
VOLUME 82, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 1 FEBRUARY 1999

a

900
New Two-Loop Contribution to Electric Dipole Moments in Supersymmetric Theories
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We calculate a new type of two-loop contribution to the electric dipole moments of the electron
and neutron in supersymmetric theories. The new contributions are originated from the potentialCP
violation in the trilinear couplings of the Higgs bosons to the scalar-top or the scalar-bottom quarks.
These couplings did not receive stringent constraints directly. The electric dipole moments are induced
through a mechanism analogous to that due to Barr and Zee [Phys. Rev. Lett.65, 21 (1990)]. We
find observable effects for a sizable portion of the parameter space related to the third generation
scalar quarks in the minimal supersymmetric standard model which cannot be excluded by earlier
considerations. [S0031-9007(98)08320-3]
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Supersymmetry (SUSY) is considered to be theore
cally the most conceivable avenue known so far whi
may lead to a successful unification of gravity with a
other fundamental forces by means of supergravity a
superstrings. SUSY also provides the most appealing p
turbative solution to the gauge hierarchy and naturaln
problems of the standard model (SM). However, SUS
is not an exact symmetry of nature. Its minimal rea
ization, the minimal supersymmetric SM (MSSM) mus
break SUSY softly in order to accomplish agreement w
experimental observations. The scale of SUSY brea
ing should not be much higher than a few TeV if on
wishes to retain the good property of perturbative na
rality mentioned above; namely, quantum corrections
the parameters of the theory must not exceed in s
the parameters themselves up to energies of the Pla
scale. On the other hand, unlike the SM, a serious we
ness of supersymmetric theories as well as of the MSS
[1,2] is their failure to explain the smallness of the ob
served flavor-changing neutral currents (FCNC) involvin
the first two families of quarks, and the absence of siza
electric dipole moments (EDMs) of the neutron and ele
tron [3]. The present experimental upper bounds on t
neutron EDMdn and electron EDMde are very tight [4]:
jdnj , 10225e cm andjdej , 10226e cm.

As a result of the aforementioned FCNC andCP crises,
some degree of fine-tuning is necessary in generic sup
symmetric theories to avoid these problems. A few ph
nomenologically attractive solutions have been sugges
in the literature. For example, Ref. [5] suggests a so
tion within the context of an effective SUSY model whic
seems to combine all healthy features of both the MSS
and technicolor theories. The main virtue of the effectiv
SUSY model is that any non-SM source ofCP violation
and FCNC involving the first two generations is suppress
by allowing their respective soft-SUSY-breaking mass
to be as high as 20 TeV, whereas third generation sca
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quarks and leptons may naturally be light well below th
TeV scale [6]. Another interesting way to suppressCP-
conserving FCNC interactions without resorting to a hig
scale of SUSY breaking is to impose a kind of universa
ity [1] or alignment [2] condition on the flavor space of al
scalar fermions. Most interestingly, we shall see that th
existing bounds onCP-violating operators such as EDMs
of the electron and neutron are dramatically relaxed if a
approximate alignment between them parameter and the
gaugino masses exists and the trilinear couplingsAf of the
Higgs boson to the first two generations are very sma
Note that these suppression mechanisms for EDMs are
signed to suppress only those contributions that do not
volve the third generation.

Whichever the suppression mechanism of FCNC an
CP violation for the first two families might be, large
CP-violating trilinear couplings of the Higgs bosons
to the scalar-top and scalar-bottom quarks can lead
themselves to large loop effects ofCP noninvariance in
the Higgs sector of the MSSM [7]. In this Letter we
shall show that the very same source ofCP violation
can give rise to EDMs of electron and neutron at th
observable level by virtue of the two-loop Barr-Zee-typ
graphs [8,9] shown in Fig. 1. Apart from the MSSM
these novel EDM contributions are present in a gener
supersymmetric SULs2d 3 UY s1d gauge theory [10], and,
as we will see, for a wide range of parameters they ma
even dominate by several orders of magnitude over
other one-, two-, and three-loop contributions discuss
extensively in the existing literature [11–17].

Supersymmetric theories contain many newCP-odd
phases that are absent in the SM. However, not all
them are physical. Specifically, in the MSSM [11] sup
plemented by a universality condition at the grand un
fication scale, only two of the four complex parameter
sm, B, ml, Ad are phase convention independent. For in
stance, one can absorb the common phase of the gaug
© 1999 The American Physical Society
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FIG. 1. Two-loop contribution to EDM and chromo-EDM
(CEDM) in supersymmetric theories (mirror graphs are no
displayed).

massesml by a chiral rotation into thel fields, wherel

collectively represents the gauginosg̃, W̃ , and B̃ of the
SUs3dc, SUs2dL, and Us1dY gauge groups, respectively.
Furthermore, the renormalization condition that the tot
tadpole contribution to theCP-odd Higgs bosona must
vanish [7] relates the phase of the soft bilinear Higgs
mixing massBm to the phase difference of the two Higgs
doublets in the MSSM order by order in perturbation the
ory, wherem is the usual mixing parameter of the two
Higgs chiral superfields in the superpotential. In acco
dance with the above renormalization condition, one ma
then choose a basis for the Higgs fields in whichBm is real
at the tree level. Consequently, the two nontrivialCP-
violating phases in the weak basis under study reside
m and the universal soft trilinear couplingAf ­ A of the
Higgs fields to the scalar fermions̃f.

Before we calculate the two-loop Barr-Zee-type
diagrams in Fig. 1, we shall briefly review the mos
significant one-, two-, and three-loop contributions to th
electron and neutron EDMs in the MSSM. At one loop
the dominant contributions to the EDMs of electron an
u, d quarks come from the chargino mass eigenstatesx̃

1
1 ,

x̃
1
2 and the gluinog̃, respectively [11–13]. Chargino

quantum effects give rise to a EDM of a fermionf√
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where aw ­ g2
wys4pd is the SUs2dL fine-structure

constant, Rf ­ cotb stanbd for Tf
z ­ 1y2 s21y2d,

f̃ 0 denotes a scalar fermion having opposite wea
isospin to f̃, i.e., Tf

z ­ 2Tf 0

z , and Jszd ­ f3y2 2

zy2 1 ln zys1 2 zdgys1 2 zd2 is a one-loop function
[12], with Js1d ­ 21y3, Jsz ø 1d ­ s3 1 2 ln zdy2
and Jsz ¿ 1d ­ 21y2z. Correspondingly, the gluino
contribution to the EDM of a quarkq is given by√

dq
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where as ­ g2
s ys4pd is the strong fine-structure con-

stant, Qq is the charge of (scalar) quarks injej units
t

al

-

-

r-
y

in

t
e
,
d

k

(Qu ­ 2y3, Qd ­ 21y3), andKszd ­ 2f1y2 1 5zy2 1

zs2 1 zd ln zys1 2 zdgys1 2 zd3 [12]; Ks1d ­ 21y12;
Ksz ø 1d ­ 21y2; Ksz ¿ 1d ­ s5y2 2 ln zdyz2. Re-
cently, one-loop CEDM contributions have been studi
in [14] and found to be comparable to the EDM one
with related dependence. A fairly good estimate
the combined effect of all one-loop contributions to th
electron andu-, d-quark EDMs, including neutralino
quantum corrections, may generically be obtained by√

df

e

!1-loop

, 10225 cm 3
hIm m, Im Afj
maxsMf̃ , mld

3

√
1 TeV

maxsMf̃ , mld

!2√
mf

10 MeV

!
. (3)

From Eq. (3) one finds the known result [12] that larg
CP-violating phases are possible only if scalar quarks
the first two families or gauginos have few TeV masse
Another interesting and, perhaps more natural, way
suppress the one-loop EDM contributions having mo
of the SUSY particles much below the TeV scale
to require argsmd & 1022, a constraint also favored by
cosmological considerations [13] and assume a hierarc
pattern forAf ’s: Ae, Au,c, Ad,s & 1023m, whereasAt and
Ab are the only large trilinear couplings in the theory wit
CP-violating phases of order unity [18].

At two loops, neutron and electron EDMs receive
contribution from theW-boson EDM through a one-loop
graph mediating charginos and neutralinos [15]. How
ever, these effects were found to be at least 1 order
magnitude smaller than the present experimental bou
if m, m̃2 , 100 GeV, and become more than 2 orde
suppressed ifm, m̃2 . 300 GeV. The results are inde-
pendent of the scalar fermion masses but depend line
on argm, and, therefore, the suppression is substantia
argsmd , 1022. As we will discuss below, apart from
the two-loop small effects, there are sizable contributio
to EDMs due to two-loop Barr-Zee-type graphs. Finall
there is a significant three-loop contribution to neutro
EDM through Weinberg’s three-gluon operator [16,19
Recent studies have shown [14] that these effects sca
as 1ym3

g̃ are well below the experimental neutron EDM
bound if gluinos are heavier than about 400 GeV.

To demonstrate explicitly the significance of the ne
Barr-Zee-type contribution displayed in Fig. 1, we sha
adopt a SUSY scenario in which the only largeCP-
violating phase is contained inAt ­ At ­ Ab. As has
been discussed above, such a scenario is also compa
with present experimental upper bounds on EDMs.
this model,CP violation is induced by the interaction
Lagrangian having the generic form

LCP ­ 2jfyas f̃p
1 f̃1 2 f̃p

2 f̃2d 1
igwmf

2MW
Rfaf̄g5f ,

(4)
901
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where a is the would-beCP-odd Higgs boson,MW ­
1
2 gwy is the W-boson mass, and̃f1, f̃2 are the two
mass eigenstates of the left-handed and the right-han
scalar fermions of the third family. Moreover,jf is a
CP-violating parameter depending on the supersymmet
model under consideration. From all scalar fermion
only t̃1,2 and b̃1,2 are Yukawa-coupling enhanced an
are, therefore, expected to give the biggest contributio
Another important point is thatCP violation induced by
the Lagrangian (4) is proportional to the mass differen
of scalar quarks,mf̃1 2 mf̃2 , and is big for the states̃t1,2

and b̃1,2 as their respective mass splitting may natural
be maximal. In the MSSM, the quantitiesjt andjb are
given by [7]

jt ­
sin2utmt Imsmeidt d

sin2 by2 ,

jb ­
sin2ubmb ImsAbeidb d

sinb cosby2 ,
(5)

wheredq ­ argsAq 1 Rqmpd.
We shall now consider thẽt- andb̃-mediated two-loop

graphs shown in Fig. 1 which may give rise to an EDM
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and a CEDM for a light fermion. There is in principle a
analogous contribution to EDM due to a chargino loo
Such a contribution originating from theCP-violating part
of the couplingax

1
i x

2
i (i ­ 1, 2) is proportional to argm

and hence small in our model. We also neglect Barr-Z
type graphs where the photon is replaced by aZ boson,
as the vectorial part of theZ-boson-mediated interaction
is suppressed relative to the photonic one by a fac
s1 2 4 sin2 uwdy4 ø 2.4 3 1022 with cosuw ­ MW yMZ

for the electron case, and roughly1y4 for the u and
d quarks. Under these assumptions, a straightforw
calculation of the EDM of a light fermionf induced by
Figs. 1(a) and 1(b) at the electroweak scale yields√
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whereaem ­ e2y4p is the electromagnetic fine structur
constant, the subscripts EW indicate that all kinema
parameters must be evaluated at the electroweak s
MZ , andFszd is a two-loop function given by
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0
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with x6 ­ 1
2 s1 6

p
1 2 4z d and the dilogarithmic func-

tion defined as Li2szd ­
R1

0 dt ln tyft 2 s1yzdg; Fsz ø

1d ­ ln z 1 2; Fsz ¿ 1d ­ 2
1
6 sln z 1

5
3 dyz. In addi-

tion, the CEDM at the electroweak scale reads√
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The neutron EDMdn induced by du and dd may be
estimated in the valence quark model at the hadronic sc
L including QCD renormalization effects [9] through th
expression
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Here anomalous dimension factors are explicitly sep
rated out from quantitiessddyedL and sduyedL which are
simply given by Eq. (6) with the running couplings an
the running masses ofu and d quarks evaluated at the
low-energy hadronic scaleL. For definiteness, we take
musLd ­ 7 MeV, mdsLd ­ 10 MeV, assMZd ­ 0.12,
ale
e

a-

d

andgssLdy4p ­ 1y
p

6 [19]. By analogy, the light-quark
CEDMsdC

u anddC
d give rise to a neutron EDM
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n

e
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where quantities in the last bracket are given by Eq. (
with the strong coupling constantgs and theu- and d-
quark masses evaluated at the scaleL.

In Fig. 2 we show the dependence of the EDMsde

(solid line), dC
n (dashed line), anddn (dotted line) on

tanb and m, for three different masses of the would-b
CP-odd Higgs bosona, Ma ­ 100, 300, and 500 GeV.
Since EDMs are mostly dominated by the down-fami
fermions, i.e., the electron and the down quark, the stro
tanb dependence is then expected. The EDMs depe
significantly onm through theaf̃pf̃ coupling in Eq. (4).
Our analysis in Fig. 2 clearly shows that large tanb

scenarios, i.e.,40 , tanb , 60 with m, A . 0.5 TeV,
Ma # 0.5 TeV, and largeCP phases are practically ruled
out. On the other hand, we find that for low tanb

scenarios, e.g., tanb & 20, the two-loop Barr-Zee-type
contribution to EDMs is less restrictive for natural value
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FIG. 2. Numerical estimates of EDMs. Lines of the sam
type from the upper to the lower one correspond toMa ­
100, 300, and 500 GeV, respectively.

of parameters in the MSSM. Finally, the results exhibit a
approximate linear dependence on the mass of thea boson
for the range of phenomenological interest and validity o
perturbation theory, i.e., for0.1 , Ma & 1 TeV.

In conclusion, we have derived for the first timedirect
limits on the CP-violating parameters related to the
third generation scalar quarks, which originate from th
experimental limits on the EDMs of electron and neutro
These novel constraints induced by the SUSY versio
of the two-loop Barr-Zee graph will have an importan
impact on possible effects ofCP nonconservation at
collider experiments, on dark-matter detection rates, a
on studies of the baryonic asymmetry of the Universe
SUSY theories.
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