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Abstract

We recalculate the branching ratios for> ¢V (V = g, y, Z) induced by SUSY FCNC couplings within the general un-
constrained MSSM framework using mass eigenstate approach. Our results show that the branching ratios for these decays are
larger than ones reported in previous literatures in the MSSM with R-parity conservation, and they can 16ath~ 1076,
and~ 1075, respectively, for favorable parameter values allowing by current precise experiments. Thus, the branching ratios
fort — ¢g andt — ¢y may be measurable at the LHC.
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1. Introduction

The top quark flavor changing neutral current (FCNC) processesV (V = g, v, Z) have tiny branching
ratios in the standard model (SN1)], and are too small to be measurable in the future colliders, and thus any
detected signal of these rare decay events definiteigates some new physics beyond the SM. Actualy, ¢V
(V =g, v, Z) have been studied in various new physics models beyond the SM in detail, such as the two-Higgs-
doublet model (2HDM]1,2], the technicolor model (TJR], the top-color-assisted technicolor model (T¢A)
the models with extra vector-like quark singl¢tg, the minimal supersymmetry (SUSY) extension of the SM
(MSSM) with R-parity conservatiof—11] and without R-parity conservatiqi2]. The decay branching ratios
fort — ¢V (V =g, y, Z) are enhanced in general several orders of magnitude in these new physics models. The
MSSM, which is believed as one of the most attractive candidates of new physics model, has gotten many attentions,
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Table 1
t — ¢V (V =g, v, Z) branching ratios of previous calculatis. ‘CKM1’ and ‘CKM2’ refer to modelswith extra vector-like up-type quark
singlets and down-type quasinglets, respectivelib], and ‘RPV’ refers to SUSY modekdlowing R-parity violation

Decay SM 2HDM  TC TC2 CKM1 CKM2 RPV  MSSM

mode [6] [71 [8] [9] [10]  [11]
t—cg 10018 10°° 106 105 101 107 108 106 105 105 10° 10° 10
t—cy 10714 1077 108 107 1012 108 105 108 107 107 107 106

t—cZ 1015 1076 107 105 104 1074 104 108 106 106 107 106

and the investigation af — ¢V (V =g, y, Z) in the MSSM is a long story. Li et al. studied one-loop SUSY-QCD
and SUSY-EW contributions in Ref6], subsequently G. Couture et al. recalculated and generalized the SUSY-
QCD corrections to include the left-hand (LH) squark mixing in Réf.and the right-hand (RH) squark mixing in
Ref.[8]. All works above are within the framework of the MSSM with flavor-universal soft SUSY breaking terms.
Later J.L. Lopez et al. further generalized the SUSY-Eu@Vrections to the case of including neutralino-quark-
squark loops in Ref9]. and de Divitiis et al. reinvestigated— ¢V (V = g, y, Z) in the universal case as well as
non-universal case in R4fL0], and obtained different results from R, 7] due to the calculation of the relevant
SUSY mixing angles and diagrams involving a helicity flip in the gluino line, which was confirmed by J. Guasch
et al. in a RG-based framework for— cg decay[11]. All the above results of the MSSM are summarized in
Table 1(for comparing, we also list the results of the SM and new physics models mentioned above), one can find
that they are all below & 10~°, which is the roughly estimated sensitigs for the measurements of top rare decay

at the LHC with 100 fo* of integrated luminosity11].

However, all the previous works are limited to some constrained MSSM, in which some strong assumptions
or additional parameters besides ones in the MSSM are introduced to describe the FCNC couplings, but no any
strong theoretical reasons of them have been found so far. It is necessary to study the FCNC top quark decays in the
unconstrained MSSNL 3], where the assumptions about the soft SUSY breaking terms are relaxed and new sources
of flavor violation are presented in the mass matrices of sfermions, and consequently, some large contributions
to FCNC processes induced by SUSY FCNC couplingaifralino—quark—squark coupling and gluino—quark—
squark coupling) can be obtameSince the contributions to the top FCNEcays mediated by the charged current
interactions (fromW*, H*, G* and x*) are invisibly small as shown in the previous wofgs-11] and cannot
be enhanced in this framework, in this paper we will reinvestigate thecV (V = g, y, Z) only via SUSY
FCNC couplings in the unconstrained MSSM, and try to show what are the maximal branching raties &f
(V=g,v, Z) inthe MSSM using SUSY parameters allowed byreat data, and whether they can be detected at
the LHC.

2. Thet - ¢V (V=g,y, Z) processinduced by SUSY FCNC

In the super-CKM basifL3], in which the mass matrices of the quark fields are diagonal by rotating the super-
fields, the up squark mass matvbdg is a 6x 6 matrix, which has the form:

((MS)LL + (m; cos2pm? (3 — §sir? 0w))13 (MG = Cmu ot ) )

(M2)} p — 1(m, COtB) 13 (M2) g + (m? cos m3 (3 — 2sinPow))1s

wheredy is the Weinberg anglds stands for the 3 3 unit matrix, the anglg is defined by taB = v2/v1, the ratio
of vacuum expectation values of the two Higgs doubletss the Higgs mixing parameter in the superpotential,
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and(Ml%])LL, (Mg)RR, and(Ml%])LR contain the flavor-changing entries, which are given by
2 2 U, g2 T, Ut 2 U Ut
(M2),, = =vY MQV , (M(j)RR =V M) Ve, (MU) =————V AL VR, 2

U LR Nz

respectively. Hereflé, M,ZJ’D andAy, p are the soft brokeBU (2) doublet squark mass squared matrix, $g2)
singlet squark mass squared matrix and the trilinear cogiphiatrix, respectively. They are directly related to the
mechanism of SUSY breaking, and are in general not diagonal in the super-CKM basis. Furtheﬂl@@ljﬁq,

arising from the trilinear terms in the soft potential, namély;; HyU; Uj?, is not Hermitian. The matriX\/l% can
further be diagonalized by an additionak& unitary matrixZ; to give the up squark mass eigenvalues

(Mgﬁ)diagz ZITJM?]ZU- 3)

Thus, we get new sources of flavor-changing neutuatent: neutralino—quark—squark coupling and gluino—
quark—squark coupling, which arise from the off-diagonal elemeth?’]f)LL, (M127)LR and(M(%j)RR, and can be
writtenas ( =1,2,3,i=1,...,6,j=1,2,3,4)

g = Gir — qus: i\/igsTras[_(ZU)IiPL + (Zu)(1+3)i Pr]

- ~ . 1
30— Gir —qus: l5rs{ [ (Zu)ri (§SW(ZN)1j + CW(ZN)Zj) - Y,,I(ZU)(1+3)i(ZN)4j}PL
V2swew

2/2e
S—(ZU)(I+3)1(ZN)11 —Y(Zuy)1i(ZN)aj | Pr
Hereswy = sinfw, cw = cosbw, Pr.r = (LF y5)/2, T4 is theSU(3) color matrix with color index, r, s, and

the unitary transformatiofd i dlagonahzes mass matrlx of gauginos aigblsinos to obtain the neutralinos. Thus
the flavor changing effects of soft broken terM%, ij and Ay on the observables can be obtained through the
matrix Zy .

For the aim of this Letter, the following strategy irethumerical calculations of ¢hdecay branching ratios of
t — ¢V will be used: first we deal with the LL, LR, RL and RR blocks of the maI‘r/ikf7 separately and in each
block we only consider the effects afdividual element on the top quark ratecays, and then we investigate the
interference effects between some different entriesimitime block and the interference effects between differ-
ent blocks. In order to simplify the calculation we further assume that all diagonal entrmsginb (M(%])LR,

(M127)RL and(M(?])RR are set to be equal to the common vaMéusy, and then normalize the off-diagonal ele-
ments toM3 5y [14,15)

2.ij 2\
(8”) _ (M(J)LL (8”) _ (M(J)RR
UJLL — 2 ’ UJRR — 2 ’
Mgysy Mgysy
y M2 y M2,
(SZ)LRZ g ) (SZ)RLZ g s iF) =123 4)
Msysy Msysy
Thus(Mg)LL can be written as follows:
1 P GPre
(M2),, =Mysy | 6Fh1L 1 P |, (5)

GHee e 1
and analogously for all the other blocks.
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Fig. 1. Feynman diagrams for— ¢V (V =g, v, Z).

The related Feynman diagrams for> ¢V (V = g, y, Z) induced by the SUSY FCNC are shownhig. 1
Neglecting the charm quark mass, the amplitude of the decay process is given by

M =i(p) V' u(peu(k, 1), (6)

wherep;, p., andk are the momenta of the top-quark, charm-quark, and gauge boson, respectively(and
is the polarization vector for the gauge boson. The vevtéxan be written as

VI = —iy"(PLFL + PRFE) — a o (PLE + PRES). @)
whereF‘%fz)) are the form factors, and their explicit expressions through the SUSY-QCD FENE{; — ;) are:
—iTe Q2
;‘1 = 967‘[2:’:1 Z{mg V7r (9C8m,2V5L Ve + 8VaVsr B({) +m; V7L, [2V5LC30V3 + 9V Vs
t
=1
(2Cho+ Ch(m% —m2) — Chm? — BY) — 8VaVsrB{ | — 8mgVaVsL Vi B}, 8)
Ffi= Fng(VSL R < Vsr.L, VIL.R < VIR,L), )

6

a

25 Z Var{m VL [(Clo+ €5 + C5,) Vs + 9(C1p + C5 + C5,) Ve
—1

_mgV7R[(C0 +cf +C§’)V3—9(C’{+C§)Ve]}, (10)
F;Q = gz(VSL,R < Vsr,1, ViL,R < V7R.L), (11)
, 6
i
Fl= ﬁ > i VL (2C8oVaVar + ViVsr BY ) +m3ViVar (Vs B§ — VarBg ). (12)
fi=1
F =F}(VsL g < Vor 1, V7o.r < VIR.L), (13)
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. 6
8
Fly= ; = miVaVsr[m (Cy+ €3 + Cy) Vo — mg(CG + Cf + C5) V).
=1

Fl=Fl5(Vs.r <> Vsr.L. ViL.R < ViR.L).

. 6
L 6y P
FL = T 12 1: {mNn( Y~ 2C§oV4' VsL + Vi) Vsr By ) +mgVy; Vir(VsL B§ — Vsr BY )},

I'=1

R L / /
F}i=F (Vi — Vi, VoL, r < VgL, V7o, < VIR, L).

i8rs

6
@ Z mg Vé/V5L[m[ (Ciz + Cg + ng) V7L - mg(CS + Ci + C;) V7R],

1,I'=1

Fzp=

FL
Fzg =F;5(VsL g <> Vsr,L, ViL,.R < VIR,L),

and the explicit expressions through the SUSY-EW FCI)’@ﬁ{ gi —qq) are:

) 6 4
irTt
;1 = T62 Z Z{ZCSomz Vir Var Va + [(Bfa)miko Viz + Bim, Vir)Var — Bg’”zf VirVar |Val,
T =1k=1
FgRl = ng(VlL R < Vir.L, VoL r < V2r L),
p 0T 4
g2 87T2 sz[ VlL V3[(C12+ C2 + sz)m, VZL — (CO —+ Cl —+ Cz)m OVZR]
=1 k=1
ng = ng(VlL R < Vir.L, VoL r < Vg L),

L,R
Fio= Fglz(V3—> Vi, Va— V), T — 1),

Fél 167‘[2 Z Z{ choomtvlL VoL V3

" i=1k=1
+ VL{/L(—BOmXEVlR‘@L + BYm;VirVar + Bgm)?’?VlLV2R)

+ Y mVap[(mZ Var Ve — mo(meVag +m o Va1) VeL)C§

+ Vor Var B§ — 2V21 VarCSo + (m?Var, Var + mym ;0 Var Vag — mim g0 VzRVsL)CE]},

6

. 6 4
Ff,= —2 > thvlL{ > VE(Cla+ €5+ Cop)mi Var — (C§ +Cf + Cg)mso Var]
I=1 k=1 r=1

+ Z —mXIE)VZR VarCi — VgR(m[ Vor Ci, + (m; Vor + m)zl?/ Vor)C5 + m; V2LC§2)]},
'=1

L " "
F21 5= FZLQ(VlL,R < Vir,L, Vor,r < V2r,L, Var g < Vag.p- V8L, R < V8R,L)-

Here
B{ = B; (0, m)z?f’ m%), B’ = B; (m,z,m)zzo, m2), B = B (0, mXo, mz,?/)

B =Bi(Om2md).  Bi=Bi(O.m2m2), B =Bi(mEmmd),

(14)
(15)
(16)
(17)
(18)

(19)

(20)
(21)
(22)

(23)
(24)

(25)

(26)

(27)
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ce. »—C,',,'j(0,0,mtz, 2~0,m2 mz) Cl ij =C; ,j(O 0, m; 2 m2 m2 mz)

Lt q1’ " q1 q’ g8
c 2 2 2 2 2 2
Ci, ij _C,,,j(0,0,m,,mql m~0,mi’8), Cl ij =C; ,j(O 0, mt,mg,mql qu)

e 2 2 2 f 2 2 2
C”j_C,,,j(0,0,m,,mg,mq/ mé]/) and Cttj_C”’-/(O’O’ml’mif’mél’méw)

are 2 and 3-point one-loop integr§ls]. And the relevant couplings are:

-1 _
Vip =i [ ——(Zy)a §SW(ZN)11< +ewZn)ak | — YMI(ZU)sl(ZNMk},
2swew L i
2\/—6
Vig=i (ZU)sz(ZN)lk Y (Zy)2a(Zn)a |,
L o ) 1
Vor =i f —(Zy)3z §SW(ZN)1k+CW(ZN)2k =Y, (Zv)ei(Zn)ak
2swew L _
2\/—6
Vor=1i (ZU)ez(ZN)lk YN Zy)a(Zy)ak |,
o , 2
Va=Va=—igs, V3=V4=—l§e,

3
e 4 /
VI — i 7 Zo) g — 252,50 .
3 12chW |:I§:1( wn(Zu)n 3w

e 2eswy

—3+4s2), v/, = ,

6SWcW( + SW) 4R Bew 3CW

Vsp = —iN2g,(Zv)a.  Ver=iv2g(Zv)s, Vo= —igs,
Voo = —iN2g,(Zv)a,  Vir =iv2g(Zv)al,

VoL =i [(ZN)a(ZN)ar — (ZN)3k(Zn)3w ]

"o
Vyp =—i

e
ZSWCW

Veg = —i [(ZNak(ZN)ax — (ZN)3(Zn) 3w ]

ZSWCW
After squaring the decay amplitude and multiplying by the phase space factor, one obtains the decay width of
t—>cV(V=g,y 7Z):

1
It —cg.cy) = ——m[(2Fyy — Fy1) Fys + (2F), — Fio) Fis — (Fyy + Fio) Fis

967
— (Fy1+ Fyo) Fy3), (28)
1
re—cz)= W(mf —m2)*(2mPFL5 [m3 (AF S — FLy) +mP(2Ffy + FL)]

+ 2mZF i [m% (AFfy — FS,) + m2(2Ff + FJ,)]
- (mlz - mz)[Fsz (m22F§2 - mzZ(ZFle + F§2))

+ Fi3(m% Fp —mi(2F 7y + Fz,)) ]}, (29)
and we define the branching ratio as R&f:
re—cv)
Br =" 30
= V= Sy (30)

which will be the main object of our numerical study.
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3. Numerical calculation and discussion

In our numerical calculations the SM parameters were takenio bel1743 GeV,My = 80423 GeV,M; =
91.1876 GeV, siRfy = 0.23113 andx; (M) = 0.1172[17]. The relevant SUSY parameters argtans, Msusy
andmg, which are unrelated to flavor changing mechanana, may be fixed from flavor conserving observables at
the future colliders. And they are chosen as folloisysy = 400, 1000 GeV, ta = 4, 40,m; = 200, 300 GeV
and u = 200 GeV. As for the range of the flavor mixing parameteﬁg,)LL are constrained by corresponding
(8%)“ [14,15,18,19]in which (8(112)“ also is constrained by the chargino contributionskteK mixing [20],
and Do—Do mixing makes constraints aid3?) .., (822 x and (639 g, [21]. And (83Y 11, (83211, 83k, and
(352) rL are constrained by the chargino contributionsBie-B,; mixing [18]. Finally, there also are constraints

on the up squark mass matrix from the chargino contributions-te sy [14,22] Taking into account above
constraints, in our numerical calculations, we use the following limits:

() (1PrL, 8Lk and (8} ke is less than M8Msusy/ (1 TeV);
(i) (83 rr and(83?) .. are limited below @Msysy/(1 TeV);
(i) G2, (LR, Gk, GF)RR, (LR, (DR AN (813 R Vary from 0 to 1.

T T T T T T T T T T

Br[107]

. T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

S “’,"—
=) o
= 1074 3 =
b= [
@ . i m
e i 0.1 E
10°4 e -
10% T T T T T T T 0.01 T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
13y _/s23 13y _ 23
(8u )RR_(SU )RR (su )LR_(SU )LR

Fig. 2. The decay branching ratios for the> cg with mixed RR off-diagonal elements (a) an loff-diagonal elements (b), and the typical
interference effects of RR block (c) and LR block (d). Here, solid ling:= 200 GeV, Msysy = 400 GeV; dashed linen; = 300 GeV,
Msysy = 400 GeV; dotted linem; =200 GeV,Msysy = 1000 GeV; dash-dotted line:; = 300 GeV,Msysy = 1000 GeV.
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23 23
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Fig. 3. The decay branching ratios for the> ¢y with mixed RR off-diagonal elements (a) and LR off-diagonal elements (b), and the decay

branching ratios for the — ¢Z with mixed RR off-diagonal elements (c) an®loff-diagonal elements (d). Here, solid line; =200 GeV,

Msuysy = 400 GeV; dashed linen; = 300 GeV,Msysy = 400 GeV; dotted linem; = 200 GeV,Msysy = 1000 GeV; dash-dotted line:
mg =300 GeV,Msysy = 1000 GeV.

First of all we should point out that the contributions arising from SUSY-EW FCNC are in general at least
one magnitude of order smaller than ones arising from SUSY-QCD FCNC, and the dominant contributions to the
decay branching ratios come from tlater. Furthermore, our calculatioskow that the decay branching ratios
only weakly depends on tgh so we only discuss the results in the case offtan40 below. Our results are shown
in Figs. 2, 3 where there are three common features of thesessuthe first is that the branching ratio increases
rapidly with the mixing parameters increasing, and the second is that the branching ratio depends strongly on the
gluino massng, and the last is that the dependence of branching ratio o#igsy is medium comparing with
above two parameters.

For each decay modes— ¢V (V =g, v, Z), in Figs. 2 and 3ve show the dependence of the decay branching
ratios on RR and LR off-diagonal elements, respectively. (We do not show the results for LL off-diagonal elements
as their contributions are similar to the ones for RR off-diagonal elements). We find thatsferV the largest
results come from the LR block, which arises from the soft trilinear couplihgsWe also give the results of the
interference effects on the branching ratios fes cg in Fig. 2(c) and (d). In general, these interference effects
increase the decay branchiragios, and since the interference effects between different blocks are similar, we do
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not show them for the space of this paper. The results of deeayy, cZ are about two orders of magnitude
smaller than ones of decay— cg, as shown inFigs. 2 and 3From these figures, we can find that the decay
branching ratios for — ¢V (V = g, v, Z) induced by the SUSY FCNC couplings can reae0—4, ~ 106

and~ 1075, respectively, for the favorable parameter valai@wed by current precise experiments, and they are
larger than all the previous ones in the MSSM with R-parity conservation (it should be pointed out that the results
of Ref.[6-8]in Table lare obtained ak; = 100 GeV, which is disfavored by current data).

According to the analysis of T. Han et §23], the sensitivities for — ¢y andt — ¢Z at the LHC with
100 fb~! integrated luminosity are & 10~% and 2x 10~%, respectively, and our results show that the rare decay
t — ¢y may be detectable. Later T. Han et @4] and M. Hosch et al[25] studied the sensitivities to the top
quark anomalous FCNC couplings at the LHC for single top quark and direct top quark productions, respectively,
and the corresponding decay> cg branching ratios transferred from their results ag8410~° and 27 x 107,
respectively. Thus, our results of the branching ratiostfer cg indicate that the top quark FCNC production
processes (both for single top and direct top) may be measurable at the LHC. But if we use 1ifeSas the
sensitivity for the FCNC decay— ¢V at the LHC with 100 fb! integrated luminosity as shown in RgE1], our
results show that the rare decay> cg are also potentially measurable at the LHC.

In conclusion, we have calculated the top quark rare decaycV (V =g, y, Z) induced by SUSY-FCNC
couplings in the general unconstrained MSSM using mass eigenstate approach. Our results show that the branching
ratios for these decays are larger than ones reportedviopeliteratures in the MSSM with R-parity conservation,
and especially, the branchingtios for the rare decay modes— cg, cy we calculated are very hopefully to be
measurable at the LHC for the favorable parametereshllowed by current precise experiments. Moreover, we
find that the decay branching ratios for> ¢V (V = g, y, Z) strongly depend on the soft trilinear couplings,
and it is possible to get some valuable information of S&4SY breaking parameterg measuring the branching
ratio for the top quark rare decay at the LHC.
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