2 2 i N distinct sets of diagrams for the left-handed and right-handed
—m; |, and m12>|”*yu_ m; |- In the first case, the mixing  incoming muons, leading to distinct contributions to the am-
angle 6;<1, so that co#;=1 while sing;<1. The mass plitude fora, anda,. We find that the contribution te, is
eigenstates are therefore nearly identical to the interactiosuppressed by at least one additional power of the electron
eigenstatestz:T;# and 7;=7,, so that Egs.(2.7—-(2.99  mass or electron Yukawa coupling, and so can be neglected.
trivially reduces to the interaction eigenstate result. In thelhe contribution toa, can be split into the same three con-
second case, the mixing angle is maxindak= /4, so both  tributions as we did above fog(-2). We obtain

sheutrinos contribute about equally but are suppressed by a

2
factor of sirf#;=cog#;=1/2. The sum of course gives nearly 16m a® — My 92|Viu|? sin 26
the same result as obtained without flavor mixing. Thus, our m, KV o, A K v
formalism gives the expected result that small flavor mixing i
in the sneutrino masses does not affect the predictiorgof ( XX F (%) = XoF S(xi2) ] (2.13

—2) in supersymmetry. We can express this result as

1672 b) m, v Y|U |2 in 20~
ayn,= sin 26,
SN @5 X1 F £ oA Xk1) + COF O3 X4aF § o Xie2) =X o F T o Xk 1) m, K& 24m~)2—(¢ piee
(2.10 “
X[XaF§ () ~XeF f(xi2)]  (2.14
wherexkyuzmi:/m% : 1672 ©
k M c) — _ H
What is the relative size of each of these diagrams? Here m, ¥ 3. 92, R ViaUiesin 26,
the advantage of working in the interaction eigenstate basis Xk
is apparent. In the limiM <, the gaugino diagram domi- X[ Xt F S (Xi1) = XioF S(Xe) . (2.15)

nates, and the others can be ignored. When- «, there is

large gaugino-Higgsino mixind/\|~|U.|, and so the rela-  Following the arguments we made fag€ 2), it is an excel-

tive size of the diagrams is governed by the couplings  |ent approximation to neglect diagrafb). The relationship
between the amplitudes fog2) andu— ey can be seen
by writing the ratio of diagramsfor fixed k, not summed

gzm Y m Ve'j!
il = | = ;: Sgum e _
wlty= 2= aﬂ;yzlsin 26;] X1 F € (Xi1) — XioF € (Xi2) | (2.16
a2 Xpe 1P S (X )

In this case clearly diagraifb) is highly suppressed relative

to diagram(a) or (c). The relative competition between dia- HereF,(x)=F$(x) for (i)=(a) andF(x)=FS(x) for (i)
gram (a) and (c) depends on tgh and the mass of the =(c). Notice that the couplings and chargino mixing angle
chargino. Finally, the limitu<M, is slightly subtle. Fortu- drops out. The expression can be evalugedctly in the
nately it is straightforward to show that in this limit 2X2 mixing case. However, before doing this we first obtain
[ViqUo| = V2My/M,, and so the ratio a qualitative understanding of this ratio of amplitudes.
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From the expression above it is clear that unless

X FE(x
“T("l) —1<1 (2.17
XiaF ™ (Xk2)
the ratio of amplitudes
a %2
T = 5sin26; P (2.18
al) 2 max{m:; ,m: ]
w e

Now the approximatior{2.17) that leads to the equation
above clearly breaks down in the limif;— X,,. A careful
examination of the structure of the functiof§(x) also
shows that Eq(2.17) is not satisfied when botk,>1 and
X=>1 even ifx,, andx,, are very different in magnitude.
Since the functiondgC(x) are monotonic apart from these
regions the equatiof2.17) is satisfied. We therefore examine
these two limits in further detail.

We first consider the case of>1, X»>1. Then by
studying the asymptotic behavior B(x) it follows that

= . 2.1
a(') mgi ( 9)
M Xy

0] 2
a m

REY - 12 (2.20
al) ma>{rrr2 me ,me ]

13 v, ', Xi

We now considerx,;— Xy,. For simplicity we examine
_— 2 2 2 2

the limits [m> —m® |>m3, and |m*> —m |<m?, sepa-
vy Ve vy Ve

2 2
rately. For|m® —m: |>m3, we have
vy Ve

2mi,
sin 26';z| > _mgl (2.21)
and
c c me —me
X F ™ (Xk1) = Xi2F = (Xi2) v, Ve
c = 5 y o X=1,
Xk,MF (Xk,p,) m;,ﬂ
(2.22
c c me —m?
X1 F 7 (Xg) = XioF = (Xk2) v, e
C = 2 s Xk>1,
Xk,,u.F (Xk,,u,) m;(l:_'
(2.23

PHYSICAL REVIEW D 64 075015

c c 2
X F ™ (Xk1) = XioF " (X)) - M,

=7 Xe=1, (2.249
Xk”ch(Xk,,u) m;u

Xkt F € (Xt) = XiaF S(Xy2) M3

kiF = ( kl)C kP~ ( k2)_ 212, x>>1. (2.29
Xk’#F (Xk,u) Xkr

Hence once again we find E.20 holds. It is not dif-
ficult to verify that this remains true in the intermediate re-

gion |m§ —m% |~m?2,. From this simple analysis we there-
y22 e

fore conclude that the amplitudes far—ey and (@—2) are

simply related by

m
ney 12

) > (2.26
a may m- ,m- ,m-- |

lad Yy Ve

It is not difficult to understand the origin of this result. Given
the correspondence between diagrams then elementary di-
mensional considerations indicate that the ratio of the two
amplitudes is approximately given Ioy2,/M? whereM? is a
heavy scale. The most conservative assumption ishiais

the heaviest scale in the problem, the mass of the heaviest
particle, which immediately yields E@2.20.

We now perform a more careful analysis of the problem.
The simplest piece of Eq2.16) to evaluate is the denomi-
nator. Since we are assuming no relations among the soft
supersymmetry breaking masses, let us consider the three
possible limits:(1) x ,>1, (2) X ,~1, and(3) xy ,<1,
corresponding to the chargino mass being much greater than,
roughly equal to, or much smaller than the muon sneutrino
mass, respectively. The limits of the one-loop functions are
given in the Appendix, and so we simply state the result
here:

up to numerical factors of order one. Combining these equa-

tions we find Eq.(2.20 is in fact reproduced even in this
limit. Now consider the case;— Xy, With |m§ —mgy|
" e

<mZ,. Then sin ;=1 while

2
c -
rrr_zixk'“l:l(xk'“)_mgi for x ,>1 (2.2
2
=— for x,~1 (2.29
m;
"
4
=— for x,<1, (2.29
m;
M
which can be written very roughly as
XSk (2.30
——X X p) ™~ 55— .
m%t kop? 13Tk ma>{m;2-(:,m;2}]
k w

Xk
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TABLE I. The ratio of the amplitude .fotuﬁey over (9—2) We take the low value od,,., because we are interested in a
for diagrams(a) and(c), for a given charginoK fixed). bound. The width foru—ey is easily obtained from the
magnetic moment operator E({..2):

Case al®) jal® ald /a
2
2

Xi 1, Xk 2> 1 2m12/m;(kr mlem;(ki I(u—ey)= 64 (la|?+]a]?). (2.33
Xk 1, Xk 2<1 m2,/me mé,/mé

;e ;9 and as we discussed above, we may ignoreaiheontribu-
Xk 1<1<Xy mizlm;e m,/n; tion since it is further suppressed by the electron mass. The

branching ratio BR) is then

X o< 1<%, 1 mé,/mé. Im2/(ménné /) g ratiaBR)

Xk Xi¢ Vo X -

~ ~ 2 2 1 2
X1~ Xk 2~ 1 §m§zmbe Zmiz’“ﬁe BR(u—ey)= la,|? (2.34
4 ! '
Xk,l~1! Xk,2>1 %mizlm%e %m§2/rn%e F' %%
X1~ 1, X p<1 %miz/mi: %mle(miim mi /mii) which we can write as
k M k

X2~ 1, X 1> 1 mizlmjz(i %mizlmir a, 2 )

) - BR(u—ey)=2.0x10"* ————| &5,. (2.39
X2~ 1, X 1<1 m2,/me mZ,/me 4.3x10

The current experimental bound is BRGey)<1.2
for anyx, dropping overall factors of 2. The same expressionx 10~ ! [20], which we can use to place a bound on the
can be found for the other one-loop functions with oneflavor mixing (massj:
exceptior? i
The numerator of Eq(2.16 can also be evaluated for 4 BR(u—evy) 4.3x10°°
analogous limits. Since both sneutrino masses are in the ex- 61,<2.4x10 12%10 1 a :
pression there are nine distinct cases depending on the rela- ' a (2.36
tive hierarchy ofm;l, . andrrg(kr. The ratio can be evalu- ’

ated straightforwardly in all of these cases. We present thé&his bound is as accurate a4, is known, i.e., to within
results in Table I. For those cases with~1 we have freely ~about a factor of 2.
interchangedn;i with e
The most important result is that eadn 2) diagram has lll. NEUTRALINO-SLEPTON CONTRIBUTIONS
a u— ey counterpart that is proportional to

The second class of diagrams that contribute to mupn (
—2) and lepton flavor violation are ones with neutralinos

P My (2.31) and charged sleptons in the loop. We again restrict ourselves
12 ma>{mgi m% rré ] ' to u—e flavor transitions only, taking up other possibilities
X e Tu in Sec. IV. There are several important differences with the

chargmo -sneutrino contributions: there are four neutralinos
for any choice of soft breaking parameters. Right away we~

see that if a nonzero supersymmetric contribution to thé3 we, Hd' andH8 mstegd of two,~there is a pair of charged
muon (@—2) comes from mainly one diagrarwith one  sleptons for each flavoe g and u| g; left-right slepton
chargino in the loop then there is a prediction for the size of MiXing in addition to flavor mixing; flavor mixing can be
the lepton flavor violating procegs— ey that only depends between left-left, right-right, a combination of both, and left-
on the size of the flavor mixing (magsjivided by the larger to-right or right-to-left.

of the chargino mass and the electron sneutrino Mase Unlike the chargino-sneutrino class of diagrams, there
prediction is may be an unsuppressed contribution to eitheor a, . We

show the complete set of diagrams in Figs. 3—6. There is a
1 nearly one-to-one correspondence between the contribution
a, 4 a,01~=a, . (2.32  to a, through left-left flavor mixing, and that faa, through
right-right flavor mixing(or vice versa The exception is the
diagrams with a Wino which couples only to left-handed

fields.
“The exception is the smat limit of xF5(x), which behaves as As in the chargino-sneutrino case, roughly half of the dia-
—xlInx. grams are proportional to the electron mass or electron

3In two of 18 cases in Table | there is an additional logarithmic Yukawa coupling. Those diagrams that have an exact analog
suppression of 1/|m+/m We have conservatively accounted for which simply replaces the electron mass with the muon mass
this by including the 'smuon mass in the denominator of @D, can be safely neglected. This includes Fig&-B), 5(e-L),
but one should remember that in the other 16 cases the smuon ma&g-L), 3(-R), 5(i-L), 3(k-R), 5(k-L), 3(p-R), 5(p-L), and
cancels out of the ratio. 5(r-L).
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Neutralino-slepton contributions include a new set of dia-|
grams resulting from left-right mixing between the sleptons.

We have shown this set of diagrams separately in Figs. 4 and proportional

6. Each muond—2) diagram for a given muon chirality has
two u— ey contributions that result from the two possible
orderings of the left-to-right transition and the flavor transi-
tion. One of these orderings involves muon left-right mixing
whereas the other involves electron left-right mixit@nly
the muon left-right mixing is shown in Figs. 4 and @rdi-
narily the flavor-diagonal slepton mass matrix is written as

2
my
L

my(Aj— utanpg)

(A~ w tang)

2
my
R

2

M? 3.0

As long as the different flavoA terms are not as hierarchi-
cally different as the lepton masses, the diagrams with sele
tron left-right mixing can be neglected. Even though we will

assume this, in what follows it is clear that weakening this

restriction will not affect the bound.
The final class of diagrams to be considered are thos
with only a Higgsino in the loop. Ind—2), it is straightfor-
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lightest neutralino goes a$;,=sin ,Mz/M; (and theW-ino
content goes ahl;,=cosé,M,/M,). The Higgsino diagram
to m,Y2|N;g? whereas the mixed
Higgsino-B-ino  contribution is  proportional  to
m;(gleﬂNllNB. So long as siﬁNMz/MlzmMYM/(ngggl),

the smallB-ino content of the lightest neutralino dominates
the amplitude. This is precisely analogous to neglecting the
Higgsino diagram in favor of the mixed Higgsind~ino
diagram for the chargino-sneutrino contribution.

The Higgsino diagrams with left-right mixing, Figs.
4(n-R) and Gn-L), are somewhat more subtle in the limit
~<M1,M,. In these two diagrams, the chirality flip is on
the internal line, with ta enhanced left-right mixing on the
slepton line. However, these graphs can be neglected relative
to 4m-R) and 8m-L) so long as the ratio of thB-ino mass

% the Higgsino mass is less than aboglil(YM)z. Therefore

neglecting this diagram relative to the others is consistent in
all but highly fine-tuned regions of parameter space.
Interestingly, the remaining contributionsap anda, de-

e X : "
end exclusively on the left-left flavor changing transition

p

LL2 - - - .
ward to show that there are always larger contributions fron{"@SS iz’ and the right-right flavor changing transition
either mixed gaugino—Higgsino diagrams or from pureMassmg,”. Hence, there is essentially no interference be-

gaugino diagrams. We may safely neglect the diagram
shown in Figs. 8h-R) and %h-L) in favor of Jj-L) and
5(j-R), respectively. This is because tBeno content of the

2

Mg, Me(Ae— p tans)
2
9 Me(Ae— p tan) Mg,
ME= _
m212LL
2RR
m~12

gveen the amplitudes involving a left-left flavor changing
transition with the right-right flavor changing transition.
In general, the charged slepton mass matrix takes the form

el

i
_, (32
M m,(A,—utanp)

2

m,(A,—untanpg) M,

This 4X 4 matrix must be diagonalized to carry out an exactlt is important to note that the elements of these matrices are
calculation. We wish to exploit the ease of computing in thenot exactly those of the original mass matrix we started with;
2X2 case. We can achieve this by first diagonalizing the’.e.,meL is now not the mass of the left-handed slepton in the
upper left and bottom right (22) blocks of this matrix  griginal mass matrix but the mass of the eigenstate which is
individually. As long as we are working in the one flavor “mostly” the original left-handed slepton. Similarlynts
violating insertion Iimit then 'ghis problem reduces tp that of hare is simply the mass in the corresponding position of the
several (2¢2) matrices which can be handled indepen-p,sq matrix after the (22) blocks have been diagonalized.
dently. o The resulting matrices can be easily diagonalized just like
So, we decompose the matrix intd the chargino-sneutrino case, resulting in the “mass eigenval-
ues” mp, MR, and mixing angledi., 6ir.

m2  mti2 m2  mRR Using our treatment for left-right mixing, we can now
2 e 12 2 eRr 12 . . . . :
=l 5 | = s 5 |- write the contribution to theg—2) amplitude for those dia-
Eoimpt o My ROoAlmp™ My, grams with unsuppressed— ey analogues,
(3.3
16m° 4 g m, , . N
4Other possible decompositions exist, but this one suffices for the m, a, =7 24m3091|Nk1| Xi,LF1 (X L) (3.9
purpose of establishing a bound. Xk
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16m° o
m_ﬂa" 2_2m092|Nk2| X L FY (X ) (3.5
1672 (a-R)
m, a, '=-— 1m09192 Re Nyt N Txi L F1 (X, )
(3.6
o .Y, RNty Fxc)
a = X X
m, on 3\/§m}891 “ k1NK3 Xk, LF2 (Xk L
(3.7
L6r* (I=R) ! Y, RE NN X FY (X )
—a o= X X
m, o 3\/§m';(ggz w k2N ka1 Xk, L2 (X L
(3.9
16m? (A,—ptanp)
ar U= ”3m~ —— 0 Re NigNja X L
Iz Xk
XF (%) (3.9
1672 , . m,(A,—utanp)
m—aﬁf’ R=—t 3:13 o 192 RE Nig N Xy L
s MR Xk
XFY (%) (3.10
16172 LR V2mZ(A,— ptanpg)
m, “ 3m? m? thw
s MR XE
X R NNk 1xi L F Y (X 1) (3.11)
2 2 _
167 a(r*R)z_‘/Em A2 ;;tan/a)ng
m, 3m:= m%, a
MR Xg
X Re NNk 1xi L F Y (X 1) (3.12
and
1672
all-b= (3.13
m# 30
1672 \/E
m ——all Y= —01Y, R NN 1Yk rFS (Vi R)
13 kaJ
(3.19
162 LD \/—mM(AM ,utan,B)gz
mM A 3m~ e
X RE Nt Nict ]y rF 5 (Vi R) (3.19
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1672 (0 b \me(AM ptanpg)

192
m,u 3m~ XE
X Re NitNio 1Yk rF 5 (Vi r) (3.16
1672 |, 2\2m2(A,— ptanp)
a&q D= 2 2 01Y,
m 2
m 3m/-‘|_m;g
X RE NNi5 1Yk rF Y (Vr), (3.17

where the sum ovek=1,2,3,4 for the four neutralinos is
|mpI|C|tIy understood. Heregy, is the U(1), coupling, X |

—m~o/m » YKRS m~o/m2 andN;; is the neutralino mix-

ing matrlx in the B,WO,Hg, % basis. The one-loop kine-
matical functiond=(x) are defined identically to Reff9] and
are given in the Appendix.

The contribution tou—ey can be obtained from the
above amplitudes by replacing

N 1. N N
X, LFi (Xk,L)—>§5m 207 [ X 1 Fi (X 1) — X 2F 7 (X 2) ]
(3.18

N 1. N N
Yi,rFi (Yk,R)—>§5|n 201R[YiaFi (Yied) = Yi2Fi (Yi2)1s

(3.19
andyy j1,2= rrro/m~R . This is
g

completely analogous to the chargmo sneutrmo result. In
fact, the ratio of any pair of diagrams for a given neutralino
(fixed k) is the same

where Xy 1,2= m~o/m~L

al® 1 Xi 1F N (X 1) — X oF (X
’::;/—zsin 2(9|'L k, 1" ( k,1 - k2" i ( k,2) (320)
a, X, LFi (X, L)
aldy 1 VPl (Vi) ~ YiaF (Vi)
0 Esm 207r N
a, YirFi (Yir)
(3.21)

for any of the amplitudes given in Eq$3.4—(3.17) with
appropriate.

Following the same arguments used the chargino-
sneutrino case, we obtain

(R) LL2

afue'y m12 — 6LL (3 22
a® mafm: m .mi] '
14 w e XE

(L) RR2

a/"‘e’y m12 — 5RR (3 23
a  mafm? mé mé] '
12 MR OeR’ )(E

Just as in the chargino-sneutrino case, the ratio can be calcu-
lated exactly in various limits shown in Table II. The results
in the table closely match the expectation above. From this,
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TABLE Il. The ratio of the amplitude fox— ey over (@—2)
for a given neutralindfixed k) for two classes of diagrams. Set 1:
Fig. 3d-R),(f-R),(g-R) and Fig. 49-R),(r-R). Set 2: Fig. §-
R),(I-R) and 4m-R),(0-R). The same results hold for<y,
mZ > Mée, andmis?—mit2, where Set 1 is just Fig.(8-L), Fig.
6(g-L) and Set 2 includes Fig.(BL), Fig. 6m-L) and(o-L).

Case a,e,la, (setd ae,la, (set2
X1, Xk 2> 1 - %mizlmig —3m2,/m%,
Xk1:Xk 2<1 m2,/m?, m2,/m?,
X1 <1<z mE/me, mi/m.
X2 <1<X 1 2m§2/m§<k) mlemfg
X1~ X2~ 1 %mfzfmﬁL %miz/m‘i
Xk~ 1, Xe2>1 %mlema Zm? mgL
X~ 1 X<l imi mﬁg 3miJ m,g(g
Xk2~1, X 1>1 Smizlmig mezlmig
X2~ 1, X 1<1 m2,/ mgL mé,/ mgL

we can predict the size of the amplitude for- ey assuming
that the muon@—2) is dominated by one diagrafwith one
neutraling. Either

1
r LL
a,.,= 5a,01,

ney= 3% (3.29
or
| 1 RR
A6y = §aﬂ512 . (3.2

Following the same analysis in the chargino-sneutrino
sector, we can use the current experimental bound on t

branching ratio foru— ey to obtain a bound on the flavor
mixing (mass¥:

855<1.8x10°4

BR(M—>67)) vz

4.3% 10—9>
1.2x10° 1

a,

(3.2

or

SiR<1.8x10*

BR(;Hew) 12

4.3% 109)
1.2x10 11 '

a,

(3.27

Combining the chargino-sneutrino

results with the

PHYSICAL REVIEW D 64 075015

spin-1/2 Goldstino component that is derivatively coupled to
the MSSM suppressed byF,/whereF is the SUSY break-

ing scale. This contribution is tiny in all but very low scale
supersymmetry breaking models. However, even if these dia-
grams were to dominate the contribution t9—<(2), it is
straightforward to show that there are analogous unsup-
pressed amplitudes fqi— ey with a gravitino exchanged,
and so our bounds on flavor violation are unaffected.

IV. OTHER LEPTON FLAVOR VIOLATING DECAYS

We now consider constraints on the flavor violating tran-
sition 7— wy. Once again we can establish a correspondence
between the various diagrams. Diagrams that have a chirality
flip on the external line or have a tau Yukawa vertex have
anm,/m, amplitude enhancement which is not there in the
u—ey decay. The §—2) graphs can be written in pairs,
with the same patrticles in the loop but the in-going and out-
going muons having different chiralities. At least one of the
graphs in each pair is always enhanced with the exception of
[a,™ P and a,™ Y], [a,°® and a,°Y]. These
graphs are not enhanced unless we assume that @ithisr
generation independent p&| is much smaller thafutang|,
and hence the off diagonal elements in the slepton mass ma-
trix are proportional to the Yukawa couplings. From now on
we will assume that this is the case and proceed. We write
the relevant part of the interaction Lagrangian as

ie —
5—Uu,(p2)o*"q,(aP +a,Pr)u (p)A,+H.c.

M= 2m
(4.1

"

In analogy with theu— ey the smallest value of, or a,
corresponding to this process is approximately given by

1 m My’ 4.7
a—ZaMm#W. ( . )
h'Fhe width is given by
3.2
r =— a|?+]a,]?). 4.3
(=) 647Tm2(| 2+ 1al?) 4.3

0

Using the experimental bound on the branching ratio
BR(7— uy)<1.1x10"° [22] and from the the lifetime of
the 7 (2.9x10 % s) we obtain

m2
—<1.4x10°%, (4.9
m

V. CONCLUSIONS

neutralino-slepton results, we obtain essentially the same re- We have found a precise correspondence between the su-
sult given above. Notice that, without making assumptiongpersymmetric diagrams that contribute to the muon anoma-
about the soft mass hierarchy, the best we can do is to pladeus magnetic moment and those that contribute to the flavor
a bound onst5 or 5%, but not both simultaneously. violating processeg.—ey and 7— uy. Using current ex-
Finally, we note that there are additional diagrams with gperimental limits on the branching ratios of these decay
gravitino exchanged in the loofsee, e.g., Refl21]). The  modes, combined with the assumption of a supersymmetric
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contribution to the muon anomalous magnetic moment, we
have found strong bounds on the size of the u lepton

flavor violating soft mass, essentially independent of as-
sumptions other supersymmetric parameters. Assuming the

N
2

current deviation measured at BNL is from supersymmetry,There are three interesting regions of these functions: small

F2(x)

PHYSICAL REVIEW D64 075015

[1—x?+2xInX].

= o (A4)

and using the current experimental limits on radiative lepX, X~1, and largex. In the smallx limit, XxF(x) can be

tonic branching ratios, we findnﬁM/mZSZX 10* and
miﬁlmzslxlofl, wherem? is the mass of the heaviest
particle in any loop that contributes at this level to the
anomalous magnetic moment of the muon. Improvement in
the experimental measurement gf<2) can be easily incor-
porated into our results since our bound is inversely propor-
tional to the central value discrepancy between the standard
model and experiment.

The absence of lepton flavor violation places a significant
constraint on the non-flavor-blind mediation of supersymme-
try breaking that often occurs at a suppressed level in many
models. Finding lepton flavor violation, however, could lead
to fascinating ways of accessing aspects of supersymmetry
breaking models that are not easily obtained through otheffor x~1,
means, such as estimating the size of the extra dimension in
anomaly mediation or gaugino mediation models.

Note addedAs this paper was being completed, another
paper recently appear¢@3] that also discussed the connec-
tion between lepton flavor violation and a muog—2),
with similar conclusions.
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APPENDIX: ONE-LOOP KINEMATICAL FUNCTIONS

AND THEIR LIMITS . .
Finally, in

The kinematical functiondg-(x) that arise in the muon
(g—2) and the lepton flavor violating procesdes:|;y are
given by[9]

c 2 2.3
Fr(x)= 1 )4[2+3x—6x +x°+6xInx] (Al)
Fc(x):—L[3—4x+x2+2lnx]
2 2(1-x)3

(A2)
F(x)= )4[1—6x+3x2+2x3—6lenx]

—X
(A3)

written as

XFS(X)=4x+22x%+ (A5)
c 9 15,
XxF3(x)=3xIn1/x— X" 5 X +eee
(AB)
XFY(x)=2x—4x%+: - (A7)
XFY(X)=3x+9x2+---. (A8)
xF(x) can be written as
C 2 . 2
xF7(x)=1+ g(x—l)—g(x—l) +e (A9)
FS00 =14 - (x— 1)~ o (x— 1)+
XF2(x) =1+ 7(x=1)=55(x=1)
(A10)
N 3 1 2
xF1(x)=1+ g(x—l)—g(x—l) +--- (Al11)
N 1 1 2
sz(x)=1+§(x—1)—§(x—l) +---. (Al2)

the largex limit, xF(x) can be written as
c 22
XFi(X)=2————+--- (A13)
X X2
FSo0=o— o 2y Al4
XF3(X)= 5= o = (A14)
N 22
XFi(X)=4+ —+—+--- (A15)
X x2
N 9 15
XF3(X)=3+ —+—+---. (Al6)
X XZ
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