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Rare top quark decayst—cV in the top-color-assisted technicolor model
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We consider the rare top quark decays in the framework of the top-color-assisted tech@@i@dpmodel.
We find that the contributions of top-pions and top-Higgs-bosons predicted by the TC2 model can enhance the
SM branching ratios by as much as 6—9 orders of magnitude; i.e., in the extreme case, the orders of magnitude
of branching ratios ar8r(t—cg)~10"°, Br(t—cZ)~107°, Br(t—cy)~10 ’. With reasonable values of
the parameters in the TC2 model, such rare top quark decays may be testable in future experiments. Therefore,
rare top quark decays provide a unique way to test the TC2 model.
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[. INTRODUCTION publications related to this field1-13. Another feature of
the TC2 model is the existence of large flavor-changing cou-
It is widely believed that the top quark, with a mass of theplings. For TC2 models, top-color interactions are non-
order of the electroweak scale, plays an important role irlniversal and therefore do not possess a GIM mechanism,
particle physics. Its unusually large mass makes it more senvhich results in a new flavor-changing coupling vertices
sitive to certain types of flavor-changir§C) interactions. ~ When one writes the interactions in the quark mass eigenba-
In the standard modelSM), because of the Glashow- SiS- Thus, the top-pions and top-Higgs-bosons predicted by
lliopoulos-Maiani(GIM) mechanism, the rare top quark de- this kind of models have large Yukawa couplings to the third
cayst—cV (V=2,v,g) are very smal[1], far below the generation and can |ndL_Jce the new fIavor-cr_langmg cou-
feasible experimental possibilities at the future coIIidersp“ngs' Such flavor-changing couplings would give contribu-

- - ; tions to the rare decays—cV. Because the rare top quark
Large Hadron CollidetLHC) or Linear Collider(LC) [2]. In :
some new physics models beyond the SM, the decay width\%gggzgof_’r(;\r/ecs)n haurglr)l: %Z(?:tgcvt\?odullg tbhee ;Mdr?;r%b?bjgts
of the rare top quark decays—cV may be significantly Pa y g

signal of new physics. So the study of rare top quark decays
enhanced because of the appearance of large flavor changi hin the fran‘rn)ev)\//ork of the TC2 m)(/)del wouldpb?a a feasiblg

couplings at the tree level. Various rare top quark decayaihod to test the TC2 model. Referefit#] has considered

have been extensively studied in the $14, multi-Higgs-  he contributions of these particles to the rare top quark de-
doublet model(MHDM) [3-5], technicolor model6,11],  cay ¢, cg. However, Ref[11] only considered the contri-

minimal supersymmetric standard mod@1SSM) [7-9],  pytions of neutral top-pionsI® and did not consider the

and other new physics models. They have shown t_hat, Wi,tlaontributions of the charged top-piofi§” . In this paper, we
reasonable values for the parameters, the branching ratiQgstematically calculate the contributions of the top-pions
Br(t—cV) could be within the observable threshold of fu- (H? I1;%) and top-Higgs-bosonsh() to the rare top quark
ture experiments. _ decayst—cV in the TC2 model, and find that the TC2
The top-color-assisted technicolGfC2) model[10] con-  ode| can significantly enhanced the rare top quark decays

nects the top quark with electroweak symmetry breaking ¢y, and may approach the detectability threshold of fu-
(EWSB). In this model, the top-color interactions make ture experiments.

small contributions to the EWSB and give rise to the main

part of the top quark mass (le)m; with a model dependent

parameter 0.08 e<0.1. The TC interactions play a main Il. RARE TOP QUARK DECAYS t—cV
role in the breaking of the electroweak gauge symmetry. The IN THE TC2 MODEL

extend TC(ETC) interactions give rise to the masses of the . .
ordinary fermions including a very small portion of the top . The 'CIJ'CZimodeI pred|cts that .the existence of the'top-
qguark masem, . This kind of model predicts three top-pions pthS.Ht 11y, top-pions would give new fIavor. changing
(11°,11;°) and one top-Higgs-bosorhy) with large Yukawa couplings at the tree level. The relevant interactions of these

couplings to the third generation. These new particles can bté)p—plons with theb, t andc quarks can be written 440,12

regarded as a typical feature of the TC2 model. Thus, study-

ing the possible signature of these particles and their contri- m, \/vi—Ff _ — —
butions to some processes at high energy colliders is a goodﬁ U—[IKSRKELtLtRH?+ V2K{RKRY bLtRIT;
method of testing the TC2 model. There have been many t @

K SRk Lt CRITY+ V2K{TKBY by el +H.cl,
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wherev,= v/ J—~ 174 GeV, and-, is the decay constant of contributions of the top-pions and top-Higgs-bosons to the
the top-pions.K{, are the matrix elements of the unitary rare top quark decays—cV are shown in Fig. 1. Using Eq.
matrix Ky, from which the Cabibbo-Kobayashi-Maskawa (1) and other relevant Feynman rules, we obtain the relative
(CKM) matrix can be derived ag=K,Kp, , andK|); are ~amplitudes of the rare top quark decayscV:

the matrix elements of the right-handed rotation mati .

Their values can be written as _

N - N tc , My=UcL(Fy1y*+Fyvapf+Fysp)ue . (M), ©)
KoL=KpL=1, Kyr=1l—€, K{r=V2e—€". (2

In the following calculation, we tak&{jz=12e—€” and  \here L =(1— ys)/2 is the left-handed projector. The ex-

take e as a free parameter. pressions of ; (V=2Z,v,9, i=1,2,3) in Eq.(3) can be ob-
The TC2 model also predicts@P-even scalah;, called  tained by straightforward calculations of the diagrams shown

the top-Higgs-bosofil2], which is att bound and analogous in Fig. 1. Because aih.>m.(m,), for the sake of simplicity,

to the o particle in low energy QCD. Its couplings to quarks we have neglected the terms proportionalnig,my, in Eq.

are similar to that of the neutral top-pion except that the(3). It can be seen that each diagram actually contains ultra-

neutral top-pion iSCP odd. All the Feynman rules of top- violet divergences. Because there are no corresponding tree-

pions and top-Higgs-bosons relevanttte cV are shown in  level terms to absorb these divergences, all the ultraviolet

Appendix A. divergences cancel in the effective vertex. Then, the widths
The above large Yukawa couplings will effect the rare topof the rare top quark decays contributed by top-pions and

guark decays— cV. The relevant Feynman diagrams for the top-Higgs-bosons can be written as

1 2\ 1
[(t—c2Z)= T6mm, ( 1- m—tz)8—'\/@[F§1(4m$|v|§—8M§+4mf)+F§Z(—3me§+ m+3mZM4—MS) +F2,(m2—M2)3

+(Fgq-F3,4Fzp - F3)(—4mM3M2+2mP+ 2M5my) + (F 75 F35+ F 75 F3,)

X (—3mIMZ+mp+3mIM 5 —M3) +2(Fzy- Fig+Fzg- F3) (M —M2)%my], (4)
1 2 2 2 4 1
F(t_)c‘}/):% Fylmt_EFyzmt_E(Fylez"'FyzF 1)mt (FyZF 3+F73F 2)mt , (5
1 2 * * 3 1 * * 4
I't—cg)=——— 16mm, F 1mt— Zngmt (Fgngz—i— ngFgl)mt—Z(ngng—i— FgaFg)my |, (6)

wherem; and M, denote the masses of top quark and take it in the range of 0.03-0. ]nno My, My, denote the
boson, respectively. The explicit expressions of the form fact,5sses of neural top-piof? charged top piodl,", top-

torsF,i,Fzi,Fgi are given in Appendix B. Higgs-boson K°), respectively. As a result of the split of the
My and My only coming from the electroweak interac-

tions, the difference on‘nHo and My is very small and can

According to the above calculations, we can give the nube ignored. Here, we takmno—mnf My, The mass of

merical results of the branching ratio bf>cV contributed top-pions is estimated ifLO]; the results show that thaH

0
g);(lt];ir\]?) hdefllr?egh:{ijaper we adopt the branching ratios, is allowed to be in the region of a few hundred GeV depend-

ing on the models. Estimating the contributions of top-pions

to the rare top quark decays-cV, we take the mass of the
Br(t—cV)= I'(t—cVv) ' (7) top-pion to vary in the range of 200—500 GeV in this paper.
I(t—W"b) The mass ofi, can be estimated in the Nambu—Jona-Lasinio

(NJL) model in the largeN, approximation and is found to

Before numerical calculations, we need to specify the pabe of the order ofn, ~2m; [12,14]. This estimation is rather
rameters involved. We take m=175 GeV, My
=91.18 GeV, s4=siP4y=0.23, @,=1/128.9, and as
=0.118. Now, there are still four free parametersmng,

IIl. THE NUMERICAL RESULTS AND CONCLUSIONS

crude and the masses well below tttethreshold are quite
possible and occur in a variety of cagé$]. As the branch-
ing ratios are proportional to € €2)(1— €)?, to cancel the
My, M, . Here € is a model dependent parameter and weinfluence ofe on the branching ratio, we summarized the
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FIG. 1. The Feynman diagrams for the contributions of the top-

pions (H?,Hf) and top-Higgs-bosonsh() to the rare top quark
decayst—cV.

final numerical results oBr(t—cV)/(2e—€?)(1—¢€)? in
Figs. 2—4.

Figures 2—4 are plots oBr(t—cV)/(2e—€?)(1—€)?
versusmnt(ZOO—SOO GeV) formht=200 GeV, 250 GeV,

300 GeV, respectively. We can see that the branching ratio of
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FIG. 2. The branching rati®r(t—cy)/(2e— €?)(1—€)? as a
function of top-pion massny, for the mass of top-Higgs-bosons
mht:200 GeV (solid ling), mh1:250 GeV (dashed ling Mp,
=300 GeV(dotted ling, respectively.

t—cy is two orders of magnitude smaller than that tof
—cZ andt—cg. TheBr(t—cy) decreases asy, increase

and M, decreases for smalhn(, but for Iargemnt, it in-
creases withmy; increasing andn, decreasing. Thér(t

—CZ) is very sensitive to the top-pion mass and decreases
with My, and Mp, increasing. But for very Iargmnt, the
branching ratio of —cZ hardly changes with thmht. As for
t—cg, the branching ratio decreases very sharplym#;,
increases for smarhnt. In most cases, the orders of magni-
tude of the branching ratios amr(t—cg)~10 °, Br(t
—c2)~10"°, Br(t—cy)~10".

Comparing with the theoretical predictions in the other
models, we list the maximum levels Bfr(t—cV) predicted
by the SM[1], the MSSM[5] and the TC2 model in Table I.
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FIG. 3. The same as Fig. 2 but for the process$-efcZ.
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Br(t—q(u,c)Z)=2x10"%;
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LC (for 100 fo ! of integrated luminosity.
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Comparing the theoretical predictions in the TC2 model with
the sensitivities of future high luminosity collidex6HC,

LC, TEV33), we can conclude that the TC2 model can en-
hance the branching ratidr(t—cV) to be within the ob-
servable threshold of future experiments, especially tfor
—cZ. LHC seems to be the most suitable collider where to
test rare top quark decays. The LC is limited by statistics but
in compensation every collected event is clear-cut. So this
500 machine could eventually be of much help, especially for
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m_(GeV) high luminosity.
) In conclusion, we have calculated the rare top quark de-
FIG. 4. The same as Fig. 2 but for the process-efcg. cayst—cV in the TC2 model. We find that the contributions

arising fromII; andh; predicted by the TC2 model indeed
It is shown that the branching ratios bf-cV in the TC2  significantly enhance the branching ratios of the rare top
model are significantly larger than that in the SM andquark decays. The channels:cZ andt—cg are found to
MSSM. The contributions off, andh? can enhance the SM have the larger branching ratios, which can reach1for
branching ratios by as much as 6— 9 orders of magnitude. Othe favorable parameter values and may be detectable in fu-
the other handBr(t—cZ) predicted by the TC2 model is ture high energy colliders. Therefore, the rare top quark de-
about 3 orders of magnitude larger than that predicted bgays provide us a unique way to test the TC2 model. Other-
MSSM. So the mode df—cZ is especially important for us Wise,Br(t—cZ) predicted by the TC2 model is much larger
to distinguish the TC2 model from the MSSM. than that predicted by the MSSM. So we can distinguish the

To assess the discovery reach of the rare top quark decay$-2 model from the MSSM via the—cZ mode.

in future high energy colliders, Ref16] has roughly esti-
mated the following sensitivities:
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Br(t—q(u,c)y)=4X 1074, APPENDIX A: THE FEYNMAN RULES NEEDED

IN THE CALCULATIONS
Br(t—q(u,c)Z)=3.8x10 3; . . .
Based on the effective Yukawa couplings to ordinary fer-

LHC (for 100 fo-® of integrated luminosity mions of the top—.plons and top-Higgs-bosons in the TC2
model, we can write down the relevant Feynman rules used
in thi :

Br(t—q(u,c)y)=10 4ATLAS), In this paper
Br(t—q(u,c)y)=3.4x 10" 5(MS), 19 — m Vv, —Fy (1 )ve. (A1)
V2F, v

TABLE I. Theoretical predictions for branching ratios of the
rare top quark decays—cV.

SM MSSM TC2 Mite: \/—Ft v 5 —V2e— €, (A2)
Br(t—cZ2) 0(10 ) 0(10° ) 010 %
Br(t—cy) o(10 B 0(10°7) 0(10°9) Ju ? ? 1+
Br(t—cq) o(10™ 1Y o(10™% 0O(10 % I1, th: |\/_\/_ 275(1—6), (A3)
I
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Hereg=el/2c,,, andcy=cosé,, is the Weinberg angle.

APPENDIX B: THE EXPLICIT EXPRESSIONS OF THE
FORM FACTORS Fy;

The explicit expressions of the form factdfg; used in
Egs.(3)—(6) can be written as

kzz le"'sz FZI ’

kEFy,,

(B1)

i
:kgz ng
a=a

Here,a=a,b,c,d,e,f,g,h,i and 8=]j,k denote each Feyn-

man diagrams in Fig. Fy,;(V=1,Z,9i=1,2,3) are the con-

tributions arising from corresponding Feynman diagrams:

8
Fo,= §S\ZN(Bg+ BY), (B2)

2
F31=2| 1- 253 | - (G- O iyt O 2059

1
C§3) - 2C24+ ~ |

(M= M2)(C5,~ 5 (83)

2
Fgo= —4( 1- §s\%v) my(C5,— CS), (B4)

2
Fia=a| 1- 55 m(Ci1- Cizt G+ C- 2050, (89

F91=4(1-2s3)C3,, (B6)

Fd,=—2(1-2s3)m(4C,—2C%,—2C%+C%—CY)),
(B7)

= —2(1-2sf,)m(2C3,— 2C3+C,— CYy), (B8)
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4
F21=3SW(B5—B5 ), (89)
f 4 2 f * f * f
Fzi= §SW(Bl+Bl +2B; ), (B10)
g 4. 2(~9 g g
Fz1= 1_§5w [m{(C3,—2C3;+C35;
+C3P—2CE9+ CE9) +(2CY,+2CE9—1)]
4, 5 g g *xg_ %
~ 35w (Ci,—C1,+Ci7 —Ci7)
4
[ 1 gk om -3 cg- ot cap-cap)
8 g
+ 5 SUmECE?, (B11)
,= —2( 1- —sw> my(C$,+ C%,— 2C,+ C52+C37
—2C39-2C9—-2CrY), (B12)
Fis3= _2( 1- _Sw) my(C3;— C3,+ C39—C37)
8
- §Swmt(clz C 2) (813)
Fb,=—-2Ch,, (B14)
Fp,=my(4C35—2C5,—2C,+ C— Cl,+ Cl), (B15)
Fb,=my(2Ch,—2Ch,+3Ch,—Ch +Ch), (B16)
Fy=—2Ch,, (B17)
Fl,=my(4Ch3—2C},— 2Ch,— C{+3C},—3Cyy), (B19)
Fla=my(2C},— 2Chy— Cl,— Chy— Cp), (B19)
i 4 2 i i
Fo= §Swmt(C12_ C1), (B20)
Fs=—35Cha. (B21)
K 4., K kv 4ok
Fo=my| 1- 5% (Cl-Chy+3shct), (B22)
k 4, k
Fip=—2 1- 254, (Ch—Cy, (B23)
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4
Z(Bg+BY),

b _
Fh=-3

2
c _
Foi=3

—mf(C§,—C
4
Fizz §mt(c(1:1_

4
Sa=— §mt(ng— C33),

1
12+ C5—C359 —2C5,+ ik

12+ Co1+ C3,-2C5y),

Y
4C24,
ngz —2my(4C9;—2C5,— 2C5,+ CJ,~ CY),
F(ia: —2my(2C5,— 2C%+CY,—CYy),
2
S YR
2
Fli=—3(Bi+Bi'+2B3)),
2
Fa=—3l- m{(C3,— C3y+ C§,— Clp+ C3f—
~CH)+(~2C3,- 258+ 1)]- 3miCs?

4
Fle=—3M(C3+C3,

* *
+C g_ lZg)!

4
Fls=— §mt[cgs_ C3,~ Cf,+C35—

Fgi=—2(Bg+BY),

c _ 2/ ~C
g1= — 2| —m(Cyy

Fgo=—4m(Ci,—

ngz 4my(C3,—C39),
——(BS-B3°),
=—(By+B}'+2B}"),

Fo= m;(C%;— C$

4+ CY,—C,+C5P

—2CY,—2C38+1-2mfC}9,

C32+C33

1
CitC3—C39)—2Co+ 5|,

CiytC5+C5—2C3y),

* *
—C39+Ci7

C33

(B24)

(B25)

(B26)

(B27)

(B28)

(B29)

(B30)

(B31)

(B32)

J+Cif

(B33)

—2C3;+2CiP+C57—2C%)

(B34)

(B35)

(B36)

(B37)
(B38)

(B39)
(B40)
(B41)
12)
(B42)
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Fd,=—2m(CY;+ Ch— 2CY;+2C3 I+ C3f— 2C3+ C3J

—2C35 (B43)
Fgs=—2m{C3;— C3,+C3J—-C37 121
(B44)
‘ i mt ULZU 5 1 )
= \/ e—eX(1—e
T 16m22F2 2
k’ . | thZ \ U _Ft g
z 3277 V2vu, Ve C\ZN
i mt v -
k,=— \/26 €“(1—e)e,
Y 16m2 2F2 A e
; 2 2 2
i m; v, —F;
kKy=— — J2e—€%(1—€)g.T?, B45

BP=Bj(—pr.Mp,My),  Bf=By(—pc,mpo,my),

B *=Bi(—Pc.Mn, M), Bif:Bi(_ptrmH?vmt)a
Bi*f:Bi(_ptamhtymt)y
Cicj:Cij(_pt!pV!mH[ivmb!mb)v
Cidj:Cij(_pt-pVambamHttamHtt)a
C%:Cij(_ptvvamH?vmt:mt)y
Cﬁg=cij(_pt,pv,mhtymt,mt),
Cir}zcij(_pt!pV!mtvmhtrmH?)a
C:j:Cij(_ptapvamtvmﬂgimht)i
ij:Cij(_pt-pv-mtymhtyMz).
Cl=Cij(—pr,pv,m;,Mz,mp). (B46)

Here gs=V4ma, T are the Gell-ManrSU(3). matrices.
Bi, Cj; are two-point and there-point scalar integrats.
represents the momenta &f y, g, respectively.
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