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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 pai@ntial
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. Rew63,€2l (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]

PACS numbers: 11.30.Er, 12.60.Jv, 13.40.Em, 14.80.Ly

Supersymmetry (SUSY) is considered to be theoretiquarks and leptons may naturally be light well below the
cally the most conceivable avenue known so far whichTeV scale [6]. Another interesting way to suppresR-
may lead to a successful unification of gravity with all conserving FCNC interactions without resorting to a high
other fundamental forces by means of supergravity andcale of SUSY breaking is to impose a kind of universal-
superstrings. SUSY also provides the most appealing peity [1] or alignment [2] condition on the flavor space of all
turbative solution to the gauge hierarchy and naturalnesscalar fermions. Most interestingly, we shall see that the
problems of the standard model (SM). However, SUSYexisting bounds ot P-violating operators such as EDMs
is not an exact symmetry of nature. Its minimal real-of the electron and neutron are dramatically relaxed if an
ization, the minimal supersymmetric SM (MSSM) must approximate alignment between tlgeparameter and the
break SUSY softly in order to accomplish agreement withgaugino masses exists and the trilinear couplihgsf the
experimental observations. The scale of SUSY breakHiggs boson to the first two generations are very small.
ing should not be much higher than a few TeV if oneNote that these suppression mechanisms for EDMs are de-
wishes to retain the good property of perturbative natusigned to suppress only those contributions that do not in-
rality mentioned above; namely, quantum corrections tosolve the third generation.
the parameters of the theory must not exceed in size Whichever the suppression mechanism of FCNC and
the parameters themselves up to energies of the PlanekP violation for the first two families might be, large
scale. On the other hand, unlike the SM, a serious weake P-violating trilinear couplings of the Higgs bosons
ness of supersymmetric theories as well as of the MSSMb the scalar-top and scalar-bottom quarks can lead by
[1,2] is their failure to explain the smallness of the ob-themselves to large loop effects 6fP noninvariance in
served flavor-changing neutral currents (FCNC) involvingthe Higgs sector of the MSSM [7]. In this Letter we
the first two families of quarks, and the absence of sizablshall show that the very same source @P violation
electric dipole moments (EDMs) of the neutron and eleccan give rise to EDMs of electron and neutron at the
tron [3]. The present experimental upper bounds on thebservable level by virtue of the two-loop Barr-Zee-type
neutron EDMd,, and electron EDMI, are very tight [4]:  graphs [8,9] shown in Fig. 1. Apart from the MSSM,
ld,] < 107%¢ cm and|d,| < 1072%¢ cm. these novel EDM contributions are present in a general

As a result of the aforementioned FCNC afi#l crises, supersymmetric Sp(2) X Uy(1) gauge theory [10], and,
some degree of fine-tuning is necessary in generic supeas we will see, for a wide range of parameters they may
symmetric theories to avoid these problems. A few pheeven dominate by several orders of magnitude over all
nomenologically attractive solutions have been suggestegther one-, two-, and three-loop contributions discussed
in the literature. For example, Ref. [5] suggests a soluextensively in the existing literature [11-17].
tion within the context of an effective SUSY model which ~ Supersymmetric theories contain many né#-odd
seems to combine all healthy features of both the MSSMhases that are absent in the SM. However, not all of
and technicolor theories. The main virtue of the effectivethem are physical. Specifically, in the MSSM [11] sup-
SUSY model is that any non-SM source @P violation  plemented by a universality condition at the grand uni-
and FCNC involving the first two generations is suppresse(ication scale, only two of the four complex parameters
by allowing their respective soft-SUSY-breaking massesu, B, m,,A) are phase convention independent. For in-
to be as high as 20 TeV, whereas third generation scalatance, one can absorb the common phase of the gaugino
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§”’”g (Qn =2/3,0, = —1/3),andK (z) = —[1/2 + 5z/2 +
. 22+ 2)Inz/(0 — 2)]/(0 — 2)* [12]; K(1) = —1/12;
K(z < 1)=—-1/2; K(z> 1) =(5/2 — Inz)/z%. Re-
cently, one-loop CEDM contributions have been studied
in [14] and found to be comparable to the EDM ones
with related dependence. A fairly good estimate of
(@) (b) the combined effect of all one-loop contributions to the
electron andu-, d-quark EDMs, including neutralino

FIG. 1. Two-loop contribution to EDM and chromo-EDM ,antum corrections. mav generically be obtained b
(CEDM) in supersymmetric theories (mirror graphs are notq ' y9 y y

i 1-loo
displayed). ds P 0= {Imu,ImA;}
— ~ cm X ————
_ o . e max(My, m,)
massesn, by a chiral rotation into the\ fields, wherei 2
collectively represents the gaugings W, and B of the ( 1 TeVv ) ( My ) 3)
SUB3)., SU2),, and Ul)y gauge groups, respectively. maxMy,m,) ) \ 10 MeV

Furthermore, the renormalization condition that the total i

tadpole contribution to th€P-odd Higgs bosom: must ~ From Eq. (3) one finds the known result [12] that large
vanish [7] relates the phase of the soft bilinear Higgs-CP-Violating phases are possible only if scalar quarks of
mixing massB . to the phase difference of the two Higgs the first two families or gauginos have few TeV masses.
doublets in the MSSM order by order in perturbation the-Another interesting and, perhaps more natural, way to
ory, where is the usual mixing parameter of the two SUPPress the one-_loop EDM contributions having most
Higgs chiral superfields in the superpotential. In accorOf the SUSY particles much below the TeV scale is
dance with the above renormalization condition, one maj© require argu) = 1072, a constraint also favored by
then choose a basis for the Higgs fields in whihis real cosmological considerations [13] and assume a hierarchic
at the tree level. Consequently, the two nontrivigh-  Pattern forAy’s: A,, Ay, Aas =< 107> u, whereasi, and
violating phases in the weak basis under study reside ifl» areé the only large trilinear couplings in the theory with

w and the universal soft trilinear couplingy = A of the =~ CP-violating phases of order unity [18]. .
Higgs fields to the scalar fermiorfs At two loops, neutron and electron EDMs receive a

Before we calculate the two-loop Barr-Zee-type contribution_ fr_om theW-boson EDM throggh a one-loop
diagrams in Fig. 1, we shall briefly review the most 9raph mediating charginos and neutralinos [15]. How-
significant one-, two-, and three-loop contributions to the€Ver, these effects were found to be at least 1 order of
electron and neutron EDMs in the MSSM. At one |00p,.magn|tude smaller than the present experimental bounds
the dominant contributions to the EDMs of electron andif #, 72 ~ 100 GeV, and become more than 2 orders

u, d quarks come from the chargino mass eigenstgfes  Suppressed ifu, m; > 300 GeV. The results are inde-
%, and the gluinog, respectively [11-13]. Chargino Pendent of the scalar fermion masses but depend linearly

quantum effects give rise to a EDM of a fermign on argu, and, therefore, the suppression is substantial if
2\ Im - argu) ~ 1072, As we will discuss below, apart from

<_f> ~ Gw R, T/ % _é the two-loop small effects, there are sizable contributions

e 2m T My — Mg My, to EDMs due to two-loop Barr-Zee-type graphs. Finally,

m2. m2. there is a significant three-loop contribution to neutron
X [J( L ) - J( 4 )} (1) EDM through Weinberg’s three-gluon operator [16,19].

M3, M3, Recent studies have shown [14] that these effects scaling
where a,, = ¢2/(47) is the SU2), fine-structure @S l/mg are well below the experimental neutron EDM
constant, R, = cotB (tanB) for T/ =1/2 (—1/2), bound if gluinos are hea'\v.|er than a}bo‘u‘t 400 GeV.
7' denotes a scalar fermion having opposite weak 10 demonstrate explicitly the significance of the new
isospin to 7, ie., 7/ = -7/, and J(z) = [3/2 — Barr-Zee-type contribution displayed in Fig. 1, we shall
2/2 +Inz/(1 — 2)]/(1 — z)*> is a one-loop function @dopt a SUSY scenario in which the only large-
[12], with J(1) = —1/3, J(z < 1) = (3 + 2Ing)/2  Violating phase is contained iA; = A; = A,. As has

and J(z > 1) = —1/2z. Correspondingly, the gluino Péen discussed above, such a scenario is also compatible
contribution to the EDM of a quarl is given by with present experimental upper bounds on EDMs. In

2\ ) Im(A, + R,u*) i 2 this model, CP violation is induced by the interaction

fa) 2% 0 Ay ™ Rgp ) Mg Mg o g , Lagrangian having the generic form

e . igwm -
@) Lep=—gpvalFifi — Fif) + 5 Reafyst

where a; = g2/(4m) is the strong fine-structure con- w
stant, 0, is the charge of (scalar) quarks {a| units 4
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wherea is the would-beCP-odd Higgs bosonMy =  and a CEDM for a light fermion. There is in principle an
2ng is the W-boson mass, andf;, 7, are the two analogous contribution to EDM due to a chargino loop.
mass eigenstates of the left-handed and the right-handéich a contribution originating from ti@P-violating part
scalar fermions of the third family. Moreoveg, is a of the COUpllnga/\/l x: (i = 1,2)is proportional to arge
CP-violating parameter depending on the supersymmetri@nd hence small in our model. We also neglect Barr-Zee-
model under consideration. From all scalar fermionstype graphs where the photon is replaced hy hoson,
only 7, and b, » are Yukawa-coupling enhanced and as the vectorial part of th&-boson-mediated interaction
are, therefore, expected to give the biggest contributionds suppressed relative to the photonic one by a factor
Another important point is thaf P violation induced by (1 — 4sir? 6,,)/4 = 2.4 X 10”2 with cos6,, = My /M

the Lagrangian (4) is proportional to the mass differencdor the electron case, and roughly4 for the u and

of scalar quarksy7, — mj7,, and is big for the state§,  d quarks. Under these assumptions, a straightforward
and b, as their respective mass splitting may naturallycalculation of the EDM of a light fermiorf induced by

be maximal. In the MSSM, the quantiti¢s and &, are  Figs. 1(a) and 1(b) at the electroweak scale yields

given by [7] | | d 7  3awn Rymy
_ sin26,m, Im(ue') e ) Hoan M2
! sir? Buv? ’ 2 2
. 4 (5) xS Ma) _p(Mz) ] e
£ sin26,my, |m(Ab€l§”) bgq M2 , (6)
— t a
b singcosBv? -
wheres, = argA, + R,u"). wherea.,, = ¢?/4 is the electromagnetic fine structure

We shall now consider the and5-mediated two-loop constant, the subscripts EW indicate that all kinematic
graphs shown in Fig. 1 which may give rise to an EDNparameters must be evaluated at the electroweak scale

My, andF(z) is a two-loop function given by
1 _ —
F(2) :[ I x(1 — x) n x(1 — x)
0 z—x(1 —x) Z

SR 0 R | LEST G RERCS) A

with x+ = ;(1 + /1 — 4z) and the dilogarithmic func-
tion defined as Li(z) = [, dt In /[t — (1/2)] F(z < andgy(A)/4m = 1/4/6[19]. By analogy, the light-quark

D=1Inz +2 Fiz» 1) = —i(nz + 3)/z. In addi- CEDMsdf andd§ give rise to a neutron EDM
i ( 28/23 28/25 28/27
tlon,cthi CEDM at the electroweak scale reads ﬁ _ (gs(MZ)) (gs(inh)> (gs(mc))

i\ _ _as Rymy e gs(my) gs(m,) gs(A)

8 Jpw 12873 M2

C
; (5 ) 5(E), +3(5) ) o
gs(A) 8s CAWSUN
X > & F -Flo5 )| ®
a=b ¢ where quantities in the last bracket are given by Eq. (8)
The neutron EDMd, induced byd, and d; may be with the strong coupling constat and theu- and d-
estimated in the valence quark model at the hadronic scafguark masses evaluated at the schle

A including QCD renormalization effects [9] through the In Fig. 2 we show the dependence of the EDMs

expression (solid line), d¢ (dashed line), andi, (dotted line) on
4 (M) 32/23 (mp) 32/25 (m.) 32/27 tanB and u, for three different masses of the would-be
G _ (gs z ) <gs b ) <—g5 ' ) CP-odd Higgs bosor:, M, = 100,300, and 500 GeV.
e 8s(myp) 8s(me) gs(A) Since EDMs are mostly dominated by the down-family

4(d, 1{d, fermions, i.e., the electron and the down quark, the strong
“13\% )] 32 ) | (9)  tangB dependence is then expected. The EDMs depend
A A

significantly onu through theaf*f coupling in Eq. (4).
Here anomalous dimension factors are explicitly sepa©Our analysis in Fig. 2 clearly shows that large fn
rated out from quantitie&l,;/e)y and(d,/e), which are  scenarios, i.e.40 < tang < 60 with u,A > 0.5 TeV,
simply given by Eg. (6) with the running couplings and M, = 0.5 TeV, and largeCP phases are practically ruled
the running masses af and d quarks evaluated at the out. On the other hand, we find that for low tén
low-energy hadronic scald. For definiteness, we take scenarios, e.g., tgh < 20, the two-loop Barr-Zee-type
my,(A) =7 MeV, my(A) =10 MeV, ayMz) = 0.12, contribution to EDMs is less restrictive for natural values

e e
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