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R-parity violating effects in top quark flavor-changing neutral-current production at LHC
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In the minimal supersymmetric model the R-parity violating top quark interactions, which are so far
weakly constrained, can induce various flavor-changing neutral-current (FCNC) productions for the top
quark at the large hadron collider (LHC). In this work we assume the presence of the B-violating
couplings and examine their contributions to the FCNC productions proceeding through the parton
processes cg — t, gg — ¢, cg — ty, cg — tZ and cg — th. We find that all these processes can be
greatly enhanced relative to the R-parity preserving predictions. In the parameter space allowed by current
experiments, all the production channels except cg — th can reach the 3o sensitivity, in contrast to the R-
parity preserving case in which only cg — ¢ can reach the 3o sensitivity.
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L. INTRODUCTION

Top quark is speculated to be a sensitive probe for new
physics beyond the standard model (SM) since it is the
heaviest fermion with a mass at weak scale [1]. So far its
properties are measured with a rough precision due to the
limited statistics at the Fermilab Tevatron and hence there
remains a plenty of room for new physics in top quark
sector. As a top quark factory, the LHC will scrutinize the
top quark nature, either unravelling or further constraining
the new physics related to the top quark.

Concerning the probe of new physics through the top
quark, the FCNC processes at the LHC may play an
important role, just like the FCNC transitions of the bottom
quark in B-factories. The extremely suppressed FCNC
interactions for the top quark in the SM [2] imply that
any observation of such processes can serve as a smoking
gun for new physics. Actually, it is found that the top quark
FCNC interactions can be greatly enhanced by the en-
riched flavor structure in many new physics models [3],
such as the minimal supersymmetric model (MSSM) [4—
8], the technicolor models [9,10] and the other miscella-
neous models [11]. Although all these models can allow for
great enhancement for the top quark FCNC processes
relative to the SM predictions, they exhibit different fea-
tures and predict very different rates for such FCNC pro-
cesses. Take the popular MSSM as an example. In the R-
conserving scenario, with the consideration of various
current experimental constraints on the parameter space,
only t — ch among the FCNC decays and cg — t among
the FCNC productions can possibly reach the observable
level at the LHC [4]. But in the presence of R-violating
couplings, top quark FCNC processes such as t— cV
(V=g,Z, y) and t — ch can be significantly enhanced
relative to the R-conserving scenario [6].

We note that while for the R-conserving MSSM various
FCNC productions of the top quark at the LHC have been
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comprehensively studied [4], for the R-violating case only
one FCNC production channel, i.e., gg — ¢, has been
studied in the literature [8]. Given the central role of the
LHC in high energy physics and also considering the fact
that the R-violating top quark interactions are so far weakly
constrained, it is necessary to complete the study by exam-
ining all possible FCNC production channels induced by
R-violating couplings. In this work we perform such a
collective study considering the productions proceeding
through the parton processes cg — t, gg — ¢, cg — t7,
cg — tZ and cg — th. We find that all these productions
can be greatly enhanced relative to the R-conserving pre-
dictions. In the parameter space allowed by current experi-
ments, all the production channels except cg — th can
reach the 3o sensitivity, in contrast to the R-parity preserv-
ing case in which only cg — ¢ can reach the 30 sensitivity.

This paper is arranged as follows. In Sec. II, we reca-
pitulate the R-violating couplings and perform the calcu-
lations for the top FCNC productions at the LHC. In
Sec. III, we present some numerical results for the rates
of the productions and for each channel we show the
parameter space accessible at 3o at the LHC. Finally, a
summary is given in Sec. I'V.

II. CALCULATIONS

The R-violating trilinear terms in the superpotential of
the MSSM, consistent with the gauge symmetries of the
SM, supersymmetry and renormalizability, are given by
[12]

1 1
E)\,-jkL,-LjEi + Ay LiQ;Dy + zAﬁgkaDjD,i @))
where L;(Q;) and ES(U¢, DS) are the left-handed lepton
(quark) doublet and right-handed lepton (quark) singlet
chiral superfields, and i, j, k are generation indices. The
Aije and A, violate lepton number while A, violate
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baryon number. Although it is theoretically possible to
have both B-violating and L-violating interactions, the
non-observation of proton decay prohibits their simulta-
neous presence. The couplings A’ and A” can contribute to
various top quark processes at the LHC:

(1) Through exchanging a squark or slepton at tree-
level, they can contribute to top pair production
pp — tf + X [13] and single top production pp —
th + X [14], and also can cause some exotic top
quark decays [15].

(ii) At loop-level they can induce top-charm FCNC
interactions and thus lead to top quark FCNC pro-
ductions proceeding through the parton processes

88 — I, cg — 1, cg — tZ,

cg — 1y,

2)
cg —th

As mentioned in the preceding section, among these
production channels induced by the R-violating
couplings, only gg — ¢ has been studied in the
literature. In the following we examine these pro-
ductions collectively.

PHYSICAL REVIEW D 79, 054003 (2009)

Note that both the B-violating couplings A” and the L-
violating couplings A’ can induce the top quark FCNC
productions in Eq. (2). In our study we assume the exis-
tence of the B-violating couplings A" to show the results.
The results for the L-violating couplings A’ take the similar
form and have the same behavior (e.g. the same depen-
dence on the couplings and the sparticle mass).

In terms of the four-component Dirac notation, the
Lagrangian of the B-violating couplings is given by

L=~ EAggk[dﬁ*ﬁ}edf + dyy it dse + il dydf] + Hee,

3)

The current upper limits on all the R-violating couplings
are summarized in [16,17]. Table I is a list of current limits
for the B-violating couplings taken from [17], which are
from the analysis of n — i1 oscillation [18], the perturba-
tivity requirement [19] and the Z-decays [20]. The cou-
plings involved in our study are A5, and AJ;,, which are so
far weakly constrained. Note that these bounds are ob-
tained for the sparticle mass of 100 GeV and for heavier

T’?BLE L. Current upper limits on the B-violating couplings  gparticles they become weak. For example, the dependence
Aiji taken from [17]. of the A%; bound on squark mass is 0.96 X
couplings bounds sources (mJR/ 100 GeV).
Al Al 10-6 1 — 7 oscillation In our Cfilculatlons for the.: loop processes in Eq. (2),
Mo A A\ 125 bativi some loop-induced vertices (like vertex fcg) appear repeat-
123> A212> A213> A3 : perturbativity S . S .
Y 10-3 n— it oscillation edly in different diagrams. To simplify the calculations we
3120 4313 .
A 0.96 Z-deca define the so-called effective vertex [4]. For example, we
323 - - ys .
define the effective rcg vertex as
E g 9
; . dft ; dar dr §
df/ \dﬁ ,—L¥\ /—k'\\ ,rk~\
// \\ / d? \ // \\ // \\
c dS t ¢ 3 t c d; t ¢ dj tot

FIG. 1 (color online).

FIG. 2 (color online).

Feynman diagrams for the effective vertex tcg at one-loop level.

Feynman diagrams for gg — ¢ at one loop level. The effective fcg vertex in (a-c) is defined in Fig. 1.
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fcg . i +me) Secq
T, po) = T¥(p, po) + iS(p) Lt - M0) pice
my — mg
e I(Pe + my) .
+ T8 %lz(l?c), 4)

c t

where I'}®(q = ¢, t) is the usual QCD vertex, and '),
3(p,) and X(p,.) are, respectively, the contributions from
vertex and self-energy loops shown in Fig. 1, whose ex-
pressions are shown in Appendix A. In terms of the effec-
tive tcg vertex, the Feynman diagrams for gg — fc are
shown in Fig. 2. In this way the analytic amplitudes are
quite compact and the Fortran codes are also simplified. Of
course, we need to calculate box diagrams in Fig. 2 and
their expressions are presented in Appendix A.

Similarly, other processes listed in Eq. (2) can be calcu-
lated. Take cg — th as an example, where / is the lightest
CP-even Higgs boson in the MSSM. In order to get the
effective vertex tch from Fig. 1, we only need to replace
the gluon with the Higgs boson in the vertex. For the
amplitude of cg — th, we can obtain it by replacing the
gluon with the Higgs boson in Fig. 2 and removing the
diagrams (a) and (d). In Appendix A, we list the explicit
forms for all effective vertices used in our calculations.
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III. NUMERICAL RESULTS AND DISCUSSIONS
The SM parameters used in our numerical calculation
are [21]
m, = 171.2 GeV,
sinfy, = 0.2228,

my =91.19 GeV,
ay(m,) = 0.1095, a=1/128.
(%)

The SUSY parameters involved in our calculations are the
squark mass and the B-violating couplings Af i and /\’z’jk,
whose upper limits are listed in Table I. About the con-
straint on squark mass, the strongest bound is from the
Tevatron experiment. For example, from the search for the
inclusive production of squarks and gluinos in R-
conserving minimal supergravity model with Ay = 0, u <
0 and tanf = 5, the CDF gives a bound of 392 GeV at the
95% C.L. [22] for degenerate gluinos and squarks.
Obviously, this bound may be not applicable to the R-
violating scenario because the SUSY signal in case of R-
violation is very different from the R-conserving case. The
most robust bounds on sparticle masses come from the
LEP results, which give a bound of about 100 GeV on
squark mass [23]. In our calculations we use CTEQ6L [24]
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FIG. 3 (color online).

Asjic A 2jk

The hadronic cross sections of top quark FCNC productions at the LHC versus A5; A%
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FIG. 4 (color online). The hadronic cross section of cg — th at
the LHC versus )\’3’jk)l/2’jk.

for parton distributions, with the renormalization scale wp
and factorization scale uy chosentobe up = wp = m,.In
the following we use the parton processes to label the
corresponding hadronic processes and all the cross sections
displayed in our numerical results are the hadronic cross
sections. Also, we take into account the charge-conjugate
channel for each process.

Note that our results depend on the squark mass and the
coupling product A5}, A5, . Here the product can be under-
stood either as a single product (A5,A,, A5 ;555 or
A%,3A%,5) or a sum over the indices j and k. In the latter
case the mass degeneracy should be assumed for different
down squarks appearing in the loops in Figs. 1 and 2.

TABLE II.
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In Figs. 3 and 4 we plot the hadronic cross sections
versus A3, Ay, for different squark masses. From the

figures we see that cross sections increase with
|5 A5 ;> and decrease with squark mass. Note that in
Fig. 4 the mass of the Higgs boson 4 is determined by M,
tanf and the varying squark mass (we assume the mass
degeneracy for all squarks including the top squarks). For
the parameters chosen in Fig. 4, the Higgs boson # is
slightly above 100 GeV.

In Table II we display the hadronic cross sections in R-
violating MSSM in comparison with the results in the top-
color assisted technicolor (TC2) and the R-conserving
MSSM. Also we listed the 30 sensitivity for each produc-
tion channel at the LHC with a luminosity of 100 fb~!. We
see that the R-violating couplings allow for much larger
cross sections than the R-conserving MSSM and all chan-
nels except cg — th can reach the 3¢ level in the allowed
parameter space.

In Fig. 5 we plot the 30 contours of the hadronic cross
sections in the plane of A5, Ay, versus squark mass. The
region above each curve is the corresponding observable
region at 30~. We see that among these channels the pro-
duction proceeding through cg — ¢ is most powerful for
probing such R-violating SUSY. The peaks of the curves
near the top quark mass show the resonance behavior of the
top quark self-energy which involve a squark and a light
quark in the loops.

Finally, we remark that there may be some correlation
between top quark FCNC interactions and b or ¢ physics,
as discussed by using the model-independent effective
operators [29]. In case of B-violating couplings, the coex-
istence of two couplings can induce some b or ¢ processes.
For example, the coexistence of A%}, and A5 can induce
b — s transition and thus the product A4,A%, is con-
strained by b — sy. A complete list of such bounds on
the product of two couplings from 5 or ¢ physics is
presented in [17]. For the product Aj; A7, involved in
our study, it is not constrained by those b or ¢ processes
since the coexistence of A3 and A3 cannot trigger those

processes (in other words, for A3}, or A7, to trigger those

The hadronic cross sections of top quark FCNC productions at the LHC in R-

violating MSSM (for squark mass of 300 GeV and the value of A, A5, summed over j, k with
AYj, = L and AJ;, = 1.25) in comparison with the maximal values in the R-conserving MSSM

and the top-color assisted technicolor (TC2) model. The corresponding charge-conjugate
channels are also included. The LHC 30 sensitivities in the last column are estimated for an

integrated luminosity of 100 fb~!.

MSSM TC2 LHC 30 sensitivity
R-conseving R-violating
gg — 1t 700 b [4] S5pb 30 pb [9] 1500 fb [25]
cg—t 950 fb [4] 47 pb 1.5 pb [9] 800 fb [26]
cg —ty 1.8 fb [4] 94 fb 20 fb [9] 5 tb [27]
cg—tZ 5.7 tb [4] 305 b 100 fb [9] 35 tb [27]
cg—th 24 1b [4] 37 tb 600 fb [9] 200 fb [28]
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FIG. 5 (color online). The 30 contour of the hadronic cross
sections at the LHC. The region above each curve is the
corresponding 3¢ observable region.

processes, another coupling different from these two must
be present).

IV. CONCLUSION

In the MSSM the R-violating top quark interactions are
so far weakly constrained, which can induce various FCNC
productions for the top quark at the LHC. We assumed the
presence of the B-violating top quark couplings and exam-
ined the induced FCNC productions which proceed
through the parton-level processes cg — ¢, gg — ¢, cg —
ty, cg — tZ and cg — th. We found that all these pro-
cesses can be greatly enhanced relative to the R-parity
preserving predictions. In the parameter space allowed by
current experiments, all the production channels except
cg — th can reach the 30 sensitivity, in contrast to the
R-parity preserving case in which only cg — t can reach
the 3¢ sensitivity. Recall that among the FCNC decays of
the top quark, only r — ch could marginally be accessible
at the LHC in the R-conserving MSSM [4], while in the R-
violating MSSM all the FCNC decay modes could reach
the observable level at the LHC [6]. So, if supersymmetry
is proven to the true story at the LHC, these FCNC pro-
ductions and decays of the top quark could shed some light
on R-parity conservation or violation.
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APPENDIX A: EXPRESSIONS OF LOOP RESULTS

Here we list the expressions for 3(p) and T's* in the
effective zcg vertex of Eq. (4), and also list the expressions
for T);?, T and I'"*" appearing, respectively, in the
effective fcy, tcZ and tch vertex. Their expressions are
given by

3(p) = aByy* Py, (A1)

Ui = ag,[CLyy* v, vP — Chy*y (b + Bo)
= 2CLay* + Cav*(pr — ) u1Pr (A2)

Iich = _ae{Ydmdj[ZCiya + Co(pe — 1)
+ Yy Chy*}Pg, (A3)
i 2
L = =3 aelCopy yuy? = Coy*y, (b + Bo)

= 2CaY" + Cav*(pi = pe)ulPr (A4)

7 = ael(vy + aplCopy yuy? = Coy*yu (b + £o)]
= b[2C8, v — C&y*(p: — Pe) u 1P (AS)

with p, and p,. denoting, respectively, the momenta of the
top and charm quark, and the constants given by

SineW

i
=——A A b= — , A6
T o2 Ak 24K 3 cosfy (A6)
1 4
S (R
ar 4 sinfy, cosBy vr af( 3sm v
(AT)

For the loop functions B and C in Egs. (A1)—(AS5), we
adopted the definitions in [30] and use LoopTools [31] in
the calculations. The loop functions’ dependence on the
momenta and the masses is given by

Cl=C(=p; = pe pos M, mg, ),  (A8)
C*=C(—p, p, + po m?lj’ mfjf, msf) (A9)
C* = Cpe = o =per miy, g, m%), (A10)
Ct = C(=py Py = per miy, M, ), (A1)
C = C(=py per iy, m2y) (A12)
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CO = C(=pp 1 = e My, M, M), (A13)

2

B' = B(—p, msf, mdj). (A14)

The expressions for Yukawa couplings Y, and Y; in
Eqgs. (A3) are given by

mg sina
Yy =—————, Al5
d 2myy sinfy, cosB ( )
v 1 tan6y sin(er + B) + m? sina
=== anfy, sin —t
dy — 3Nz MY SR iy sinBy cosB
(A16)

The amplitudes of the box diagrams in Fig. 2(a)-2(g) are
given, respectively, by

Mg = —agiTi85(p1)eh(pa)g? i(p)(Coy®)Pru(p,),
(A17)

My = agiTre4(p1)eb(p)a(p Dl gsy* v* vPy7y°
= Dlgy* v’ b1y P — Dhpy vy vy (b + B)
+ Doy y? Py (Be + B)IPRv(p,), (A18)

M) = agiTre4(p1)eb(p)i(p[4D2 ;0 v"
+2D7,v*Q2py + p2 — 2p1)o
— 2DZay*(2p, — p1)y
= Day*(2p: = p1),2pe — p2)oIPrY(p.), (A19)
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M, = agiTsef(p)eg(p)a(p)I2D; 5y v ¥P
—2D5., "y’ 1 — Dy v’ vP2p, — o)y
+ DYy $1(2p; — p2)elPrv(pe), (A20)

where

T\ = &up&ni(T*T" + T?TY),,

1

T2 = E‘Sabﬁmn - (TbTa)mnr T3 = SmlksnijTic;T/bk’

(A21)

with m, n, a, b being, respectively, the color indices of the
top, charm and the two gluons, and p; and p, being the
momenta of the two gluons. The loop functions’ depen-
dence is given by

C=C(—py,p;+ Po mf,j, mf;,f, mf;f), (A22)
D' = D(=py, =pe, pa g, mi, my, m),  (A23)
D* = D(—p,, p1, p» mtzjj’ mé{f’ mgf, méf), (A24)
D3 = D(=p, ps —Pe mtzi,’ m?if’ mzzif’ mij). (A25)
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