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Abstract 

In this paper we study the strange quark contribution to the neutron electric 
dipole moment and compare with other contributions in multi-Higgs doublet 
models. We find that the stange quark contribution is signincant because the 
strange quark color dipole moment is larger than that of the down (up) quark by 
a factor m,(m4 {iiiffmu). In the case of neutral Higgs it can be the dominant 
contribution to the neutron electric dipole moment. 
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One of the open questions of particle physics is the origin of CP violation. Heretofore 
CP violation has only been observed in the neutral Kaon system.1 Even though 
no other CP violating system has been found, significant improvements have been 
made in putting an upper bound on the neutron electric dipole moment (EDM), 
\Dr.\ < 1.2 x l O - 2 s e c m . 2 The measurement of the neutron EDM can play an important 
role in providing information about the origin of CP violation. The standard model 
predictes a very small |D„j < 1 0 - 3 1 ecm. 3 , < In extensions of the standard model it is 
possible to have neutron EDM of the same order as the experimental upper bound. 
CP violation due to Higgs exchange is an example of such models.5 Recently several 
authors have studied some new classes of l o p diagrams in multi-Higgs models which 
contribute significantly to the neutron E D M . 6 - 9 In this paper we study the strange 
quark contribution to the neutron EDM and find that this contribution may well be 
the most important contribution of all. 

The strange quark can contribute to the neutron EDM if the strange quark has a 
color dipole moment / , . The color dipole moment of a quark q is defined as 

g \* 
£« = - * / « Y ^ ^ 7 5 y $ G > , (1) 

where G^, is the gluon field strength, and A° is the SU(Z)c Gell-Mann matrix with 
a = 1, • • • ,8. If / , is nonzero, a CP odd JKEn vertex \/2<//C£n = < # E | - I'M > w iU 
be generated. There are several ways of estimating this matrix element. In Ref[10] by 
relating the matrix element to the baryon mass differences and use of PC AC, gKZn 
is estimated to be - 0.35/,(GeV). Using a different method, approximately the same 
number was obtained in Ref.[3]. This matrix element has also been estimated by 
using QCD sum rules which gives giczn to be about one order of magnitude larger.11 

In the present calculation we will use gnxn = — 0.35/,(GeV). Using the flavour SU(3) 
prediction for the CP even # En vertex and the above estimated CP odd vertex, we 
have a hadronic level effective Lagrangian 

Lt„ = -y/2g„NN{2a - l)t-i7snK~ - y/2gKznt~nK~ + H.C., (2) 

where g„NN = 13.5 and a = 0.64. The above effective Lagrangian induces a strange 
quark contribution to the neutron EDM given by 3 

The function G(x) is from the loop integral. It is given explicitly in Ref{3] and is 
approximately 0.6. Numerically, we have 

Dn{s) = 0.027/. c. (4) 
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There may be other long distance contribution.. It is possible to generate a CP odd 
NNK vertex due to the up and down quark color dipole moments. However, as we 
will see, in multi- Higgs models / , 's are proportional to the quark masses. Therefore 
the OP odd NNir vertex will be suppressed by factors of (m„, md)/mt. It has also 
been argued10 that in the 51/(3) x 5t/(3) limit, there is a singularity in the function 
G(x) of the type ^(m^). The contribution can be large. There is no reason to expect 
significant cancellation of this contribution. In the following we will limit ourselves 
to the str?nge quark contribution to the neutron EDM given by Eq.(3). 

To study the strange quark contribution to the neutron EDM, we need to calculate 
/ , . We will concentrate on multi-Higgs doublet models. It should be noted that 
there are difficulties if CP is only violated spanotaneously due to complex vacuum 
expectation values (VEV) of the Higgs doublets. These complex VEVs will produce 
complex quark masses at the tree level and therefore a non-zero contribution to the 
strong CP violating 0-term. The experimental upper bound on the neutron EDM 
constrains the VEV phases to be too small to explain the observed CP violation 
in the neutral Kaon system. In view of this, we will consider multi Higgs doublet 
models in which CP violations occur both in the KM sector and the Higgs sector. As 
mentioned before, KM mechanism contribution to the neutron EDM is very small, 
and we are considering possible large contributions from Higgs sector. 

In order to have CP violation due to Higgs exchange and at the same time conserve 
flavour in neutral current at the tree level, at least three Higgs doublets are needed 
as in the original model of Weinberg.5 Let us suppose that the Higgs doublets Hx and 
H% provide masses for down and up quarks respectively. Their Yukawa coupling to 
quarks can be parametrized as 

L(Charged Higgs) = --ULI<MDDRH? - —URMuKDLH+ + H.C., (5) 

and 

L(Neutral Higgs) = -—DLMDDRH? - —URMuULH% + H.C., (6) 
Vi Vi 

where MU,D are the diagonal up and down quark mass matrices, K is the KM matrix, 
Vi are the VEVs of the Higgs doublets, H* are the charged Higgs particles and 
i/° are the neutral Higgs particles. In the three Higgs doublet model, there are two 
charged Higgs particles and five neutral Higgs particles. In general multi Higgs models 
require the introduction of some discrete symmetries to avoid flavour changing neutral 
currents at the tree level. In the case of the two Higgs doublet 4fo*iMWfr model, these 
symmetries then ensure CP conservation. If these symmetries are softly broken in 
the Higgs potential it is possible to have CP violation due to neutral Higgs exchange 
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loop level l 4 

and respect neutral flavour conservation in the Yukawa sector at the tree level. 1 2 , 1 3 

Using the above Lagrangian for the charged Higgs contribution, we obtain at the one 

u = ^ k r - m ' { i ^ ) U m i m Z V : i V A n x v ) " F(I2,))' (7) 

with 

TO-ar^-*—!**-^- ( 8 ) 

where / is summed over u,c,t, xu = (mj/mjfc)2, t = 1,2 indica 2 the two charged 
Higgs particles, Vtj is the KM matrix element. 

The neutral Higgs exchange contribution to / , at the one loop level is given by 1 5 

4 V 2 T 2 g,(n') rriff m. 

There is a large contribution to / , at the two loop level through a Barr and Zee 
type diagram8, which gives (following Ref[9]) 

U = I ^ " ^ ' ^ ^ )*K/KVm») + gimVmDVmZo 

- ( / K K ) " «7K/m*,))/m2o]. (10) 

In the above ImZ is defined by fm( *"$?>) = ^ffiffl* and the other ImZf* are 

defined similarly as ImZ in Ref[13]. The functions f(x) and g(x) are given by 

rt \ Y f1 A 1 ~ 2^(1 - 2:) T z(l - z) 
/ ( i ) = r J. dzz(i-z)-x

ln—x—> ( 1 1 ) 

g(x) = i x /* < f c — - - , I n ^ — - ^ . (12) 
* v ; 2 Jo z ( l - z ) - * 1 v ' 

For the neutral Kiggs sector the contribution from Eq.(10) dominates over that from 
Eq.(9) for comparable ImZfs. 

To see the importance of the strange quark contribution to the neutron EDM let 
us compare it with other contributions which have been considered in the literature. 
We consider the neutral Higgs sector first. 

i) The valence quark contribution: This method is to calculate the up or down quark 
EDM d„ and dd first and then use the SU(6) relation to obtain Dn = \{Add - <*»). 
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ii) The color dipole moment contribution: This contribution is due to nonzero up 
and down quark color dipole moments /„ and / j . By using the SU(6) relation, one 
finds D n = | (4 / i + / . ) . 3 

These two contributions occur at one and two loop levels in multi-Higgs models. 
The one loop contribution is proportional to the third powers of the light quark masses 
and therefore is very small. Barr and Zee find a class of two loop diagrams which 
give a much larger contribution Dn(BZ) to the neutron EDM.8 Inspired by Barr and 
Zee's work, Chang et. al., and Gunion et. al., calculated the contribution of the color 
dipole moments of u and d quarks to the neutron EDM Dn(C)? They are given by 
Eq.(lO) with proper changes of quark masses and the parameters ImZi. 

iii) It has been noticed by Weinberg that at two loop level a CP odd operator 
— \CfabcG'il^lG^,pUGa,nt,l'"", can be generated and the coeficient C is not supressed by 
small quark masses.6 This operator can contribute to the neutron EDM. Using a 
dimensional argument one obtains the contribution of this operator to be Dn(W) « 

iv) The neutral Higgs contribution to the neutron EDM can also be calculated by 
evaluating the Higgs nucleon coupling and then calculating the neutron EDM. Using 
the results from Ref[16], one obtains Dn(N) = \Qr22^s-ImZ\tcm. If the Higgs mass 
is larger than 100 GeV, this contribution will be smaller than the color dipole moment 
contribution. 

In Ref.[9] it was shown that among the abc;ve mentioned contributions, Dn{C) is 
about one order of magnitude larger than the valence quark contribution and a factor 
of two larger than the contribution from the Weinberg three gluon operator. Compar
ing the strange quark contribution given by Eqs.(4) and (10), we obtain Ijĵ fcfl = 1.2. 
For simplicity, we use the two Higgs doublet model with soft sjTtnmetry breaking 
terms mentioned above for the numerical calculation. Varying mumH in the range 
mt = TTIH = m\y to mt = m// = 200 GeV, we obtain 

2.0 x 10" 2 6 

2 

£„ = < 

.0 x 10" 2 6 ~ 1.6 x 10-Mecm, D(C), 
£.0 x 10" 2 7 ~ 1.8 x 10-27ecm, t - loop Dn(BZ)t 

3.8 x 10" 2 7 ~ 1.7 x 10-2 7ecm, W - loop Dn{BZ), 
1.3 x 10" 2 6 ~ 1.0 x lO-^ecm, Dn{W), ^ ' 
1.0 x 10" 2 6 ~ 2.5 x 10-2 7ecm, Dn(N), 
2.5 x 10" 2 6 ~ 2.0 x 10-26ccm, Dn(s). 

We have quoted the results of Dn(C), Dn(BZ) and Dn(W) from Gunion et. al. 8 with 
g.((i) = 4jr/v/6,m<1(/i) = 7MeV,*£ = 20, ImZ, at tanp = l . 1 3 We see that the 
strange quark contribution is the largest one. With three or more Higgs doublets, 
numerical evaluation become more complicated because there are several unknown 
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ImZi. However one can use the experimental upper bound on the neutron EDM to 
constrain the parameter ImZo[g(xt) 4- /(*i)] + ImZo[g(xt) — f(xt)] to be less than 
one. 

There are similar contributions from the charged Higgs particles. Of course we 
should keep in mind that even with soft symmetry breaking terms, three doublets 
are still needed in order to have CP violation due to charged Higgs exchange. In this 
case, the Weinberg three gluon operator is the dominant contribution. The coefficient 
C is given in Ref[7]. A dimeusional analysis gives 

Dn(W) « \0-2sImZF(xt) (14) 

It has been pointed out that if CP is only violated spontaneously, this contribution 
may be larger than the experiment upper bound.1 7 Since we are considering the case 
where CP is violated both in the KM sector and the Higgs sector, we can easily 
adjust the parameters to fit CP violation in the Kaon system from KM sector. In 
this case CP violating parameters in Higgs sector are not fixed. The upper bound on 
the neutron EDM can be used to constrain ihe parameters. One finds that ImZF(xt) 
has to be less than one. Comparing this contribution with the one due to strange 
quark color dipole moment in Eq.(7), we find, 

W)' ( V-P^/mfc)'' ( 1 5 ) 

where F(x) is given by Eq.(8). For most of the values of top and Higgs masses, the 
above ratio is of order 0(0.1). We see that in this case the strange quark contribu
tion is less important than the Weinberg three gluon operator. The valence quark 
and the color dipole moments of up and down quark contributions are even smaller. 
The relative size of the largest neutral and charged Higgs contributions is of order 
0((ImZo, ImZo)/ImZ). Further information about ImZi is needed in order to decide 
which is the more important contribution. 

It is clear that strange quark may contribute significantly to the neutron EDM. 
Had we used the QCD sum rule estimate, the strange quark effect would be about 
one order of magnitude larger. In the neutral Higgs sector, we have seen that the 
strange quark contribution is the largest one. In the charged Higgs sector the Wein
berg three gluon operator contribution is large if one uses the dimensional analysis 
argument. However, there are studies which show that the dimensional analysis ar
guments may over estimate the contribution. Suppressions may occur in concrete 
model calculations.18 Bearing this in mind, even in the charged Higgs sector, the 
strange quark may contribute significantly to the neutron EDM. 
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