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Anomalous Higgs–top-quark couplings in the MSSM
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The anomalous couplings of the top quark and the Higgs boson have been studied in an effective theory
deduced from the minimal supersymmetric extension of the standard model as the heavy fields are integrated

out. Constraints on the parameters of the model from the experimental data ofRb5G(Z→bb̄)/G(Z
→hadrons) are obtained.
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I. INTRODUCTION

The standard model~SM! has been very successful ph
nomenologically, but nevertheless it should be conside
just as an effective theory valid for physics at the ele
troweak ~EW! scale. In higher-energy regimes new phys
beyond the SM must exist. Irrespective of what this n
physics might be, it should be able to give a satisfact
answer to the most fundamental open question of e
troweak physics, that is, it must explain the origin of t
electroweak gauge symmetry breaking@1,2#. In the SM this
is arranged through the spontaneous symmetry brea
mechanism by introducing a doublet of scalars with a n
zero vacuum expectation value~VEV!. This mechanism, de
spite its simplicity and economy, has well known problem
which have forced theorists and experimenters to look
new physics beyond the SM. Among the possible ways
extending the SM, supersymmetry is considered as a par
larly attractive one. The minimal supersymmetry extens
of the standard model~MSSM! provides an appealing solu
tion to the gauge hierarchy problem by guaranteeing the
turbative stability of the theory from the electroweak scale
the Planck scale.

The MSSM contains two complex Higgs doublets, d
noted by Hu,Hd and assigned opposite hypercharg
YB(Hu)52YB(Hd)51. There are altogether four neutr
scalar degrees of freedom, three of which correspond
physical scalar fields. In the case whereCP is conserved one
can define twoCP-even neutral Higgs fieldsH,h, and one
CP-odd neutral Higgs fieldA. The present experimenta
bounds on the Higgs boson masses set strong restriction
the parameter space of theCP-conserving MSSM@3#. Radia-
tive corrections to the lightestCP-even Higgs boson mas
have been computed by using the renormalization gr
equation~RGE! method and diagram technique@4#, and the
resulting upper bound is 135 GeV, which is not much abo
the present experimental lower bound of 95 GeV~95% C.L.!.

The possibility ofCP violation makes the situation dras
tically different. There are three main sources ofCP viola-
tion in the MSSM Lagrangian. The first one is the we
knownm parameter of the superpotential, which is in gene
complex. The second source is constituted by the soft m
terms of theSU(3)3SU(2)3U(1) gauginos. The third
source is the phases of the soft supersymmetry~SUSY!
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breaking mass terms of scalar fermions and of the soft tri
ear couplings, which are represented by the matri
mQ,U,D,L,R

2 and AU,D,E, respectively. Actually, only the off-
diagonal elements of the soft mass matrices can be com
due to the Hermiticity of these matrices. The matric
AU,D,E, in contrast, can have complex phases in their di
onal elements also@5#. Not all the phases of these soft SUS
breaking parameters are physical and lead to the violatio
CP parity. The physicalCP phases are restricted by expe
mental observations, the most rigorous constraints origin
ing from measurements of the electron and neutron elec
dipole moments~EDMs!. The present upper limits for thes
EDMs are de,4.3310227 e cm @6# and dn,6.5
310226 e cm @7#, respectively. The EDM ofHg

199 has also
been quite accurately measured, the present upper limit b
dH

g
199,9.0310228 e cm @8#.

It has been demonstrated that the MSSM can be con
tent with these constraints in some regions of the param
space when suitable cancellations between different co
butions occur@9# or whenCP violation effects are associate
with the third generation of squarks only@10#. The mixing of
neutral Higgs bosons in the latter scenario is analyzed
@11–14#. It is found that theCP-violating phases and larg
Yukawa couplings of the third generation fermions can le
to large mixings among the neutral Higgs bosons as a c
sequence of radiative effects. These mixings can drastic
change the couplings between the neutral Higgs bosons
quarks and between the neutral Higgs bosons and ga
bosons, as well as the self-couplings of the Higgs bo
fields. One consequence of this is that the experime
lower bound on the lightest neutral Higgs boson mass
relaxed to 60 GeV, while the predicted upper limit for th
lightest Higgs boson mass remains about 135 GeV.

If the new physics scale is much higher than the E
scale, one would have at the EW scale a great numbe
higher-dimensional operatorsOi @dim(Oi).4# induced by
the beyond-the-SM physics@15–18#. The resulting effective
Lagrangian is of the general form

Le f f5L01
1

m
NP

2 (
i

CiOi1OS 1

m
NP

4 D . ~1!

Here L0 is the SM Lagrangian,Ci are Wilson coefficients,
©2004 The American Physical Society07-1
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and mNP is the energy scale of new physics. The Wils
coefficients are in general dependent on the new ene
scale, but in addition to this all the higher-dimensional o
erators inLe f f have a common suppression factor 1/mNP

2 .
In this paper we shall study anomalous couplings~to use

the terminology of@19,20#!, i.e., couplings not present in th
SM LagrangianL0, between the lightest neutral Higgs sca
~h! and the top quark induced by the new physics of
MSSM. We assume that the other Higgs bosons, as we
all supersymmetric particles, are much heavier than the lig
est neutral Higgs particle, so that the corresponding fie
can be integrated out. A well known fact is that the masse
the other two neutral Higgs bosons are approximately eq
to that of the charged Higgs boson (H1) under the condition
mH1@mh, and hence one can consider the lighter Hig
doublet as the SM Higgs field and integrate out the hea
Higgs doublet.

Our presentation is organized as follows. In Sec. II,
notation adopted in this work is introduced. In Sec. III w
shall describe the method of obtaining the Wilson coe
cients by integrating out the heavy degrees of freedom in
full theory. A numerical analysis of the constraints on t
parameter space from the present experiments, especial
the Rb data, is given in Sec. IV. Section V summarizes o
results. Some lengthy formulas, such as the expression
the Wilson coefficients and the loop integral functions, a
collected in the Appendixes.

II. PRELIMINARIES

The most general gauge invariant superpotential, wh
retains all the conservation laws of the SM, is given by

W5me i j Ĥu

i Ĥ
d

j 1e i j hL

JIĤ
d

i L̂ j
I R̂J1e i j hD

JIĤ
d

i Q̂j
I D̂J

1e i j hU

JIĤ
u

i Q̂j
I ÛJ. ~2!

HereĤu,Ĥd are the two Higgs superfield doublets,Q̂I andL̂ I

are the doublets of quark and lepton superfields, andÛI , D̂I ,
andR̂I are the singlet superfields ofu- andd-type quarks and
charged leptons, respectively@ I 51,2,3 is the generation in
dex, i , j 51,2 areSU~2! indices#. The Yukawa coupling con-
stants are denoted byhL,hU,D. The breaking of supersymme
try happens through the so-called soft terms, which are in
most general case given by

Lso f t52m
Hu

2 H
u

i* H
u

i 2m
Hd

2 H
d

i* H
d

i 2m
LIJ
2 L̃ i

I* L̃ i
J2m

RIJ
2 R̃I* R̃J

2m
QIJ
2 Q̃i

I* Q̃i
J2m

UIJ
2 ŨI* ŨJ2m

DIJ
2 D̃I* D̃J

1~m1lBlB1m2lA
i lA

i 1m3lG
a lG

a 1H.c.!

1@e i j mH12

2 H
u

i H
d

j 1e i j AL

JIH
d

i L̃ j
I R̃J1e i j AD

JIH
d

i Q̃j
I D̃J

1e i j AU

JIH
u

i Q̃j
I ŨJ1H.c.#. ~3!
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Here lG
a (a51,2, . . . ,8),lA

i ( i 51,2,3), andlB denote the
SU(3), SU(2), andU(1) gauginos, respectively, andA

U,D,L

IJ

are coupling constants of the unit of mass.
Let us define the scalar doubletsF andFH as follows:

S F

FH
D 5S cb 2sb

sb cb
D S H̃d

Hu
D , ~4!

where H̃d5 is2H
d
* and cb5cosb,sb5sinb with tanb

5yu /yd, the ratio of the VEVs ofHu,Hd. With this defini-
tion F is identified as the SM Higgs doublet, consisting
Goldstone bosons and a physical neutral Higgs field. M
explicitly, one can write the two Higgs doublets as

F5S G1

1

A2
~y1H1

01 iG0!D , FH5S H1

1

A2
~H2

01 iA !D ,

~5!

whereG0,G1 denote the Goldstone bosons,H1
0 andH2

0 are
the neutral Higgs fields,H1 andA are the physical charge
Higgs bosons andCP-odd neutral Higgs bosons, respe
tively, andy5Ay

u

21y
d

25246 GeV. At the electroweak scale
the two physicalCP-even neutral Higgs fields are obtaine
through the mixing between the fieldsH1

0 and H2
0. The

masses of the physical Higgs bosons are given by

m
even

2 5S m
Z

2~s
b

22c
b

2!2 2m
Z

2sbcb~c
b

22s
b

2!

2m
Z

2sbcb~c
b

22s
b

2!
m

H12

2

sbcb
14m

Z

2s
b

2c
b

2 D
@ in the basis~H1

0 , H2
0!T#,

m
A

25

m
H12

2

sbcb
,

mH15

m
H12

2

sbcb
1m

W

2 . ~6!

In the limit m
H

2@m
W

2 the two doubletsF andFH decouple,
the former remaining light and the latter being associa
with a large massm

H

25m
H12

2 /sbcb.

In the following, we will use the four-component spino
representation for fermions. From the two-component W
spinorscQI

, cUI
, cDI

, cHu
, andcHd

, we form the follow-
ing four-component Dirac fermions:
7-2
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q
L

I 5S cQI

0
D , u

R

I 5S 0

c̄UI

D ,

d
R

I 5S 0

c̄DI

D , cH5S cHu

c̄̃Hd

D , ~7!

with c̃Hd
5( is2)cHd

. Similarly, for the SU(3)3SU(2)

3U(1) gauginoslG
a ,lA

i ,lB we can define the following
four-component Majorana spinors:

c
G

a5S ilG
a

2 i l̄G
a D , c

A

i 5S ilA
i

2 i l̄A
i D ,

cB5S ilB

2 i l̄B
D . ~8!

Diagonalizing the soft mass terms is done with the help
the sfermion mixing matricesZQ,U,D defined as

Z
Q

†m
Q

2ZQ5m̂
Q

2,

Z
U

†m
U

2ZU5m̂
U

2,

Z
D

†m
D

2ZD5m̂
D

2, ~9!

where the matricesm̂
Q,U,D

2 on the right-hand side are diago
nal.

Finally, we will benefit in our calculations from the fol
lowing rearrangement identities of theSU(2) group indices:

1aa8^ 1bb85
1

2 H 1ab ^ 1b8a81(
a

sab
a

^ sb8a8
a J ,

saa8
a

^ sbb8
a

5
1

2 H 31ab ^ 1b8a82(
a

sab
a

^ sb8a8
a J ,

(
a,b

eabceabd52dcd . ~10!

III. THE HIGGS-BOSON –TOP-QUARK ANOMALOUS
COUPLINGS

In this section we shall discuss the anomalous coupli
of the top quark and Higgs bosons. Considering the supp
sion of the new physics energy scale, we just keep opera
up to dimension 6 in the effective Lagrangian Eq.~1!. The
top-quark–Higgs-boson anomalous couplings of interest
be classified into three types: the anomalous couplings
volving a left-handed quark, the right-handed top quark, a
Higgs boson (OtqF), the couplings between the Higgs bos
and a left-handed quark (OqF), and the couplings betwee
the Higgs boson and the right-handed top quark (OtF). After
the EW symmetry breaking, these operators not only prod
corrections to the effective couplingsWtb̄, Xt t̄, Xbb̄ (X
11500
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5g, Z, H), but also induce anomalous couplings such
gHt t̄ , ZHt t̄. All those effects may be detectable at the Ne
Linear Collider and at the Fermilab Tevatron.

In the following subsections we will give the explicit ex
pressions for the contributions of supersymmetric partic
and the heavy Higgs boson doublet to the effective opera
mentioned above by deriving the relevant Wilson coe
cients. We will give our results in terms of the following loo
integral functions:

B
j ,k

i ~xa,xb!5
~4p!2

i E d4q

~2p!4

~q2! i

~q22xa! j~q22xb!k
,

C
jkl

i ~xa,xb,xc!5
~4p!2

i E d4q

~2p!4

3
~q2! i

~q22xa! j~q22xb!k~q22xc!
l
,

D
jklm

i ~xa,xb,xc,xd!

5
~4p!2

i E d4q

~2p!4

3
~q2! i

~q22xa! j~q22xb!k~q22xc!
l~q22xd!m

.

~11!

The explicit expressions of these are given in Ref.@21#.

A. The anomalous couplingsOtqF

This class of operators includes theCP-even operators

OtqF15~F†F!~ q̄LtRF̃1F̃† t̄ RqL!,

OtqF25q̄L~DmtR!DmF̃1~DmF̃!†~DmtR!qL,

OtqF35~DmqL!~DmtR!F̃1F̃†~DmtR!~DmqL!,

OtqF45~DmqL!tR~DmF̃!1~DmF̃!† t̄ R~DmqL!,

OtqF55 i ~DmqL!smntR~DnF̃!1 i ~DnF̃!† t̄ Rsmn~DmqL!,
~12!

where the covariant derivativeDm is given by Dm5]m

2( i /2)g3T
A
Gm

A
2( i /2)g2saWm

a 2( i /2)g1YBBm . TheCP-odd
counterparts of these operators are
7-3
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OtqF65~F†F!~ q̄LtRF̃2F̃† t̄ RqL!,

OtqF75q̄L~DmtR!DmF̃2~DmF̃!†~DmtR!qL,

OtqF85~DmqL!~DmtR!F̃2F̃†~DmtR!~DmqL!,

OtqF95~DmqL!tR~DmF̃!2~DmF̃!† t̄ R~DmqL!,

OtqF105 i ~DmqL!smntR~DnF̃!2 i ~DnF̃!† t̄ Rsmn~DmqL!.
~13!

For theCP-even operatorOtqF1 and for the correspond
ing CP-odd operatorOtqF6, nonzero contributions to the
Wilson coefficients originate from the Feynman diagra
shown in Fig. 1, and they are given by

CtqF15
1

2
~g1

21g2
2!Re~h

U

33!
sbc

b

2~c
b

22s
b

2!

xH
,

CtqF65 i
1

2
~g1

21g2
2!Im~h

U

33!
sbc

b

2~c
b

22s
b

2!

xH
, ~14!

where xH5m
H

2/m
NP

2 . In the full theory, the Feynman dia

grams that induce the anomalous couplingsOtqF1,OtqF6
should also include diagrams involving virtual SM field
However, these diagrams have no contribution to the Wil
coefficients after matching the effective Lagrangian Eq.~1!
with the Lagrangian of the full theory~MSSM! ~see below
for more details!.

For theCP-even anomalous operatorsOtqF i ( i 52,3,4,5)
and theCP-odd anomalous operatorsOtqF i ( i 57,8,9,10),
the derivation of the Wilson coefficients leads to relative
tedious calculations. In Fig. 2 we show the Feynman d
grams, which induce nontrival contributions to the Wils
coefficients after matching the amplitude of the effect
theory with that of the MSSM. In these diagrams, the bla
blobs represent the self-energy diagrams ofq̄LqL, t̄ RtR, and
F†F (FH) ~Fig. 3!.

FIG. 1. The Feynman diagrams inducing nontrivial contrib
tions to the Wilson coefficients of the operatorsOtqF1 andOtqF6.
11500
s

n

-

k

The matching procedure to which we refer above is
tensively applied in the derivation of the effective Lagran
ian in hadron physics, especially in the application of t
effective Lagrangian to the rareB decay@22#. The main idea
of this procedure is the following. We derive the amplitu
corresponding to the relevant Feynman diagrams both in
full theory and in the effective theory. In both derivations w
keep only the momentapi of external particles to the secon
order. Through a comparison of the amplitudes of the f
theory and the effective theory we then obtain the Wils
coefficients of interest.

For a demonstration, let us consider the first diagram
Fig. 2. In the full theory we can write the amplitude corr
sponding to this diagram as

A
2(1)

FT ~p,q!52
i

~4p!2 sbc
b

2~h
D

†hDh
U

† !33H FD111 ln
m

NP

2

m
H

2 G
3~ q̄LF̃!tR2

1

2m
H

2 S 11 ln
m

q

2

m
H

2 D ~ q̄LF̃!q2tR

1
1

2m
H

2
~ q̄LF̃!~p1q!2tR2

1

2m
H

2
~ q̄LF̃!q

3•~p1q!tR1
1

4m
H

2
~ q̄LF̃!@p” ,q” #tRJ . ~15!

Here D51/e2gE1 ln 4p denotes the ultraviolet divergenc
(D5422e is the time-space dimension in the dimension
regularization scheme!, mNP is the scale of new physics, an
p andq denote the four-momenta of the external particlestR
andF, respectively. In the full theory the light fields and th
heavy fields coexist in the Lagrangian. When the heavy
grees of freedom are integrated out and the light fields
treated as massless, infrared divergences are encount
They are regulated by the parametermq.

The amplitude of the corresponding Feynman diagram
the effective theory, presented in Fig. 4, is given by

A
2(1)

ET ~p,q!52
i

2~4p!2m
H

2
sbc

b

2~h
D

†hDh
U

† !33

3S D2
1

2
1 ln

m
NP

2

m
q

2 D ~ q̄LF̃!q2tR. ~16!

In the operators of the effective theory, only the lig
fields exist, and the Wilson coefficients do not depend
their masses. As in the full theory, an infrared divergen
emerges here, and it is also regularized by the parametermq.
As expected, the infrared divergence appearing in the ef
tive theory is the same as that appearing in the full theory.
matching the amplitudes Eq.~16! and Eq.~15!, one gets rid
of the infrared divergence. After this matching step, we c
present the amplitude in its final form:

-

7-4
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FIG. 2. The Feynman diagrams inducing nontrivial contributions to the Wilson coefficients of the operatorsOtqF i ( i
52, . . .,5,7, . . . ,10) in the full theory.
115007-5
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FIG. 3. The Higgs self-energy diagrams that induce nonzero contributions to the Wilson coefficients of operators Eq.~12! and Eq.~13!.
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A2(1)~p,q!52
i

~4p!2 sbc
b

2~h
D

†hDh
U

† !33H FD111 ln
m

NP

2

m
H

2 G
3~ q̄LF̃!tR1

1

2m
H

2 S 11 ln
m

NP

2

m
H

2 D ~ q̄LF̃!p•qtR

2
1

2m
H

2 S 11 ln
m

NP

2

m
H

2 D ~ q̄LF̃!q•~p1q!tR

1
1

2m
H

2
~ q̄LF̃!p•~p1q!tR2

1

4m
H

2
~ q̄LF̃!

3@q” ,p” #tRJ . ~17!

The first term in parentheses of Eq.~17! contributes to the
renormalization of the Yukawa couplingshU, and it is irrel-
evant to our present discussion, taking into account the
proximation level we work on. For those diagrams where
inner lines are supersymmetry particles, the Wilson coe
cients of the anomalous couplings can be directly read fr
the amplitudes, because we integrate out all the supers
metry fields in the effective theory.

Now we will turn to showing how to obtain the contribu
tions of the self-energy diagrams to the anomalous c
11500
p-
e
-

m
m-

-

plings. As mentioned above, there are three possible s
energy diagrams that contribute to the coefficients indirec
namely, the self-energy corrections to theq̄Lq

L
, t̄ RtR, and

Higgs doublet currents. For a fermion, the renormaliz
fields are defined by

f
L,i

0 5Z
L,i j

1/2 f L, j ,

f
R,i

0 5Z
R,i j

1/2 f R, j , ~18!

where i , j are generation indices,f
L,i

0 , f
R,i

0 are the left- and

right-handed bare fields, respectively,f L,i , f R,i are the corre-
sponding renormalized fields, andZL,R are the wave function
renormalization constants. Ignoring the fermion masses,
can write down the counterterms for the fermions in Eq.~18!
as follows:

S
i j

L,c~p!5~Z
L,i I

†1/2Z
L,I j

1/22d i j !p”5
1

2
~dZ

L,i j

† 1dZL,i j !p” ,

S
i j

R,c~p!5~Z
R,i I

†1/2Z
R,I j

1/2 2d i j !p”5
1

2
~dZ

R,i j

† 1dZR,i j !p” ,

~19!

wherep denotes the external momentum of the fermion.
the full theory, we express the bare self-energy of the fer
ons as
ng
FIG. 4. The Feynman diagram correspondi
to the first diagram of Fig. 2 in the effective
theory.
7-6
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FIG. 5. The Feynman diagrams that induce nontrivial contributions to the Wilson coefficients of the operatorsOtF i ( i 51,2,3).
n
. ant

the
or-
S
i j

L,05@d i j 1A
i j

L1B
i j

Lp2#p” ,

S
i j

R,05@d i j 1A
i j

R1B
i j

Rp2#p” , ~20!

where the first termd i j represents the Born approximatio
part and AL,R,BL,R originate from radiative corrections
From Eq.~19! and Eq.~20! one finds the following form for
the renormalized self-energies:
11500
Ŝ
i j

L5Fd i j 1
1

2
~dZ

L,i j

† 1dZL,i j !1A
i j

L1B
i j

Lp2Gp” ,

Ŝ
i j

R5Fd i j 1
1

2
~dZ

R,i j

† 1dZR,i j !1A
i j

R1B
i j

Rp2Gp” .

~21!

The explicit expressions for the renormalization const
dZL,R depend upon the renormalization scheme, i.e.,
renormalization conditions. Instead of the often used ren
7-7
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malization schemes, i.e., the minimal subtraction schem
the modified minimal subtraction scheme, we adopt here
physical renormalization conditions

Ŝ
i j

L f L, j up”5050,

Ŝ
i j

Rf R, j up”5050,

1

p”
Ŝ

i j

L f L, j up”505 f L,i ,

1

p”
Ŝ

i j

Rf R, j up”505 f R,i . ~22!

The first two conditions mean that the renormalized fie
satisfy the equations of motion of free particles~for massless
fermions this is a trivial constraint!, and the last two condi-
tions set the residue of the propagators at the pole equ
unity. In fact, this scheme is just the on-shell renormalizat
scheme often used when calculating radiative correction
electroweak processes@23#. Of course, for high energy pro
cesses we can ignore the fermion mass in our approxima
Using the condition Eq.~22!, we achieve the renormalize
fermion self-energies

Ŝ
i j

L5B
i j

Lp2p” ,

Ŝ
i j

R5B
i j

Rp2p” . ~23!

We can attribute these terms to the contributions of the h
dimension operatorsq̄L( iD” )3qL, t̄ R( iD” )3tR. After the
matching of the full and effective theories, there is no co
tribution to the operators of our interest given in Eq.~12! and
Eq. ~13! from the fermion self-energy diagrams.

For the Higgs sector, the bare self-energies are given

S
FF

0 ~p2!5DFF1~11EFF!p21FFFp4,

S
FFH

0 ~p2!5DFFH
1EFFH

p21FFFH
p4, ~24!

wherep denotes the momentum of the external particle.
Eq. ~24!, D,E,F are standard integral functions that appe
in radiative corrections. For the renormalization of the Hig
boson wave function and mass, we require the renormal
boson self-energy to satisfy the conditions

ŜFF~p2!up25050,

1

p2ŜFF~p2!up25050,

ŜFFH
~p2!up25050,

ŜFFH
~p2!up25m

H
250. ~25!
11500
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It is easy to find the renormalized Higgs field self-energ
which meet the conditions of Eq.~25!:

ŜFF~p2!5FFFp4,

ŜFFH
~p2!5FFFH

p2~p22m
H

2 !. ~26!

The function FFF is attributed to the contribution of the
high-dimensional operatorF†(DmDm)2F. After the match-
ing procedure, this piece will not contribute to the operat
in Eqs.~12! and ~13! that we are interested in. In fact, afte
the matching the only nonvanishing contributions from t
self-energy diagrams to these operators originate from
integral function FFFH

, because we integrate the hea
Higgs doublet out in the effective theory.

After these preparations, we can now derive the Wils
coefficients of the operatorsOtqF i ( i 52,3,4,5) and
OtqF i ( i 57,8,9,10). For clarity, we present their lengthy e
pressions in Appendix A.

B. The anomalous couplingsOtF

This class of anomalous couplings includes the effect
operators

OtF15 i „F†DmF2~DmF!†F… t̄ RgmtR,

OtF25 i ~F†F!„ t̄ Rgm~DmtR!2~DmtR!gmtR…,

OtF35 i „F†DmF1~DmF!†F… t̄ RgmtR, ~27!

where the operatorsOtF1,OtF2 have evenCP parity and
OtF3 has oddCP parity. In Fig. 5, we present those Feynma
diagrams that induce nontrivial contributions to the Wils
coefficients when matching the amplitude obtained in
effective theory with that in the full theory~MSSM!. The
ensuing Wilson coefficients are collected in Appendix B.

In the full theory, we also include the one-particle irredu
ible ~1PI! diagrams depicted in Fig. 6, where the gray blo
represent the corresponding diagrams of Fig. 2. However,
contributions from these diagrams disappear as a result o
matching of the effective theory and full theory amplitude
In order to demonstrate this, let us consider an exam
From Sec. III A, we find that the contributions of the subd
gram ~framed by the dashed lines! in Fig. 7~a! induce the
following term in the effective Lagrangian:

L
e f f
8 5

1

2m
NP

2 (
a52

5

~C
tqFa
8 1C

tqF(51a)
8 !~OtqFa1OtqF(51a)!,

~28!

where
7-8
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FIG. 6. The one-particle-irreducible Feynman diagrams that are related to the Wilson coefficients of the operatorsOtF i ( i 51,2,3) in the
full theory. The gray bulbs represent the diagrams of Fig. 2.
t-
the
C
tqF2
8 52

1

48p2 g1
2(

I
@L

U,I

T
„C

121

1 ~xm,x1,xUI
!

22sbxmC
131

1 ~xm,x1,xUI
!…

12cbL
U,I

R,1C
131

0 ~xm,x1,xUI
!#,

C
tqF3
8 5

1

24p2 g1
2(

I
xUI

@sbL
U,I

T C
113

1 ~xm,x1,xUI
!

2cbL
U,I

R,1C
113

0 ~xm,x1,xUI
!#,

C
tqF4
8 52

1

48p2 g1
2(

I
@L

U,I

T
„Q9~x1,xm,xUI

!

22sbQ4~xm,x1,xUI
!…12cbL

U,I

R,1
Q3~xm,x1,xQI

!#,

C
tqF5
8 52

1

48p2 g1
2(

I
L

U,I

T C
112

1 ~xm,x1,xUI
!,

C
tqF7
8 52

i

48p2 g1
2(

I
@L

U,I

C
„C

121

1 ~xm,x1,xUI
!

22sbxmC
131

1 ~xm,x1,xUI
!…

12cbL
U,I

A,1C
131

0 ~xm,x1,xUI
!#,

C
tqF8
8 5

i

24p2 g1
2(

I
xUI

@sbL
U,I

C C
113

1 ~xm,x1,xUI
!

2cbL
U,I

A,1C
113

0 ~xm,x1,xUI
!#,
11500
C
tqF9
8 5

i

48p2 g1
2(

I
@L

U,I

C
„Q9~x1,xm,xUI

!

22sbQ4~xm,x1,xUI !…12cbL
U,I

A,1
Q3~xm,x1,xQI

!#,

C
tqF10
8 52

i

48p2 g1
2(

I
L

U,I

C C
112

1 ~xm,x1,xUI
!, ~29!

and xm5umu2/m
NP

2 , xUI
5m

UI

2 /m
NP

2 and xi5umi u2/m
NP

2 ( i

51,2,3). The definition of the coupling constantsLU,I and
functionsQi(x,y,z) can be found in Appendix D.

In the effective theory, the amplitude of Fig. 7~b! is writ-
ten as

AET~p1 ,q1 ,q2!5
i

2
sbh

U

3K~F†F!H ~C
tqF2
8 1C

tqF7
8 !

3 t̄ R

1

p” 11q” 1
q1•p1tR1~C

tqF3
8 1C

tqF8
8 !

3 t̄ R

1

p” 11q” 1
p1•~q11p1!tR1~C

tqF4
8

1C
tqF9
8 ! t̄ R

1

p” 11q” 1
q1•~q11p1!tR

2
1

2
~C

tqF5
8 1C

tqF10
8 !

3 t̄ R

1

p” 11q” 1
@q” 1 ,p” 1#tRJ , ~30!

wherep1 ,q1 ,q2 denote the four-momenta of the initial righ
handed top quark and the Higgs bosons, respectively. In
full theory, the corresponding amplitude takes the form
7-9
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AFT~p1 ,q1 ,q2!52
i

96p2m
NP

2
sbg1

2~hUh
U

†Z
U

† !3IZ
U

I3~F†F!H 4@cbm
NP

2 Axmx1ei (w11wm)C
111

0 ~xm,x1,xUI
!

2sbC
111

1 ~xm,x1,xUI
!# t̄ R

1

p” 11q” 1
tR1@2C

121

1 ~xm,x1,xUI
!12C

112

1 ~xm,x1,xUI
!

14cbAxmx1ei (w11wm)Q3~xm,x1,xUI
!24sbQ4~xm,x1,xUI

!# t̄ R

1

p” 11q” 1
q1•~q11p1!tR2@2C

121

1 ~xm,x1,xUI
!

14cbxmAxmx1ei (w11wm)C
131

0 ~xm,x1,xUI
!24sbxmC

131

1 ~xm,x1,xUI
!# t̄ R

1

p” 11q” 1
q1•p1tR

14xUI
@cbxmAx

m
x1ei (w11wm)C

113

0 ~xm,x1,xUI
!2s

b
C

113

1 ~x
m
,x

1
,xUI

!# t̄ R

1

p” 11q” 1
p1•~q11p1!tR

2C
112

1 ~xm,x1,xUI
! t̄ R

1

p” 11q” 1
@q” 1 ,p” 1#tRJ , ~31!

FIG. 7. The 1PI Feynman diagrams related to the Wilson coefficients of the operatorsOtF i ( i 51,2,3) in ~a! the full theory,~b! the
effective theory.
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where wm and w i ( i 51,2,3) denote theCP phases of the
parameterm andmi , respectively. As already mentioned, th
first term of Eq.~31! is related to the Yukawa coupling reno
malization in the full theory and it does not affect our com
putation. While matching Eq.~31! with Eq. ~30!, we find that
the diagram does not contribute to the Wilson coefficients
the operatorsOtF. A similar conclusion is true also for th
other 1PI diagrams in Fig. 6.

C. The anomalous couplingsOqF

This class of anomalous couplings includes the effec
operators

OqF15 i ~F†DmF2~DmF!†F!q̄LgmqL,

OqF25 i ~F†saDmF2~DmF!†saF!q̄LsagmqL,

OqF35 i ~F†F!~ q̄Lgm~DmqL!2~DmqL!gmqL!,
11500
f

e

OqF45 i ~F†saF!~ q̄Lsagm~DmqL!2~DmqL!sagmqL!,

OqF55 i ~F†DmF1~DmF!†F!q̄LgmqL,

OqF65 i ~F†saDmF1~DmF!†saF!q̄LsagmqL,
~32!

where the last two operators areCP odd and the others ar
CP even. The Feynman diagrams that induce nontrivial c
tributions to the Wilson coefficients are presented in Fig.
We collect the expressions for the Wilson coefficients of
corresponding operators in Appendix C.

IV. EXPERIMENTAL BOUNDS ON THE WILSON
COEFFICIENTS

At present, the most rigorous constraint on the Wils
coefficients considered in this work comes from the dec
7-10
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FIG. 8. The Feynman diagrams that induce nontrivial contributions to the Wilson coefficients of the operatorsOqF i ( i 51, . . . ,6).
e

th

ark
erv-
Z→bb̄. For an on-shellZ, one can write the general effectiv

vertexZbb̄ as @19#

Gm
Zbb52 i

e

4sWcW
FVb

Zgm2Ab
Zgmg51

1

2mb
Sb

Z~pb2pb̄!G ,
~33!

wheresW[sinuW, cW[cosuW, andpb,pb̄ are the momenta
of the outgoing quark and antiquark, respectively. For
11500
e

operators listed in Eqs.~12!, ~13!, ~27!, and~32!, Sb
Z50. The

vector and axial-vector couplings can be written as

Vb
Z5Vb

Z,01dVb
Z ,

Ab
Z5Ab

Z,01dAb
Z , ~34!

whereVb
Z,0 ,Ab

Z,0 represent the SM couplings anddVb
Z ,dAb

Z

are the new physics contributions. Ignoring the bottom qu
mass, the lowest-order theoretical prediction on the obs
ableRb at theZ pole is given by
7-11
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Rb5
G~Z→bb̄!

G~Z→hadrons!

5Rb
SMH 112

Vb
Z,0dVb

Z1Ab
Z,0dAb

Z

~Vb
Z,0!21~Ab

Z,0!2
~12Rb

SM!J . ~35!

With the Born approximation, we can obtain modific
tions to the couplingsVb

Z ,Ab
Z induced by the new physic

operatorsOqF1 andOqF2. Provided that there is no acciden
tal cancellation between these contributions, the correct
are given by@20#

dVb
Z5dAb

Z5
2sWmWv

em
NP

2
@CqF11CqF2#, ~36!

wherey denotes the VEV of the SM Higgs field doublet an
mW is theW-boson mass. From Eq.~35!, we have

dVb
Z5dAb

Z5
Rb

exp2Rb
SM

~12Rb
SM!Rb

SM

~Vb
Z,0!21~Ab

Z,0!2

2~Vb
Z,01Ab

Z,0!
. ~37!

The SM prediction onRb and the most recent experiment
value are, respectively, given by@24#

Rb
SM50.2157260.00015, Rb

expt50.2166460.00065.
~38!

If we attribute the difference of these two values to the n
physics effects, we get a bound for the new physics cor
tions on theRb. At the 1s tolerance we obtain

0.00012<DRb<0.00172. ~39!

Correspondingly, the bound for the Wilson coefficients is

3.131024<
y2

m
NP

2
CqF(112)<4.531023 ~40!

with CqF(112)5CqF11CqF2. Using the same method, w
can also analyze the forward-backward asymmetryAFB

b of

the decayZ→bb̄. However, our theoretical result indicate
that the present experimental data on this quantity se
weaker bound on the Wilson coefficients than onRb .

The other Wilson coefficients of the operators appear
in the Lagrangian are not constrained byRb on the Born
approximation level. With higher-order approximation
those operators contribute to the gauge boson self-ener
and thus we can get for them only a rather loose bound w
a significant uncertainty. We can also have loose bou
from the argument of partial wave unitarity@25#:

uCtqF1u<
16p

3A2
S mNP

v D , uCtF1u<8pA3,

26.4<CtqF2<10.4. ~41!
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At present, there are no strong experimental constraints
the CP-odd couplings involving the top quark.

It is well known that the MSSM contains in its gener
form unfortunately many ‘‘new’’ free parameters in additio
to the SM parameters. In order to simplify our discussion,
take the following assumptions to restrict the MSSM para
eter space.

~1! All possible CP phases are taken to be zero orp. A
direct consequence of this choice is that there are noCP-odd
operators in the effective Lagrangian Eq.~1!.

~2! All Yukawa couplings and the soft breaking param
eters are flavor conserving, i.e., the mixing matricesZQ
5ZU5ZD51.

Under these assumptions, the parameters relevant to
discussion are the gauge coupling constantsg1 ,g2 ,g3, the
Higgsino and gaugino massesm,m1 ,m2 ,m3, the Yukawa
couplings of the third generation quarks and the correspo
ing soft breaking parametersht5h

U

33,hb5h
D

33,At5A
U

33,Ab

5A
D

33, and the square masses of the heavy Higgs bo

FIG. 9. The constraint from the anomalous couplingOqF1,2 set
by theRb experimental data with 1s tolerance on the soft breakin
parametersmQ5mU5mD versus them parameter in the superpo
tential with m15m25m35500 GeV,At5Ab5100 GeV,mH

5500 GeV, and~a! tanb52, ~b! tanb540.
7-12
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FIG. 10. Relaxing the lower bound to25
31025 and keeping the upper bound unchang
as in Eq.~40!, the constraint from the anomalou
couplingOqF1,2 on the soft breaking parameter
mQ5mU5mD versus them parameter in the su-
perpotential with m15m25m35500 GeV,At

5Ab5100 GeV,mH5500 GeV and ~a! tanb
52, ~b! tanb540.
ks
l
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q
th
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-
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il-
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par-
doublet and the third generation squar
m

H

2,m
QI

2 ,m
UI

2 ,m
DI

2 (I 53). In our numerical analysis, we wil

disregard the loose bounds from partial wave unitarity on
Wilson coefficientsCtqF1,CtF1,CtqF2 due to the large un-
certainties mentioned above.

Without losing generality, we assumemQ5mU5mD,
At5Ab , m15m25m3 in our numerical computations. Se
ting mNP51000 GeV,mH5500 GeV,m15m25m35500
GeV,At5Ab5100 GeV, we obtain the constraints set by E
~40! on the soft breaking parameters. In Fig. 9, we plot
values of mQ5mU5mD versus the parameterm with ~a!
tanb52, and~b! tanb540, where the gray regions are a
lowed by the condition forv2CqF(112) /m

NP

2 set by Eq.~40!.
From this plot we observe that the restriction set on the
rameter space with tanb540 is more rigorous than that wit
11500
e

.
e

-

tanb52. At tanb52, the contribution from the supersym
metric box diagrams varies from negative to positive gra
ally and then tends to zero after its maximum asmQ5mU

5mD increase from 200 GeV. WhenmQ5mU5mD

>1.3 TeV, the contribution is definitely less than 1024. In
addition to those box diagrams,CqF1 also receives a contri
bution from the heavy Higgs doublet. Under our choi
about the parameter space, the Higgs contribution to the W
son coefficientv2CqF1 /m

NP

2 is proportional to @1/tan2b

2(mb /mt)
4tan2b#. Taking the bottom quark massmb

54.5 GeV and top quark massmt5174 GeV, this contribu-
tion is about 531024 for tanb52. As tanb increases, the
contribution of the heavy Higgs doublet is strongly su
pressed and is less than 1027 for tanb540. This fact can
help us to understand why very massive supersymmetry
7-13



FENG, LI, AND MAALAMPI PHYSICAL REVIEW D 69, 115007 ~2004!
FIG. 11. Taking m5mi5500 GeV
( i 51,2,3) , At5Ab5100 GeV,mH5500 GeV,
DRb versus squark massesmQ5mU5mD with
tanb52 ~solid line! or tanb540 ~dashed line!.
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Eq.
-

to
ticles are allowed by the experimental bound for tanb52
@Fig. 9~a!#, whereas most of the parameter space is exclu
by the bound except a narrow band in the neighborhood
m50 for tanb540 @Fig. 9~b!#.

In the figures discussed above, we considered a 1s toler-
ance for the experimental data. Since the central value of
experimentally measuredRb is only about one standard de
viation away from the SM prediction, this sets a lower bou
on theCqF(112) which is positive and very close to zero a
shown in Eq.~40!. Certainly, very massive supersymmet
particles are excluded by this condition in the large tanb
case. In fact, considering the practical situation of the exp
ments, we may relax the lower bound on theCqF(112) to
2531025, while the upper bound remains unchanged~this
is only slightly beyond the standard deviation!. In Fig. 10 we
11500
d
of

he

d

i-

plot mQ5mU5mD versusm by using the constraint25
31025<y2CqF(112) /m

NP

2 <4.531023. One can see that th
allowed parameter region is drastically enlarged in comp
son with the case of strict 1s tolerance for large tanb.

Now, we discuss the operatorOqF1,2 corrections toRb in
the MSSM. Takingm5mi5500 GeV (i 51,2,3), we plot
DRb versus the squark massesmQ5mU5mD with tanb
52,40 in Fig. 11. The gray band is the experimentally
lowed region at the 1s tolerance. When the scalar qua
mass is less than 700 GeV, the supersymmetric box diagr
determine the leading contribution and result in a nega
DRb; the corresponding parameter space is excluded by
~39!. As the parametersmQ5mU5mD increase, the super
symmetric contribution becomes positive and then tends
zero after a maximum. With tanb52, the correction of the
FIG. 12. DRb versus the parameterm with
mi 5500 GeV (i 5 1,2,3), At 5 Ab 5 100 GeV,
mH5500 GeV. Solid line, mQ5mU5mD

51 TeV, tanb52; dashed line,mQ5mU5mD

51 TeV, tanb540; dotted line,mQ5mU5mD

5500 GeV, tanb52; dot-dashed line, mQ

5mU5mD5500 GeV, tanb540.
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FIG. 13. Under the assumptionmQ5mU

5mD5umu, DRb versus the parameterm. The
other parameters are taken asmi5500 GeV
( i 51,2,3), At 5Ab 5100 GeV,mH 5500 GeV,
and tanb52 ~solid line!, tanb540 ~dashed
line!.
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SM
heavy Higgs doublet to theDRb is about 2.331024 and
plays the leading role whenmQ5mU5mD>1.3 TeV. For
tanb540, the total corrections from the Higgs and sup
symmetric sectors toRb do not satisfy Eq.~39!, because the
contribution of the heavy Higgs doublet is strongly su
pressed. For2m5mi5500 GeV (i 51,2,3), the plot is
similar to Fig. 11 and not shown here. Takingmi
5500 GeV (i 51,2,3),mQ5mU5mD5500,1000 GeV, and
tanb52,40, we presentDRb versus the parameterm in Fig.
12. For mQ5mU5mD5500 GeV ~dotted and dot-dashe
lines!, the corresponding parameter space is excluded by
condition Eq.~39! due to the negative supersymmetry co
tribution. With mQ5mU5mD51 TeV and tanb52 ~solid
line!, DRb satisfies the condition Eq.~39! when
m>2700 GeV. As for the casemQ5mU5mD51 TeV and
tanb540 ~dashed line!, the new physics correction toDRb
is excluded by the 1s tolerance experimental bound exce
in the region neighboringm50 GeV. Finally, we investigate
the new physics prediction onDRb with the assumption
mQ5mU5mD5umu. Choosing mi5500 GeV (i 51,2,3),
tanb52,40, we plotDRb versus the parametermQ5mU
5mD5umu in Fig. 13. For the case tanb540, the correction
to DRb exceeds the 1s tolerance experimental bound. A
tanb52 andm.800 GeV, the new physics prediction o
DRb satisfies this bound because of the relatively large c
tribution from the heavy Higgs boson. In those analyses
experimental bound with 1s standard deviation is adopted
After we relax the condition@Eq. ~39!# slightly, the more
massive supersymmetry particles are also permitted by
corresponding experimental bound.

Since the experimental data constrain the coefficie
CqF1,2 strongly, the operatorsOqF1,2 have only negligible
effects on the measurements at proposed future colli
@19#. Other operators will produce the observable effects
the next generation colliders. In the associated productio
11500
-

-

he
-

-
e

he

ts

rs
n
of

the Higgs boson and top quark paire1e2→t t̄ h, the CP-
even operators will affect the energy and angular distri
tions of the final state particles@20#. Through measurement
of various distributions, such asds/dEt, ds/dEh, and
ds/d cosuh (Et,Eh denote the outgoing energy of the to
quark and Higgs boson, respectively;uh is the angle of three-
momentum of the outgoing Higgs boson with respect to
electron beam direction!, we can obtain useful information
about the operators. The constraints on theCP-odd operators
can be obtained through measuring variousCP violation ob-
servables in this process. In the processe1e2→t t̄ , we can
analyze the effects of the operators on various polarized
quark production cross sections. On the other hand, m
strict constraints on the supersymmetry parameter space
be set by more precise measurements on the widths oZ

→bb̄ and top quark decays. All of these will provide valu
able information for the search for supersymmetry partic
at future colliders.

It should be stressed that the above numerical analys
performed under special assumptions about the MSSM
rameter space. For example, we assume that all the pa
eters are real and flavor conserving, the universal soft par
eters are mQ5mU5mD, At5Ab , m15m25m3. In a
practical phenomenology analysis, thosea priori conditions
should be dismissed. Nevertheless, it is quite obvious that
experimental data onRb set significant bounds on the param
eter space even in a more general case than the one we
considered here.

V. SUMMARY

We have considered in this work the anomalous coupli
between top quark and Higgs boson induced by the MS
7-15
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when the heavy Higgs doublet and all supersymmetry fie
are integrated out. An essential assumption made here is
there is only one neutral Higgs boson with an electrowe
mass; the other Higgs particles are much heavier. We h
derived the Wilson coefficients of the relevant highe
dimensional operators in the ensuing effective theory.
have also studied numerically the constraints set by the
11500
s
hat
k
ve
-
e
x-

perimental results forRb5G(Z→bb̄)/G(Z→hadrons) on
the parameters of the MSSM.
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Just as in Appendix A, the sum with the generation indicesI ,J,K is implied.
115007-18



ANOMALOUS HIGGS–TOP-QUARK COUPLINGS IN THE MSSM PHYSICAL REVIEW D69, 115007 ~2004!
APPENDIX C: THE WILSON COEFFICIENTS FOR OPERATORS O
qF i

„IÄ1, . . . ,6…
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APPENDIX D: THE COUPLING CONSTANTS AND LOOP FUNCTIONS

The loop functions are defined as
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Â

q
Z

Q
!JKZ

Q

†K3# ~q5U,D, x
U
5s

b

2, x
D
5c

b

2!,

X
q,IJK

C
5x

q
Im@Z

Q

3I~Z
q
Â
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