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Hadronic electric dipole moments, the Weinberg operator, and light gluinos
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We reexamine questions concerning the contribution of the three-gluon Weinberg operator to the electric
dipole moment of the neutron, and provide several QCD sum-rule-based arguments that the result is smaller
than—but nevertheless consistent with—estimates which invoke naive dimensional analysis. We also point out
a regime of the minimal supersymmetric standard model parameter space with light gluinos for which this
operator provides the dominant contribution to the neutron electric dipole moment due to enhancement via the
dimension five color electric dipole moment of the gluino.
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I. INTRODUCTION AND SUMMARY

New sources ofCP violation in supersymmetric exten
sions of the standard model are highly constrained by
null experimental results for the electric dipole mome
~EDMs! of neutrons and heavy atoms@1,2#. Typically, when
the superpartners have an electroweak scale mass,LW , the
additional CP violating phases are constrained to be
O(1022). When confronted with the natural expectation th
the size of these phases in the soft-breaking sector shou
of order one, this creates a problem for weak-scale su
symmetry~SUSY!.

The interactions which generate EDMs are described b
CP-odd effective Lagrangian, induced at 1 GeV by integr
ing out heavy standard model particles and superpartn
which contains a series of operators of increasing dimens
The leadingu term,

L eff
[4]5

gs
2

32p2
ūGmn

a G̃mn
a , ~1!

has dimension four, and an arbitrary value forū constitutes
the usual strongCP problem as its contribution to EDMs i
unsuppressed by any heavy scale. Moreover, the existen
additionalCP-odd phases in the soft-breaking sector of t
minimal supersymmetric standard model~MSSM! aggra-
vates this problem by inducing a large additive renormali
tion of ū that survives in the decoupling limit. The conve
tional ‘‘cure’’—the Peccei-Quinn mechanism—eliminatesū
and leaves the dimension five quark EDMs and color ED
~CEDMs!,

L eff
[5]52

i

2 (
i 5e,u,d,s

di c̄ i~Fs!g5c i

2
i

2 (
i 5u,d,s

d̃i c̄ i~Gs!g5c i , ~2!
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and the Weinberg operator@3#,

L eff
[6]5

1

3
w fabcGmn

a G̃nb
b Gbm

c , ~3!

as the dominant mediators ofCP violation from the soft
breaking sector to the observables. Note that although
quark ~C!EDMs have dimension five, chiral symmetry re
quires that the corresponding coefficients are proportiona
a light quark mass, and thusdi , d̃i , andw generically scale
in the same way with the overall SUSY breaking scale.

Extracting constraints on the underlyingCP-odd phases
thus requires quantitative knowledge of the dependence
observable EDMs ondi , d̃i , andw normalized at the had
ronic scale. Recently, the dependence ondi and d̃i has been
determined more precisely using QCD sum rules@5#, and
now we turn our attention to the Weinberg operator. A
though rather intractable within the standard framework,
will present several sum-rule-based estimates. The resu
preferred range for the neutron EDM,

dn~w!5e~10–30! MeV w~1 GeV!, ~4!

is a factor of two smaller than conventional estimates@3,4#
using ‘‘naive dimensional analysis’’~NDA! @6#. This moder-
ate suppression can be understood through the appearan
combinatoric factors which are not accounted for with
NDA. However, while our result fordn(w) is smaller than
the NDA estimate, and thusdn(di ,d̃i) generally dominates
the contributions todn , there is a regime in whichdn(w) is
important as it is generated rather differently from the qu
~C!EDMs within the MSSM.

In order to explain this point recall, first of all, that the
are several generic ‘‘strategies’’ for curing the SUSYCP
problem. The first is to require that the superpartners
heavy enough to suppress all operators of dim>5 generated
©2003 The American Physical Society07-1
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at the SUSY threshold. This decoupling is usually applied
sfermions of the first two generations only, in order to avo
problems with fine tuning in the Higgs sector. However, t
approach is only partially successful as relatively lar
EDMs may be generated through higher loops@7# or through
four-fermion operators induced by Higgs exchange@8#. Sec-
ondly, one could conceive of a universal conspiracy lead
to cancellations between different contributions@9#, but this
is difficult to reconcile with the null results for all three type
of EDM measurement~neutron, paramagnetic and diama
netic atoms! that a priori have different phase dependen
@10#. A third, perhaps more elegant, option is to invoke
exactCP or parity at some high-energy scale and specify
mechanisms that break supersymmetry in such a way tha
the relevant soft breaking parameters are rendered real.
could also be one way of obviating the need for axion rel
ation @11#. However, some of these scenarios may face pr
lems when confronted with the largeCP violation that is by
now well documented in theB-meson system@12#.

Given these difficulties, one may pursue another opt
which is to suppress the SUSY contributions by creat
some ~mild! hierarchies between the soft breaking para
eters in order to suppress the EDMs generated at one l
Notably, in the limit where gauginos are much lighter th
the sfermions, all one-loop contributions to the EDMs
light quarks and the electron take the following form:

di~one loop!;~ loop factor!3
mi

msf
4
Im~mlA!, ~5!

with a similar expression fordi induced by the relative phas
of m and ml . Here i 5e, u, d, s, and msf stands for a
generic sfermion mass. It is easy to see that asml→0 the
expression~5! for di vanishes. Thus a mild hierarchyml

;(1023–1022)msf would appear to be sufficient to evad
the SUSYCP problem @13,14#. In slightly different lan-
guage, it follows from Eq.~5! that in this regime the quark
EDMs are demoted to dimension seven operators and
are relatively harmless.

While the quark EDMs are suppressed by this hierarc
we emphasize that sendingml down to hadronic scales ac
tually enhancesthe neutron EDM via the generation of th
Weinberg operator. The main point is that the gluino CED

Ll5
1

4
d̃l f abcl b̄s•Gag5lc, ~6!

can be induced by a top-stop loop@15#, leading to

d̃l~one loop!;~ loop factor!3
mt

2

msf
4
Im~At2m* cotb! ~7!

in a basis in which the gluino mass is real. Thusd̃l is a
genuine dimension five operator,d̃l;1/LW , for At;m
;msf;LW . It follows that for ml;Lhadr, the gluino takes
part in the strong interactions and contributes to the ene
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density of all hadrons. Consequently the neutron EDM
unsuppressed by any additional scale, and at a crude l
dn;ed̃l;1/LW .

This enhancement by the gluino CEDM~6! persists in the
intermediate hierarchical regimeLhadr!ml!LW where, on
integrating out the gluino, one generates a contribution to
Weinberg operator alluded to above that scales
1/(mlLW). At a critical scaleml5ml

int,LW these contribu-
tions will dominate overdi;Lhadrml /LW

3 and dn will start
increasing whileml decreases. As we will determine below
the scale

ml
int;~6212! GeV ~8!

sets an effective threshold for the maximal suppression
EDMs possible with this superpartner hierarchy.1

Our results suggest that at this scale the neutron EDM
still considerably larger than the experimental bound,

Ddn~ml
int!;~40280!dn

exp, ~9!

unless the SUSYCP phases are fine tuned. Note that bo
ml

int and dn(ml
int) depend, in addition, on possible interge

erational hierarchies for the squark masses. When the
generation of sfermions is taken to be heavier thanLW , ml

int

increases whiledn(ml
int) decreases.

Therefore, the Weinberg operator has an important role
play in minimizing the suppression possible within the lig
gluino regime. Note that forml!Lhadr, the CP-violating
phase can be rotated toml itself leading to a suppression o
dn by ml /Lhadr as one approaches the super-Yang-M
limit. A schematic plot of the behavior ofdn(ml) is shown in
Fig. 1.

In the next section we turn to the problem of estimati
the contribution todn induced by the Weinberg operato
justifying the result~4!. Then, in Sec. III we describe in mor
detail the calculation justifying the argument outlined abo
which uses the Weinberg operator to limit the suppression
EDMs for light gluinos.

II. NEUTRON EDM INDUCED BY THE
WEINBERG OPERATOR

Unlike the case ofdn induced by theu term, or the EDMs
and CEDMs of quarks, where chiral loop@18# and QCD
sum-rule-based calculations@5# are available, the matrix el
ement that relatesdn with the Weinberg operator is unknown
The standard estimate, first obtained by Weinberg@3#, makes
use of ‘‘naive dimensional analysis’’@6,19# which keeps
track of dimensions, in terms of the generic hadronic sc
Lhadr, and Goldstone-mediated interactions through the
fective dimensionless couplingLhadr/ f p . One finds@3,4#

1As an aside, we note that~perhaps surprisingly! a gluino mass of
orderml

int is still not ruled out by direct constraints, and indeed h
recently been revived@16# in relation to the enhanced hadron
b-quark production observed at the Collider Detector at Ferm
~CDF! and D0” @17#.
7-2
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dn;e
Lhadr

4p
w~m!;e 90 MeV w~m!, ~10!

at a low-energy normalization pointm, taking Lhadr;4p f p

;1.2 GeV. The large value;4p for the coupling amounts
to demanding that loop corrections are qualitatively sim
to the tree-level terms at the matching scale. In the gluo
sector, which is important here, this means that within
UV quark and gluon description the relevant value of t
gauge coupling is necessarily very large and conseque
the inferred matching scale does not mesh easily with exp
tations from the chiral sector@6,19#. In the present contex
Weinberg@3#, and many papers since@4#, have, for the pur-
pose of evaluating the gauge coupling, chosen a spe
matching scale corresponding togs54p/A6, or as.2 @cf.
as(1 GeV).0.4]. If we adopt this normalization scale i
Eq. ~10!, and use~somewhat optimistically! the one-loop
anomalous dimension forw @20#, the relation w@m(gs

54p/A6)#.0.4w(1 GeV) leads to the most common
used estimate fordn(w):

dn
(1);e 40 MeV w~m51 GeV!. ~11!

We will avoid quoting a result for the dependence ofdn on
w(LW), as there are additional threshold contributions fro
d̃b and d̃c generated by top-quark–top-squark–gluino loo
which are in general model dependent@21#.

To get some intuition regarding the estimate~11!, we can
consider more carefully the loop factors which are effe
tively set to unity in Eq.~10!. For illustration, consider re
ducing the Weinberg operator to the EDM by ‘‘integratin
out’’ the gluons. This leads to an effective loop factor
gs

3/(4p)4 which reproduces Eq.~10! provided we takegs

;4p. One obtains a similar conclusion for the effecti
scale by considering the gauge kinetic term itself@6#. As a

FIG. 1. Schematic behavior of the neutron EDMdn as a func-
tion of the gluino mass. Loweringml from the SUSY threshold
there is an initial suppression ofdn due to the decrease ofdi(ml) as
ml decreases fromLW to the intermediate valueml

int . A further
decrease ofml in the interval fromml

int to Lhadr leads to the in-
crease ofdn due to the contribution of the Weinberg operator, i
duced by the gluino CEDM. Whenml is smaller thanLhadr, dn

receives a linear suppression byml .
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consistent matching condition we might then choosem
5m(gs54p), leading to a result

dn
(2);e 18 MeV w~m51 GeV!, ~12!

which is half the size of Eq.~11!. Although both results~11!
and ~12! are consistent within the expected precision of t
NDA, it is clear that independent quantitative calculatio
are needed to determinedn(w) to better than an order o
magnitude.

As a quantitative test of the NDA estimates, we will no
revisit the calculation ofdn(w) using QCD sum rules, lead
ing to a result that is a factor of 2smaller than Eq.~11! and
consistent with Eq.~12!. To proceed, we note first that th
leading contribution to the EDM from the operator produ
expansion~OPE! of the nucleon current correlator in th
presence of the source~3! exhibits a logarithmic infrared
divergence. This signals@22# the presence of additional op
erators, required to resolve the divergence, whose contr
tions are generally rather difficult to calculate direct
Therefore, we will be content to regulate the logarithm
divergent contributions with an IR cutoff. These terms w
then form the basis of our estimates as they are corresp
ingly enhanced and thus provide the dominant contributi
to the EDM.

We begin by noting that the Weinberg operator allows
a perturbative insertion into the quark propagator. The le
ing CP-odd correction is described by the diagram shown
Fig. 2, and standard manipulations@23# lead to the following
result:

iS~p!5
ip”

p2
1

igsw

8p4
g5^q̄gs~Gs!q&, ~13!

where the value of the quark-gluon condensate is given
@24#

^q̄gs~Gs!q&5m0
2u^q̄q&u.0.8 GeV2^q̄q&, ~14!

with ^q̄q&52(230 MeV)3. It is the 1/p4 momentum depen-
dence in the second term of Eq.~13! which leads to the
logarithmic infrared divergence alluded to above in the c
relator of two nucleon currents. This signals the breakdo
of the OPE, but also singles out this insertion as provid
the dominant effect which we will use in calculatingdn(w).
The ambiguity of the infrared logarithm does of course re
der the result less reliable than the corresponding determ
tion of dn(di ,d̃i) @5#, but nonetheless sufficient for our est
mates.

FIG. 2. Perturbative insertion of the Weinberg operator into
quark line. The resulting correction to the propagator is proportio

to wg5^q̄gs(Gs)q&.
7-3
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The insertion present in the second term in Eq.~13! be-
haves as a ‘‘softg5 mass.’’ Indeed, while irrelevant for larg
p2, at hadronic scale momenta it mimics the existence o
effectiveCP-odd mass of order

m5
eff.

gsw

8Lhadr
2 ^q̄gs~Gs!q&;~120 MeV2160 MeV!3w

~15!

whereLhadr is the effective hadronic scale, which we take
lie in a range frommr up to 4p f p , with previous results@5#
suggesting that the lower end of this range is most relev
for EDM observables. This determines the neutron EDM
cording to the scaling relation@5#,

dn;e
um5

effu

Lhadr
2

;e~1.527! MeV w~Lhadr!, ~16!

where the large range in this estimate arises from the allo
variation inLhadr.

This result is 5–10 times smaller than the conventio
NDA estimate~11!. This is actually not too surprising onc
we recall thata priori dn(w) should be ofO(^q̄q&0) in the
chiral limit, while the contribution in Eq.~16! is O(^q̄q&)
and thus may indeed be subleading. To test this one
consider an explicit sum-rules-based estimate@25# utilizing
the insertion~13!. One finds that for the natural chirally in
variant Lorentz structure,$p” ,(Fs)g5% @5#, the tractable con-
tributions are ofO(^q̄q&2) and render a result fordn within
the range~16!. Previous experience@5# would suggest tha
the terms ofO(^q̄q&2) are sub-dominant, but unfortunate
the ~a priori! leading contributions ofO(^q̄q&0) for dn(w)
are intractable in this direct approach due to the presenc
unknown condensates.

This analysis suggests that the range~16! might represent
an underestimate ofdn(w). A natural path to follow is to
consider the sum rules in chirally variant channels such
(Fs) or p” (Fs)p” from which one can still extractdn(w)
along the lines considered previously fordn(u) @26#. A con-
venient means of estimatingdn(w) in this vein is to calculate
the g5 rotation of the nucleon wave function induced by t
Weinberg operator and determinedn in terms of the corre-
sponding rotation of the neutron anomalous magnetic m
mentmn :

dn;mn

^Nu
w

3
(GGG̃)uN&

mnN̄ig5N
. ~17!

This approach was considered previously by Bigi and Ur
sev @27# who estimated ^Nu(GGG̃)uN& in terms of
^NuGGuN& and the corresponding vacuum condensates.

We can follow this route and perform a more explic
calculation by evaluating the ‘‘g5’’ term in the standard mas
sum-rule correlator of the two nucleon currents. For the c
ventional choice of the Ioffe interpolating current for th
neutronh @28#, we obtain at leading order,
01500
n
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d
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E d4xeip•x^h~0!h̄~x!&

5
1

16p2
p2ln~2LUV

2 /p2!^q̄q&

3F11 ig5

3gsw

32p2
m0

2ln~2p2/m IR
2 !G1•••. ~18!

It is the relative coefficient between the structures1 and ig5
that determines the chiral rotation and consequently en
into the estimate of@27#. From Eqs.~17! and~18! we obtain

dn.mn

3gsm0
2

32p2
w ln~M2/m IR

2 !.e 22 MeV w~1 GeV!,

~19!

where we tookM /m IR52 and gs52.1. It is important to
note that the estimate~19! arises atO(^q̄q&0), which we
would expect to be dominant, and is indeed considera
larger than the estimate~16!. A more involved calculation of
the nucleon current correlator in an external electromagn
field @25# reveals additional contributions todn(w), but the
overall result remains quite close to Eq.~19!. Additional in-
duced corrections, from Peccei-Quinn relaxation, would a
be subleading@27# as they cannot contribute atO(^q̄q&0).

The only other QCD sum-rules estimate ofdn(w) that we
are aware of was made by Khatsimovsky@29# who consid-
ered a high order term in the OPE proportional to t
dimension-eight operatorF(GGG̃). An estimate of the non-
local correlator,*d4x^0uT$(GGG̃)(0),(GGG̃)(x)%u0& pro-
duced a result fordn(w) similar to Eq.~10!. However, com-
binatoric factors were ignored in this calculation whic
clearly reduce the result to a value consistent with—or som
what smaller than—Eqs.~16!,~19!. In practice a precise cal
culation along these lines does not appear feasible, as
tiple perturbative insertions of the gluon field strength into
quark line generally leads to power-like infrared divergenc
@22#, signifying the breakdown of the OPE.

Putting these results together, and ignoring the low
range of Eq.~16! for the reasons discusssed above, we fi
the preferred range fordn(w),

dn~w!;e~10–30! MeV w~1 GeV!, ~20!

which is a factor of two smaller than the conventional ND
estimate~11!, and consistent with Eq.~12!. This result will
be discussed in more detail elsewhere@25#, but we turn now
to a regime of the SUSY parameter space for which t
contribution todn is nonetheless very significant.

III. ENHANCEMENT VIA GLUINO COLOR EDM

As described and schematically illustrated in Sec. I,
neutron EDM is particularly enhanced in the domainLhadr
<ml!LW where the gluino develops a color EDM via
top-quark–top-squark loop@15#,
7-4
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d̃l~LW!52
gs

3~LW!

32p2

mt

M t̃ 1

2 sin~2u t̃ !sind t

3F f gS mt
2

M t̃ 1

2 D 2
M t̃ 1

2

M t̃ 2

2 f gS mt
2

M t̃ 2

2 D G , ~21!

with d t5Arg@At2m!cotb# and f g(y)5@12y1 ln(y)#/(1
2y)2. Note that this expression is independent ofml and
scales as 1/LW . The corresponding contribution to the Wei
berg operator@3,4,30,31#,

Dw~ml!52
3gs

2~ml!

32p2

d̃l~ml!

ml
~22!

scales as 1/mlLW . It is worth noting that in addition to the
obvious enhancement by a factor ofLW /ml relative to the
standard scenario@30#, the gluino CEDM-induced shift of
the Weinberg operator is also enhanced relative to that
duced byc or b quarks which is of order 1/LW

2 @31,21#.
The normalization ofDw at the hadronic scale involve

running the gluino CEDM fromLW down to the gluino mass
threshold, and subsequent running ofw down toLhadr. For
completeness, we give the one-loopb function coefficient,
b051122nl22nq/3, wherenx stands for the number o
light x particles at the scale under concern. Besides this,
anomalous dimensions ofd̃l and w are given, respectively
by gl52181b0 andgW523613b0. The latter has been
computed in@20#, and the computation of the former is sim
lar to that of the quark color EDMs@32#.

We now illustrate numerically the impact of light gluino
on the neutron EDM using the range fordn(w) in Eq. ~4!.
Using Eqs.~21! and ~22!, we can write

Ddn;100 sind t

~4 –12! GeV

ml
dn

exp, ~23!

where we have takenM t̃ 1
5200 GeV, M t̃ 2

5700 GeV, u t̃

5p/4, and the current experimental bound on the neut
EDM is dn

exp,6310226 e cm @1#. The final results are pre
sented in Fig. 3, where we have chosen the mid-valuedn
520 MeVw in Eq. ~4!. The solid curve stands forml

51 GeV ~with dn /dn
exp'980 atd t5p/2), the dashed curve

for ml5mb ~with dn /dn
exp'170 at d t5p/2), and the dot-

dashed curve forml520 GeV ~with dn /dn
exp'30 at d t

5p/2). Thus, for light gluinos, whereml;(124) GeV,
one finds thatdn(w) exceeds the experimental bound by
least two orders of magnitude throughout the entire prefe
range in Eq.~4! unless the SUSY phases are tuned such
d t&1022.
.

01500
n-

e

n

t
d

at

Of particular interest is the maximal suppression that o
can achieve for the EDM in this hierarchical regime wi
light gluinos. We denote byml

int the critical scale at which
the one-loop contribution induced by quark EDMs~and
CEDMs! is approximately equal to the contribution asso
ated with the Weinberg operator discussed here. Choo
the soft-breaking parameters in the first generation of squ
to be O(200 GeV), and assuming no accidental cance
tions, we find

ml
int;~6212! GeV ~24!

accounting for the range in Eq.~4!, for which the~minimal!
correction to the EDM is approximately,

Ddn~ml
int!;~40–80!dn

exp, ~25!

which still exceeds the experimental bound by at least
order of magnitude unless theCP-odd phases are small.

It is interesting to compare our estimates fordn with those
one obtains when the gluino is heavy,ml;LW . In this case,
the Weinberg operator is first generated at the weak sca
two-loop order@30#. On including the contributions arising a
the b-quark andc-quark thresholds, one finds thatdn ob-
tained via Eq.~10! only exceedsdn

exp by at most one order o
magnitude@21#. Consequently, the light gluino scenario a
tually induces a larger contribution todn via the color EDM
of the gluino. Thus, while it is possible to suppress the o
loop contributions to the EDMs of leptons and hadrons
taking light gauginos@14#, the induced contribution to the
Weinberg operator means that the constraints on the SU
CP-odd phases are not correspondingly relaxed.
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