her

ASITP?

INSTITUTE OF THREORETICAL PHYSICS ACADEMIA SINICA

AS-ITP-94-53
October 1994

o $e4d
Electric Dipole Moment and
Chromoelectric Electric Dipole

Moment of the Top guark in
mqhva X rm.qﬁwvh X QA:V‘ Model

i

Chao-Shang HUANG and Tian-Jun LI

P.O.Box 2735, Beijing 100080, The Pecple’s Republic of China

Telefax : {26)-1-2562587 Telephone : 2568348

Telex : 22040 BACAS CN Cable : 6103



Electric Dipole Moment and Chromoelectric Electric
Dipole Moment of the Top quark in
SU(B)C X SU(3)L X U(l)x Model

Chao-Shang Huang and Tian-Jun Li
[nstitute of Theoretical Physics, Aca;demia Sinica

P. O. Box 2735, Beijing 100080, China

Abstract

We show that in SU(3)c x SU(3)r x U(1)x model, leading contribution to the electric and
chromolelectric dipole moment of the top quark is due to the one-loop diagrams which come
from e)gchanging the charged and neutral Higgs bosons. The dipole moments are typically of
the order of 107'® e-cm and 107! g-cm respectively, for the values of relative phases of the

vev’s such that CP violation is maximal. From an experimentpoint of view, the ¢? dependence

of dipole moment form factor is given.

1 Introduction

Recently, the CDF collaboration at Fermilab has published evidence for top quark production
in the pp collisions. It is obvious that in the near future, the research of the properties of
the top quark will receive a high priority from both the experimental and the theoretical
perspective. The fact that the top is so heavy that it can rapidly undergo an electroweak
decay to b+w before hadronization sets in is especially significant. This should enable us
to probe its fundamental properties directly with a minimal amount of the masking effects
of QCD. That is in sharp contrast to the other quarks wherein intricate bound-state effects
get involved and, more often than not, are difficult to treat. In this regard, we recall that
there are a lot of difficulty that arise in interpreting the electric dipole moment (EDM) of the
neutron in terms of the underlying short-distance theory responsible for CP violation.

In this paper, we estimate the size of the electric dipole moment (edm) and chromolelectric
dipole moment (cedm) of the top quark in SU(3)c x SU(3), x U(l)x model, which has
been probosedil'zl as a possible exﬁla.ua.tion of the fan;jly replication question and its some
phenomenological implications have been investigated(®436l. We find that the EDM and
CEDM of the top quark are likely to be very large, i.e., about 107'° e-cmn and 10~'° g-cm,
respectively with the maximal CP violation. Not only are these numbers larger than in
the SM by perhaps as much as 10 orders of magnitude!”, but more importantly, they may
be measurably large for experiments with the CERN Large Hadron Collider (LHC) or with
future electron-positroa colliders such as the proposed SLAC Next Linear Collider (NLC). An
evaluation of the dominant contribution to the dipole moments of the top quark has been

given in the models that extend SM with multi-Higgs doublets and singlets and results are
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typically of the order 107% e-cm and 107 g-cm respectively!®l.
This paper is organized as follows. Section 2 outlines the model and in particular, its
relative Higgs sector. Section 3 calculates the EDM and CEDM of the top quark. The

numerical results and discussions are presented in the section 4.

2 Description of the Model

We outline the model presented by Frampton!!l. The fermions transform under SU(3)¢ x

SU(3), x U(1)x according to

e uo T~ )
hoa=1 4 |, vy 1o ve | (1,37,0) (1
et ut T+
u c )
Q2= d ] K] : (3)31_1/3) (2)
D S
b
=1 ¢t |:(3,3,2/3) (3)
T
ub, 8¢ : (37,1, -2/3) (4)
&, 56,65 (37,1, 1/3) (5)
- D, 5°:(37,1,4/3) (6)
T°:(3°,1,-5/3), (7
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where new quarks D, S, and T carry electric charge Q=-4/3, -4/3, and 5/3 respectively. The

Higgs multiplets required for the symmetry breakiog and fermion masses are given by

pt+
$ = ot :(1,3,1) (8)

A= a0 |:(1,3,0) ‘ (9)

AIO
A= A :(1,3,-1) (10)
AI——

and

U VO A AVE)
a=|a5/VZ ° ni/V2 | (1,6,0). ' (11)

P°IVE i /V2 o oagT .
The non-zero vacuum expectation value (VEV) of ¢° breaks SU(3), x U(1)x into SU(2)L x

U(1l)y and electroweak breaking is achieved by VEVs of AY and A®. The sextet 77 is needed
to obtain a realisfic lepton‘ mass spectumi.

We need to know the masses of the peutral and charged Higgs bosons and their quark
couplings in the model in order to calculate the EDM and CEDM of the top quark. Therefore,
we recall the relevant masses and mass eigenstates of the neutral and charged Higgs bosons

obtained by us ® ( we have set w=0 for the sake of simplicity in reference [6]). The mininum



of the potential is achieved for
0
<¢>= 0 . (12)
uexp(ia)/v2
0.
<A>= vexp(ia + 8)/V2 (13)

0

v[V2 .

where the phases a and § are measure of CP violation.
t
*The relevant mass eigenstates of the charged physical Higgs bosons are

HE = exp(£i{2a + 8))sinbd, AL + cosd, ¢t (18)

with a common mass given by m}-{f = fu'(u? + v?)/(v2uv), where tgd; = u/v. Furthermore,

the masses of the neutral physical Higgs bosons are

m,’l‘ = \/u“A;‘ —2utv? A Ay + utIAR + A+ ul AL+ vPA,, (16)

and

ml, = =\ Jut Al = Ut A, Ay + Wi AL + viAD + 1P A, + vP Ay, (17)

and the corresponding eigenstates are:( we have defined ¢° = (4% + i9)/V2, A° = (A +
iA9)/v2 in Rel.[6])

Hy, = (1@ + cosPAY + sinBAY/\/rE +1, (18)
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and
Hy, = (r2¢] + cosBAf + sinfAN/rE +1, (19)

where

r = uAs(\ﬂ.L‘/ﬁ — 2uPul Ay Ay + utv? AL £ v AR WAy + VP )

(20)
/(v(2\/u“A'f — 24, Ag + w2 AL + v ASA, — 20l A A + AT + 207 4)),
ry = uAs(\ﬂ‘A% — 2utv2 A1 Ag + uPvlAR + viAl — w4, —vP4,) (21)
1

[(0(2/w* AT — 2uP2 A1 A4, + utvI A + v AR + 26 Ay Ag — uP AL - 2074)).
In the above equations A;(i=1,2,5) are the coupling constants in the Higgs potential ( see

eq.(12) in the Ref.(6] ).

3 The EDM and CEDM of the Top Quark

The EDM of a particle is defined by one of its electromagnetic form factors. In particular, for
a spin-} particle f, the form factor decomposition of the matrix element of the electromagnetic

current J,, is:
< fEN0)f(p) >= a(p)Tu(g)u(p), (22)
where

L.(9) = Fi(g") 1+ Fa(¢?)ionq”/(2m) + Fa(@®)(1u150° —2m7squ) + Fa(q?) o vsq” /(2m), (23)

where ¢ = p’ — p and m denotes the mass of f.

The EDM of f is then given by:

d; = —F5(0)/2m (24)



Thus in the SU(3)¢c x SU(3)r x U(1)x model, the lowest order non-zero d; and cdy can
arise through the one-loop graphs Figs.(a-c). The relevant leading terms of quark-quark-Higgs
boson couplings in Lagrangian after the spontaneously symmetry breaking are:

L= T Thaolar g + 7 Trsai) b

(25)
+{T(a + bys)tHF + H.C.}.

where h,, H{ are neutral Higgs bosons and charged Higgs boson respectively. Obviously, the
dominant contributions are the one-loop diagrams where hy is exchanged between top quarks
for neutral Higgs boson-quack coupling and H{ is exchanged between T a.nd't quarks for
charged Higgs boson-quark couplings. There are some two-loop graphs coatributing to the
electric dipole moment of the top quark. As pointed in the Ref.[8], however, they are about
2 orders of magnitude smaller than the results from the one-loop graphs. Therefore, here, we
consider only these dominant contributions(see Figs. (a), (b) and (c) ).

First,caculating the diagrams in Figs. (a) and (b), we obtain the static (i.e. at ¢> = 0)

electric dipole moment:

de(0) = wi;n%‘ylm(ab'){—eQH‘-[p)(er,mT,m,)(D)+cQTIc(2)(mHl-,mT,m,)}(0), (26)

where Qr = 5/3 and Qu-=-1,

w t z(l —x)

10z, my,m(0) = [ dxpi,‘_(l—z)—f-p%z—z(l—z) (21)
and

(2) = ['dz z?

[ (m e mr, m)}0) = [ d PR e (28)

Properties of the top quark are mostly likely to be explored at high enecgy and momenta,
thus static quantities like d,(0) are not the most accessible, from an experimental point of view.
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The EDM form factor at high g may instead be more relevant. We, therefore, investigate the

¢* dependence of d5(q*). Thus

di(q*) = —"111162:‘,“‘ Im(ab'){"eQH;Q“(mH;:mT»mr)(q:) + CQTICm('"H;»""T:mt)}(qz),

(29)

(30)

l1—1z

1 T
(1) 2y = -
I (myl-,m:r,m:)(q ) /0 dIL dypil_1+p§~(l—1:)—r(l—Z)—p::y(-‘ﬂ—y)—lé

and

T

1 1
(2) = - 31
I (mH"')mT)mt)}(O) /0 d:l:/o pi,_(l—z)'f-p%-x—-:c(l——z)—pi,y(z—‘y)—lé (31)
1

where p? = m?/m?, i=T, t, Hy, ke and p} = ¢*/m}.

In the Eq.(26) and Eq.(29),
a= é—[h? sin 8; cos{2a + B) + A3 cos §; — ih] sin 8 sin(2a + B)], (32)

b= %[hf sin 0, cos(2a + ) — A3 cos §; — iA] sin 8, sin(2a + B)}, (33)

where h2 and h3 are the coefficients of the Yukawa interactions which are related to the masses

of top quark and T quark respectively®l. From Eq.(32), Eq.(33), one has

In(ab®) = L1h3h} sin 8; cos 82 5in(2a + B)

(34)
=44 T sin(2a + B)
my
where my+ is the mass of the new charged gauge bosons Y'*.
Similarly, calculating the diagram in Fig.(d), we obtain:
9
47 (0) = T25E= Ty al B (e, i, )(0)

167 my (35)

— 20 hyphy 2
= fﬁgl;z;zﬂ: b; F(Ph.)



where

[n(rnhmh.)(o) = 1‘52)(771/“,"1‘,771()(0) = F(p}\.) (36)
and
L= Snr + \/rri(zfrr)[arctan[\/r?(;: r)} + arctz'zn(v:(—i-':;]] if r<4
F(r) = 3 —4ln2 ' if r=4 37)

2 N/
1—tinr— =21 lnL—Q———r'— r—4 if r>4
! Jr(r — 4) [ ]

The definition of F(r) is the same as that in Ref.(8]. and

£(0") = [o Tual b (e, ma) () (38)
Iﬂ(mhmhn)(‘f) = 1«52)(mhhrmhmf)}(q2) . (39)

where the top quark-neutral Higgs coupling constantsl® o}* b in Eq.(35), Eq.(38) are:

! at = ?cos BRy, b = Tv—'sinﬁRl (40)
ah = —?cosﬂ&,bﬁ" = —'—"U—‘sin BR, (41)
where

In order to numerically compute d7, , we need to make a further assumption because there
are too many [ree parameters in the model. In the following, we discuss two representative
casesl®l:

(I) We assume: u*A; = v2A,, therefore

ml = uvAs + 2u’A4, (44)

1
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mi, = —uvds + 2ul A,
ap' = mcosf/(v/2v)
b = musinf/(V2v)
ah = mycosf/(V2v)
b = msinf/(v2v).

(II) We assume A, Az >> A2, A; ~ AzorA, > A;, we obtain:
m,z“ = 2u2A1

m,zh = 2v?4,
and a® ~ 0,60 ~ 0
¥

al = mcosf /v

. b = mysing/v.

Finally adding all contributions from Figs. {a)-(c), one has:

d,(0) = d5(0) + d7'(0)

and

di(q*) = di(q") + d} (")

(50)

(51)

(52)

(53)

(54)

(85)

If the photon in the Fig.(a) and Fig.(c) is replaced by a glun, then Fig.(a) and Fig.(c)

would produce a chromoelectric diploe moment instead of EDM: Clearly, the CEDM cd¢(the

contribution of exchanging neutral Higgs bosons) is immediately obtained by replaceing je
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with g (the QCD coupling constant) in Eq.(35), Eq.(38). The CEDM cd§(the contribution of

exchanging charged Higgs bosons) is obtained as follows:

ods(0) = mi;",;?Jm(ab-)eQTCJyJ(mH‘.;mr,m‘)}(O), (56)
CIP(my -, mr,m ) }0) = [D(myz, mr, m) HO) (57
(4") = Tomr Im(ab)eQrCI (mige, mr, ma)(4), (58)
CINMmpy, mr,m)} (%) = IO (myy, mr, m)} (@) (59)

Therefore, the chromoelectric diploe moment of the top quark is:
cdi(0) = cdf(0) + e (0) (60)

and

: cdi(q”) = edf(q") + cdf (¢°) (61)

4 Results

First, let us define d§(0) = df ™**(0)sin(2a + 8), di(¢%) = d§ ™*=(¢*)sin(2a + B), 47(0) =
&z me=(0)sin(20), d2(q?) = & ™=(¢?)sin(26) cdf(0) = cd ™*=(0)sin(2a + B) and cdi(¢?) =
cdf ™ (¢%)sin(2a + B). In addition, we would like to mention that d5(g?), dP(g?), cdi(¢?) will
_ develop an imaginary part when ¢* > 4m?. For simplicity, we limit ourself to the case of
¢? < 4m? in this paper.

d§(0), &5 (q%), d7(0), d(q?), cdS(0) and cdS{q?) are numerically computed in terms of the
masses of the charged Higgs boson H{, the neutral Higgs bosons A, and h,, the T quark
and the new charged gauge boson Y'*. By matching the coupl‘ing constants at the symmetry
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" breaking scale and using sin® 8w (mz) = 0.2333, it is found that the breaking scale is less than

1.7 Tevl®!® | Therefore, the mass of the new quark T is expected to be less than 10 Tev and
the mass upper bound for the new charged gauge bosons (Y*+ and ¥Y*) is 330Gevl® From
the collider experiments'® and muon decay!®!l, my++ and my+ are greater than 210 Gev
{ 95% C.L. ) and 270 Gev ( 90% C.L. ) respectively. Furthermore, from the analyses on
oblique corrections., one obtains an upper bound for the charged Higgs masses, namely my+s,
myz < O(1T ev), which leads to mys < 300G.ev. In our computation, the following ranges
are assumed: my = 175Gev,0.8Tev < mpy < 10Tev,50Gev < My < 300Gev,50Gev <
my, < 500Gev. (Although my, can be as large as O(1Tev), lrere, we consider only the above
range because the larger my, is, the smaller d7(0) and d7(¢?) is.) In the calculation of dj, the
range 1000Gev < u < 1400Gev and v=250 Gev are obtained through m}, = g*v?/4,m%, =
g2cos?0,u?/(3(1 — 4sin?f,))MEL, Because cd"‘(O)Az 1.5d7(0) and cdP(g?) = 1.5d7(¢?), we did
pot give them in figure.

From the Figs., we find that o f““’(O), de ™2=(g?), cdS ™*=(0) and cdi ™**(¢?) are almost
constant with the variation of My~ and increase very slowly when mr is increase, and ob-
viously, decrease quadratically with my+. d¢ ™*%(¢*) and cdé ™**(g?) increase slowly when
(;f'y) increase. Furthermore, we find that df ™*%(0) and d? ™*%(¢?) ( consequently cdf ™*(0)
and cd? ™°%(q?)) decrease almost quadratically with my, and when (f'r) < 4, & ™%(q?) and
cd? ™*(g?) increase with (ii{) but they decrease quickly for (fr) > 4, similar to the result

of Ref.[8]. Note that, there is not a peak existing in the df ™**(q*) and cd$ ™**(¢*) when (5—:;)

= 4.

[t is easy to see from the Figs. that when my, is small, df ™*=(0) > d¢ ™*=(0), df ™**(¢%) >

12



d¢ ™27(¢?) and when my, is large(>150 Gev), df ™*=(0) < d ™*=(0), d} ™**(q?) < d§ ™**(¢%).
From this , we can distinguish this model from other models with an arbitary number of Higgs
doublets and singlets satisfying natural Aavour conversation (NFC) constraintst®**,

In conclusion, we have estimated the EDM and CEDM of the top quark in the SU(3)¢ x
SU(3)L x U(i)x model. The dominant contributions to d; and cd; come from exchanging the
charged Higgs bosons due to the existence of a new quark T with charge 5/3 and a not too
heavy mass ( O(Tev)) in this model if the mass m,, of the neutral Higgs boson &, is large
enough, which is in contrast with the other models®! in that the dominant contributions come
only from exchanging neutral Higgs bosons. Numerically, we obtain that the electric and
chromolelectric dipole moment of the top quark are typically of the order of 107!® e-cm and
10~!® g-cm respectively, for the values of relative phases of the vev’s such that CP violation
is maximal.
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Figure Captions

Figs.(a) and (b), the dominant one-loop contributions to the d¢. Figs.(a), the dominant
one-loop contribution to the cdf when the photon is replaced by a glun. Figs. (c), the dominant
one-loop contribution to the &t (cd}).

Fig.1 d¢ ™= (in the unit of 107!° e-cm) vers.us my-, we have takea my+ = 300 Gev and
my = 5 Tev, for ¢?=0 (which is 'd§ ™%(0)) (a), for ¢* = 2m? (which is &§ ™**(¢%)) (b)

Fig.2 d¢ ™** (in the unit of 10! e-cm) versus my, we have taken my+ = 300 Gev and
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my-=200 Gev, for ¢*=0 (which is df ™*=(0)) (a), for ¢q* = 2m? (which is d§ ™*%(q2)) (b)

Fig.3 df ™** (in the unit of 107! e-cm) versus qz/n:nf, we have taken mr = 5 Tev, my+ =
300 Gev and m - =200 Gev.

Fig.4 df ™*(0) (in the unit of 10~'° e-cm) versus my,, for (a): in the case (I),whgre mh,
ranges from 937 Gev to 1214.7 Gev when m,, ranges from 50 Gev to 500 Gev with 1;=1200
Gev and v = 250 Gev, for (b): in the case (II), with v=250 Gev.

Fig.5 df ™*(¢?) (in the unit of 10™'° e-cm) versus-versus g*/m}, for (a): in the case
(I),where ms, = 1092 Gev, ma, =350 Gev, with u=1200 Gev and v = 250 Gev, for (b): in
the case (II), where m,, =350 Gev, with v=250 Gev.

Fig.6 cdf ™= (in the unit of 107! e-cm) versus mr, we have taken my+ = 300 Gev and
my-=200 Gev, for ¢*=0 (which is cdf ™**(0)) (a), for ¢* = 2m? (which is cd; maz(9%)) (b)
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