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In this paper CP violating nudeon-nudeon interactions are studied in several 

models. The experimental upper bounds on atomic electric dipole moment (EDM) 

are used to constrain CP violating parameters. We compare the constraints from 

this consideration with that obtained from the upper bound on the neutron EOM. 

We find that although the constraints from the fomer consideration are not yet as 

sensitive as the latter, in some models the constraints from both considerations are 

within an order of magnitude. 
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I. INTRODUCTION 

The origin of CP violation is one of the fundamental problems of modern physics. 

CP violation was discovred in 1964 in neutral Kaon system[l], but no other CP 

violating processes have been found. In these circumstances many models have been 

proposed to explain the phenomenon. It is very important to find CP violation in 

other systems in order to isolate the source (or sources) responsible. The measurement 

of electric dipole moment (EMD) of fundamental particles is a very promising avenue. 

The EDM D of a classical charge distribution p is given by 

D = J<Prrp. (1) 

In the case of an elementary particle, the only (pseudo) vector that characterizes its 

state is angular moment (spin) J, D must be proportional to J. Therefore D and 

J have the same transformation properties under parity (P), charge conjugation (C) 

and time reversal (T) symmetries. The interaction of electric filed E with the EDM 

of a particle is~J-E which violates both P and T. If CPT is a good symmetry, T 

violation implies CP violation and vice versa. 

Although at present no experiments have measured a non-zero EDM of a funda­

mental particle, upper bound on the EDM of the neutron (d„ < 10_25ecro)[2] and 

of the electron (de < 10_26ccm){3] have put stringent constraints on CP violating 

parameters in different models. Experiments have also been performed to measure 

EDMs of atoms, DA. Upper bounds on the EDM of several atoms have been ob­

tained: D{mXe) = (-0.3±1.1) x IQ-Mean[4), D{l99Hg) = (0.7±1.5) x lO^ecm^], 

D(*°sTl) = (1.6 ±5.0) x 10-Mecm[3] and D(Cs) = (-1.8 ± 6.7 ± 1.8) x 10-24ecm[6]. 

It was thought that the mesaurement of atomic EDM is difficult and not useful due to 

a theorem of SchifF[7] which states that the EDM of a non-relativistic atom vanishes 

irrespective of whether the atomic constituents have an EDM or not, if atoms con-
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sist of non-relativistic particles which interacte only electrostatically and the EDM 

distribution of each atomic constituent is identical to its charge distribution. This 

theorem works quite well for the ground state hydrogen atom, for example. How­

ever, in many cases the conditions of the theorem are not met due to the effects of 

relativistic electrons, spin-orbit interaction, differences between nucleon charge and 

EDM density distributions, the finite size of the nucleus, and so on. All these effects 

can in principle give rise to an atomic EDM if CP violating interactions are present. 

The EDM of atoms due to these effects can be enhanced considerably compared to 

the EDM of the constituent particles. For example, in 2 0 3> a o 5J'/ i J)A Js enhanced by 

a factor of about 500 to 700 compared with the electron EDM [8]. Many CP vio­

lating operators can induce EDMs for atoms: the EDM of the nucleon dp/[9), the 

EDM of the electron de[$, 10], T-odd nucleon-nucleon interactions [11-13], and T-odd 

electron-nucleon interactions[14]. i n general the atomic EDM will be a linear com­

bination of the contributions of several T-odd interactions to the lowest order and it 

can schematically be written as 

DA = RNdN + Rtde + CN-N + Ce.N + ..., (2) 

where CN-N,CC~N are contributions due to T-odd nucleon-nucleon, electron-nucleon 

interactions respectively. The calculated values of all the quantities i2, and C, depende 

on the models of atom, nucleus and elementary particles. 

Obviously if a non-zero DA for some atom should be measured, theoretical input 

would be necessary to pin down its origin. So far only D* 'S consistent with zero 

have been measured. It is customary to deduce upper bounds on different contribu­

tions by setting other sources to be zero, i.e. to assume that there is no accidental 

cancellations among different sources. It is difficult to separate these contributions 

in a model independent way. However, in a particular model of CP violation the 
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strength of each interaction may be determined and therefore useful information can 

be obtained. There have been several recent reviews of the EDM of the neutron[15] 

and the electron[16]. An attempt of systematical analysis of T-odd nucleon-nucleon 

interactions has been made in Ref.[17] by studying some CP violating dimension 5 

and 6 operators. In this paper we will study the T-odd nucleon-nucleon interactions 

by systematically investigating several models of CP violation and identifying the 

dominant contributions in each model. We then compare the constraints on the CP 

violating Lagrangain obtained from this study with those obtained from the upper 

bound on the neutron EDM. The T-odd nucleon-nucleon interactions in which we are 

interested are: 

irin»nisnhn , irj^h'ysnpp, 

ilr&Ttspnn , ir\„rt*m>, (3) 

iti'jrjsnhp + H.C. 

These operators will induce a P and T odd interaction of the nucleus with the atomic 

electron cloud[12,13] which is proportional to 

V = 4*Q-Vp(Q) (4) 

where p(0) is the electron density at the nuclear origin, Q is called the Schiff Moment 

(SM) and is given by 

Q = Y,{Q'{< rft>-% <*>>>' (5) 

where iZo = T0AXI* is the nuclear radius (here A is the atomic number), r 0 = 1.15/m 

and the summation is over all protons. <p will generate non-zero atomic EDM. 

In the non-relativistic approximation, terms proportional to tfo induce interac­

tions proportional to a • S?p{r), where a is the spin of a particular nucleon and p(r) 
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is the core neutron and proton density. The interaction generated by the term pro­

portional to 9' is of the form (op x <fn) • (p%+ft» - p/ , - ft,)» w n e r e PV.«1<«*) * « t h e 

neutron and proton final and initial momenta. In many cases, particularly the cases 

we will discuss, the latter term does not cause a non-zero Q [11]. We will neglect it 

in our later discussions. 

Calculations of Q due to non-zero r/,j for some atoms have been carried out in 

Ref.[13]. The results are given as follow 

129Xe 199Hg ™WTl 

Q 1.75i7„p -1.4i7„p 1.2i/pp-1.4i7p„ 

Here the magnitude of SM Q is given in the unit 10~*e/m 3. In these atoms, because 

J = 1/2, the magnetic quadrupoles are zero, and the nuclear SM is the only nuclear 

multipole that leads to the atomic EDM. Also in these atoms the term proportional 

to T)' does not produce a non-zero Q. There are corrections to the numbers given 

above due to recoil effects. These corrections can be quite large[13], about a 30% 

effect, and also can induce a contribution to Q from i)nn. However, the corrections 

are model dependent, and the order of magnitudes given above will not be changed. 

In our later discussions, we will use the numbers given above. 

Constraints on Q for several atoms have been obtained. Combining the exper­

imental result for of D(X29Xe)[A) and theoretical calculations[18], Q(129Xe) is esti­

mated to be 

Q(™Xe) = ( -1 ± 4) x 10- 9 e /m 3 . (6) 

Similarly, Q(l99Hg) is determined as 

QC"Hg) = (-1.8 ± 3.8) x l ( r 1 0 e / m 3 (7) 
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from experimental data of Ref.[5] and theoretical calculations of Ref.[12j. Using 

experimental data from Ref.[19] and theoretical calculations of Ref.(20], Q^Tl) 

is estimated to be 

Q(**Tl) = (-1.8 ± 3.0) x l ( r 1 0 e / m 3 . (8) 

If one use the more recently measured bound on the EDM of D^Tl) [3], Qi^Tl) 

is constrained to be about 6 times smaller. 

From all of these results, we deduce 

|i7n p| < 7 >< It)"2, | i / B > - 1 . 1 7 ^ p B | < 2 x l O - 2 . (9) 

at the 90% confedence level. 

In the rest of this paper we calculate ffo in several models of CP violation and 

compare the constraints on the CP violating parameters of the Lagrangian with those 

obtained from the upper bound on the neutron EDM. In sections II to VII, we estimate 

if in the minimal standard model, in the model due to CP violating 9 term in QCD, 

in multi-Higgs doublet models, in Left-Right symmetric models, in supersymmetric 

extension of the minimal standard model and in di-quark scalar models. We emphasise 

the possible new CP violating sources in addition to the minimal standard model. In 

section VIII we make our conclusing observations. 

II. ij IN THE STANDARD MODEL 

In the SU(Z)c x SU(2)L X t/(l)y model with one Higgs doublet (the minimal 

standard model), CP violation is due to the non-removable phase in the quark mix­

ing matrix VKM of the charged current [21]. There must be at least three generations 

in order to have non-zero CP violating phase. The charged current interaction La­

grangian is 

Lw = -j=UL%VKMDLW? + H.C., (10) 
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where W is the W-gauge boson and U = (u,c, *,...) and D = (<f,s, &,...) are the 

charge 2/3 and —1/3 quark fields respectively. In the three generation case, VKU can 

be parametrized as 
/ 

VKM = 5»c2 C1C2C3 — SaSse** Cic2s3 + s2czelS 

S\S2 C1S2C3 + €2636** CXS2S3 — C2C3C*4 

(11) 

where q = cosOi and S; = sinflj. The mixing angles are determined by the analysis of 

many experimental data. The allowed range of the CP violating phase 6 is determined 

from the observed C" violation in K° — K° system and is[22] 

2 x 1 0 - 4 < s2s3ss < 1 0 - 3 , (12) 

when one varies the top quark mass mt from 90 GeV to 200 GeV with the maximum 

being reached for small values of m*. 

The quantity rjij has been studied before by two groups, tjij was found to be of 

order 10~* in Ref.[ll]. In the evaluation of 17, Ref.[ll] omitted some diagrams which 

cancel out the leading terms. This was corrected in the calculation of Ref.[23]. It was 

found that the dominant contribution is from baryon pole diagrams and the result is 

smaller by a factor of 25 than in Ref.[ll]. In Ref.[23] only 77̂  was evaluated. In this 

paper we report a calculation for 7^ using different method. The set of diagrams we 

will evaluate are shown in Fig.l. We will use the chiral Lagrangain for the ir — K 

transition 

U-K = he^TriX+D^MD^M) + H.C., (13) 

where M is the pesudo-scalar octet of flavour 5(7(3), 

0 0 0 

0 0 1 

0 0 0 

A + = 



and 

Dtt = d„M + ieAu[Q,M], 

with 

Q = 

I o o 
o - | o 

is the covariant derivetive. This Lagrangain will guarantee the ik2 dependence in the 

•K — K transition which was missed in Ref.fll] and was partly corrected in Ref.(23]. h 

and the CP violating phase 9 are obtained by relating h and 6 to < *+x~\Hw\K > 

using PCAC, 

hm2

K = iy/2fw < x+*-\Hw\\Kt > , 
ImAo 

Ota 
ReAo 

(14) 

We obtian, h = 1.49 x 1O~7,0 = —3.2/mCs where ImCs is approximately 

—0.l52535f [24] and a full evaluation for large m ( can be found in Ref.[25]. 

For the strong interacting vertices, we use 

Lt = ->/2V, W [Tr(Bi7sMB) + (2a - l)Tr(Bi^BM)), (15) 

where a = 0.64, 9 2^^/4x = 14 and B is the matrix of baryon octet fields. 

Neglecting small terms, the relevant weak parity violating BBM interaction La­

grangain can be written as 

Lw = y/2f»[ei*Tr(BM\+B + e-^Tr(BMX.B)] 

+f4[e*tTr(BM\+B) + e-**Tr{BM\-B))} , (16) 

where A_ = A+. The parameter fa and fa are related to the S-wave hyperon decay 

amplitudes /1(E + -+ pir°) and A(A° —* nx ). Using the experimental values, one 
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obtains, f3 = -3 .2 x 10"7, /« = 1.18 x 10~ r. The phases fo and <j>t are similarly 

obtained from the calculated CP violating amplitudes for hyperon decays [26], #3 = 

-0.29/mCs, 4>A = -0.61/mCs-

For the baryon-baryon transition amplitude, we use the SU(3) parametrization, 

LBB = -GFxnKfUi + Uaj), (17) 

where f&j and d&j are the antisymmetric and symmetric structure constant of SU(3) 

group. By fitting P-wave hyperon decay data, / and d are determined to be / = 

—0.57GeV and d = 0.65GeV. The amplitudes a^n, acon and a£+p of A 0 - n, E° — n 

and E + — p transitions are given by - ( 3 / + ^G/rmJ/VS, -{d - /)(?fm^/\/2 and 

(d-flGprnl, respectively. Their phases ^Ao„, <f>&p = fooB are calculated to be ^Ao„ = 

ImCs and ^ + p = ^c»n = -0.36 JmC 5 respectively by using MIT bag model[27j. 

The contribution of Fig. la to the T-odd nucleon-nudeon interaction is 

k2 

H = 2y/2fknhgwNNsin(e - Mjr; jwTJ f:*(«75« - Plsp)nn 

+2y/2f3hgtNNsin(9 - & ) — ^^75 rr^nTsn - P7*p)PP - (18) 

The baryon pole contributions (Fig. lb,lc) to the T-odd nucleon-nucleon inter­

action are 

" = I 5 — Z T V k2 — tTljf TTlfj — m j ; 

<»An<7An/f05*n(^fcn ~ ^An) 

ntN — "»A 
)tn75nnn 

4 / 3 / O E » n ^ E ° n K « « n ( ^ 3 ~ ^C*n) 
,2 I" 

. <*An0AnK»«n(& ~ ^An) v _ 
+ ™ — ™ -)mwpp 

ran — m A 

+— 5 v- v- z-ipispnn 

4 / , a^g^sinfo-fo,).^^ ( w ) 

*' — mj^ m# — mj; 
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where gz+pK* = -V^S^nK" = y/2gTss{^o - 1), gAnKo = —0,^(3 — 2a)/>/6, and 

/*»«**- = / 3 c * 3 - / < e * * . 

Notice that our results are invariant under redefinition of the s-quark phase, as 

was emphasised in Ref.[28] this is an important consistency check in the construction 

of models of CP violation. Inserting the numerical values of all quantities, we find 

the dominant contributions are from baryon poles. The contributions from Fig. la 

are much smaller than the baryon pole contributions and we can neglect them. The 

results are 

|i/ T O | = 2.2 x 10 - 5 | /mC 5 | , li/^l = 1.7 x 10- 5 | /mC 5 | . (20) 

The numerical values for ?/,,« and r\n are of order 10~7/mCs and thus are much smaller. 

T}nn and T]np can be as large as 2 x 10~9. In our estimates of the finite range effect for 

non-zero k2 we have made the approximation that k7 « — m\ as a mean momentum 

transfer in the nucleus. If the KM mechanism is the only source for CP violation, Xe 

and Hg would be better places to looking for DA than Tl. Of cousre these numbers 

are still very small compared with the present experimental upper bounds. 

HI. t7 DUE TO THE 0 TERM IN QCD 

In this section, we study t) due to the 0 term in QCD. It has long been realized 

that due to instanton effects, in non-abelian gauge theory, the total divergence term 

G.ficrfi = ±er~fiGafier (21) 

constructed from the field strength C " has nonvanishing physical effects. In the case 

of QCD, G,w is the gluon field strength. The full QCD Lagrangain is then 

LQCD = -\G^G^ + qiD.Y - m)q - QA-G^G^ , (22) 
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where q is the quark field, m is the quark mass and Dp is the covariant derivative 

and 0 is a constant. 

The last term in LQCD violates P and CP. The physical effects of a non-zero $ 

have been extensively studied[29,30]. This Lagrangian will generate CP violating 

meson-nucleon couplings. In this paper we use the result from the chiral Lagrangian 

to leading 1/N order, where N is the number of colour[30]. One obtains 

L„NN = -\/2Nr • *{iisg*NN + UNN)N (23) 

with 

f,NN = o.me. (24) 

From the above .effective Lagrangian, we obtain CP violating nudeon-nucleon 

interactions by exchange of a neutral pion, 

//«// = i9"?^™' Nr3ysNffr3N . (25) 

Here we only need to evaluate contributions due to exchange of x° because exchange 

of charged pious will generate a term proportional to i\' which can be neglected in our 

case. This interaction is of finite range because the dependence on the momentum 

exchanged by pion. For an order of magnitude estimate we use our previous approxi­

mation that fc2 « -m\. We obtain fj„„ = -i/„ p = -fa = fa = 5»^^/*^N/^/2GFmJ. 

0 has been constrained to be less than 10~9[29] from the upper bound on the 

neutron EDM. This implies that |ifc| = Vf\6\ < 10 - 3 . This is about an order of 

magnitude below the experimental bound. 

IV. 17 IN MULTI-HIGGS DOUBLET MODELS 

In this section we study 17 in mulli-Higgs doublet models. In multi-Higgs doublet 

models, it is possible to have CP violation in the Higgs sector. With more than one 
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Higgs doublet, in general there will be flavour changing neutral cunents induced by 

neutral Higgs particles at the tree level. Such dangerous neutral flavour changing 

current can be prevented by imposing certain discrete symmetries. These symmetries 

will eliminate some terms in the Higgs potential and also eliminate CP violation in 

Higgs sector in some cases. In order to have neutral flavour current conservation at 

the tree level and CP violation in the Higgs sector at least three Higgs doublets are 

needed[31]. With three Higgs doublets it is also possible to have spontaneous CP 

violation. It has been shown recently that if CP violation is due only to spontaneous 

symmetry breaking, the three Higgs doublet model and many other models are ruled 

out because they have an unacceptablely large 6 term ( > 10~9)[32,33]. In the fol­

lowing we will discuss models in which CP is broken explicitly such that the large 6 

term can always be cancelled out by tuning relevant parameters. 

The interactions of Higgs particles with quarks are given by 

L/r+ = Vfarfl^aiULVKMMDDn + fiiURMvVKMDL)Ht, (26) 

and 

L& = (2y/2GFy,2(QjiDMDD +••fcDiMDy iD 

+aJ)MvV + fcQiMu-rsU)Hf , (27) 

where My aad Mp are the diagonalized quark mass matrices, and H* and Hf are mass 

eigenstates of charged Higgs and neutral Higgs particles respectively. In three Higgs 

doublet models, there are three physical charged and five neutral Higgs particles. If 

in the weak eigenstate of Higgs particles only one of the Higgs doublets couples to up 

and down quarks, o, = 0„ ctj, — au, and Pa = — /?„;. In this case CP violation due 

to exchange of the charged Higgs is soly from KM-matrix. If up and down quarks 

couple to different Higgs doublets, CP violation will occur in both the Higgs sector 
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and the KM-sector with exchange of charged Higgs particles. In all cases, exchange 

of neutral Higgs particles can violate CP. In the literature some times a and /? are 

parametrized as[34] 

ImZ = 2lmap , ImZqq> = 2a,/3,.. (28) 

In our later discussions, we will assume that the effect of Higgs exchange is dominated 

by a single Higgs particle. 

As we have already seen in section II that q Que to KM-mechanism is extremely 

small, we will study possible large contributions from exchange of Higgs particles. 

There are several CP violating operators which may have large contributions. Here 

we study the following ones 

We write the effective Lagrangian as 

L*lt = C»Qn + C*Q< + CBQ> • ( 3 ° ) 

The coefficients d need to be calculated in the model. It turns out that the domi­

nant contributions to CM[35] and Ct(34,36] axe from two loop diagrams while C, is 

dominated by exchange charged and neutral Higgs particles at tree level. We have 

V2(4»)< mjf mH 

Q / W — „ \ \ W / M 

""~~!672V C = —^zm^JM ( ^ ) G(mllmh q), (31) 

where 

-108/23/ / v \ -108 /25 / , * \ -108/27 

U-( m«)/ \S«(m*)/ \9.(™c)) 

N U«(m<)/ \g.{inb)J \5.(mc)) \9*(™t)J \9»K» 
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The functions G(z; g), and h, h' are given by 

G(2;«) = [/( Z)+j(z)]/m2 I 1„ 

G{z; d) = ftflmZ^ + g{z)ImZdu , 

u\ X*lXi f1' xV(l-x) 
h^ = r Jo dXJo * ( » « ( 1 - . , ) + ( ! -« ) ( ! - , ) )» ' 

and 

J V ' 2 /o x ( l - z ) - z z 

g(z) = r j o < i x j ( 1 _ i ) _ 2 / n - 7 - . 

In multi-Higgs doublet models CqQq receives contributions from both charged and 

neutral Higgs particles. For the charged Higgs contribution, we have 

lTnZmumt\Vut\2u'ysv3S + —} , (32) 

where a Fierz rearrangement has been made and we have singled out the terms which 

will give dominant contributions to t] when use the vacuum saturation and factoriza­

tion approximation. For the neutral Higgs contribution, we have 

Ox/of 
C,Qq = i 5—{ImZtufniDMoDdfid + ImZ^muDMoDiifsU 

mH 

+ImZwimdUMuUdisd + ImuumuUMvUuisv) . (33) 

To evaluate TJ we need to calculate several hadronic matrix elements. We will use 

the pion pole dominance approximation. We first calculate the CP violating -K°NN 

verterx 
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< *N\Qi\N > = Bi. (34) 

and then x° exchange to obtain 

Hc/j = ig,NN fC'NT3lsNNT3N. (35) 

CP violating icNN vertices due to Qaq and Qa have been carried out in Ref.[37]. 

Using rf meson dominance, the parameters B{ are estimated to be 

5 ' ~47T' ^ 
where m = (m„ + m,f)/2, ai = (m= — ms)/2(m, — m) and 

£ O T = ~0.22GeV; 5 , = OMGeV2 . (37) 

The contributions to ij from (?, and Qtq are 

lf(G*)l = l l * 10-3\0.mimZwh(m2

t/m2

H) + ImZh'(m2Jm7

H)\, 

f 1.4 x 10-6|<7(m?/m2,; «) | , /or f = ti 
foW«)IH ( 3 8 ) 

[2.8 x lO-s\G(m2

t/m2

H;d)\, for q = d. 

We will use the vacuum saturation and factorization approximation to estimate 

< *N\QqW >• Within this framework, 

< *N\QU\N >=< *|u75u|0 X N\qq\N > , (39) 

and < rN\Qd\N > is obtained by making the obvious substitution u -* d. 

We use 

2mu < jro|u-rsu|0 >= -2md < xo\d*(Sd\0 >= -iF,m\ . (40) 

To evaluate < N\qq\N >, we use the pion-nucleon ay^y-term, oyjv = m < N\uu + 

dd\N >= 45MeV extracted from experiments and relations of nucleon mass shift due 

to SU(3) breaking quark masses. For heavy quarks, we use 
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QM _ _ - . fl' 
< N\mkhh\N >=-< N\^G„,Cr\N > +0(~). (41) 

h 

The second term in the above equation will be neglected. Using m„ = 4.2MeV, 

rrii = 7.5MeV and m, = 15QMeV, we obtain 

m„ < p\uu\p > = \8MeV , md < p\dd\p >= 26MeV , 

m t t < n\uu\n > = UMeV , md < n\dd\n >= 32MeV , (42) 

m. < N|S3|AT > = 247A/eV , < AT| - ^L-G^G^N >= 48MeV , 

where N = n,p. Combining all the information gathered above, we have 

< ™ | C " + a | n > = Q=ImZ?± x 2.2 x lO~\GeV2), 
v 2 mjj 

< *p\C?+Q,\p > = %lmZ^ x 1.5 x 10"4(GeV2), (43) 

< xN\C?Qq\N > = ^ ^ x [0.06(GcK2)(/mZ(U - /mZ r f u) V2mj, 
+0.02(GeV2)(/m£tt„ - ImZdj\. 

Here q is summed over u and d quarks. From these we obtain the contribution to tj 

from the operator Qq 

|i7ni| = 1.5xlO- 7 |/mZ| 
.(lOOGeK) 2 

m 

W = U r > | / m Z | < i W (44, 

\i}\ = 4 x l(r 5 |(/mZtf - / m ^ u ) 

+0.3(/mZ^ - ImZvu)\(mG'V^ . 

4 
Here i indicates n or p. Using a similar method, in Ref.[38] a calculation of the 

charged pion coupling to nucleon has been done. It was found that its contribution 

to neutron EDM is small compared with that from other operators. 
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17 can also be calculated by first evaluating the Higgs-neucleon couplings and then 

exchanging Higgs particle between nucleons. The Higgs-nucleon couplings have been 

calculated by several groups[33,39]. Using the values for m, < N\qq\N > from eq(42), 

and the values 

m u < n|u»75|«|n > = -419MeV , mj < n\difsd\n >= 772MeV , 

m„ < p\uifsu\p > = 4Z2Mev , mj < p\difSd\p > = -748MeV , (45) 

m, < N\siiss\N > = -165MeV , mh < N\hilsh\N >= -63MeV , 

determined from EMC data and others[33], we obtain 

lOO'GeV2 

\r,\ = 4.3 x MT'l/mZJ , . (46) 

Comparing the contributions discussed before, we see that the charged Higgs 

contribution via the operator Qt may dominate if ImZq9 and ImZ have the same 

order of magnitude. 

V. v IN LEFT-RIGHT SYMMETRIC MODELS 

In this section we study t) in Left-Right symmetric models. Left-Right symmetric 

models are based on the gauge group SU(3)c x SU(2)L x SU(2)R x { / ( 1 ) B - L [ 4 0 ] with 

quarks and leptons being assigned as 

QL: (3,2,1,1/3), QR: (3,1,2,1/3), 

LL : (1,2,1,-1), LR: (1,1,2,-1). (47) 

There are new CP violating interactions in the charged current due to the ex­

istence of the right handed gauge boson WR of SU(2)R. The interactions of mass 

eigenstates of charged gauge bosons Wij with quarks have the form 

Lw" = -^\9LVL1*VLDLCOSC + 9RURiJ/RDRSin(,\W? 

+-^[-9LCLl»VLDLSin(; + gROR%VRDRcosC)W? . (48) 
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where all fields are in their mass eigenstates, and C is the mixing angle between WL 

of SU(2)L and WR of SU(2)R. VL is the KM matrix for the left-handed charged 

current and VR is an analogous KM matrix involving the right-handed current. If 

we parametrize VL in the usual KM way, then for n-generations of quarks, there are 

(n-l)(n-2)/2 CP violating phases in Vi,. VR can have a different number of phases 

depending on the possible models. In the manifest Left-Right symmetric models, 

VL = VR. In pseudo-manifest Left-Right symmetric models, there are 2n-l additional 

phases in VR compared with VL • If there is no relation between VL and VR, there are 

n(n+l)/2 phases in VR. It is no longer necessary to have three generations of quarks 

in order to have CP violation. To see how the new CP violating phases may generate 

non-zero 17 with large values, we consider the case, for simplicity, of two generations 

and gt = gR. In this case, VL and VR can be parametrized as 

( COSBL sin0L 1 

-ain0LCOS0L J 

(49) 
-ttSlsinOR t**cos9R J 

We find that the operator which dominates the contribution to 17 is due to exchange of 

W\ at tree level. The four quark effective Lagrangian which contains the CP violating 

interaction is 

LLR = ^cosCsinCiUL^VLDLDR'y^URUR^VRDRDL^V^UL) • (50) 

We again use the vacuum saturation and factorization approximation to evaluate 

rj from the above Lagrangian. After a Fierz rearrangement, we obtain the operator 

which gives the dominant contribution to r\ 
4Gf _ -

L = -i—j=cos^sinC[Im(VLudVRud){u'rsudd - uud-ysd) + /m(Vi / U JVflu,)u75uss] . 

(51) 
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The CP violating rNN vertex is 

AGF f*NN = < *N\Lm\N >= -»--^co5Csin C 

x [Im{VLudVZJ) < xo|2m.u75Tx|0 >< N\^- + ̂ -\N > (52) 

+ Im(VLutV^) < Jr°|u7su|0 >< N\ss\N > 

«-90^|mico<5mC/m(V r

t l H i V^). 

Inserting the known values into the above equation, we obtain 

|i/| fa 0.6 x 103jco5C«mCa«'n(7 - $2)! • (53) 

There are also some other contributions to 17, for example, the colour dipole 

moment contribution. We have evaluated this contribution and found it is smaller by 

several orders of magnitude compared to the operator discussed above. 

VLn IN SUSY MODELS 

In supersymmetric extensions of the standard model, there are new sources of 

CP violation. In this section we study the contribution to n due to a CP violating 

quark-squark-gluino interaction. This interaction can be parametrized as 

I** = i^g^Ga^xW-1^ + r*^)<*, (54) 

where d — (d/y, <fo) are the squarks, g is the gluino, and the coupling matrices TL,R 

are each 6 x 3 matrices which are related to the squark mass matrix and contain new 

CP violating phases. 

N The above Lagrangian will generate a colour dipole moment of quarks at the one 

loop level. The down quark colour dipole moment is give by{41] 

U = ̂ ImiT^TfmCi) ~ §!>(«)). (55) 

19 



Here D(z) and E(z) are given by 

where z = m?/m|, m, and m, are the squark and gluino masses respectively. We find 

that the colour dipole moment induces a value of 17 given by |q| = 0.9 x 107|/j|. 

VII. t; DUE TO DI-QUARK SCALARS 

In this section we study contributions to 17 from di-quark scalars. Di-quark scalars 

are potential sources of large CP violation in neutral flavour conserving processes. A 

list of possible di-quark scalars which couple to standard model quarks and some of 

their phenomenological implications can be found in Ref.[42]. There are two di-quark 

scalars which can induce CP violation at the tree level. These are H9 and Hto in the 

notation of Ref.[42]. They transform under the standard model group as (3,1, —2/3) 

and (6,1, —2/3) respectively. In the following we consider the contribution to 17 from 

Hg. The contribution of H\Q can be similarly worked out. The couplings of H9 to up 

and down quarks are 

L = (A 9 u^ f t > + >!tulidLiVikH9k + H.C., (56) 

where i,j, k are colour indices, c indicates charge conjugation, and A9 and Ag are 

complex numbers. Exchange of H9 will generate a four quark interaction 

Lint = T(X9ue

KdRj + ^ulidn) 

x (KdR?uc

K. + KdL?uii,)eiWk . (57) 

This effective Lagrangian will induce a CP-odd irNN coupling and then will gener­

ate a non-zero TJ. The calculations are similar to that in section V. After a Fierz 

rearrangement, we obtain the dominant term which contributes to jy 
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Lint = —2--/m(A9A *̂)[uu<f7s(f + ddu^u) + .... (58) 
mH 6 

From this we compute 

x \Im(\9%)—— (mtt < N\uu\N > -md < N\dd\N >) | (59) 
2mumd 

{0.7 x 107(GeV2)\Im{\9%)\/m2

H , N = p, 

1.4 x l07(GeV2)\Im(\9%)\/m7

H , N = n . 

VIII. DISCUSSIONS AND CONCLUSIONS 

In the previous sections, we have calculated CP odd nucleon-nucleon interactions 

in several models. From these calculations, we can put constraints on CP violating 

parameters in the different models. It is useful to check whether these constraints 

are really meaningful when other constraints have been taken into account. For this 

purpose, let us compare these constraints with the ones obtained from the upper 

bound on the neutron EDM. In the standard model, d* - 10~31 ~ J0 -33[28,15] and 

tj = 2 x 10"9 ~ 10"10 are both very small compared with the experimental upper 

bounds. No significant information can be extracted from experiments at this stage. 

One only hopes that future experimental sensitive will reach the region of theoretical 

predictions and provide us with useful information. However, should experiments 

measure d„ or DA at the level much larger than the standard model predictions, we 

have to go beyond the minimal standard model to explain the results. The studies 

of other models in the previous sections are a first step in this direction. The upper 

bound on the strong CP violating 6 term of QCD from t} is about 10"8 which is 

weaker by one order of magnitude compared with the one obtained from the neutron 

EDM constraint. 
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In multi-Higgs doublet models, the constraints for the CP violating parameters 

from DA at the present are weaker than the ones from the upper bound on the neutron 

EDM by two orders of magnitude[34-36,43]. The reason is because that the operators 

which dominate the contributions to 17 also dominate dn- For example, the colour 

dipole moment fj of the down quark contribute to both dn and 17. The contribution 

to dn is given by dj^fd) = Aefd/9[15] and to 1/ is given by 17« ^ A W - B ^ / V ^ G F " * * . 

If we require dn(fd) to satisfy the upper bound dn < 10~ 2 5 ecm, we would have r\ 

less than 10 - 4 which is about two orders of magnitude below the direct experimental 

constraint on i). Our result for 17 is about two orders of magnitude smaller than that 

obtained in Ref.[17]. The main difference is in the evaluation of B„. If we use the 

result of Ref.[17], the constraint on fd from 17 is comparable to the one from the upper 

bound on the neutron EDM. 

In Left-Right symmetric models, the constraint from 17 on the CP violating pa­

rameter (\sin(cos(sin(f — 62)\ < 4 x 10~*) is stronger than the existing constraint 

from the upper bound on the neutron EDM by one order of magnitude[44,15]. How­

ever, the same x°NN CP violating vertex will also generate <f» at one loop level 

by exchange x° and n in the loop(45]. Let photon couple to neutron through its 

anomalous magnetic dipole moment, we have 

dn - — _ — _ F . ( m . ) , (60) 

where Kn is the anomalous magnetic dipole moment of neutron and F„(mJ) is from 

loop integral which can be found in Ref.[15,45]. Requiering dn to be less than the 

experimental upper bound, we find that the constraint on /*/w is about a factor of 

10 better than the one from n. 

In the SUSY model, the dominant contribution to rj is from the colour dipole 

moment of the down quark. The constraint is weaker than that obtained from the 
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neutron EDM, as pointed out above. Using our result of CP-odd x°NN coupling, 

1/ due to CP violation in quark-squark-gluino interaction discussed in section VI, is 

predicted to be less than 1 0 - 4 . 

In the di-quark scalar model, we obtain /m(A9A^")/m^ < 2 x 10~9GeV~2 from 

experimental constraint on 17. The situation is similar to that for Left-Right symmetric 

models, this constraint is about a factor of 10 less stringent than that obtained from 

the upper bound on the neutron EDM. 

From the above discussion we see that atomic EDM measurements give interesting 

constraints on CP violating parameters. These constraints should not be underesti­

mated. In some cases these constraints are within an order of magnitude of those 

obtained from the upper bound on the neutron EDM. With improved accuracy in 

the measurement, information extracted from atomic EDM will play more important 

roles. More experiments should be performed. 
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Fig. 1. Diagrams contributing to 17 in the standard model. B' indicates 
the intermediate baryon and x indicates a CP violating vertex. 
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