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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 dafaﬂ=oF(Z—>bE)/F(Z
—hadrons) are obtained.
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[. INTRODUCTION breaking mass terms of scalar fermions and of the soft trilin-
ear couplings, which are represented by the matrices
The standard moddlSM) has been very successful phe- mé’U’D’L’R andAy p g, respectively. Actually, only the off-
nomenologically, but nevertheless it should be considerediagonal elements of the soft mass matrices can be complex
just as an effective theory valid for physics at the elec-due to the Hermiticity of these matrices. The matrices
troweak (EW) scale. In higher-energy regimes new physicsAy p g, in contrast, can have complex phases in their diag-
beyond the SM must exist. Irrespective of what this newonal elements als[b]. Not all the phases of these soft SUSY
physics might be, it should be able to give a satisfactorybreaking parameters are physical and lead to the violation of
answer to the most fundamental open question of elecEP parity. The physicalCP phases are restricted by experi-
troweak physics, that is, it must explain the origin of themental observations, the most rigorous constraints originat-
electroweak gauge symmetry breakirig2]. In the SM this  ing from measurements of the electron and neutron electric
is arranged through the spontaneous symmetry breakingipole moment$EDMSs). The present upper limits for these
mechanism by introducing a doublet of scalars with a nonEDMs are d,<4.3x10 ?’ecm [6] and d,<6.5
zero vacuum expectation valg¢EV). This mechanism, de-  x 10726 ecm [7], respectively. The EDM oH}%° has also
spite its simplicity and economy, has well known problems,been quite accurately measured, the present upper limit being
which have forced theorists and experimenters to look fog,,10<9.0x 10728 e cm [8].
new physics beyond the SM. Among the possible ways of ¢

extending the SM, supersymmetry is considered as a particy- It has been demonstrated that the MSSM can be consis-
gu » SUpErsymmetry PariCYya 1t with these constraints in some regions of the parameter
larly attractive one. The minimal supersymmetry extensio

of the standard modéMSSM) provides an appealing solu- nspace when suitable cancellations between different contri-

. . . butions occuf9] or whenCP violation effects are associated
tion to the gauge hierarchy problem by guaranteeing the PEith the third generation of squarks orl{0]. The mixing of
turbative stability of the theory from the electroweak scale toneutral Higgs bosons in the latter scenério is analyzed in
the Planck scale.

: . [11-14. 1t is found that theCP-violating phases and large
tTZe tl;/lSﬁMHcontalgs tWO. corgplex ngtgs cri]oublets, de'Yukawa couplings of the third generation fermions can lead
QO?_' _y_ Y“’ Hd fq Ta;]sagne ol?posghe fyperc a:gelsto large mixings among the neutral Higgs bosons as a con-
B(I U); ( d)f_f ; d erethare a fogeh_ ir our neu :jatsequence of radiative effects. These mixings can drastically
e e ek come e e e, Ehange e coupngs betveen e nutal s bosons and
, ' . : uarks and between the neutral Higgs bosons and gauge
can define twaCP-even neutral Higgs fieldsl,h, and one d 99 gaug

; X : bosons, as well as the self-couplings of the Higgs boson
CP-odd neutral _nggs fieldA. The present experlme_ntal fields. One consequence of this is that the experimental
bounds on the Higgs boson masses set strong restrictions @y e pound on the lightest neutral Higgs boson mass is
t_he parameter space of t.ﬁ.‘@—conservmg MSSNB]' Radia- relaxed to 60 GeV, while the predicted upper limit for the
tive corrections to the lightesEP-even Higgs boson mass lightest Higgs boson mass remains about 135 GeV.
have been computed by using the renormalization group™ ¢ y, hvsi le i h hiaher th .th EW
equation(RGE) method and diagram techniq(], and the © new pnysics scale 15 much figher fhan the

resulting upper bound is 135 GeV, which is not much aboveﬁcale’ one would have at the EW scale a great number of
the present experimental lower bound of 95 G8%% C.L). igher-dimensional operators; [dim(©;) >4] induced by

The possibility ofCP violation makes the situation dras- the beyond-the-SM physi¢d5-1§. The resulting effective

. ; . . Lagrangian is of the general form
tically different. There are three main sourcesGH viola- grangian is o generat fo
tion in the MSSM Lagrangian. The first one is the well 1
known u parameter of the superpotential, which is in general Loti=Lo+ — 2 CiO+0
i

— | (1)

complex. The second source is constituted by the soft mass ,uﬁp

terms of theSU(3)XSU(2)XU(1) gauginos. The third
source is the phases of the soft supersymméBYSY) Here £, is the SM LagrangianC; are Wilson coefficients,

0556-2821/2004/621)/11500724)/$22.50 69 115007-1 ©2004 The American Physical Society



FENG, LI, AND MAALAMPI PHYSICAL REVIEW D 69, 115007 (2004

and uyp is the energy scale of new physics. The WilsonHere A&(a=1,2,...,8),\x(i=1,2,3), and\g denote the

coefficients are in general dependent on the new energgU(3), SU(2), andU(1) gauginos, respectively, andeJDL

scale, but in addition to this all the higher-dimensional op-gre coupling constants of the unit of mass. "

erators inLe have a common suppression factondé. Let us define the scalar doublebsand ®y; as follows:
In this paper we shall study anomalous couplifigsuse

the terminology 0f19,20), i.e., couplings not present in the

SM Lagrangian’,, between the lightest neutral Higgs scalar (d) ) (CB —sﬁ)

(h) and the top quark induced by the new physics of the oLl

MSSM. We assume that the other Higgs bosons, as well as H

all supersymmetric particles, are much heavier than the light-

est neutral Higgs particle, so that the corresponding field oo * _ o :

can be integrated out. A well known fact is that the masses o here Hd_IUZHd and C'B_COS’B’S"_Smg Wlt_h tar_1ﬂ_

the other two neutral Higgs bosons are approximately equaf Yu/ Ve, the ratio of the VEVs oH,,Hg. With this defini-

to that of the charged Higgs bosoH {) under the condition tion @ is identified as the SM _nggs doubIet_, consisting of

my+>m;,, and hence one can consider the lighter HiggsGoId_s_tone bosons ar)d a phyS|caI' neutral Higgs field. More

doublet as the SM Higgs field and integrate out the heaviefPXPlicitly, one can write the two Higgs doublets as

Higgs doublet.

Ha

H (4)

Sg Cp

Our presentation is organized as follows. In Sec. Il, the G+ H*
notation adopted in this work is introduced. In Sec. Il we
shall describe the method of obtaining the Wilson coeffi- ®=| 1 0 mov | Pu=l 1 o ,
cients by integrating out the heavy degrees of freedom in the E(”’LHl‘HG ) E(HZMA)
full theory. A numerical analysis of the constraints on the (5)

parameter space from the present experiments, especially by

the Ry data, is given in Sec. IV. Section V summarizes our

results. Some lengthy formulas, such as the expressions fathereG°,G* denote the Goldstone bosor$) andH) are
the Wilson coefficients and the loop integral functions, arethe neutral Higgs fieldsd * andA are the physical charged
collected in the Appendixes. Higgs bosons andCP-odd neutral Higgs bosons, respec-
tively, andv= vt =246 GeV. At the electroweak scale,
the two physicalCP-even neutral Higgs fields are obtained
through the mixing between the fieldd) and HY. The

The most general gauge invariant superpotential, whictmasses of the physical Higgs bosons are given by
retains all the conservation laws of the SM, is given by

Il. PRELIMINARIES

2(c2__ ~2\2 2 2_ Q2
mz(sB CB) Zstﬁcﬁ(CB SB)

e e aln
W=ueH A +eh'HI LR+ 6;h'HIQ)D” 2 _ 2
A wen | 2m2s,c4(c2—s?) Mz 26242
B~B —+
+ ;A QI0, 2 S T
HereH,,H are the two Higgs superfield double€, andL' [in the basis(H?, H)T],

are the doublets of quark and lepton superfields, @hd',

andR' are the singlet superfields of andd-type quarks and
charged leptons, respectively=1,2,3 is the generation in-
dex,i,j=1,2 areSU?2) indiced. The Yukawa coupling con- m.=

SzC
stants are denoted by ,h, p. The breaking of supersymme- pep
try happens through the so-called soft terms, which are in the
most general case given by m2
H
mH+: 2 + m2 . (6)
2 ik i 2 gik i 2 7TIx7J 2 pIxpI Sﬁcﬁ v
Esoft=—mHuHu Hu—deHd H —m°Li7 L —mo,R*R
~ = ~ L~ ~ L~ it M2 2
_mgIJQ:*QiJ_mL2JUU|*UJ_m§HD|*DJ In the limit mH>mW the.two doubletsb and<I>H decoupIe.-,
the former remaining light and the latter being associated
[N H 2 _ 2
+(MAghg+ MoA AR +MaAENE +H.C) with a large masan—mlelsﬁcB.

In the following, we will use the four-component spinor
representation for fermions. From the two-component Weyl
spinorSz//Ql, o, ¥o,» Yn, andc,/fHd, we form the follow-

ing four-component Dirac fermions:

+[E|]m512HLHL+ éleilHLE:ﬁJ+ ElengLé:’DJ
+e;AMH QU+ H.c]. (3)
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Yo 0 =v,Z,H), but also induce anomalous couplings such as
'L=< ') ' | = Z : yHtt, ZHtt. All those effects may be detectable at the Next
0 Y, Linear Collider and at the Fermilab Tevatron.

In the following subsections we will give the explicit ex-

0 Pn, pressions for the contributions of supersymmetric particles
d'R= s | == | (7)  and the heavy Higgs boson doublet to the effective operators
B, Pn, mentioned above by deriving the relevant Wilson coeffi-

_ cients. We will give our results in terms of the following loop
with ¢Hd=(iaz) - Similarly, for the SU(3)XSU(2) integral functions:

X U(1) gauginos\d A, \g we can define the following

four-component Majorana spinors: | R (4m? [ d'q (q?)
. ing - Ny jk T i 2™ (q2—x2) (2 —xp)*’
e \—ing)m A L =iny)
i . 4m)%  d*q
I)\B | — ( f
‘”B:( ~ik ) ®) CaXaXo )= (e
i (9%’
Diagonalizing the soft mass terms is done with the help of > 2 < |
the sfermion mixing matrice€q | p defined as (9°—X%a)'(q°—Xp) (4" —Xc)

Zim? Zog=m?, i
Djk“n(xa!xbiXC!Xd)

zzmﬁzuz mﬁ, (4m)% ( d*q
. i) @em?
ngézD: mé’ (9) (q2)i
where the matricem? _ on the right-hand side are diago- ><(qz—x (9% =xp) (02— %) (%= x)™
Q.U.D a b c d
nal. (13)

Finally, we will benefit in our calculations from the fol-
lowing rearrangement identities of tis8J(2) group indices:
The explicit expressions of these are given in R21)].

1
1aa’ ® 1ﬁ,3’ = E

10(‘3@1'3!0,!'{'; Uiﬁ@UZrar}u
A. The anomalous couplingsOqqe
1 This class of operators includes thd-even operators
Uia,®02ﬁ/:§(3laﬁ®lﬁ/a/_§ (Tzﬁ@(TZ/a/]y p p
thfblz((DTq))(QLtR(I)+CDTthL)a

;) €abc€abd™ 20¢q - (10 .
Y th<1>2:QL(D#tR)D“qD+(D#¢)T(D“tR)QL,

Ill. THE HIGGS-BOSON —-TOP-QUARK ANOMALOUS

COUPLINGS T~ =T
th<1>3:(DMQL)(DWER)‘I)"‘CI)T(D,JR)(DMCIL),

In this section we shall discuss the anomalous couplings
of the top quark and Higgs bosons. Considering the suppres- o
sion of the new physics energy scale, we just keep operators O,q4,=(D ,q, )tr(D*®)+ (D ,®) tr(D*q,),
up to dimension 6 in the effective Lagrangian Ef). The
top-quark—Higgs-boson anomalous couplings of interest can
be classified into three types: the anomalous couplings in- —i(D a. )k D) +i D)t oom?
volving a left-handed quark, the right-handed top quark, and Crqes=HDuA) " tR(D, ) +1(D,P) trr (Dﬂq,_()l,z)
Higgs boson QO44), the couplings between the Higgs boson
and a left-handed quark,s), and the couplings between
the Higgs boson and the right-handed top quabk). After ~ where the covariant derivativ®, is given by D,=d,
the EW symmetry breaking, these operators not only produce (i/z)g3TAg’;_ (i/z)gzgawi_ (i/2)9,YgB,, . The CP-odd
corrections to the effective coupling&/tb, Xtt, Xbb (X counterparts of these operators are
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tp a9y The matching procedure to which we refer above is ex-
tensively applied in the derivation of the effective Lagrang-

> ? > ian in hadron physics, especially in the application of the
| effective Lagrangian to the radecay[22]. The main idea
r of this procedure is the following. We derive the amplitude
f Py corresponding to the relevant Feynman diagrams both in the
I full theory and in the effective theory. In both derivations we
! keep only the momentg; of external particles to the second
,‘\ order. Through a comparison of the amplitudes of the full
P : ~a theory and the effective theory we then obtain the Wilson
e 1 A coefficients of interest.
,1 Y V\ For a demonstration, let us consider the first diagram of
L : . Fig. 2. In the full theory we can write the amplitude corre-
e 1 N sponding to this diagram as
” P 1 q,'l‘ ‘i\
. 2
FIG. 1. The Feynman diagrams inducing nontrivial contribu- _ ! 2t Lt Hyp
tions to the Wilson coefficients of the operat@g,; and Oyqps. A2(1)(p’q)_  (4)? SBCB(hDhDhu)33 A+l+ In?
H
Orqee=(PT®) (g tg®— D Ttrq,), - 1 m?\ _
- XAP)tr o | 1HIn— | (A P)o’ts
Otqo7=9L(D ,tr) D*® — (D ,®)"(D*tr)qy, H H
o e ——— 1 — 1 —
Orqos=(D,q.)(D*tr)® —®T(D ,tr)(D*qy), + ﬁ(qL@(pﬂLQ)ztR— ﬁ(ng)q
H H
Oiqe=(D ,q0)tr(D*®) — (D &) tr(D*qy), )
, U X-(p+tet — (A ®)[p.dltap. (15
Otqo10=1(D ,q) 0*"tr(D , @) —i(D ,P) 'tgo* (DMQL()-) am°
13

Here A=1/e— yeg+In 41 denotes the ultraviolet divergence
For theCP-even operatoOiqe, and for the correspond- (D=4-2¢ is the time-space dimension in the dimensional

{Rﬂ CP—oddﬁpper?torthfba,t ncf)nzerct)hco'r;tnbutlonsdtp the regularization schemguyp is the scale of new physics, and
shlosvf/)r? iﬁogiglcfnai dotrg;aa(rae gi)vrgn b?/ eynman |agramsp andq denote.the four-momenta of the e'xtern'al partitles
T and®d, respectively. In the full theory the light fields and the

heavy fields coexist in the Lagrangian. When the heavy de-

2(A2 2
c _ E(gz+gz)Re(h33) SBCB(CB S,e) grees of freedom are integrated out and the light fields are
tqe1™ 51917 92 u Xy ' treated as massless, infrared divergences are encountered.
They are regulated by the parametey.
1 sﬁcz(cZ—sz) The amplitude of the corresponding Feynman diagram in
Ciqos=| E(gf+ gg)lm(hi3)T, (14)  the effective theory, presented in Fig. 4, is given by
—m2/,2 ;

where xy mH/MNP. In the full theory, the' Feynman dia AET (p.q) = — SBCZ(hThDhT)33
grams that induce the anomalous couplin@g o1, Oiqas 2(1) 2(477)2mf| gD EU
should also include diagrams involving virtual SM fields.
However, these diagrams have no contribution to the Wilson w?
coefficients after matching the effective Lagrangian Eg. x| A= +In—| (q®)o’ts.  (16)
with the Lagrangian of the full theoryMSSM) (see below 2 ms

for more details

For theCP-even anomalous operatotgqq; (i=2,3,4,5) In the operators of the effective theory, only the light
and theCP-odd anomalous operatokSe; (1=7,8,9,10), fields exist, and the Wilson coefficients do not depend on
the derivation of the Wilson coefficients leads to relativelytheir masses. As in the full theory, an infrared divergence
tedious calculations. In F|g 2 we show the Feynman dia'emerges here, and it is also regu'arized by the pararn‘ater
grams, which induce nontrival contributions to the Wilson As expected, the infrared divergence appearing in the effec-
coefficients after matching the amplitude of the effectivetive theory is the same as that appearing in the full theory. By
theory with that of the MSSM. In these df\grarﬂs, the b|aCkmatching the amplitudes E¢L6) and Eq.(15), one gets rid
blobs represent the self-energy diagrams)d, , tgtg, and  of the infrared divergence. After this matching step, we can
T (dy) (Fig. 3. present the amplitude in its final form:
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FIG. 2. The Feynman diagrams inducing nontrivial contributions to the Wilson coefficients of the ope@togs(i
=2,...,57...,10) in the full theory.
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FIG. 3. The Higgs self-energy diagrams that induce nonzero contributions to the Wilson coefficients of operatb?s & aql Eq.(13).

i u2 plings. As mentioned above, there are three possible self-
NP
Azay(P.G)=— WSBCZ(hT hoh')asl | A+1+ In—> energy diagrams that contribute to the coefficients indirectly,
my namely, the self-energy corrections to tng RtR, and

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

1 s
X(qL(D)tR+ — 1+ In—
2mH m?

(a®)p-atg
0 _ 1/2
" fL,i_ Ll,f'-j’
2
1 el — & 0 — 712
T om? 1+IHF (qL®)g-(p+atg fei=Zry R (18
H H
wherei,j are generation indiced,’ ,f> are the left- and
2 —(q.®)p- (p+q)tg— 2 (qL ) right-handed bare fields, respectively,;,fr; are the corre-
2 4m sponding renormalized fields, a@d r are the wave function
renormalization constants. Ignoring the fermion masses, we
can write down the counterterms for the fermions in &®)
X[4,p]tr - (17 as follows:
The first term in parentheses of Hd.7) contributes to the EL S(p)=(2TY2zY2 — 5,J)p— 5Z L T2,

. . . e . L,il L,Ij
renormalization of the Yukawa couplindsg;, and it is irrel-

evant to our present discussion, taking into account the ap-
proximation level we work on. For those diagrams where the

ER,C( ) ( TlIZZlIZ
inner lines are supersymmetry particles, the Wilson coeffi- ij

Ril  R|Ij

1 t
Sij)p=5(6Z  + 6Zrj)P,

cients of the anomalous couplings can be directly read from (19
the amplitudes, because we integrate out all the supersym-
metry fields in the effective theory. wherep denotes the external momentum of the fermion. In

Now we will turn to showing how to obtain the contribu- the full theory, we express the bare self-energy of the fermi-
tions of the self-energy diagrams to the anomalous couens as

ar by
FIG. 4. The Feynman diagram corresponding
to the first diagram of Fig. 2 in the effective
theory.
1
1
\J
o1
1
1
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FIG. 5. The Feynman diagrams that induce nontrivial contributions to the Wilson coefficients of the op&atdiis=1,2,3).

LO_Ts. L Ln2
SLO=[6;+ AL +BLpYp, .
ij

1
t
5”‘ + E( 5ZL,ij + 5ZL,ij ) +Ah + Bhp2:| p,

2?'02[5”""6‘:?"_8:?‘)2]'61 (20 ‘R
2__:
i

1
.
8+ (6Z] + 0Zrjy) +Ai'j+ Bi'?pz} p.

21
where the first termy;; represents the Born approximation

part and A~R,B-F originate from radiative corrections.  The explicit expressions for the renormalization constant
From Eq.(19) and Eq.(20) one finds the following form for  §Z, x depend upon the renormalization scheme, i.e., the
the renormalized self-energies: renormalization conditions. Instead of the often used renor-
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malization schemes, i.e., the minimal subtraction scheme dt is easy to find the renormalized Higgs field self-energies
the modified minimal subtraction scheme, we adopt here thevhich meet the conditions of E¢25):
physical renormalization conditions

iqucp(pz):F@q)pA',

3 ilp=0=0,
2\ — 2(n2 2

EEfR,Hp:o—O, %99,(P)=Fge P (P —m). (26)
1. The functionF44 is attributed to the contribution of the
—SLf, J.|'b:0:f|_ . high-dimensional operatobT(DMD’*)Zfb. After the match-
pri ' ing procedure, this piece will not contribute to the operators

in Egs.(12) and(13) that we are interested in. In fact, after

Ein 1oeo="fr; 22) the matching the only nonvanishing contributions from the
pii R p=0" R self-energy diagrams to these operators originate from the

integral function Foa, because we integrate the heavy
The first two conditions mean that the renormalized ﬁelds1_”ggS doublet out in the effective theory.

satisfy the equations of motion of free particlésr massless After these preparations, we can now derive the Wilson
fermions this is a trivial constraiptand the last two condi- .gefficients of the operatorsOyq; (1=2,3,4,5) and

tions set the residue of the propagators at the pole equal t@t o (i=7,8,9,10). For clarity, we present their lengthy ex-
unity. In fact, this scheme is just the on-shell renormalizatiorbngssiOns in Appendix A.

scheme often used when calculating radiative corrections to

electroweak process¢®3]. Of course, for high energy pro-

cesses we can ignore the fermion mass in our approximation. B. The anomalous couplingsOq
Using the condition Eq(22), we achieve the renormalized  This class of anomalous couplings includes the effective
fermion self-energies operators

St-eLp.

Op1=1(@D,&— (D, ) ®)try,tr,
iff:BiF;pzp. (23)

Or2=1(PT®)(try*(D ,tr) — (D ,tr) ¥"tR),
We can attribute these terms to the contributions of the high- kw2 =1( J(try*(Dutr) = (D,tr) ¥"1R)
dimension operatorsq, (iD)3q,, tr(iD)3g. After the
matching of the full and effective theories, there is no con-
tribution to the operators of our interest given in EtR) and

Eq. (13) from the fermion self-energy diagrams.

For the Higgs sector, the bare self-energies are given agVhere the operator®q;,0ie, have evenCP parity and
Orep3 has oddCP parity. In Fig. 5, we present those Feynman

0 (p2)= +(1+ 24 4 diagrams that induce nontrivial contributions to the Wilson
E‘I"I’(p )=Doot (1+Eop)p™ Fool™, coefficients when matching the amplitude obtained in the
effective theory with that in the full theoryMSSM). The
ensuing Wilson coefficients are collected in Appendix B.

In the full theory, we also include the one-particle irreduc-
wherep denotes the momentum of the external particle. Iniple (1PI) diagrams depicted in Fig. 6, where the gray blobs
Eq. (24), D,E,F are standard integral functions that appearrepresent the corresponding diagrams of Fig. 2. However, the
in radiative corrections. For the renormalization of the Higgscontributions from these diagrams disappear as a result of the
boson wave function and mass, we require the renormalizeghatching of the effective theory and full theory amplitudes.

Op3=1(®D,®+(D,P) D) try,tr, 27)

22¢H(p2)=Dq>q>H+ Eoo,P*+Foo, P’ (24)

boson self-energy to satisfy the conditions In order to demonstrate this, let us consider an example.
R From Sec. Il A, we find that the contributions of the subdia-
S oa(P?)|p2=0=0, gram (framed by the dashed linen Fig. 7(a) induce the

following term in the effective Lagrangian:

1s 2
Ezzqmb(p )|p2=0:O-
1

5
2, (Ct Cloagsr o) (Ctavat Ougsa)),

2/*1“2 o= tqda tq®(5+a)
NP

< 2 E;H:
Etl)tl)H(p )|p2:o:0,
(28)

~ ) _
EtthJH(p )lpzzmﬁ 0. (29 where
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FIG. 6. The one-particle-irreducible Feynman diagrams that are related to the Wilson coefficients of the ofgsaiors 1,2,3) in the
full theory. The gray bulbs represent the diagrams of Fig. 2.

!

Clpo=— &72912[ 0 (€ (X X1, X)) Cl o= 82912 [Ag, QX1 %, Xy)

- Zsﬁxﬂcial(xwxl’xul)) —255Q4(X,, X1, Xy )+ ZCBAC”TQ:@(XM,XLXQ,)],

+2cBAU |C?31(X X1,Xu,)],

!

Claoro™ ™ 287 2912 Ulcil2(x X1, Xu,), (29

1 1
th(b3 244t 2912 XU [S,BAU |Cll3(XIu1XlIXUI)

and x,=|u|*u’, Xu|=m3|/,uﬁp and x;=|my|*/u’_(i

_ 0
CﬁAu |Cns(x Xl’XU|)]' =1,2,3). The definition of the coupling constants, , and

functionsQ;(x,y,z) can be found in Appendix D.
In the effective theory, the amplitude of Fig(by is writ-
ten as

’
tq(IDA

1
~ 2872 912 [Au \(Qo(X1,X,,Xu,)

_ZS,BQ4(X,WX11XU|))+ZCBAS:TQ?,(X;UXLXQ')]’ AET(p1 ap qz):iESBhSK((DTq)) (Cr +C’ )
1 1 U

tqd2 tqd7

— 1
X tqul' Patrt(Cl st Clye)

!

1
th(DS 487 2912 U|6112(XM’X1’XU|)'

— 1
X tRmpl- (A1 +p)trt(C,,

!

C g E [A (C1 (XusX1,Xy,) 1
o7 487291 1210 M I
tq(pg)tRp a4 d:- (d1+Ppo)tr

—285%,C1, (X, X1,Xy,))
__(C’ C/ )
+ZCBAU |C(1)31(X Xl’XU|)]: ‘q‘l’5 tqd10
K[ Byt (30
Rpota, PR

th(I)s 24472912 Xu [SBAU |6113(XM’X1’XU|)
wherep4,q4,q, denote the four-momenta of the initial right-
e AP0 (X XeX0)] handed top quark and the_H|ggs bpsons, respectively. In the
By 18 12U, /0 full theory, the corresponding amplitude takes the form
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FIG. 7. The 1Pl Feynman diagrams related to the Wilson coefficients of the opetatgréi =1,2,3) in(a) the full theory,(b) the
effective theory.

i 4
ATT(p1,d1,02)=— Wsﬁgi(huhﬂzpmzf(@q)) AL cpu? NX, X1 P10 (x,,%1,Xy,)
NP

1
(xﬂ,xl,xu)]tRp Ta, tg+[2C* (X, xl,xu)+26 (xﬂ,xl,xul)

- sBC
111 121 112

) 1
+4Cﬁ XMX19|(<P1+(PI'L)Q3(XI—L’X1’XU|)_4SBQ4(X/’“'X1’XU|)]tqu1'(q1+pl)tR [ch (XM’Xl’XUI)

121

. — 1
+ 0 _ 1 [
+4c X, X, X181 IO (X, X0, %y, ) 4Sﬁxﬂclsl(xwxl'XU|)]tRpl+qlql'pltR

: — 1
+4xy [cpx, Xﬂxle'(“’l“"ﬂ)cfls(x X1, Xy,) Sﬁcils(xﬂ,xlyxul)]tRmpl'(Q1+Pl)tR

— 1
_Cilz(xwxl’xul)tRm[ql,Ibl]tR , (31)

where ¢, and ¢; (i=1,2,3) denote theéCP phases of the
parameteg. andm;, respectively. As already mentioned, the
first term of Eq.(31) is related to the Yukawa coupling renor- o
malization in the full theory and it does not affect our com- (’)qq,g,:i((I)TDMCD+(DMCD)TCI>)qu“qL,
putation. While matching Eq31) with Eq. (30), we find that
the diagram does not contribute to the Wilson coefficients of
the operatorg),4. A similar conclusion is true also for the
other 1PI diagrams in Fig. 6.

Oqo 0a=1(PTo aq))(QL(T y“(D,a0)— (D, a0 o%y*qy),

Oqos=1(®T0%D @+ (D ,®)To%®)q 0%y qy, .
32

where the last two operators a@P odd and the others are
CP even. The Feynman diagrams that induce nontrivial con-

This class of anomalous couplings includes the effectiveributions to the Wilson coefficients are presented in Fig. 8.
operators We collect the expressions for the Wilson coefficients of the
corresponding operators in Appendix C.

C. The anomalous couplings® g

Oqe1=1(®'D,&—(D,®)'®)q_y*qy,

IV. EXPERIMENTAL BOUNDS ON THE WILSON
Oqv2=1(®T0?D ,,&—(D,®) 0?®)q 0%y qy, COEFFICIENTS

o At present, the most rigorous constraint on the Wilson
qu,gzi(<I>T<IJ)(qu“(DﬂqL)—(D”qL)y"q L), coefficients considered in this work comes from the decay
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FIG. 8. The Feynman diagrams that induce nontrivial contributions to the Wilson coefficients of the op&gto(s=1, . . . ,6).

Z—bb, For an on-shel, one can write the general effective OPerators listed in Eq$12), (13), (27), and(32), S;=0. The
— vector and axial-vector couplings can be written as
vertexZbb as[19]

VE=VEO+ 6VE,

Fbe_ H e VZ AZ 1 Z — Z Z,0 Z
v T asce| Vo YeT bn75+271b5b(pb—pb) , AL=AF+ SAL, (39
(33
where V&% AZC represent the SM couplings amV/( , SAL
are the new physics contributions. Ignoring the bottom quark
wheresy=sin 6, cy=cosfy, andp,,p, are the momenta mass, the lowest-order theoretical prediction on the observ-
of the outgoing quark and antiquark, respectively. For theableR, at theZ pole is given by
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I'(Z—Dbb) ool
- 00 -
b7 T'(Z—hadrong I
1600 | =
VE0oVy+ AL OSAL s
=RSM 142 (1-RSMt. (35 1400 E
° (VE0)2+(AL9)? ° s |
€ 1200 |- g

With the Born approximation, we can obtain modifica- &
tions to the couplings/Z ,AZ induced by the new physics ¢ "%
operatorsD,q, andOyq,. Provided that there is no acciden- ;o 800
tal cancellation between these contributions, the correction:

are given by 20] 600 [ :
400 |- -
7 z ZSWva | ]
oVp= oA :—Z[qu>1+ CqCI)Z]y (36) oo bt v 1.
e:U’N P -1000 -800 -600 -400 -200 O 200 400 600 800 1000
(a) 1 (GeV)

wherewv denotes the VEV of the SM Higgs field doublet and
myy is the W-boson mass. From E@35), we have

-
o]
o
o
T
1

SVZ SAZ REP—REM  (VE9)2+ (AED)2 - 1600 |- -
O (A-RIMRSM (V204 AZO) o 1400 [ _

5
The SM prediction orR,, and the most recent experimental gmoo [ ]
value are, respectively, given (hg4] 1 1000 -
S:. - e
Ry“=0.21572-0.00015, R§*P'=0.21664+0.00065. oo i
(39 £ 600 | A

If we attribute the difference of these two values to the new 400 |- .

physics effects, we get a bound for the new physics correc: ., [ . i . ; . ; . ; 1

tions on theR,. At the 1o tolerance we obtain -800 -400 0 400 800
(b) 1 (GeV)

0.00012<AR,=<0.00172. (39
FIG. 9. The constraint from the anomalous couplifigy , set

Correspondingly, the bound for the Wilson coefficients is by theR, experimental data withd tolerance on the soft breaking
parametersng=my=mp versus theu parameter in the superpo-

P2 tential  with m;=m,=m;=500 GeV,A;=A,=100 GeV,my
3.1X 10—4$ _chq)(l+2)$ 4.5% 10—3 (40) =500 GeV, anda) tan,BIZ, (b) tanﬁz 40.

NP . .
At present, there are no strong experlmental constraints on

With Cqa(1+2)=Cqa1+ Cqaz- Using the same method, we the CP-odd couplings involving the top quark.
can also analyze the forward-backward asymmétig of It is well known that the MSSM contains in its general
the decayZ— bb. However, our theoretical result indicates form unfortunately many *new” free parameters in addition

that the present experimental data on this quantity set t?gthe SM parameters. In order to simplify our discussion, we
weaker bound on the Wilson coefficients thanRy ke the following assumptions to restrict the MSSM param-

i ici et :
The other Wilson coefficients of the operators appearin yier space

. ) . 9 (1) All possible CP phases are taken to be zero®r A
in the .Lagr.ang|an are not constralned By on thg Bo_rn direct consequence of this choice is that there ar€R@dd
approximation level. With higher-order approximations,

. ’ operators in the effective Lagrangian Ed).
those operators contribute to the gauge boson self—energ_lesF,)(Z) All Yukawa couplings %ndq{he S(;‘}t breaking param-
and_ th'.”'.s we can get for them only a rather loose bound W'ﬂ(]-,\ters are flavor conserving, i.e., the mixing matricgs
a significant uncertainty. We can also have loose bounds

. . . ) = ZU = ZD =1
from the argument of partial wave unitarifgs): Under these assumptions, the parameters relevant to our

16 discussion are the gauge coupling constantg,,gs;, the
|th®l|<_”<m>, ICios| <8743, Higgsino and gaugino massgs,m;,m,,ms, the Yukawa
32\ v couplings of the third generation quarks and the correspond-
ing soft breaking parameteis;=h*,h,=h A =A% A,
—6.4<Cyy9,<10.4. (42 =A§3, and the square masses of the heavy Higgs boson
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FIG. 10. Relaxing the lower bound te-5
% 107% and keeping the upper bound unchanged
as in Eq.(40), the constraint from the anomalous
coupling Oge1,2 ON the soft breaking parameters
mg=my=mp versus theu parameter in the su-
perpotential with m;=m,=mz;=500 GeV, A,
=A,=100 GeV,m;=500 GeV and(a) tanp
=2, (b) tanB=40.

squarkstang=2. At tang=2, the contribution from the supersym-
mﬁ,mél ,mﬁl ,mél (1=3). In our numerical analysis, we will metric box diagrams varies from negative to positive gradu-
disregard the loose bounds from partial wave unitarity on thélly and then tends to zero after its maximumnag=my
=1.3 TeV, the contribution is definitely less than 10 In
addition to those box diagram€,4, also receives a contri-
bution from the heavy Higgs doublet. Under our choice
about the parameter space, the Higgs contribution to the Wil-
GeV,A=A,=100 GeV, we obtain the constraints set by Eq.son coefficientv?Cqq1 /2 is proportional to[1/tarfB

(40) on the soft breaking parameters. In Fig. 9, we plot the—(mb/mt)“tanz,B]. Taking the bottom quark mass,
=4.5 GeV and top quark mass,=174 GeV, this contribu-
tang=2, and(b) tanp=40, where the gray regions are al- tjon is about 5<10 * for tang=2. As tang increases, the
contribution of the heavy Higgs doublet is strongly sup-
From this plot we observe that the restriction set on the papressed and is less than 10for tan3=40. This fact can
rameter space with tgg=40 is more rigorous than that with help us to understand why very massive supersymmetry par-

Without losing generality, we assumeg=my=mp,
A=Ay, m;=m,=mjz in our numerical computations. Set-
ting unp=1000 GeV,my =500 GeV, m;=m,=mz=500
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200 ——————— ——1——1——7———7——
150 - -
100 |- -
50 -
= FIG. 11. Taking =m =500 GeV
x O /  ee-emmmTTToTTTToTommmmememes 5 (i=1,2,3),A;=A,=100 GeV,my=500 GeV,
o AR, versus squark massesg=my=mp with
< 50| _ tanB=2 (solid line) or tang=40 (dashed ling
-100 - -
-150 |- -
o) " | " | " | " | " | 11

500 1000 1500 2000 2500 3000 3500

m, =m, =m, (GeV)

ticles are allowed by the experimental bound for gan2 ~ plot mg=my=mg versusu by using the constraint-5
[Fig. (@], whereas most of the parameter space is excluded 10 °<v*Cqq1+2)/ 2 <4.5X10"°. One can see that the
by the bound except a narrow band in the neighborhood oéllowed parameter region is drastically enlarged in compari-
n=0 for tang=40[Fig. Ab)]. son with the case of strictdl tolerance for large tag.

In the figures discussed above, we considered-ddler- Now, we discuss the operat@l,q , corrections taR;, in
ance for the experimental data. Since the central value of thithe MSSM. Takingu=m;=500 GeV (=1,2,3), we plot
experimentally measuref,, is only about one standard de- AR, versus the squark masses,=my=mp with tang
viation away from the SM prediction, this sets a lower bound=2,40 in Fig. 11. The gray band is the experimentally al-
on theCqq(1+2) Which is positive and very close to zero as lowed region at the & tolerance. When the scalar quark
shown in Eq.(40). Certainly, very massive supersymmetry mass is less than 700 GeV, the supersymmetric box diagrams
particles are excluded by this condition in the large gan determine the leading contribution and result in a negative
case. In fact, considering the practical situation of the experiARy; the corresponding parameter space is excluded by Eq.
ments, we may relax the lower bound on @gy ;142 t0 (39). As the parametereig=my=mp increase, the super-
—5x107°, while the upper bound remains unchangétds  symmetric contribution becomes positive and then tends to
is only slightly beyond the standard deviatiom Fig. 10 we  zero after a maximum. With tgg=2, the correction of the

200 T T T T T T

150 - -

100 4
50 | - FIG. 12. AR, versus the parametgr with
S /,/T_T\ m, =500 GeV { = 1,2,3),A, = A, = 100 GeV,
x oF _wmgm, =m, = & (TeV) i my=500 GeV. Solid line, mg=my=mp
[ T e T A =1 TeV, tang=2; dashed linemg=my=mp
= ol 1 =1 TeV, tan=40; dotted line,mg=my=my
] =500 GeV, tanB=2; dot-dashed line, mq

A =my=mp=500 GeV, tarB=40.
-100 | K T ]
'mQ /=:4,U =777:[>\? 500 (GeV)
150 F e . NG .
"""""""" i ! AR
1000 -500 0 500 1000
u (GeV)
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200 Y T ! T ! T T T
150 -
100 -
50 -
S FIG. 13. Under the assumptiomg=my
X 0 =mp=|u|, AR, versus the parametgr. The
= other parameters are taken as;=500 GeV
4 (i=1,2,3),A, =A, =100 GeV,m, =500 GeV,
-50 and tanB=2 (solid line), tanB=40 (dashed
line).
-100
-150
-200
-1000 -500

p (GeV)

heavy Higgs doublet to thdR, is about 2.%X10 * and the Higgs boson and top quark paa'i*e*—>tﬁ1, the CP-

plays the leading role whemg=my=mp=13 TeV. For o q, operators will affect the energy and angular distribu-
tan,8=4Q, the total corrections f_rom the Higgs and SUP€tions of the final state particld20]. Through measurements
symmetric sectors t&, do not satisfy Eq(39), because the of various distributions, such ado/dE;, do/dE,, and
contribution of the heavy Higgs doublet is strongly SUP- 4,/d cosé, (EqEp deno'Ee the outgoing ténergy gf the top
pressed. For—p=m;=500 GeV (=1.2.3), the plot is o o and Higgs boson, respectivedy;is the angle of three-
similar to Fig. 11 and not shown here. Takingy momentum of the outgoing Higgs boson with respect to the
=500 GeV {=1.2,3), mg=m,=mp=500,1000 GeV, and  gjactron beam directionwe can obtain useful information
tanf=2,40, we presenhR, versus the parameter in Fig. o6t the operators. The constraints on@feodd operators

12. For mg=m,=mp =500 GeV (dotted and dot-dashed .o, e optained through measuring vari@Rviolation ob-
lines), the corresponding parameter space is excluded by the —

condition Eq.(39) due to the negative supersymmetry con-Servables in this process. In the proce§$*.—>tt, we can
tribution. With mg=my=mp=1 TeV and tapg=2 (solid analyze the effects of the operators on various polarized top
. =My=Mp= -

line), AR, satisfies the condition Eq.(39) when quark production cross sections. On the other hand, more
0= T 700 bGeV As for the Casga—m.=m = 1 TeV and strict constraints on the supersymmetry parameter space will

tanB=40 (dashed ling the new physics correction bR, be set by more precise measurements on the V‘_"dthg of
is excluded by the & tolerance experimental bound except — PP and top quark decays. All of these will provide valu-
in the region neighboring.=0 GeV. Finally, we investigate able information for the search for supersymmetry particles

the new physics prediction oAR, with the assumption &t future colliders. , .
Mg=my=mp= |x|. Choosing m;=500 GeV (=1,2,3), It should be stressed that the above numerical analysis is

tanB=2,40, we plotAR, versus the parameten,=m performed under special assumptions about the MSSM pa-
—mp= |,,u| in Fig. 13. For the case ta#=40, the co?rection rameter space. For example, we assume that all the param-
to AR, exceeds the & tolerance experim'ental bound. As €ters are real and flavor conserving, the universal soft param-
tanB=2 and x>800 GeV, the new physics prediction on St€rS aré Mg=my=mp, A;=Ap, M=mM=Ms. In a

AR, satisfies this bound because of the relatively large conPractical phenomenology analysis, thaseriori conditions
tribution from the heavy Higgs boson. In those analyses th hould be dismissed. Nevertheless, it is quite obvious that the

experimental bound with & standard deviation is adopted. €XPerimental data oR, set significant bounds on the param-

After we relax the conditiorfEq. (39)] slightly, the more eter space even in a more general case than the one we have

massive supersymmetry particles are also permitted by th%OnSIdered here.

corresponding experimental bound.
Since the experimental data constrain the coefficients
Cqa1,2 Strongly, the operator€),q,, have only negligiblg V. SUMMARY
effects on the measurements at proposed future colliders
[19]. Other operators will produce the observable effects in We have considered in this work the anomalous couplings
the next generation colliders. In the associated production dbetween top quark and Higgs boson induced by the MSSM
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when the heavy Higgs doublet and all supersymmetry fieldperimental results forR,=I'(Z—bb)/I'(Z— hadrons) on
are integrated out. An essential assumption made here is thite parameters of the MSSM.

there is only one neutral Higgs boson with an electroweak

mass; the other Higgs particles are much heavier. We have ACKNOWLEDGMENTS
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APPENDIX A: THE WILSON COEFFICIENTS FOR THE OPERATORS Oy (i=2,.. ., 57...,10

Cﬁ -T19 A A
Ciqw2=— am)? i;2FigfégiF>H<x,“xi>—s,gcﬁq:Ew (= DY 2RI Z4AqZ0)1(Z4A! 29) 5 TPH(Xg, X))

~ ~ 1
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2 2
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s (4)? ig',z Figi gHiPH(XM’Xi)_SBCBq;u:,D =D ‘Rdh, (ZquZQ)'J(ZquZQ)J']PH(XQJ 'Xq|)

“ “ 1
+sBcBRe[hﬁs(zRAEzL).J(ZRAézL)L]PH(xLJ,xRI) +32 sﬁciRe(h;hDhZ)%(l—lan)
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X
I QJ)

1 2,27 AT Ri
~ Toaa? 2, FrOMA G (Qe(x, X, X )+28,Qa(X X, X )26, A Qu(X, X, X, )]

1
2c . T R1
~ 28.291A | (Qo(X,.X X, )25 Qa(x X, X)) +2C A [ Qa(X X, X, )],
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¥z A zZ Z A Z)H!
TS, CAMINAZAZ N ZAZ) 0P (X %) " 32
H

2 2 .
. 93 A3 0 . gl Al 0 | B 0
+i 62 Sﬁru,|3XuJ0113(Xa’XQI ,XUJ)-H T2 sﬁl“u’uxujcm(xl,xQI ,xUJ)+ 16,2 CBFU,IJXQJCHB(X#’XDl ,XQJ)

1 _
—i 202T A (CL 1 Al 0
| T99.2 i:21,2 Fioi [AQ,I(Cle(X,u’Xi'XQI)+ZSBXHC311(XM’Xi'XQ|))+2CBX/LAU,I6311(Xu’Xi’XQ|)]

i 2rAC (1 1 AlH0
8 gl[AUI(C (x#,xl,xul)+23ﬁxMC l(X;L’Xl’Xul))—l—ZCEXMAU,Icl?.l(X;L'Xl'XUl)]’

4872 AT 121 13
95 o1
- _ 2 t t . 93 A3 . 1 Al
th‘I’S_ 32772X SBCBIm(hDhDhU)33+I 67T2 SBFU,lJQl(X3’XQI ,XUJ)+I 727TZSBFUv|JQ1(X1,XQ| 'XUJ)
H

+—i2c I Qqux ,x_ ,x )——iz > F2g%x [s AS C (x x,x )+cx AN (x x,x )]
1674 B ULl A D, ""Q, 967 532 P8 T 113 i B Ul 113 kT

|
_ 2 c a Al
24772 glxul[SﬁAUIICMS(XM,XI,XUI) + Cﬂx,uAU,IC:cl)la‘(X,u’Xl’XUl)]'

c
_ B 2 A _ _an12-TY 33 A N T
C‘qq’9_|(4w)2 iE’ZFIgIgHiPH(xM,xi) Sﬁcﬁq:EU,D( DY TAMNAZ A Z)(Z A Z)5IP, (X, X))

33z A A’z )b 2im(hth ATy 1—
+SBCBIm[hU(ZRAEZL)U(ZRAEZL)JI]PH(XLJ’XRI) +32772x SﬁCﬁ|m(hDhDhU)33(l Ian)
H

2 2
93 A3 91 Al I B
+i—>sI"" x XXX )i sI'™ x & (x,x_,x )+=—=>cI x X XX
672 8 Ul Q,C231( 3'7q, UJ) 727278 v Qlcl3l( 1"7q, UJ) 1672 5 Ul ch(l)sl( u'"D, QJ)

_i_ 2.2 A C A
T2 2, FrOMTAG (Qa(x, % X )+ 25,Qa(X, X, X, ) +26, AT QulX, X, %, )]

i
— 282 9IAG (QalX, X X, ) +25,Qq(X, X, X, ))+2€,A7Qa(X, X, X )],
i
9?AS Ct (xﬂ,xl,xul) (A1)

i
2t by 2,2AC A1 _
SBCBIm(hDhDhU)33 Wi:zl,z FigiAQ,lcllz(Xu'Xi’XQl) 487T2 U112

tq(l)lOZ - 32’772X
H

with F1=1,AF2=3, Ty=-T7=3  YB=%, YAgz —Ag and A =(Uun )(A,~p*/tangh ), A =(n (A,
—,u*tan,BhD), AE:(l//"Np)(AE_“*tathE)’ and A;:AF+(M*/SﬁCﬁMNP)hF (F=U,D,E). In the above expression, the
sum with the generation indicés] is implied.
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APPENDIX B: THE WILSON COEFFICIENTS FOR OPERATORS O (1=1,2,3

The corresponding Wilson coefficients are

1

== 2 2hth —c2nt t _ UK 21
i 327X Cﬁ[hU(SBhUhU CBhDhD)hu]33(1 lnXH)+ 72#2[91D112(X1’XU.’X X
H

| o)’ UK)+3g§D1 (XX, X ,xUK)]

1121 U '

+—21 A DL (X XXX )+—21 972" 213 c2Qq(x ,x_,x )+2&5 Qg(X ,X.,X )
644 q=U,D g 13K 11218 6’ TQ gy T Qg 1444 1=y uLZp s\t U, H1 <6 w1y,

Fig?
X Qalx, X, )= 3 252N, Z)a (ZHNT)il 265 Qe(x X X,

)+ SEQE’(XVX”’XQ.) + CZX,MQY(XVX;L’XQ)]

1 2
Fag2 oS 2

U 0 _ T
U,IJD1111(XM’X1’XQ| ’XUJ) FU,IJUE(XM’XQl ’X1’XUJ)]’

(h,h1)as o7
- 2/ fc2(a2 _ (2 2 2 1964024 (04— 7B g2 1 2_ 2y zt3l 2137 42551
Coo™ 562 cﬁ[4sﬁ(sﬁ cﬁ)(291+3gz)lan 125592+(CB 7SB)91]+108772(S/3 cﬂ)ZU Zu[ngsyl(xul,xl)
H
2 C; 2 2 1 2
+3g38§v1(xul X1 7272 Re[ZLS'(ZUhUhZZZ)'sz][ngg(XUI ’Xl’XUJ)+3g3Q9(XU| ’X3’XUJ)]_ 19277291(5123
1
e thty .5t 31 zt(e2ht 21t 13 ztht)33
CB)(hUZQ)SI(ZQhU)lsBS,l(XQl’X,u.)+16772Rq:(hUZQ) (Z,(cshih +sthoh )2 )= (200 ) ]Qg(xQI ,xM,xQJ)
C2

1 1

- A 2nt 2pt T 2

oo IS, +ethih hlsst g7 q;u‘,‘D x X, X )+ ol TGRULX X, X X,)
H

Ul(X#’XQ U, 13K

1IK |

1
+3g§U1(x3,xU|,xQJ,xUK)]+ 144ng‘1‘ZZ3'Z'U3[CZCZ (xu,xl,xul)JrszCl (xM,xl,xU|)+2§S ct (X, XX, )]

B 122 122 H1 122
D Fig? Tt 2y ol 2.2 <
- iS12 1287Ti(hUZQ)3'(ZQhU)'3[CBXuczlz(Xu’Xi’XQ.) + SB6212(X/L'Xi’XQ|) + ZinCzlz(Xp’Xi’XQ.)]
_ 20 1T
48’772 ngBrU,IJUS(Xu’Xl’XQI 'XUJ)’
'_C; 13l T 2113 23391 421 21 [ sl ot ot
Cl¢3=|72W2Im[ZU (Zuhhy2)" 2, ][916211(XU| 'Xl’XUJ)+3g3czu(XU.’Xs’XuJ)]+Wlm[(thQ) (ZQ(CBhuhu
1
2t 13 2t 1ty337 1 . _— -
tsihih )2 )™(Z5n) ]Cm(le,XM,XQJ)ﬂ—Z%W Xﬁ,IJK[glplzu(Xl'Xul’XQJ'XUK)+393D1211(X3’XU| 'XQJ’XUK)]
1 i
i == 1 44B 213l 2130
- 32772 QZZU,D Xi"]KDnll(X'“’le ’XqJ ,XQK)JF 367ngl§HlZU ZU ClZl(X/-L’Xl’XU|)
. 2 F|g|2 B h Z ZThT CO | 2 21"D DO
+Ii:1,232’772§"”( b2 ZN 3G, (X, XX, )+ 252018 [21' | DL (XX X, X )
C
LU, X X X (81)

Just as in Appendix A, the sum with the generation indigdsK is implied.
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APPENDIX C: THE WILSON COEFFICIENTS FOR OPERATORS qu)i (I=1,....6

The Wilson coefficients for these operators are written as

1 F2q2
Coon™ Gpoz S (NIANLR s~ (hThohin ssl(L=Inx,) + 3 (- 1M T2 | 5 PO (x x X, %)
J K

327TX Uuuuu D DD D qIJKI 122304;72 11218 70'7Q, 7
g§ 1 e
1 _ 1)V2- T 1 c2
T 2872 Pt X %o, %o %o ) | T 622 :EU,D A Prsal % %o, %o )+ 530477

-2 25 Qe X, x )+ S 25'9' (0] 2022, el SEQudlx, ., )~ 4£5.CD, (x )

u, 211

HAR QXX )1 3 %z(hTZT)m(Z il C2QuolX, X, X, ) 45 C2X, X X0 )+ 75, Q7(X,X X, )]

211

W

B 0 -
+2567T q2 Y[ a1y 1111(XMX X X ) F U5(XM’Xq|’X1’XQJ)] W 2 [ q.1J 1111(X/LX X X )
-V 2
Fq,,JUs(xM,qu XX )]s
2 4
Fio? O3 g5
_ i i Ji B 1 5
Core= a2 Fain 2, (1) 230ar Dl X%, o, %0) ™ 2n?PhaXs¥e %o, %0 |+ T2ga2 (S

9192
_ A2 3l ~113 2 3l 113 _
CB)ZQZQ Qg(xﬂ,xz,xol) 33 2(s )ZQ ZQ [U2(xﬂ,xl,x2,le)+\/xlxzcos{goz ¢1)U3(x#,xl,x2,le)]

+2( 1)

256772(hTZT)3|(Z h )|3[52Q10(X XX, ) 4536211()( XX, )+77 Qr(X,X X, )]
92

256772(hTZT)3|(Z h )|3[02Q10(X XX ) 4§SCO (XMX Xy )+77 Qa(x, X X, )]

Hi 211

+E( 1)!

97
- 25677 -

q
2 (—1)¥2- TYB[ZFqIJ (l’m(x XX Xy ) F U5(x X, XX, )]

92 1/2-73 0
~Tog? 2 (CDMTHRCT DY (x X% X ) =TT Us(X XXX )],

q=0U.D 1111

1+Inx

9i+95 1

5= 31282 058 CLNIN, s~ (NN sl — =+~ — (g~ 67ci(gi + 3D} )sst Si(MI, )l
H

H

+gl(s ) 31 7113
6912772 0 %o

}l) FPOPB] (X X,) +48935] (x X)) | +

1
230477_2 |:E Fzg QQ(X X X )

+4893Qo(X, XX, )

1
BN2(c2__ 2 Tzt 1 U
82 2 DYROUS, (220 )13, (0, X,) + 280, QX X, X, )]

Fiof
_ 2 T T T t i Ji
. 4W2X sea(hih hih ) sst (hih hih Jegl+ E q{ 22 53042 V10X, X X, X )

+%Ul(x Xy Xy % )

I J

g1
23044722(3;' gs[CfZZ(X XpX )+77ch122()( XXy )]
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> %zh*z%(z el 7R CE X, X, )+ S22 (x %, )]

- 23'2“3[4(§B +&0 )10 (X X, X, X ((c

' 384m2 1111

115007-20

SONXX, Sin(@,— 1) —2[ €7 —
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Hi 212 B 212
—ZF'g'z(hTZT) (Z h )il 7 C (X XX, )+02(32 (X, XX )]+ > A u (X, X, Xg, X )
i 57 2 2567 3l 13L 7419 B 212 0o “an 1 0, %y
+—zgl E (—1)¥?- TYBF LUs(X XXX )——2395 > (—D)YZ TP U(x XX LX)
2567 5 w1 g7, 1287 q=U,D q,1J 5 w2 g Ty
Com - Br B acrie [t ot (hI L (g2 asicgi gElehh, - (I )
qd4 128’772 B B B u u’/33 p p’/33l XH 256772XH 2 B B 1 2 B U U 33 8 D D 33
95 1
_ 2 2\ Z31 2113 _1ViE2q273L _pan2pl
230472 S5 C) %0 a 2112( DIFTGIB; (Xq, %)~ 48035, (Xo X)) |+ 55272
: 1
AR 2, (D' IFTGRQe(xg X X, ) +4803Q0(Xg KXo | * Gagae B (- DM
. 95
_1)iE242 _10n2 3l 2113 2
X i:zl,z( 1) Flglul(xi,le,qu,xQK) 48g3U1(x3,le,qu,xQK) 3847220 20 {392[(3122(XMX XQ|)
Ll X, X X )] = G DY (X XX, X )+ (X X, COS @2 = 01) + 2L €5 + &5 DD} (XXX, X, )]}
+|212< 1)'25(;77 (h ZD)ai(Z,h el G X, XX, )+ 8200 (X X% )]
—22( 1)'25677 552 (NhZD)ai(Z el 75,C (X XX )+ €202 (X X X )]
91 BV 95 V.2
T 256m2 o A Tal anIs XXX X )T iogr o T pUs(X, XX X, ),
B 3 1 1 D 1
a5 230472 [A”( 2 gI ,me 5 XX )+48g3C112(x o XX ) +36 E Aqucm(x| X X, )
i
321 1
+—211527T o i;,zqu[F 0 Dml(x x 5 x x )+489 Dml(x x o x x )]
i g4
1 B 3 711300
dl_:f‘,zﬂ-z q=2U,D XJ:,IJKD1211(X;/.’Xq| 'XQ X ) I ngl Q Q ClZl(XuX X )
. 2
' 91 _ 19 El
_ B T2t 0 _ 1/2-T5yB ,
842 2o 122, PO ELMZDa(E NG (X, X X ) e 2 (~DYETAVIT [ Us(x, X, X, X))
2F D‘l)m(x X, X, Xy )] 128772 E (—1)Y2- TZ[I‘ LUs(x Xo, % x) 2F D‘l)m(x XX, X, )]
B
— 19 _1yi-1 31 12-T9
Cq%_2304q72(i—21,2( D)IGFIC {Xg, XoXo,) + 4005 nz(xo.’XS’XQa)) 15272 o2 (7Y
4
2
X i:ELZ( 1) Fzg,zAﬁlJKDim(x Xo X X )™ 489%.1}:|JKD1211(X Xo X %o )| i 16”25522’3'2836221(x XX, )
| 019

522])U4(X”’1X11X21XQ|)]
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1 A
_ _1y\12-T3 _ 2B (1t 2t
627 q:EU,D( 1) zi2212< D'g7er (h 2 ai(Z,h )iaC3, (X, X X, )
o; 95
. BrEl _ opF 0 . E.2
a2 o Vel e UsX, X X, ) =200 D0 06X X X 1= 30 [T VS0, X, %)

_ F 0
2" D (Xu’XZ’Xq, ,XQJ)]. (C1

g3 1111

APPENDIX D: THE COUPLING CONSTANTS AND LOOP FUNCTIONS

The loop functions are defined as
P (xy)=—B° (x,y)+3B" (x )—EBZ (X,Y)
pXY)= =6 (XY 1A%y 3% 15 )

Qu(x,y,2)=CL (x,y,2) +yC?, (x,y,2)+2C0 (x,y,2),

Qu(x,y,2)=C2 (X.,2) +YC (x.y,2) +2C" (.Y, 2),

113

Qs(x,y,2)=C (X,y,2) +XC?31(x,y,z) +2C° (x,¥,2),

122 113
Qu(x.y,2)=C (X,y,2) +XC}_(Xy,2)+2C} (X,Y,2),

Qs(x,y,2)=C% (x,y,2)+2C%, (%,y,2) —4C}, (X,Y,2),

122 131 121
Qs(X,Y,2)=C] (X,y,2)+2C} (%,y,2)+2C2 (x,y,2),

Q(x,y,2)=C (x,y,2)+2C". (x,y,2),

122 131

QS(va!Z):4cl (X,y,Z)—ZCZ (x,y,z)—Cz (X,y,Z)+y(2Cl (X,y,Z)+Cl (X,y,Z)),

121 131 122 131 122

QQ(X!va) :C;n(x,yl) +C1 (X,y,Z),

112

Quo(X,Y,2)=C2 (X,y,2)+2C% (x,y,2) —4Ct (X,y,2),

212 311 211

Ui(x,y,zW)=2D} (X,y,Z,W)+D: _(X,Y,Z,W),

Ux(X,y,z,W)=4D* (x,y,z,W)—D? (X,¥,zW)—D?_(X,y,z,W)—D? (X,y,Z,W),

1111 1211 1121 1112

Us(X,y,Z,W)= Dim(x,y,z,w) + Dim(x,y,z,w) + Dim(x,y,z,w),

1 1
1211(x,y,z,w) o D1121()(’y’z’W)’

U4(X,Y,2,W)=D
Us(x,y,zW)=D! (x,y,zW)+D! (x,y,z,w). (D1)

1121 1112

The coupling constants are
£ =X X (2= s2)Re(h )ac0s ¢, + @) —Im(h )assin(e, + @) (=12,
& =X x(Im(h )as(c2—s2)cos o, + @) + Reth assin(¢, + @) (1=1,2),
& =8,c,\X X codp,+¢) (=12,
g =s,c\x xsing,+e) (=12,
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7= czxﬂ+ 2s,c\x X code, ) (i=12),

7y =S + 2sBcB\/§ coge, o) (i=12),

nzizxi+4sﬁcﬁ\/§cos{zpﬂ+¢i) (i=1,2),

Ay =X X {RELZ2(2ThT) *Teos ¢, + @) —Im[ 23 (ZIN])Psin(e, + @)} (i=1, or 2),
AL = X X (R Z2(ZIh!)3sin(e, + @)+ Im[ 22 (ZIhT)%]cog @, + ¢} (i=1, or 2),
AizRe{ZZ'[Zéci(thu)e,ﬁsz(h;hD)Zq]”ZéB},

AP= |m{zg'[zgc§(h$hu)33+ sz(h;hD)zQ]”zg“},

AL =Ra(h]2D¥2%), A7 =Im((h] 20)¥2}?),

AL =Re23(ZIh)'9), AC =Im(23(ZIh)'?),
AY = C2RE(Z,h )P (2 h hZDP(Z 0 )7,

D _ A2 13l T Zt\1J J3
AR =cAml (2 h )T (2 h hl 22z h )",

[UAN) uuwu u

U _2 13l T Zt\1J J3
AY =s2R(Z )1 (2 h bt 2z h ),

D,lJ D DD D

D _2 13l T =Zt\1J J3
AR =s2ml(Z )1 (Z h h! 2!z h ),

D,1J D DD D

! =\/Z{Re[zg'(z Az )T'sz3]c05¢i—|m[zg'(z A 2)™MzB]sing} (i=1, or 3),

u,13 U uQ u u Q

N =\/Z{Re[zg'(z Az )T”zf]singoiﬂm[zg'(z A Z )M ZB]cose} (i=1, or 3),

U1l U U U U

rjuz \/x_M{Re[(h;z;)a(z Az )(2Ih!)P]cose, —Im[ (h! 21)% (2 Az (2N Psing ),

D' 'DTQ D' DTQ

rjljz \/x_M{Re[(h;z;)m(z Az )'J(Zth)B]sincpﬂ—irIm[(h;ZE)g'(Z Az )'J(ZLhL)B]COS(pH},

D D Q D D Q

r’ =Re(h Z )3 (Z Az ),TJfo‘][cﬂ\/x—#cos<pu+sﬁ\/x—lcos<pl]+Im[(hUZQ)g,(Z A 2)!,25]

(VRN Uu U Q u u Q

x[c, \x sing,— sﬁ\/x—lsin e1],

FEM: cB\/X_M{Re[(hUZQ)g.(ZUAUZQ)LzﬂS]Cos%Jr 'm[(huzo)sl(ZUAUZQ%TJZf]sinqo,L},

FE,u: Im[(hUZQ)sl(ZUAUZQ)LZLJf][cB\/Zcos%ﬁ SB\/X—lcos‘Pl]_Re[(thQ)m(ZUAUZQ)LZﬂS]
X[ X sing,—s \/x sine,],

FE'”:Cﬁ\/X_“{Im[(hUZQ)3'(ZUAUZQ)LZf]COS‘PM_Re[(huzo)sl(ZUAUZQ)LZ[]Js]SmGDM}.

Vi t =t A 1J3
L) =Re(hfZDa(Z A 2 ), 2] ]SB(CB\/X_#COSqJ#-i-SB\/ZCOSQDi)

(VRN Uu u Q
Tt A 133 ; : -
—Im[(hUZU)g),(ZUAUZQ),JZQ ]sﬁ(cﬁ\/x_ﬂsmgoﬂ—sﬁ\/;ismgoi) (i=1,2),
Bl _ Tzt A 133 i i
I, =Re(hfZDa(Z A Z),2] ]SB(Cﬁ\/X_ﬂSIn(pM—Sﬂ\/ZSIn(pi)
Tt A 133 -
+Im[(hUZU)g),(z’ZUAUZQ),JZQ ]SB(CB\/X_MCOS(,D#-FSB\/ZCOS(pi) (i=1,2),
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w = Tzt A 1tJ3 _ t >t N 1337
= S,C X AR (N Z)ai(Z A Z )32, 1cose, —Im[(h Z)51(Z A Z )2, 1sing ),

Fo_ t =t A 1337 i t =t A +J3
=s,c X (RE(NZN)5(ZA Z ), ZI0sing, +Im[(h[ 215 (£ A Z )1,217]cose,},

a3

F\;"iuz - Re[(hgzg)g,(ZDADZQ),JZ(T;?’]CB(SB\/x_ﬂcos<p#+ CB\/X—iCOS(pi)
+|m[(h$zg)3|(ZDADZQ)|JZ$J3]Cﬁ(Sﬁ\/X_MSin(p#—CB\/X—iSin(pi),

TE’,iu: - Rd(hgzg)m(ZDADZQ)HZE?’]CE(SE\/X_MSM go#—cﬁ\/x—isin )
—|m[(h;zg)3|(ZDADZQ)|JZ$J3]Cﬁ(SB\/X_MCOS(,DM-FCﬁ\/X—iCOSQi),

% =32Re[ZT3'(Z Az )IJ(Z Az )TJKZTK3],
B u U uQ U uQ u

U, 1K

X =sIm[ 21%(Z A2 )P (2 A 2 )PKzR,

U, 10K u u Q u u Q

X W= XREMZ)NEZA Z)M(Z A Z)MZh)DY] (a=U.D, x,=s) x,=¢c)),

q.19K

x’: =qum[(huzo)“(ququ)“J(ququ)JK(z;hp“] (@=U.D, x,=s% x,=c?),

1JK

T 3l A t A K3 — —a2 2
X =X REZAZA Z)NZA Z)xZX°] (=U.D, x,=5% x,=c?),

13

_ 3l A T A K3 — —2 _ 2
X=X IMIZY(ZA ZO)h(ZA 2201 (a=U.D, x,=5) x,=c2),

19K

_ T =t A A T — 2 _ A2
X EXRAMIZNG(ZA Z)(ZA Z)5(Zh)ks]  (A=U.D, x, =% x,=¢2),

13K i
XE,IJK:qum[(h;ZZ)S'(ZquZQ)'J(ZquZQ)IK(thq)K?’] (q=U.D, XU=S§, XD:C/23)' (D2)
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