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A fourth generation of quarks may provide sufficient CP violation for the baryon asymmetry
of the Universe. We estimate the neutron electric dipole moment in the presence of the fourth
generation, and find it would be dominated by the strange quark chromoelectric dipole moment,
assuming it does not get wiped out by a Peccei-Quinn symmetry. With three loop analytical
expression, 500 GeV heavy quark mass, and a Jarlskog CPV factor which is consistent well
with LHC 2011 summer data, the neutron EDM is found around 103! ecm, still far below the
10728 ecm reach of next generation of experiments.
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1. INTRODUCTION

It was pointed out that, by extending to four quark generations[l], SM4, we may have enough
CPV phase for Baryon Asymmetry of the Universe (BAU). The long quest for neutron electric
dipole moment (nEDM) has been motivated by BAU, as the latter implies the existence of new CPV
sources beyond SM. The gap between theory and experiment is large, as the prediction given in
SMis d; ~ 1073* ecm [D] with one to two orders of magnitude enhancement due to long distance
(LD) effect [B], while current limit is 2.9 x 1072 ecm at 90% C.L. from the RAL-Sussex-ILL
experiment [HA]. Furthermore, there is a renewed effort, by several groups in the world, to push
nEDM first towards ¢(107%7) ecm, then eventually down to 10728 ecm. Driven by these new
experiments, and given the large jump in CPV, it is of interest to ask what nEDM value one might
expect for SM4.

2. Some Relevant Formulas

Starting from the effective Lagrangian of all CPV operators up to dimension 5, the neutron
EDM was evaluated in the QCD sum rule framework [B].

d, = (0.4+£0.2)|1.9 x 10710 ecm — 0.08ed, + 1.8¢d; — 1.4ed, + (4d, —du)} : 2.1

The large factor of 3 uncertainty inherent in the overall 0.4 & 0.2 coefficient reflects the large
hadronic uncertainty. Thus, our estimates that follow are only aimed at the order of magnitude.

The interesting subtlety is that, when a Peccei-Quinn symmetryis invoked to remove the 6
term (setting it to zero), it induces additional CPV terms [d] to the axion potential that cancels
the strange quark CEDM (sCEDM) contribution [B] at leading-order of the expansion of nucleon
current. While remarkable, as we shall see, the SCEDM is of the greatest interest in SM4. Fur-
thermore, three decades of axion search has so far come to naught. Given that there are models of
spontaneous CPV, we shall ignore the 6 term while keeping the qCEDM terms.

Analyzing the flavor structure of a typical three loop diagram shows why the strange CEDM
is highlighted, despite a smaller coefficient in Eq. (IC1). We shall consider typical loop momenta
would be at rather heavy ¢’ and b’ scale. Therefore, one can take c=u=U,d =s =b =d, and
easily see that the (C)EDM of the u quark vanishes. For f = d, s, we have

i Z Im (V,/;VijVia V) fikLf = iIm(V;}-thVt?‘bVﬂf)f[t (d—b)t' —t'(d—b')t (2.2)
Jkld

+(d=b)u—u(d—b)'+ u(d—-b")r—t(d-b')ulf.

The s quark CEDM arising from the two-W loop plus one gluon loop diagram was esti-
mated [B] using the external field method, with the result of

2
49 = — g.m,SE e mim 1 2.3)

V2 (4m)* 6 M2 2!

where Jarlskog CPV factor ¢y = Im(V;‘fV,b/V[Tb,Vﬂ DE —Im(V[}V,thTbV,/ £) is introduced.
Replacing the gluon by a Z boson loop, we can also realize that the Z-loop gives important

t

contribution. By an ingenious argument of limiting to large loop momenta and involving longitudi-
nal vector bosons, the authors of Ref. [H] were able to reduce the three-loop calculation effectively
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to calculating three one-loop integrals, and the core of it is an effective i — fZ transition involving
the heavy fourth generation quark in the loop. This is the familiar Z penguin [[2, [3], and indeed
it has been found [[] that b’ — bZ and b’ — bg transitions are not too different in strength. The
upshot of the estimate (with the brutality of setting all logarithms to order 1) of Ref. [H] is

Gr o2 m*m? m>
J% - _ ZE Zw Ty v 2.4
S fsms \/i (475)4 4Ma/ Og m ( )

Comparing Eqs. (I3) and (Z4), one can see from o4y /M3, = v/2Gr /= 1/mv? that one is
comparing SN, 0, /6 with lﬁ /4n. The gluonic effect is enhanced by the color factor, but the Yukawa
coupling grows with mtz, Compared literally, they are actually comparable. On the other hand, in
arriving at Eq. (Z4), one has set all logarithms to 1. In this spirit, both the double log (including the
1/2!) in Eq. (E3) and the single log in Eq. (Z4) should be treated as order one. Then, the gluonic
effect would be subdominant to the Z effect, for /' and 5’ masses of order 500 GeV (or higher), a
nominal value used by Ref. [B], and which we shall use in the next section.

Given the roughness of these calculations, and the great difficulty in calculating genuine three
electroweak loop diagrams, we shall take the estimate of Eq. (Z24) for our subsequent numerics.

3. Numerical Estimate

We shall use m, ~ my ~ 500 GeV as our nominal fourth generation quark mass. The other
parameters are: m, = 165.5 GeV, m, = 2.5 MeV, my =5 MeV and m; = 100 MeV. And for the
Jarlskog CPV factor _#Z; and ¢, we take the nominal fit [[4] to flavor data performed for m, ~ 500
GeV, where Vi, ~ —0.1, Vi, ~ —0.06¢"7>", and V;ry ~ —0.003 ¢ 1% we get

I =Im(VEV Vi Vi) =24x 1074 7, =Im(V,;VipViVirg) =~ 1.7 x 1077, (3.1)

Note that _Z is consistent with LHC data released in 2011 summer, and could be measured [[F] in
the next two years at the LHC, but _¢; would be harder to disentangle.
Putting in numbers, we find from Eq. (Z4) that

dY ~ 4x10710GeV! ~ 0.8 x 1072 cm, (3.2)

where the W-W-g 3-loop effect of Eq. () is treated as subdominant. Treating the SCEDM as the
leading effect in Eq. (), then we have

dY =(22+£1.1)x 107 ecm. (3.3)

We note that the estimation in (B3) is lower than the original value in [B]. Besides changes in
the numerical value for the Jarlskog invariant _Z, the reason is that [B] relied on CP-odd meson-
nucleon coupling induced by strange quark condensate estimated through chiral perturbation the-
ory, while it is disfavored from the recent lattice evaluation.
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4. Discussion and Conclusion

If a PQ symmetry is operative in Nature, then the SCEDM effect is canceled [[@, B]. In this
case, one has a reduced formula [H],

dP = (0.4 + 0.2)[1.6e(2dy +d,) + (4dy —du)], @.1)

i.e. only dependent on the naive constituents of the neutron.

Assuming again that the analogue of Eq. (Z4) dominates over the gluonic counterpart, we
obtain dy and d; by simply shifting the CKM index, i.e. shifting from Fsto g4 in Eq. (B), and
replacing mg by m,. We find

dV ~—3x10*cm, d\ ~—4x 10 ecm, 4.2)

4PQ _ —(1 £ 0.5)x 107 ecm, 4.3)

where d; contributes roughly twice as d;. These should be taken as very rough estimates.

In conclusion, with four quark generations and with Peccei-Quinn symmetry operative, the
neutron EDM is slightly enhanced above the SM value, but no more than an order of magnitude,
hence much below the sensitivities of the next generation of experiments. If PQ symmetry is absent,
then a large enhancement is possible through the s quark CEDM, which is correlated with possible
effects in b — s transitions that are of current interest. However, it is still unlikely that the neutron
EDM could reach the 10728 ecm level sensitivity that may be probed during the next decade.
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