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Effects of the neutrino B term on slepton mixing and electric dipole moments
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The supersymmetric standard model with right-handed neutrino supermultiplets generically contains a soft
supersymmetry breaking mass teréi:=B,M vgrr/2. We call this operator the “neutrinB term.” We show
that the neutrindB term can give the dominant effects from the neutrino sector to lepton-flavor-violating
processes and to lepton electric dipole moments.
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[. INTRODUCTION induce observable slepton-antislepton oscillation. In this pa-
per, we show that large values Bf, can also affect other
The minimal supersymmetric standard modkISSM), observables.

like the standard model itself, predicts a zero mass for neu- It is well known that nonzero flavor-number-violating
trinos, and this is not compatible with the recent neutrinoslepton mass terms in the soft Lagrangiemikfltﬂ, a
observations. One of the most promising methods to attribute: g8) can give rise to rare decays such as—ye), (=
a tiny but nonzero mass to neutrinos is the seesaw mechas ye), and (— yu). One way to avoid flavor changing
nism[1], which requires three extremely heavy right-handedheytral current effects is to choose the off-diagonal mass
neutrinos. In the MSSM with right-handed neutrino super-terms to be small. In fact, theories such as minimal super-
multiplets, the leptonic part of the superpotential is gravity (MSUGRA) suggest that at the grand unified theory
(GUT) scale the soft supersymmetry breaking terms are fla-
vor blind; that is, at the GUT scale

y y 1
W=Y] €, sHIIGLE+ Y] €, gHS vRil £ + >Mijvrive),

(1) - L‘soft: mg(EIaELa+T TR-QTRQ/—F;-TR-LY;RD{—’_ HIH1+ H;HZ)

whereL]-B is the supermultiplet corresponding to the doublet
(vj,lyj). Without loss of generality, we can rephase and
rotate the fields to make the matriceéf and M;; real and

1 o
+§m1,2(BTB+WaTWa)+(bH1H2+H.c.)

diagonal: Y| =diag(Ye,Y,,Y,) and M!=diagM,,M,, +ao(Y) €HST ELE + Y e sHSVRILE)

M3). In this basis,Y, can have off-diagonal and complex 1

elements. Soft supersymmetry breaking terms of the La- +| 5B,M; v+ H.c. (4)
grangian in the context of this model can include 2

coft_ ot =i |1 —— with universalm3, m,,, anda.
— L5 =(mg)j(vR) vkt | 5B,MTvgrpt He . (2) The off-diagonal elements of the neutrino Yukawa cou-
pling radiatively produce nonvanishing off-diagonal mass

terms for the left-handed slepton doublet:
2
_ 1)
2
nonzero neutrindd term can create neutrino mass through } ©
one-loop diagramg3]. The upper bound on the neutrino
mass can then be translated into a boundgn This effect was first noticed and studied [if] and then
worked out in a series of papes.g., se¢6]). However, the
B,<10°m,. 3 contribution tomf,ﬁ from the neutrind term was ignored. In
Sec. Il, we study this effect and show tha®Bif is large, its
If B, is large, some new effects are expected both in theontribution will dominate over the effects in E).
e"e” accelerator experimeni8] and in cosmology4]. In In the MSSM with flavor blind soft supersymmetry break-
particular, values oB, close to the saturating bourtd) can  ing terms, in addition to the phases in the Yukawa couplings,
there are two other independédi-violating phases, usually
chosen to be the phases of thg and u parameters. These
*Email address: yasaman@slac.stanford.edu phases can create electric dipole mome(EDMs) for

The second term in Eq2), the “neutrino B term,” is a
lepton-number-violating terrfi2] which can cause profound ket ok 5
effects including sneutrino-antisneutrino oscillati¢8,4]. 2 __z YY) 2[5
The parameteB, is allowed to be much larger than the M(1)ap™ 1672 Mo
electroweak scale because it is associated only with
which is an electroweak singlet. It has been shown that a
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charged leptons and for the neutrpfl. In the presence of
the neutrinoB term, there is one more phase that can also
give a contribution to the EDMs of charged leptons. In Sec.
lll, we show that, even if at the GUT scale #oterm is
present §,=0), through one-loop corrections, the neutrino
B term created\ terms for leptons at the electroweak scale.

~k

This effect could be the dominant term in lepton EDMs. VR
In Sec. IV, we explore the upper bounds on the imaginary (@)
and real parts oB, resulting from the upper bounds on the
branching ratios of the rare decgyBR(l ,—1,+ y)] and the
EDMs of the charged leptons. The main limitation will be the
uncertainty in the pattern of neutrino Yukawa couplings

FIG. 1. Diagrams contributing to slepton mass!é‘,%.represents

the auxiliary field associated with. TheA, vertices are marked
with black circles.

dk i [
Il. EFFECTS OF THE NEUTRINO B TERM —iM=2 iYKi(a YkP)* —
vy 2m)% k2 k?— M2
ON SLEPTON MIXING k (2m k
It has been shown that the off-diagonal slepton masses B M i M
~t o~ o —i SiMyi
(m2L! L z.a#pB) at the one-loop level can give rise to X k) —M2 K
lepton-number-violating rare decays such as<evy), (7

—uy), and (r—evy) [6,8]. In the mass insertion approxi- Ker, kB
mation, a simplified formula can be derivEd: % (47T)2a0Yv (Y,")*B,. (10
BR(, 1 3+ 7)~ | aﬁlztar?,B ©) Similarly, diagram(b) gives
F mgusv
_ ka KB\ *x p*
The upper bounds on the branching ratios of the rare decays M= 2 (477)2a°YV (Y,))"B, . (1)
[10] can be interpreted as bounds on the off-diagonal ele-
ments of| m§g|1 The mass correction is given by the sum of the two ampli-
tudes:
, 2X1073% mgysy |2,
Img,.| < Msysy: ka kB *
(e tang | 200 Ge YOH(Y P)* R agB? ]
Myap=—22 . (12
k (4)°?
) 0.7 [ msysy \* ,
M2l <Gang | 200 Gev Msusw @
which has to be added Im(l)aﬁ presented in Eq(5). For
and ReaoB} 1=10m3, m,),, exceedsmy,,;. Note that the
contribution we have found does not depend on the heavy
Msusy |2 right-handed masses at all. This can be traced back to the
— 220 | m2 form of the neutrinoB term assumed in Eq4). Had we
el < tan,B 200 Ge\) Msusy ® o

defined this term a®2vgvg, the result would have been

: 2\ %
The next generation of experimerftii] is expected to im- ProPortional to REag(B;)* 1/My.

prove Eq.(7) to Up to factors of loglgyur/M), Mfy),s and mé,; [see
Egs.(5), (12)] have the same flavor structure. The structure
6X10°°/ msysy |2 can be different only if the masses of the right-handed neu-

|m§M|< ( \) M2 sy trinos are hierarchicalNl;<M,<M3). Although the one-

tang 1200 Ge loop mass matrix presented in E§) is enhanced by a factor

) of 6 log(Agyt/M)~10, the neutrinoB term contributions

Im? <E msusv\) 2 © given in Eq.(12) dominate ifB,~10°m, as allowed by Eq.

! “tanB | 200 Ge susy: 3).

The dependence oﬁ(2 yap ON B, involves the combina-

The off-diagonal mass terms for left-handed sleptons retions = Y"“(YkB)* To derive concluswe bounds da,,
ceive a contribution from the neutrinB term through the first we have to find some lower bounds on Bgr<*(Y*P)*
two diagrams shown in Fig. 1. The two lepton-number-combinations; however, this information is not available at
violating verticeion the neutrino line are the neutterm  the moment. IfY, are so large tham(zl)aﬁ [see Eq.(5)]
and the standardgz mass term. The neutrind term is also  saturate the bound3), (8), B, has to be smaller than &
needed. The amplitude corresponding to diagtanis equal [to be compared with Eq3)]. In Sec. IV, we will discuss
to this further.
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FIG. 2. Diagrams proportional tfB|2 contributing to slepton
massesF, represents the auxillary field associated wth

In the discussion above, we have assumag-mg
~mMmgysybut it is possible thag, is much smaller tham,.
In this casem(zz)dﬁ given in Eq.(12) will not be the domi-
nant effect. At the one-loop level, there is no contribution to

2 : 2.
mi proportional to[B,|%: it can be showr21 that the tWo  iaqram shown in Fig. 3. Adding this correction to the tree
one-loop diagrams that are proportional By|“ (depicted in level A, [see Eq(4)], we find
Fig. 2) cancel each other at zero external momentum. How- '

ever, at the two-loop level, there is a contribution propor-
tional to |B,|> which can dominate ovemf,,,; [Eq. (5)] —iA{i=—iaoY{iﬁij+(iY{j)(i)i(Y‘§j)*(iY';i)J
provided thaiB,|?Y,Y*/(47)?>m3.

FIG. 3. Diagram contributing ta&\, . F and Fl represent the
auxiliary fields associated WitTJlkR andL j» respectively.

The parameteB, contributes to theé\, term through the

i
k2 k2—M2
—iM,  d*

Ill. EFFECTS OF THE NEUTRINO B TERM ON A TERMS X(—iB, M ")W (2—)4
—MZ (27
In this section, we show that the neutriBoterm creates _
an A term for leptons through one-loop diagrams. We then o i i kiy s ki
discuss how this will affect the EDMs. = —laoY djj— (_477)2Y' (Y,)*Y,B,. (16)
As is discussed in the literatuf&], the phases oft and
ap can create electric dipole moments for charged leptons aimilarly, the neutrinoB term contributes to the\, term
well as for the neutron. The current bounds on lepton EDMsthrough the diagram shown in Fig. 4:

are

_ _ ) ) . _ ) i i
de<1.5x10"%" ecm [12], d,<7x10°'° ecm [10], _iA5|:_iaoy5l+(iygl)(i)i(ygj)*(thj)fsz_Mz
(13 q
and _iMq d4k
><(—iB,,|\/|q)ﬁ—4
d.<3x107% ecm [10]. (14) k*=Mq (2m)
Proposed future experiments are expected to set stronger =—iaY¥- SYd(Yd)*vkiB, . 17
bounds: (4m)
According to[16], for my~200 GeV, the present bound
d.<10"*2 ecm [13], (de<10 27 ecm) implies
d,<10 2 (5x10 ?®ecm [14]([15]). (15 H,

The bounds on the electric dipole moments of the charged
leptons yield strong bounds on the imaginary partg.aind
ag [16].

The phase of the neutrir® term can provide yet another
source ofCP violation! When we fixed the mass matri

to be real, the phases of, were fixed; therefore, the phase

of B, in this convention cannot be removed. We expect the
imaginary part ofB, to give contribution to EDMSs.

Within the extended MSSM, the Yukawa couplings,) are an- FIG. 4. Diagram contributing t@\, . F} and F{ represent the
other source o€P violation. This effect has been discussedii]. auxiliary fields associated with}, andL j» respectively.

073009-3



YASAMAN FARZAN PHYSICAL REVIEW D 69, 073009 (2004

IMm(AF®)(H)/(mgmg)=<0.1. (18) B, is through the unknown combination of Yukawa cou-
plings Yta(Y',‘,B)*. To derive upper bounds dB,, we have
Since the dependence df on Im(A7) is linear, if in the to find other observables that provide lower bounds on these
future the boundd,<10 %2 ecm is obtained, the above combinations. In this section, we combine various pieces of

bound will be improved to information on the Yukawa couplingsome of them yet to
. be obtaineyl to derive a lower bound on the factors
IM(AF)(H 1)/ (Memg)<10"°. (19 yke(y*Py* “Wwe will then use the current upper bounds on

the branching ratios of the rare decays and the values of
EDMs to extract upper bounds @, .

Neutrino masses depend on the Yukawa couplings
through

Assuming thatB, is the only source ofCP violation, the
bound in Eq.(18) can be translated into

IM[B,1X YPAY(9)* Yi*<18meme/(Hy),  (20)
: (v) _ kai kB 2

maﬁ_z YV M YV <H2> . (21)
which can be improved by five orders of magnitude in the k K

future. All the parameters involved have to be evaluated at the elec-

Yroweak scale. The effect of running from the GUT scale to

sive bounds on the values of the neutrino Yukawa COUpI'ngthe electroweak scale can change the details of the neutrino

In Sec. IV, we W!|| discuss how future observatlons gnd de'masses and mixingL9]; however, the order of magnitude of
velopments can improve our knowledge ¥j. In principle,

b : ; : the masses will not be affected. Since, here, we want to
Y, can be as large as order(In fact, Y, can be even larger ogtimate only the order of magnitude of the Yukawa cou-
than 1; however in this case we cannot treat it perturba

) ke ke , plings, we will neglect the running effects.
tively.) For Y5(Y;9*~1, the present boundl8) gives Currently, we have only bounds on the neutrino masses
Im[B,]<10m, [we have used Eq16) andm.=(H1)Y/9.  [20];

Future EDM experiments can make the bound dramatically

stronger.
Digcovery of a lepton EDM could provide invaluable in- VAmEp<2 m,<1 eV,
formation onB, . The neutrindB term gives a contribution to
A, ; however, it has no impact on theeterm of quarks. As a where Am2,,=2.5x 1072 eV? [21]. Future terrestrial and
result, Im@,) will not affect the EDM of the neutron. On the cosmological experiments will improve these bounds. Our
other hand, Imdy) and Im(«) give contributions to both the knowledge of the masses of the right-handed neutriivbg) (
EDMs of charged leptons and neutrons. It is possible that thig even less complete than the information m[jg. If lep-
contributions of Imég) and Im(u) cancel each other. How- togenesis is the mechanism behind the baryon asymmetry of
ever, it has been shown 8] that cancellation in the electron the universd22], it will be possible to derive a lower bound
EDM occurs in the same regions as cancellation in the neuon M, [23]. For a given value om%, there is at least one
tron EDM. Therefore, ifd, turns out to be nonzero while sych that
d,<d., the effect cannot be attributed to the contribution of
Im(ay) or Im(u). Such a situation can be explained with a
nonzero compleB,, . |Y|§a(Y5'B)*|>§(
There is another point that is noteworthy: EDMs are pro-
portional to =,|Y*?|?, and BR(,—lzy) are given by

ka \/k 2 i H . .
|Z4Y;7(Y;#)*|?, which are both independent f;. To the  The parametem(*) can be extracted directly from neutrino-

author’s best knowledge, there is no other observable thates gouble decay observations.nh‘e”) is relatively large
depends on these combinations|Bf,| is large, by studying é y

arge, b \ m{”~0.1 eV), its effect should be observable in future ex-
these observables we can extract additional information o eriments[24]. Using Eq. (16), d,<10 %" ecm [see Eq
Yukawa couplings which will improve our current under- (18)] yields ' ' Te '
standing of the seesaw mechanism and leptogenesis.

If the neutrinoB term gives the dominant contribution to Im(B,)
the electric dipole moments, we expedt/(m,=,|Y*"?) —
=d,, /(M S| Y¥|?) = de/(Me2, YE9?); therefore, ifd, is Mo
close to its present upper bourt,~10"2" ecm, we expect , s . . .
dM~1O*25 ecm, which can be tested in proposed experi-'n fgture, if the boqndje< 10 *“is obtalned, this bound will
ments[15]. be improved by five orders of magnitudeee Eq.(19)]
which means it can be more restrictive than the bound in Eq.
3.

Extracting bounds onv**(Y¥#)* =g, will be more

In Secs. Il and 11, we have shown that large valueSpf ~ challenging because, unlike(?, m{}, a# g, cannot be
can lead to flavor-violating rare decays and EDMs of chargediirectly measured. Even if forthcoming experiments find that
leptons. However, the dependence of these observables time overall neutrino mass is of order of 0.1 éyuasidegen-

m{} |2x10°°
01eV sieg

My
6X 108 GeV/

(22

0.1 eV

mg2

6X10° GeV
3x10’ )

M

IV. BOUNDS ON B,
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erate mass schemeit will be difficult to derive definite
lower bounds oim{}}, (a# B)]. In the case of a quaside-
generate mass schenfhe scheme for which the absolute

PHYSICAL REVIEW 69, 073009 (2004

work of seesaw model embedded in the MSSM with univer-
sal soft supersymmetry breaking terms.
If B,>10my~10a, but ag>B,Y,(Y,)*/(4m)? the

values of the mass eigenvalues are much larger thadominant flavor-violating slepton masses are giyen _by Eq.
/Amezum) with zero Majorana phases we expect(lz) rather than Eq.(5). For values ofB, satisfying

m{¥<m{ m(*» m*) Only in the framework of

(r) m(¥)
my”) ,m e

ew ' uT

the quasidegenerate neutrino mass scheme with at least o i
it is possible to have large offJhe bounds on the Yukawa couplings and neutifheerm

nonzero Majorana phase,

diagonal neutrino massesn{’),m{") m{>\AmZ, . (a
phase equal ter also work$. On the other hand, determin-
ing the values of Majorana phases is very challenging,

B,Y,(Y,)*/(47)?>a, and |B,|2Y,(Y,)*/(4m)>>m3, the
fyyo-loop contribution proportional ttB,|% can be dominant.

which have been discussed in the literature allow quite large
contributions to the slepton masses, violating the upper
bounds from rare flavor-violating decays. However, since

ifthere is no direct lower bound on the combinations of neu-

possible at al[25]. Nevertheless, let us suppose that in theying yykawa couplings appearing in the formulations, it is

future some hypothetical experiment will be able to deter-

mine mf;;) Then, assuming that the factov§®(Y**)* do

not cancel each other, the present bound m@| given in
Eq. (7) implies

R agB* Imi< 10° [ mg \)2 0.1 eV
apb,, [/Mg »
tanB| 200 Ge m()
6X10° GeV
. (23
My

The future possible boundsnferred from Eq.(9)] can be
2
tang | 200 Ge\) (

more restrictive than Eq23):
, 3X10°[ mg 0.1e
ReayB ]/mg< o
Me,
6x10° GeV
— (24)
My

however, as we pointed out earlier, at the moment, measuring

m{") seems to be impossible.

V. CONCLUDING REMARKS

We have studied the effects of the neutrBderm on the

not possible to derive any upper bound on th¢ RB% .

The parameteB, can be considered as another source for
CP violation and therefore EDMs. In fact, we have shown
that the neutrindB term directly create#\ terms for both
neutrinos and charged leptons—but not quarks—evexy if
=0 at the GUT scale. The imaginary part Af gives a
contribution to the EDMs of charged leptons. If tBe effect
is  dominant, we expect d,/(m,2,]Y*?)
=d,, /(M= Y¥“|?) = do/ (e | YE?); therefore, ifd, is
close to its present upper bound, we expect that the proposed
experimentd 15] will be able to measure the value df, .
The discovery of nonzerd, andd, while d,<d. can be
explained with large ImB,). In this case, d.

3 YY) *Im(B,). If Im(B,) is determined through
some other observation, information dpand Im@B,) com-
bined with m{% =3 (H,)2(Y®)?/M, (extracted from neu-
trinoless double beta decay searghean provide us with
information on the values df1,., shedding light on the ori-
gins of neutrino masses and on leptogenesis.
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