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Abstract I consider neutron electric dipole moment con
tributions induced by flavor changing Standard Model Higgs
boson couplings to quarks. Such couplings might stem from
non-renonmalizable SU(2)p, x U(1)y inwariant Lagrange
terms of dimension six, containing a product of three Higgs
doublets. We extend previous one loop analysis to two
loops. The divergent loops, due to non-renormmalisahillity, are
parametrized in temms of an ultraviolet cut-off | I also con
sider QCD corrections. Usingthe currentexperimental bound
on the neutron electric dipole moment, then for cut offs from
one to seven TeV, I find a constraint of order 103 for the
imaginary part of the product of the Higgs flavor changing
coupling for (d = b)-transition and the CKM element Viq.
Assuming that the previous bound of the absolute value of
the Higgs flavor changing coupling for (d = b)-transition
obtained from Bq — By-mixing is saturated, the experimen-
tal bound on the neutron electric dipole moment would be
reached for the bare result, if the cut off were extended up
to about ca 20 TeV. However; QCD corrections suppress this
result by a factor of order ten, and keep the nEDM below the

experimental bound.

1 Introduction

An electric dipole moment (EDM) for elementary particles
is aCP-violating quantity and it gives important information
on the matter anti-matter asymmetry in the universe. EDMs
of elementary fermions within the Standard Model (SM) are
induced through the Cahibbo-Kobayashi-Maskawa (CKM)
CP-violating phase. EDMs are studied also within many
models Beyond the SM (BSM). Forreviews on SM and BSM
EDMs, see [1-5]. Experimentally only bounds on electron,
muon, proton and neutron EDMs are determined [6]. Explic-
itly, for the EDM of the neutron (nEDM = dj) discussed in
this paper; the present experimental bound is [7]
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d/e <29%x 105 m (1)

Withinthe SM, thenEDM is calculated to beseveral orders
of magnitudes below the experimental bound. Calculations
of thenEDM will ingeneral put bounds on hypothetical mod-
els BSM, and any measured nEDM significantly higger that
the SM estimate (10732 to 103! e cm) would signal New
Physics.

The SM contributions to the nEDM are well known and
thoroughly explained in [1]. At a low energy scale one can
construct an effective Lagrangian

Lt =La+Ls+Le+--", 2

withall possible CP-odd operators of appropriate dimension.
The QCD-odd termgives thedimension 4 operator[1, 5]. The
dimension 5 term contains electric dipole moment operators
aswell as colorel ectricoperators of quarks. Thecolorelectric
operator and the the CP-odd three-gluon Weinberg operator
(of dimension six) will in general mix under QCD renonmal-
ization[1-3]. The electric dipole moment of asingle fermion
in(2) has the foom

.
Lsem =5 de y ropy F*Vysy g, 3

where dr is the electric dipole moment of the fermion, y f is
the fermion (quark) field, FHV is the electromagnetic field
tensor, and oy, = i[yy, W)/ 2 is the dipole operator in
Dirac space. The color electric dipole operator is given by
the same expression with df replaced by the color elec-
tric dipole moment d§ and F,, replaced by G§), t%, where
Gﬁ\, is the color octet gluon tensor; and t? are the SU(3),
colormatrices. The electric dipole operatorin (3) for quarks
appears within the SM from three loop diagrams with dow
ble Glashow-Iliopoulos-Maiani (GIM)- cancellations andin
addition agluon exchange. These are of orderosG%, and are
proportional 0 quark masses and an imaginary Cabibbo-
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Kobayashi- Maskawa(CKM) factor They were found to be
very small, of order 10~**e cm [8-10). Still within the SM,
many contributions to the nEDM due to interplay of quarks
in the neutron, were studied [1, 11-20]. These mechanisis,
gave results of order 10~33 to 10~3le cm.

The nEDM due to EDMs of light u- and d-, and even

s-quarks may be given by the fommula

dn = pudu + pa da + pscs, 4
similarto acorresponding formula forthe magnetic moment.
In the strict valence approximation,

1 4
Pu=—3 PL=73 ps =0, (©)

while lattice calculations [21,22] give
pu=—-022+003 pg=0.74%0.07,

ps = 0.008 + 0.010. (6)
Note that there is a contribution to the nEDM from the EDM
of the s-quark, with a small coefficient.

Many models BSM suggest possible new particles and/or
newinteraction Lagrange termsinducing EDMs[ 1- 5,11, 23~
33]. In the case of New Physics (NP) presence, flavor
physics might be testahle through CP-violating asymmetries
in mesonic decays [24, 25,34]. The properties and couplings
of the physical Higgs boson (H) are still not completely
known. Some authors [35-40] have suggested that the phys-
ical Higgs boson might have flavor changing couplings to
fermions which might also be CP-violating. In these papers
bounds on quadratic expressions of such couplings were
obtained from various processes, say, like K — K, D — D,
and B — B - mixings, and also from leptonic flavor changr
ing decays likep —» ey and T = py. Inthe latter case
two loop diagrams of BarrZee type [41] were also con
sidered [35-37,42]. (See also [43]). Such flavor changing
couplings might occur when higher mass states are inte-
grated out. For instance, flavor changing Higgs (FCH) cow
plings might stem from SU(2) 1, X U(1)y -invariant but norr
renommalizable Lagrangian terms of dimension six.

The purpose of the present paperis to extend the analysis
of [36,37] to two loop diagrams. In the one loop case one
needed two FCH couplings to generate the EDM. In the two
loopcaseitishoweverpossihbleto find diagrams with the FCH
coupling to first order only, while the rest of the couplings
are ordinary SM couplings.

Some of these two loop diagrams considered here give
contributions suppressed by thesmall massratio mg/ My for
the ordinary SM Higgs coupling to fermions. (My denotes
the mass of the W-bosonand my is the mass of the quark q).
However, if the Higgs is coupled to a top (t) quark one might
obtain relevant non-suppressed contributions. Motivated by
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theresult of the previous work [ 33], I considersuch diagrams.
There are additional reasons to extend the analysisin [36,37]
fornEDM to two loop level. Namely, in general, itis known
that some two loop diagrams might give higger amplitudes
than one loop diagrams because of helicity flip(s) inthelatter
[36,37,42,44]. In the present case, two loop amplitudes will
be proportional to a large ttH ocoupling or a laitge WWH
coupling within the SM, in contrast to the small SM Higgs
couplings to light fermions. This might compensate for the
two loop suppression of the diagrams. I have also adressed
the issue of perturbative QCD conrections, which tum out to
suppress the bare result.

Inthenext Sect. 2 I'will present the framework forthe FCH
couplings. In the Sects. 3 and 4 two loop calculations for the
FCH couplings will be presented. The QCD conrections are
presented in Sect. 5. In Sect. 6 the results will be discussed,
and the conclusion given in Sect. 7. An Appendix is givenin
Sect. 8.

2 Flavor changing physical Higgs?

Within the framework in [35-40] (see also Ref. [45]) the
effective interaction Lagrangian for the FC transition f; -
f due to Higgs exchange can in general be written

Ler = Yr(fi = f2)-(£)L H(f))r + hc, (7)

where f ; are fermion fields, H the physical Higgs field and
Yr(f; = £)’s are coupling constants, thought to be comr
plex mumbers. Then, from the hermitean conjugation part,
there will be aleft-handed f; - f; coupling

Yr(fi» £)*=Y(f - fi). ®

Flavor changing Higgs couplings of the type presented in
Eq. (7) may occurif there are non-renormalizable Higgs type
Yukawalike interactions due to dimension six operators, as
shown explicitly in [37,40]:

_ Aij —
L® = Qi Dj-—=2-Q Dj( f r+hc, (9
P

where the generation indices i and j are understood to be
summed over the values 1, 2, 3. Further; is the SM Higgs
field, Q; is the left-handed SU(2)1, quark doublets, and the
D;’s are the right-handed SU(2),, singlet d-type quarks in
a general basis. Moreover; Inp is the scale where New
Physics is assumed to appear. There is a similar term as in
(9) forright-handed type u-quarks, Uj.

Using the assumptions based on (7), one obtains one loop
diagrams for EDMs of u- and d-quarks [36,37]. The one
loop diagram in Fg. 1 - with FCH coupling at both vertices,
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Fig. 1 Oreloop diagrans for EDMs of u- and d-quarks with FC Higgs
couplings. Here q = s, b for an EDM of the d-quark and q = c, t for
an EDM of a u-quark

puts bounds on quadratic expressions of the Y’s for definte
choices of flavor: Note that this diagram gives a finite contri-
bution to quark EDMs.

3 Diagrams with one FC coupling -and a ttH-coupling

In Fig. 2 are shown some two loop diagrans for the EDM
of a d-quark generated by exchange of one physical Higgs
(H) boson and one W-boson, with a sizeable Higgs coupling
~ g my/ My to atopquark and whereonly oneof the Higgs
couplings are flavor changing (a soft photon is assumed to
be added). The noncrossed version to the left in Fig. 2 does
not give non-suppressed contributions. Taking crossed Higgs
and W-bosons are equivalent to the topologies in the middle
and right of Fig. 2.
Adding a soft photon to the diagram in the middle and to the
right, we get four diagrams for both cases. In Fig. 3 the four
diagrams obtained by adding a soft photon emission to the
diagram to the right in Fig. 2 are shown.

I have found that the results for the loop contributions in
Fig. 3 have the form:

M(f- fy)(a)=A(f0-FPRf), (10)

where the quantity A contains coupling constants and loop
functions depending on the involved masses. The diagrams
with interchanged order of H and W loops, as in the middle
of Fig. 2 have then the comresponding form:

M(f-> fy)(c)=A*(fo-FPLf), (11)
where P, = (1-Ys)/2and Pr = (1 +Ys5)/ 2 are projectors
in Dirac space. Thus the electric dipole moment is found to
be:

(df)2-100p = 2Im(A). (12)
There is also a contribution to the magnetic moment (i.e the
gyromagnetic quantity (g — 2)) given by 2 Re(A).

The contributions from the four diagrams (i = 1 —4) in

Fig. 3 and its complex conjugates can then, by using (12) be
written

Idd r
= =& FS ImYr(d - b) Vi Vi,

i

13)

where the §’s are the electric charges (in units e= the pro-
ton charge) of the photon-emitting particles, i.e. €13 = & =
+2/3,& = & = —1/3, andé; = éy = +1. Here ] have
used the relations (8) and (12). Note that a left-handed couw
pling Y.(d -» b) P.. would not contribute in (13) due to
wrong chirality. The V’s are CKM matrix elements in the
standard notation. The constant F; sets the overall scale of
the EDMs obtained from the two loop diagrams:

oo gy 1 P 'k
2T My 2 1602 3 162
16.94 x 10 %cm, (19

where I have used the conversion rule 1/(200MeV) =
10~ 13cm. The quantities § in (13) are dimensionless func-
tions of the masses of the particles entering the two loop
diagrams. Some details from the loop calculations are given
in the Appendix.

Using Feynman gauge for the W-boson, one has also to
add diagrams with the unphysical Higgs fid ¢+ (i.e. the
longitudinal component of the W-boson) given by the the
Lagrangian

Lo =¥ y*de_(maP. — mPR)t+hc. (15

My

For finite loop diagrams, a typical example is given in
(51)-(53), while other finite integrals are given with same
type formulae with permuted masses. The loop functions S;
and S are finite, dimensionless, and depend on the mass
ratios

u = (m/Mw)? =464, uy = (My/My)? = 2.44.
(16)

The masses of the W-boson, the t-quark and the physical
Higgs-boson H are of the same order of magmitude. There-
fore, because of lack of a clear mass hierarchy, it makes
1o sense to consider leading logarithmic approximations, in
contrast to [33]. Numerically, I find
S =-255 S =250 17

If the soft photon is emitted from the top quark after
exchange of the Higgs boson, as in the third diagram from
leftinFig. 3, orfromthe W-bosonin the fourth diagram, the
left sub-loop containing the Higgs boson is logarithmically
divergent, which is not unexpected because the interaction
in (9) is non-renomalizable. Each of the divergent integrals
~In( P) arefollowedby finitelogarithmic terms more cum
bersome than for finite loop integrals, and such integrals are

13
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Fig. 2 Three diagrams with FC Higgs coupling for EDMs of a d-quark.
Soft photon emission from one of the charged particles is assumed
to be added. The left diagram will give contributions suppressed by
my,d/ Mw. Taking the crossed diagrams in the centeror to the right, we

W
\

b
T H

d

will get contributions which are not suppressed by light quark masses.
The diagram to the right is the complex conjuggate of the diagram inthe
middle

Fig. 3 Four diagrams for an EDM of a d quark obtained by adding a soft photon to the diagramto the right of Fig. 2. There are aso comresponding
diagrams where the W-boson is replaced by an unphysical Higgs-boson within Feynman gauge

given by expressions likein (58), also with masses permuted
for different diagrams.

The total contribution from the third digram in Hg. 3,
including the contribution from the unphysical Higgs, is
S =upi(w)C + 1.8L (18)
Here the UV divergence is parametrized through the quantity

m . 8

(19

where |isthe UV cut-off. Numerically, C |is~ 5.5t09.4
for |~ 1to 7 TeV. Furthermore, u; pi(ut) is the result of
the second subloop. Here

| r
. u _ In(u) _
whereu; is givenin (16).

The fourth diagram in Fig. 3 with the soft photon emitted
from the W-boson again contains a divergent part, and the
total contribution to the fourth diagram is

Si=— 3 Dw)C -+ 29 @

13

where

| r
u u-In(u) ) _
o ool mlw =121

(22)

p2(u) =

Summing all contributions from diagrams in Fig. 3, I find
| r

4 = (165 + 1.37C )

€ Fig3
‘F, - Im[Yr(d - b) Vi§ Vip]. 23

There are in addition confributions from the same dia-
grams in Fg. 3, but with other quarks in the loop. If the
b-quark is replaced by an s-quark, the CKM factors are two
orders of magnitude smaller; andinadditionYr(d — s) hasa
stricter bound from K — K-mixing. If the t-quark is replaced
by the u- or c-quark, the contributions are suppressed by
(my/ my)? and (m¢/ my)?, respectively.

There are also similar diagrams for EDM of an u-quark,
i.e. like in Fig. 3 with the t- and the b-quarks interchanged.
This amplitude has the same struchure as in (13), and is pro-
portional to the combination Im[Yg(u = t) - Vi Vi]. But
the u-quark EDM contributions will be neglected. First, the
ordinary SM ooupling of the Higgs will be proportional to
my/ My instead of my/ My for the d-quark case. Then it
tums out that the prefactors § for u-quark EDM contribu
tions are suppressed by a factor of order (mp/ my)? ~ 1073
compared to the analogous d-quark contributions. Second,
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Fig. 4 Three diagrans with one WWH-Higgs coupling and one FC
Higgs coupling for EDMs of au- ord-quark. Soft photon emission from
one of the charged partides is assumed to be added. The (b) diagrams
are zero in the limit of zero external momentum of the light quarks

(c)

due to momentum integration, or are suppressed by small light quark
masses. The (¢) diagrams are complex conjuggates of the (a) diagrans .
Heaeq=sband =, c, t forEDM of ad-quark, andq = c, t and
4 =d,s, bforEDM of au-quark

)
N\ Y
/
H W
A w
u,d u,d // u,d
A > g 5 >

Fig. 5 Emission of a soft photon from (a)-type diagrams of Fig. 4. There is also a diagram with emission from the W in center of the diagram
and in addition graphs with the W replaced by an unphysical Higgs within Feynman gauge

even if theratio between Yr(u = t) and Yr(d = b) would
be of order my/ my, the u-quark EDM contribution to the
nEDM in (4) would still be suppressed by |(py - mb)/ (pq -
my)| ~ 1072 compared to the d-quark EDM confxibution to
the nEDM.

4 Diagrams with one FC coupling -and a
WW H-coupling

Wewill now consideranotherclass of twoloopdiagrams genr
erated by FC Higgs-boson couplings. These diagrams shown
inFig. 4 haveahig WW H-coupling ~ gw Myw and only one
FC Higgs coupling toa fermion. These twoloopdiagrams are
divided in three types: the (a)-diagrams with Higgs exchange
to the left, the (b)-diagrams with Higgs exchange in the mid-
dle, and the (c)-diagrams with Higgs exchange to the right.
In the limit of small extemal light quark momenta, which
we work, the (b)-diagrams are zero due to (odd) momentim
integration, or they are suppressed by small external quark
masses. The (c)-diagrams are complex conjugates of the (a)-
diagrams. Soft photon emission from one of the charged par
ticles should of course be added in Fig. 4, as seenin Fig. 5for
the (a)-diagrams. The (a) diagrams give contributions like in
(10), and the (c) diagrams like in (11).

The relevant piece of the SM Lagrangian fora Higgs cou
pling to two W-bosons is given by

.
Lwwa = gw My 2HWOHRW, (24)

Using Feynman gauge for the W-boson, we must also corx
sider Lagrangian terms for a physical Higgs coupling to a
‘W-boson and the unphysical Higgs boson ¢+. In addition
to the term for quarks coupling to ¢+ in (15), there is the
relevant HW@..- coupling obtained from the Lagrangian

Lawe = 9—% {H(ia”to-) - (io" H)o- }Wf,‘“’ +hec.
(25)

Because of derivative couplings, the vertices irwolving the
unphysical Higgs ¢+ will depend on the loop momenta,
which might give divergent (sub-)loops. There are also
Wy ¢-couplings, but they do not contribute for soft pho-
ton emission.

In the preceeding Sect. 3, for all the shown diagrams
in Fig.3, the physical Higgs coupled to the top quark with
strength ~ gwmy/ My. Also the chiral structure of the dia
grams is such that these diagrams are proportional to m?,
and even i in S3. Inthe present section the diagrams have a
flavor hlind WWH coupling, and have another chiral struc-
ture, and one gets diagrams ~ m¢ only for the case when
the W-boson is replaced by an unphysical Higgs @+ . There-
fore I have apriori considered all quark flavors in the loops,

13
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although it is expected that the GIM-mechanism will cancel
the leading tenms with light quark flavors, except forthe dif-
ference between the t-quark and the c-quarks contribution.

Contributions to the d-quark EDM from soft photon emis-
sion from the quark g = s, b in the diagram 5a,(i.e. to the
leftin Fig. 5) can in the general case be written:

| r

W 24 miYr(d > s) A (s, u—0

€ s5a
+Im[Yr(d = s)A¢]- ITHa(s, t =)}
—26,F, {Im[Yr(d - b)&,]" MMa(b, u—c)
+Im[Yr(d - b)&] MMab, t—0)}, (26)

where F, is given in (14) and where ; = &, = —1/3 are
charges for the photon-emitting quarks, and the A’s and the
&’s are CKM factors:

}\q = VC-I"&VqS, Efi = VgAqu, (i =uct 27

Thelllf ’sin (29) aredifferences, dueto GIM-cancellation,
between loop functions f(q, ¢), for given flavors g = s, b
and § = u, ¢, t. These are functions of quark, W-boson and
Higgs masses. Above, I have used the shortages

TMEa(b, t = c) = f(b, t) — £(b,0)
ﬂ]fd(s,c—u) = f(s, c) — f(s,u), (28)

and so on in a self-explanatory way. The quantities f(q, )
have the same form as in (53) with proper mass replace-
ments. Numerically they are finite, and are of order 107! to
1. The GIM-cancellations for the difference between the u-
and c-quark contributions are very efficient, such that the dif-
ferences [1I3(s, u — ¢) and [Tlf4(b, u — ¢) are of order 103
to 107, and can be safely neglected. Contributions with the
t-quark in the loops are significantly different from contri-
butions involving the lighter quarks. Thus, the determination
of both the t-quark and the c-quark contributions will be
important. In this case the GIM cancellation is not efficient.

Contributionsto the d-quark EDM from soft photon emis-
sionfromthe quark ¢ = s, b in the diagram 5a, the dominat-

ing contribution can be written:
T
d_: _ =26 {mlYd- D]
Tyt —c) 3, (29)

where F, isgivenin (14) and where &, = —1/ 3isthecharge
for the photon-emitting b-quark, and & = V;{ Vin. There are
also othercontributions whicharesmall and canbeneglected.

The quantity [Tf4(b, t — c) from loop calculations is the
difference betweenthe b » tandtheb — ¢ contributions,
and s given by

Ma(b,t —c) 1-0.34. (30)

13

The diagram with soft photon emission from the quark
@ = u, ¢, t, isshownthe centerof Fig. 5 (i.e Fig. 5b). Adding
contributionswherethe W isreplaced by anunphysical Higgs
¢, one obtains divergent contributions for these loop func-
tions.

Because the WH @+-vertex is momemium dependent, the
leftsubloopis divergent, reflectingagain that the theory based
on the Lagrangian in Eq. (7) aloneis not renonmalizable. The
numerically relevant term from diagram 5b is given by

Idd r

o I+26; F> - Im[§ Yr(d— D)]

5b
TTha(b, t - 0),

where [Thy(b, t—c) is defined similarto the [Tl ’sin Eq. (28).
In this case there is a divergent term when W is replaced by
the unphysical Higgs ¢+, and the total result from diagram
5bhis

(31)

TTha(b, t - ¢) = p(w)C |- 1.26, (32)

where C |is givenin (19) and py(u) in (22). The finite part
is partly due du terms like (53), and partly tenms given as in
(56)-(58).

An example for diagrams with a soft photon emitted from
the W-boson is shown at the right of Fig. 5 (Fig. 5¢). Alsoin
this case there are divergent diagrams, because the left sub-
loop might be divergent for the replacement W = @.. After
GIM-cancellation the dominant termis

| r

d—g | 36 F - Im[Yr(d~ b)&]- Tha(b, t - o),
5¢

33
where one finds
Mha(b,t — c) = 2 pow)C 248 (34)

where the finite terms are given like those in (32).

Neglecting small confributions (all except those propor-
tional to V;j Vi = &), and summing all contributions from
diagrams in Fig. 5 one finds

| r

da

S =(346C | —9.35) ' F,
€ Fig5

ImYr(d = b) Vi§ Vip) (35)
The EDM of the u-quark is neglected due to small loop
functions (-after GIM-cancdllation), and small CKM-factors.
Moreover; the comments about the YR 's at the end of the pre-
vious sections are also relevant here.
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Fig. 6 The contributions to the Weinberg operator for the flavor chang
ing Higgs interaction Yr(d —  b), represented by the grey blobs to
theleft in both diagrams. Three gluon lines have to be atached to quark
lines

5 Perturbative QCD corrections

Summing all two loop contributions from Sects. 3 and 4, I
obtain the total bare dominanting contribution for an EDM

of the d-quark:

I, fare

& e )

€ Tot

= (483C |~ 7.70) F Im[YR(d » b) Vi Vinl, (36)
wherethe scalet | ~ L But perturbative QCD effects for

scales below | must also be taken into account. The color
electric term can be easily found from the same expressions
forphoton emission from quarks (corresponding to all quark
charges putto + ). Thetotal colorelectrictermis then found
to be

ta fare e

— =Cc(u )

% Tot

= (1.96C —2.55) F2 Im[Yr(d = b) Vi Vip].

(37

There are also contributions from the Weinbery operator
for the FCH couplings. Contributions to the Weinbery oper
ator proportional to Im[Yr(d = b) Vi Vip], are shown in
Fig. 6. These are however very small due to “wrong” chi-
ralities, are suppressed by my/ My, and will therefore be
neglected.

The colorelectric termmixesinto the EDM termin (3) due
to renormalization effects in perturbative QCD. The relevant
mixing matrix under QCD renommalization at one loop level
is given in [47]. This result is also used in [39]. The result
for the coefficient Cg of the EDM-operator describing the
ruming from a high scale ppigh down to a smaller scale
Hiow 1S

Ce(iow) = NCe(Hnigh)

YCE K
+ E
YE —YcC (n

There is also a term due to the Weinberg operator which
is omitted here because of the negligible contribution men-

N°)CcMnign). (39

tioned above. In this one loop formula, yg and yc are the
anomalous dimensions of the EDM- and the color electric
operators, respectively, and yc g describes the mixing of the
color operator into the EDM operator: One has

32 28
YE = YCE = glvc =3 (39
and
Yi 0s(Mhigh) 2n¢
i ==—;N= iBo=11— —, 40
5= 280 " olition) P 3 @0

where nf is the number of active quark flavors, which is
nf = 6 above the t-quark scale and nf = 5 below. In the
present case one should do the nunning in four steps, from
thebigscalep |~ Idownto the top scale py ~ my with
Bo = 7, fromthe top scale down to the b-quark scale my, with
Bo = 23/3, from the b-quark scale down to the charm scale
m. with Bp = 25/ 3, and at last from the charm scale down
to the hadronic scale puy, ~ 1 GeV with B = 9.

Including QCD corrections, I obtain at the hadronic scale
un = 1GeV:

di/e = Ce(pn) = Kin# Ce(u )
+ Ki(nd —n#) +Ksnd Ce(u ). (A1)

wheren = as(1 )/ os(Ht), and where K and Ks takes care
of the QCD conrections below i, and are given in Eqs. (60)-
(64) in the Appendix. The one loop result should be a good
approximation above top mass scale, but not forlowerscales,
i.e. not below say, the b-quark scale.

6 Summary and discussion

As expected, there are cases where the considered two loop
diagrams for the EDMs of d- and u-quarks diverges. This
happens for cases in Sect. 3 where the left sub-loopin Fg. 7
is involved, and for diagrams where the unphysical Higgs
(¢+) is involved both in sect IIT and IV. More specific, the
left diagram in Fig. 7 which looks like a vertex comrection
ford - W + v, ¢, tislogarithmically divergent. Actually,
this diagram generates a logarithmic divergent right-handed
current which has no match in the SM. The diagram at the
right in Fg. 7 is convergent, but if the W-boson is replaced
by an unphysical Higgs ¢, when used in two loop diagrams
as in Fig. 5, we obtain logarithmic divergent diagrams due
to a momentum dependent vertex, as seen from (25). These
are numerically relevant if the quark ¢ is a top quark. The
dominating divergent terms in Sects. 3 and 4 are proportional
to m (-or even ! in one case in Sect. 3). It should also be
noted that the first and last diagram in Fg. 5 are relevant
for the EDM of the electron [46]. However; in that case the

13
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Fig. 7 The divagert effective
W-loop vertex conection
diagram relevant for diagrams of
Sect. 3 (left), and the (finite)
effective vertex comrection
relevart for diagrams in Sect. 4

(right)

divergent terms would be proportional to powers of a tiny
neutrino mass, instead of the top-quark mass.

All contributions (after GIM-cancellation) not propor
tional to § = Vi Vip are neglected, using bounds on other
YR's[36,37], asexplaned in the preceeding sections. Also all
the contributions foran EDM of the u-quark canbeneglected,
for reasons given at the end of the Sects. 3and 4.

I have also neglected the s-quark contribution dy for the
following reason: The loop functions for the s-quark are
numerically close to the ones for the d-quark. The CKM
factor is bigger, but ys/ya 11072, such that the contribu-
tion to the result in (4) from the d; is of order 5%. Thus our
final result for the nEDM is simply

dy | pada, (42)
where the lattice value of pq is given in (6). Using the exper
imental bound fornEDM n (1), the result (36) of the present
study gives the bound

[
Im Yr(d— b)-

]

VAV
b ) < (121022) x 1073, 43)

Vid Vil

forvaluesof Ifrom1upto 7 TeV.

From the mathematical point of view, |is the quan
tity which regularise the divergent two loop diagrams,
while Inp in (9) is infroduced as a dimensional cuantity
parametrising the YR s and indicates the scale of new physics.
But these scales are expected to be of the same order of mag
nitude.

In (43) I have found a bound on the imaginary part of the
coupling Yr(d —» b) multiplied by the CKM entry ViiVip
(-remembering that Vi,  11). Thus the present bound is not
directly comparable to the previous bound 1.5 x 10~ on the
absolute value of Yr(d = b) given in refs. [36,37]. But,
tuming things around, if the bound for Yr(d = b) found in
[37] is assumed to be saturated, then one can see how dose
to the experimental bound on the nEDM in (1) my value of
nEDM might come. This is illustrated explicitly as follows:

Using (36), the lattice values in (6) and absolute value of
Vi Vi from [6], one may write my result for the nEDM in
the following way

13

d t
10
3_
2.5] B
2-
N 0
1.5
b -5
0.5-
/—.’——f. . . L-10
5 10 15 20 25

Fig 8 The quartity N = N( ), in units 10~% cm (at the vertical
axis), as a function of cut-off 1inTeV (a the horisontal axis). The
upper blue curve describes the bare case and the lower red axve the
case with QCD conections induded

i
[Yr(b- d)]
do/e IN( [I)x Yo = Dlsoma d)|Bound]ﬂ
Im Yr(d- b) ViV
[Yr(b— d)| [Vi§ Vil

X 10‘26c:m
(44)
where I have scaled the result with the bound from [36, 37]:

[Yr(d = b)| = 1.5x 1074 = |Yr(d = b)|gouna.  (45)
Defining first
Ca = FImlYg(d - b) Vi Vsl Ca, (46)

fora = E, C, I further define the function N( ), by the
relation
pa F2|Yr(d = b)|Bouna| Vi Vin| CE(H )

= N( ) x 107%cm (47)
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The function N( ) isplotted as a functionof |in Hg. 8.

Now; the maximal value of the parenthesis {. . . }in (44) is
= 1. Then, if the bound for Yr(d = D) is saturated, the plot
forthe function N( ) in Fg. 8 shows that when the cut-off

|is stretched up to 20 TeV, the bound for nEDM in (1) is
reached in the bare case (upper curve), while the perturbative
QCD-suppression tells us that the value of the nEDM can at
maximum be of orderone tenth of the experimental bound for

lupto 20 TeV (lowercurve). If the bound for |[Yr(d = b)|
is reduced, and also  |is reduced, my value for nEDM will
be acoordingly smaller.

7 Conclusion

In conclusion, I have explored the consequenses for the
nEDM of having flavor changing Higgs couplings. In the
scenary of [37,40] such couplings might stem from a six
dimensional nonrrenommalisable, SU(2)1, x U(1)y gauge-
invariant L. agrangian piece proportional to the third power of
the SM Higgs doublet field, as seen in Eq. (9). The considerd
effective theory is non-renonmalisable and some diagrams
are ultraviolet divergent. I have parametrised the divergence
in tems of the logarithm of the ultraviolet cut-off, of order
of possible New Physics. One might think that, even if this
effective theory is non-renormalisable, one might regularise
it with MS-regularisation and add countertens, -say like in
chiral perturbation theory. However, I do not think that this
will give a better description in the present case.

While previous analysis [36,37] obtained bound(s) of
quadratic expressions of the FCH coupling(s), in the present
paper the analysis is extended to the two loop case for
quark EDMs generated by a flavor changing Higgs coupling
Yr(d = d) to first order only.

I have found and calculated two loop contributions which
gives a bound for the imaginary part of the product of
Yr(d = b) andthe CKM entry V;¥ Vi, (where Vi, is known
to be very close to one). This bound cannot be directly comr
pared with the bound from [ 36, 37], which is on the absolute
value. But even if this bound on the absolute value is satir
rated, and evenif |is stretched up to 20 TeV, itis seen from
Fig. 8 that the value of the nEDM can at maxinum be of
order one tenth of the present experimental bound in (1).
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8 Appendix

Many loop diagrams are suppressed because of chirality
(PL Pr = 0), or asymmetric (odd) momentum integration
like:

I

d p f(p% masses) p* = 0. (48)

To simplify calculations I use the effective quark propa-
gator in a soft electromagnetic field F [48]:

{ }
B "‘"_QI”‘* (v ' k+mg)o-F

where k is the four momentum and my; the mass of the quark
q. The notation {A, B} = AB + BA is used. Similardy, for
emission of asoft photon froma W-boson, theeffective prop-
agatoris:

(49)

- )
@ _ " ew”3i g'°g® —gfg"* Fy
(D(k, F) . e

(50)

These effective propagators can be used and are useful when
the particles in the loop are much higger that the masses of
the extermal particles.

A typical example for a finite loop integral is

I

To= dpdrpurn

(p% — MA)(p? — m@)((r — p)2 — MG )(r2 — M3)(r2 — ny)2’
(51)

whered r = d*r/(2n)*. Integrating out momenta, the result
of the loop integration gives:

5
I a(mg, Mg, M),

Tpv= m (52)
where thedimensionlessloop functiona(my?, Mg, M%) can
be written in the compact form
a(m?, M2, M3)
1 (1-x) 2
e dx 0 dyx(l-m:;i,— M2)
- H
w ¥ i
x 1-—"H_In _F (53)
Mg - Mj) Mg
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where the quantity M2 depends on masses and Feynman
parameters:

_ Mg+ y(m? — M)
M2 = e, &

The expression in (53) can be further found in terms of logr
arithmic and dilogarithmic functions. Other finite tenms are
given with formulae as (51)-(53), but with masses permuted.
A term with ultraviolet divergence appears if 1y is replaced
by py in the numerator when doing loop integration in the
subloop containing the integration over p. This happens for
instance when the W-boson is replaced by an unphysical
Higgs ¢ (thelongitudinal W-components) within Feynman
gauge, or if the left diagram in Fig. 7 is involved. In addi-
tiontoa(m?, Mg, M%), theloop diagramsin Sect. 3wil be
proportional to mZ/ Myy.
Divergent parts from the first subloop enters as

In( #R), (55)

where R = Q — x(1 — x)r2, where Q is a quantity depend-
ing on masses and Feynman paprameters (for inst Q =
Mg x + M4y, where x and y are Feynman parameters of
the first, divergent, subloop). The In(R) term results in a
finite term. Forexample, for third diagram (with W* - @,
one obtains:

w I
%N=—m 0 dxx(1—=x)[N(1, u; By)
—N(1, u; B)] = —1.90, (56)
where By, 1 are given as
_b+x(um-b) . _ uy+x(u—uy)
b="1-» P~ xi-» &7
whaeutarﬁuﬂategivmi]r_ll_flG),atﬂbEn%/gI‘%,.
(g)
o _ (—AB) In(B)  In'%}
NCAB="c"1" A "B-4a
C(C-B),1 a2
+W{§[lnf_B Q)]
. B
+dilog == —In(C)-In(B-C)}
[BC — A(2C - A)] 1 )
S[In(B — A)]
CR 5
+dilog z— —In(A)-In(B - A)}
(58)

Further; there is a non-logarithimic finite term (not in1n(R)
in Eq. (55)): For other divergent diagrams one has similar
expressions with permuted masses.
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The dilogarithmic function is in my case defined as
f z ll’l(t) f 1 dx
dilog(z) = . dt(l—t) = . ;ln(l—(l—z)x)
= Lix(1-12). (59

The QCD comrection factors in (41) are

| e | 6 | i6
Os(He) 7 Os(Mp) B 0s(My) =2

K =
R TS ST SR TS @)
| 6 | 6
Ko = as(Me) 7 Qs(pp) 5
2_
as(KH) 0s(Hc)
E‘ | 6 | I'4EE
Os(uy) 2 Os(Hy) 2
- , (61)
0 (M) s (Hp)
TITI fi6 | fi6
Ky=g Os(He) 7 Os(kp) *
Os(Hn) 0s(Hc)
| fia | l'sE
_as(pp) B os(py) 2 62)
0s(Hc) Os(Mp)
e Glpe) e (e P
Ke=8 G’ ™ aslun)
| 6 | fi6
Os(Up) 5 og(py) 2 63)
0s(Hc) 0s(Mp)
and
Ks = Ky + K3+ Ka. (64)

Orne could consequently stick to one-loop values for o (1)
at the various scales. However; I have used a hyhrid ver
sion, taking into acount higher loop effects (see for example
[49]) which are important below 1y, = my,, say. ThenI have
used as(pt) = 0.109, as(pp) = 0.23, as(pe) = 0.40, and
0s(pn) = 0.52.
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