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Neutron electric dipole moment andCP-violating couplings in the supersymmetric
standard model without R parity
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We analyze the neutron electric dipole moment~EDM! in the minimal supersymmetric standard model with
explicit R-parity violating terms. The leading contribution to the EDM occurs at the two-loop level and is
dominated by the chromoelectric dipole moments of quarks, assuming there is no tree-level mixings between
sleptons and Higgs bosons or between leptons and gauginos. Based on the experimental constraint on the
neutron EDM, we set limits on the imaginary parts of complex couplingsl i jk8 andl i jk due to the virtualb loop
or t loop.

PACS number~s!: 14.80.Ly, 11.30.Er, 13.10.1q
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The minimal supersymmetric standard model~MSSM! @1#
has been widely considered as a leading candidate for
physics beyond standard model. However, unlike the s
dard model, supersymmetry allows renormalizable inter
tions which breakR parity defined as (21)3B1L1F and vio-
late the lepton and/or the baryon numbers. It is in fact one
the main theoretical weaknesses of these models bec
R-parity conservation is anad hocimposition which may or
may not have a fundamental theoretical basis. Therefore
stead of neglecting them completely, it is interesting to a
how small theseR-parity breaking (R” ) couplings could be by
investigating directly phenomenological constraints@2#.

The most general renormalizableR-violating superpoten-
tial using only the MSSM superfields is

WR”5l i jkLiL jEk
c1l i jk8 LiQjDk

c1l i jk9 Ui
cD j

cDk
c1m jL jH2 .

~1!

Here, i,j,k are generation indices. The couplingsl i j
k andl i j

k9
must be antisymmetric in flavor,l i jk52l j ik and l i jk9
52l ik j9 . There are 36 lepton number nonconserving c
plings ~9 of thel type and 27 of thel8 type! and 9 baryon
number non-conserving couplings~all of the l9 type! in Eq.
~1!. To avoid rapid proton decay, it is usually assumed in
literature thatl,l8 type couplings do not coexist withl9
type couplings. This can be achieved easily by impos
baryon number symmetry. The bilinear termsm jL jH2 con-
tribute to lepton flavor and number violation and could
responsible for neutrino masses. Phenomenologically, m
of these couplings have been severely constrained using
energy processes or using high energy data at the colli
@3–10#. In this paper, we shall not considerl i jk9 andm j cou-
plings.

However, most of the bounds in the literature constr
the real part of the trilinear couplings, or the product of t
linear couplings. The exception is the bound coming fro
the eK which constrains Im(li128 l i218* ),8310212 @11#. We
propose to study the neutron electric dipole moment, wh
is tightly bound by experiment, and thus obtain limits on t
0556-2821/2000/62~9!/095002~6!/$15.00 62 0950
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imaginary parts of different products of trilinear coupling
from the ones imposed byeK .

The electric dipole moment of an elementary fermion
defined through its electromagnetic form factorF3(q2) in the
~current! matrix element

^ f ~p8!uJu~0!u f ~p!&5ū~p8!Gm~q!u~p!, ~2!

whereq5p82p and

Gm~q!5F1~q2!gm1
F2~q2!

2m
ismnqn1FA~q2!

3~gmg5q222mg5qm!1
F3~q2!

2m
smng5qn, ~3!

with m the mass of the fermion andF1(0)5ef . The electric
dipole moment~EDM! of the fermion fieldf is then given by

df5
eF3~0!

2m
, ~4!

corresponding to the effective dipole interaction

LEDM52
i

2
df f̄ smng5f Fmn. ~5!

In the static limit this corresponds to an effective Lagrang
LEDM→dfCA

1sW •EW CA , whereCA is the large component o
the Dirac field. Similarly the quark chromoelectric dipo
moment~CEDM! is the coefficientdq

g in the effective opera-
tor:

LCEDM52
i

2
dq

gq̄smng5

la

2
qGamn. ~6!

The relevant Lagrangian for generating an EDM is

L52S 1

2 (
i j

C i

]2W

]f i]f j
C j1H.c.D 1¯

5@l i jk8 ~2 l̃ iujdk
c1 ñ idjdk

c!1H.c.#1¯ . ~7!
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It has been shown@4# that there is no one-loop contribu
tion to EDMs based onl, l8, or l9 couplings based on
helicity properties and symmetry. Here we briefly review
origin. It is easy to show that one cannot induce EDMs fro
the diagram that requires the external mass insertion du
the equation of motion. As a result of this lemma, prop
helicities for external fermion lines have to come direc
from vertices. Let us look at the electron EDM, which nee
externalL andEc. For the correct quantum number, possib
one loop contributions have to be proportional to eith
(1)ll* or (2)l8l8* . Based on the above lemma, the ext
nal L and Ec are required to come directly from vertice
Case~1! cannot produce the helicity flip. Case~2! is even
worse, there is no vertex to giveEc. So the one-loop electron
EDM is absent. For thed quark EDM, possibilities are eithe
~1! l8l8* or ~2! l9l9* . Case~1! does not work becaus
both dL anddc have to come from aCP-even product of a
complex conjugated pair of vertices, and case~2! fails badly
because there is no vertex to give an externaldL . Similar
reason follows for theu quark EDM. As a reminder, ther
are one-loop EDM amplitudes@12# related to the bilinear
term m jL jH2 , which mixes sleptons and Higgs bosons, e
We do not consider these couplingsm i in this work.

At the two-loop level, a number of different types of co
figurations contribute, which we classify as rainbowlike~I!,
overlapping~II !, tentlike ~III !, and Barr-Zee~IV ! @13# types.
The rainbowlike graphs~I! are those with two concentri
boson loops, the outer of which must be a charged Hi
loop ~for the same reason that one-loop graphs do not ex!.
The inner loop may have a left or right sfermion. The co
plete set of this type of graphs is given in Fig. 1~a!. The
complete set of overlapping type of graphs is given in F
1~b!. In this case, one of them must be a charged Hi
boson, the other a left or right sfermion. The tentlike grap
~III ! have a trilinear bosonic vertex. Again, the three diffe
ent boson legs can be two sfermions and one charged H
boson~in all possible configurations!. The complete set o
this type of graphs is given in Fig. 1~c!. Careful consider-
ation of all the type I–III graphs shows that their contrib
tions are suppressed by both one power of light quark m
plus some Cabibbo-Kobayashi-Maskawa~CKM! mixing
angles factor compared to those of type IV~Fig. 2!. There-
fore, one expects the Barr-Zee type of contributions to do
nate and we shall study them in detail next.

In Ref. @4#, only a rough estimate of the two-loop contr
butions to EDMs is provided. We shall present here a co
plete calculation of the quark~or electron! EDM and the
quark CEDM at the two-loop level due to the Barr-Zee ty
mechanism and show that the neutron EDM is dominated
the CEDM of thed quark. This calculation leads to mor
stringent bounds than previously obtained.

There is another class of Barr-Zee graphs with sneut
line replaced by the charged slepton line and correspon
modifications of the fermions charges in the loop. The c
culations of these type of graphs are very similar to the
in the charged Higgs models ofCP violation as in Refs.@14#,
@15#. Comparing the charged Higgs contributions to t
EDM in Refs.@14#, @15# with the neutral Higgs contribution
given in Ref. @13#, one can observe that the neutral Hig
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contributions generally dominate given comparable coupl
constants and boson masses. Therefore, we shall only
details of sneutrino contributions here.

ñgg vertex of the inner loop. The two-loop diagram of the
CEDM of thed-type quark can appear with the couplingl i jk8
through the virtual vertexñgg. The amplitude of the inner
loop in terms of the leading gauge invariant terms is

Gmn5S~q2!@knqm2k•qgmn#1P~q2!@ i emnabpaqb#,
~8!

whereS and P correspond to scalar and pseudoscalar fo
factors, respectively:

S~q2!5
mbgs

2l i338*

16p2 E
0

1

dy
122y~12y!

mb
22y~12y!q2 ,

P~q2!5
mbgs

2l i338*

16p2 E
0

1

dy
1

mb
22y~12y!q2 .

Second loop. Combining the two twisted diagrams and th
two choices of sneutrino flow directions, we have a com
natoric factor of 4 in the the two loop CEDM amplitude. I
the convention of Eqs.~2!–~6!, we obtain the CEDM of the
d quark at the scale ofmb ,

S dd
g

gs
D

mb

5
mbgs

2umb

128p4 Im~l i338* l i118 !

3E
0

1

dyE
0

` Q2d~Q2!@12y~12y!#

@mb
21y~12y!Q2#~Q21M ñ i

2 !Q2

5
as Im~l i338* l i118 !

32p3

mb

M ñ i
2 •FS mb

2

M ñ i

2 D , ~9!

with the loop function

F~t!5E
0

1

dy
~y22y11!

y~12y!2t
lnS y~12y!

t D ~10!

→ p2

3
121 ln t1~ ln t!2 for t→0. ~11!

Implicit sum over sneutrino flavorsi is assumed in the above
The last asymptotic form is useful because the ratiot
5mb

2/M ñ i

2 is small. The large logarithmic factor helps place
strong constraint onl8 couplings. Note that sneutrino is th
heaviest particle in the loop. Atmb scale, the sneutrino in
duces a four fermion interaction ofb and d quarks. As a
result, by simple power counting, the gluonic loop is log
rithmically divergent which explains the large logarithm
enhancement factor.

Replacing the gluon line by the photon line, we obtain t
EDM of the quark simply by substituting the color factor an
the charge factor:
2-2
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FIG. 1. ~a! ~i! Rainbowlike diagram for thed quark. The genericR” vertex is marked bys and its complex conjugate byd. ~ii !
Rainbowlike diagram for theu quark.~b! ~i! Overlapping diagram for thed quark usingl8. ~ii ! Overlapping diagram for theu quark using
l8. ~c! ~i! Tentlike diagram for thed quark usingl8. ~ii ! Tentlike diagram for theu quark usingl8. ~d! Barr-Zee type graph foru quark
EDM.
095002-3
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S dd
g

e D
mb

56edeb
2S aem

as
D

mb

S dd
g

gs
D

mb

. ~12!

Now we address the QCD evolution of these Wilson
coefficients. As an effective theory, the four-fermion vertic
of the form (b̄b)(d̄d) arise first in the energy scale belo
M ñ i

when ñ are integrated out of the theory. Then the ED

and the CEDM of thed quark arise belowmb scale. There-
fore, thel8 couplings in the above equations are evaluate
the mb scale. We ignore the dressing of these four-ferm
vertices because of the small value of their couplings and
slow running ofas at such high energy scale. In this pe
spective, thel8 factors in Eq.~9! are defined at the shor
distance scale nearM ñ . Below mb , the CEDM and the
EDM of light quarks appear and they evolve down to t
hadronic scaleLH by

S dd
g

gs
D

LH

Y S dd
g

gs
D

mb

5S gs~mb!

gs~mc!
D 4/25S gs~mc!

gs~LH! D
4/27

5Zg,

~13!

S dd
g

e D
LH

Y S dd
g

e D
mb

5S gs~mb!

gs~mc!
D 8/25S gs~mc!

gs~LH! D
8/27

5Zg.

~14!

Note that in some references@17#, a light quark mass coef
ficient has been factored out so that the form of evolut
equation looks different from above. We denote byDn

g (Dn
g)

the neutron EDM due to the CEDM~EDM! of light quarks.
The SU~6! relation gives

Dn
g

e
5F4

9 S dd
g

gs
D

LH

1
2

9 S du
g

gs
D

LH

G ,

~15!

Dn
g

e
5F4

3 S dd
g

e D
LH

2
1

3 S du
g

e D
LH

G .

FIG. 2. A typical two-loop diagram of the Barr-Zee type. No
that there are three ways to insert mass.
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For as(MZ)50.12 andgs(LH)/(4p)51/A6, the QCD evo-
lution factorsZg and Zg are about 0.71 and 0.84, respe
tively. Our formulas and numerical values are consist
with those in Ref.@17# but differ from those in Ref.@18#.

For completeness, we add another large contribution
the d quark EDM due to thet lepton replacing theb quark
inside the first loop. We obtain two independent contrib
tions as:

S dd
g

e D
mb

~b-loop!52
aem

16p3 (
i 51,2,3

3edeb
2mb

M ñ i

2

3Im~l i338* l i118 !•FS mb
2

M ñ i

2 D , ~16!

S dd
g

e D
mt

~t loop!52
aem

16p3 (
iÞ3

edmt

M ñ i

2

3Im~l i33* l i118 !•FS mt
2

M ñ i

2 D . ~17!

The latter contribution from thet-loop is induced at themt
scale and we need to adjust the minor change in the Q
evolution. There are also other Barr-Zee type diagrams fr
the exchange ofW6 or Z gauge bosons. However, they a
known to be giving smaller contributions and thus we igno
them in our numerical study@14–16#.

As uR is not directly involved in theR” interaction, theu
quark CEDM does not appear throughl8 in the form of Fig.
2. Nonetheless, there are two-loop diagrams Figs. 1~a! ~ii !,
1~b! ~ii !, 1~c! ~ii !, and 1~d! which are suppressed by the ligh
quark mass and mixing angles. Therefore, theR” contribution
to the neutron EDM is dominated by thed quark CEDM and
EDM. Assuming allM ñ i

are equal and taking typical value

M ñ i
'300 GeV andmb'4.5 GeV, we have

Dn
g.5.46310221~e cm!3(

i
Im~l i338* l i118 !, ~18!

Dn
g.21.03310222~e cm!3(

i
Im~l i338* l i118 !

21.92310222~e cm!3(
iÞ3

Im~l i33* l i118 !.

~19!

Our numerical result shows that the strongest constr
comes from the CEDM of thed quark. Using the up-to-dated
experimental@19# bounduDnu,6.3310226e cm and barring
accidental cancellation among contributions, we derive
constraints

(
i

Im~l i338* l i118 !,1.231025, ~20!
2-4
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FIG. 3. The neutron EDMDn versusM ñ with
( i Im(li338* l i118 ) or ( i Im(li33* l i118 ) scaled to 1025.
ns

n
ho
o

,
p

-

ns,
(
iÞ3

Im~l i33* l i118 !,3331025, ~21!

for M ñ5300 GeV.
In Fig. 3 we plot both the photon and gluon contributio

to the neutron EDM versus the sneutrino massM ñ in the
region of interest~100 to 600 GeV! with ( i Im(li338* l i118 ) or
( i Im(li33* l i118 ) scaled to 1025. One could see that the gluo
contribution consistently dominates the corresponding p
ton one by at least an order of magnitude over the wh
parameter space explored.

The electron EDM can arise via bothl8 or l-type
R-parity violating coupling Ref.@4#. Based on above study
the analytical formula for the electron EDM at the two-loo
level is
09500
-
le

S de
g

e D 52
aem

16p3 F(iÞ1

3eb
2mb

M ñ i

2 Im~l i338* l i11!•FS mb
2

M ñ i

2 D
1

mt

M ñ2

2 Im~l233* l211!•FS mt
2

M ñ2

2 D G . ~22!

In Fig. 4 we assume allM ñ i
to be equal and plot contribu

tions to the electron EDM versus the sneutrino massM ñ in
the region of interest~100 to 600 GeV!. Using the up-to-
dated experimental@20# bound udeu,0.43310226e cm and
barring from accidental cancellation among contributio
we derive constraints

Im~l233* l211!,0.7431025, ~23!
FIG. 4. The electron EDMde versusM ñ .
2-5
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(
iÞ1

Im~l i338* l i11!,1.331025, ~24!

for M ñ5300 GeV.
In conclusion, we have presented an exact and comp

calculation of the dominant contribution to the neutron ED
in a minimal supersymmetric model withoutR parity due to
the couplingsl and l8. The CP violation does not depend
on the complex phasesfm and fA0

~the phases of the
Higgsino mass parameter and the trilinear scalar coup
A0) in minimal supergravity models, and therefore is un
lated to the restrictive bounds or complicated cancellati
kin

.

.

ya

y

v
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necessary in MSSM. The leadingR” contribution to the neu-
tron EDM occurs at two-loop level through the Barr-Ze
mechanism. We obtain stringent bounds on the prod
Im li338* l i118 ,O(1025).
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