Eur. Phys. J. C 16, 695-700 (2000)
Digital Object Identifier (DOT) 10.1007 /5100520000381

THE EUROPEAN
PHYSICAL JOURNAL C

Societa Italiana di Fisica
© Springer-Verlag 2000

Probing R-parity violation in the production

of t¢ (ct) at lepton colliders*

Z.-H. Yu'3, H. Pietschmann!, W.-G. Ma??3, L. Han?®, Y. Jiang?

! Institut fiir Theoretische Physik, Universitit Wien, 1090 Vienna, Austria
2 CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, P.R. China
3 Department of Modern Physics, University of Science and Technology of China (USTC), Hefei, Anhui 230027, P.R. China

Received: 18 November 1999 / Revised version: 7 January 2000 /
Published online: 26 July 2000 — (© Springer-Verlag 2000

Abstract. We studied the process eTe™ — t¢ + cf in a Rp-violating supersymmetric model with effects
from both B- and L-violating interactions. The calculation shows that it is possible to either detect the
Rp-violating signal at the Next Linear Collider or get more stringent constraints on the heavy-flavor
R, couplings. A comparison with results from vy — t¢ + ¢ may allow one to distinguish between B-
and L-violating interactions. For very clean background conditions and R,-violating parameters close to
the present limits, the future detection of B-violating interactions should be possible. The process of

wpT — té + cf is also considered.

1 Introduction

In the minimal supersymmetric standard model (MSSM)
[1], R-parity symmetry (R,) is imposed on the superfield
Lagrangian to guarantee the B- and L-conservation auto-
matically. This symmetry is defined by

Rp _ (71),SB+L+ZS7 (11>
where S is the spin of the particle. The discrete symme-
try was introduced [2] to avoid catastrophic proton de-
cays from Rp-violating interactions. In the models of R-
parity conservation, superparticles can be only pair pro-
duced and the lightest superparticle (LSP) will be stable.
Thus the LSP is a candidate for cold dark matter in the
universe.

However, in order to avoid proton decay we just need
either B-conservation or L-conservation [3]. Moreover,
models of R,-violation provide for neutrino masses and
mixing. In those models neutrinos may get tree-level mass
contributions via mixing with gauginos and higgsinos, and
of course also from one-loop corrections. Unlike the gen-
eral see-saw mechanism, which involves a high energy scale
(about 1012 ~ 1016 GeV), we can explain neutrino masses
with weak-scale physics. With first signals for neutrino os-
cillations from atmospheric neutrinos observed in Super-
Kamiokande [4], R, is getting more and more interesting.

Possible signals of R-parity violation in collider exper-
iments have also been discussed. In the HERA e™p deep
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inelastic scattering (DIS) [5], an anomaly has been ob-
served. It was found that the rate of neutral current (NC)
events is higher than that predicted by the standard model
when Q? is larger than 15,000 GeV? (the possibility of a
statistical fluctuation is about 1073). For charge current
(CC) events a difference between observation and predic-
tion of SM also exists, although not as large as for NC
events. The anomaly can be explained beautifully by a
R, supersymmetric mechanism, providing a possible hint
for R-parity violation.

Because R, models open many channels forbidden or
highly suppressed in R,-conserving models, we can get
many constraints from low-energy phenomenology [6]. Re-
sults are collected in [7].

Let us now consider lepton colliders. Possible ways to
find a signal of R, are as follows.

(1) Single production of sparticles and LSP decay (direct
signal).

(2) Fermion pair productions are different in R, models
and in Rj-conservation models (indirect signal).

(3) Flavor changing neutral current (FCNC) and CP-
violation (indirect signal).

In this paper we will concentrate on the third way. The
process [11~ — fsfy (J and J  are different flavors) is
calculated from the L-violating terms of R, models [8].

Although many constraints from low-energy pheno-
menology were already given, R, parameters involving
heavy flavors are not strongly limited. With the assump-
tion of family symmetry [9], we can get \;jx ~ Yi;r (where
Aiji are defined in (2.1) and Yj;; are Yukawa couplings).
So it is still possible to detect them on future colliders in
the high-energy region.
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In this paper we will use t¢ and ¢t production to probe
R, signals on the Next Linear Collider (NLC), the First
Muon Collider (FMC) [10] and possibly also at LEP2.
Compared with LEP2, NLC will have much higher lumi-
nosity and energy, providing a powerful probe. This is even
more true should the FMC go into operation.

Although many processes with L-violation on lepton
colliders have been calculated, B-violation effects are rarely
considered. Up to now B-violation parameters involving
heavy flavors are still constrained weakly. For example )\/2/1- j

and )\gi ; get their strongest constraints from the width ra-
tio of Z to leptons and hadrons, still being of order one
(O(1)). Hence future colliders can either detect them (if
they are close to the present upper limits) or strongly im-
prove the limits.

Let us consider the possible competing processes from
other sources which might be confused with R,-violation:
(1) Standard model. The production of t¢ (ct) from SM is
suppressed by the GIM mechanism. The process of ete™ —
t¢ (ct) was considered by Huang et al. [11]. They pointed
out that the cross section of the process is about 10~ fb
for a c.m. energy of about 200-500 GeV, thus being a neg-
ligible background for R, effects.

(2) Two-Higgs-doublet model (THDM). In the so-called
Model TIT of [12], which gives the strongest effects of FCNC,
the process etet (utu~) — tc was considered by Atwood
et al. [12], and vy — t¢ (ct) by Jiang et al. [12]. The re-
sults show that there would be 0.1 events for eTe™ — tc
(ct) and several events for vy — t¢ (ct) for a luminosity of
about 50 fb~!. But the effects should be much smaller, as-
suming the masses of the higgses to be far from the c.m.
energy of the colliders. So it will be easy to distinguish
them from the effects of R,-violation.

(3) MSSM with R,,-conservation. Squark mixing can gen-
erate FCNC in this model. But under the alignment as-
sumption of Dimopoulos [13], it should be very small: mix-
ing between up-type squarks can be as small as 1073 to
10~° times the KM matrix elements.

In left-right symmetric models there is also a contri-
bution to FCNC from Z’ decay. Because the mass of Z'is
very large, we can omit it in our calculations, where the
c.m. energy is less than 500 GeV.

After these general remarks concerning the process
[T~ — tc+ ct, we define the supersymmetric R, interac-
tion in Sect. 2. In Sect. 3 we give the analytical calcula-
tions of ete™ — té + ct. In Sect. 4 the numerical results
of the processes ete™ — té+ ct and ptu~ — tc + ct are
presented. The conclusions are given in Sect. 5 and some
details of the expressions are listed in the Appendix.

2 R-parity violation (R,) in MSSM

All renormalizable supersymmetric R, interactions can be
introduced in the superpotential [6],

1 oy )
Wy = 5Nigeli-LiEr + A Li-Q; Di

1. _ - —
+ 5)\1[3k]UszDk: +¢L;H,y, (21)
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where L;, Q; and H, are SU(2) doublets containing lep-
ton, quark and Higgs superfields, respectively, E; (Dj;, U;)
are the singlets of the lepton (down-quark and up-quark),
and 4,7 are generation indices; square brackets on them
denote antisymmetry in the bracketed indices.

We ignored the last term in (2.1) because its effects are
rather small in our process [7,14]. So we have nine A-type,
27 )\/—type and nine )\N—type independent parameters left.
The Lagrangian density of R, (to lowest order) is given
by

L, =) v 1Y+ LY, (2.2)
P P P P

N o - s O
L;f:p - 5)‘[z’j]k[1/iLekR€jL + €JLEKRVIL + CERVLEIL

~ = ~ = ~x  —C
— VjLEKREL — €LEeKRV,L — ekRVjLeiL] + h.C.7

LA’ = A;jk[ﬁiLJdejL + JjLJkCLViL + dZRﬂgdjL

P

~ 7 ~ 7 7% =C
— &dirujr, — UiLdgre;n — diréuin] + hac.,

"

A " - - C It — C
Lﬁp = /\i[jk]eaﬁ'y [UfRadkRﬂdew + d;RﬁuiRadkRW

+ dig, tiradigs) + hoc. (2.3)

From the interactions above, we find that only L;‘% con-
P

tributes to {T1~ — té+ct at tree level. So the contribution
from L’ can be neglected.

P
The proton lifetime limit supresses the possibilities of
both B-violation and L-violation and leads to the con-
straints [7]

(2.4)

~ 2
/ 12 —10 m
[(Aor M)A | <10 <100GeV) .

The contributions from L% are rather weak, but they can
P

be separated from those of L)‘/ . Therefore, L;z” effects will

P
be considered also.

In the past years, many limits on the parameters A,
A and \” were given from low-energy experiments. The
upper limits were calculated with the assumption that
only one coupling parameter is non-zero [15]. On that ba-
sis, the parameters A, X and \” are typically less than
1071-1072 (/100 GeV)? [7]. Although some authors ar-
gue that the limits can be relaxed [16] if the so-called
single coupling hypothesis is dropped, we shall use these
upper bounds in our paper.

3 Calculations

In the following calculations we assume the parameters by
and A" to be real. We will only consider the lowest order
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Fig. 1a,b. Feynman diagrams of eTe™ — tc. a Tree—level dia-

grams from L’ . b One-loop diagrams from L’ PR dashed lines

represent sleptons and squarks

effects from L% and L% .

(A.) et(ps)e (ps) — t(p1)é(p2) at tree level; recall the
statement after (2.4).
We define the Mandelstam variables as usual:

s = (p1+p2)” = (ps +pa)’, (3.a.1)
t=(p1 —p3)* = (pa— p2)?, (3.a.2)
u=(p1—pa)* = (ps —p2)*. (3.a.3)
The amplitude (as shown in Fig. 1a) is given by
M=yt
(t - msquarkj)
a(p1)Pruc(ps)ve(pa)PLv(p2), (3.a.4)

where P, g are left- and right-helicity projections, respec-
tively, j = 1,2,3, and the upper index ¢ means charge
conjugate. The amplitude depends strongly on the prod-
ucts Ajp;Ayg; (5 =1,2,3).

(B.) Contributions from L% terms (no contributions at
P

tree level). If we set all )Y parameters to zero, we ob-

tain the effects of L% terms within the present upper

‘P
bounds. One-loop corrections (as shown in Fig. 1b) of
et (p3)e™ (ps) — t(p1)c(p2) are proportional to the prod-
ucts )\gij)\gij (i,j = 1,2,3); thus it is possible to detect
R,-signals or get much stronger constraints on these pa-
rameters by measuring this process in future experiments.
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Fig. 2. Cross section of ete™ — té+ ct as a function of the
c.m. energy s'/? with )\121)\;3] = 0.01. Solid line for m; =
mg = 100 GeV, and dashed line for m; = mg = 150 GeV

Since the proper vertex counterterm should cancel with
the counterterms of the external legs diagrams in this case,
we do not have to deal with the ultraviolet divergence.
Thus we simply take the sum of all (unrenormalized) re-
ducible and irreducible diagrams and the result is finite
and gauge invariant. In the Appendix we will give the de-
tails of the amplitudes.

(C.) Total cross sections. In a similar way we obtain the
amplitude for the process eTe~ — ct. Thus the total cross
section for the process ete™ — té + ct is

/ Zspmb |M|

where M is the amplitude and {* = (1/2) [(mt2 +m?2 —3)
+(82 + mf +md — 28m7 — 28m? — 2mIm?)'/?]. Here we
have neglected the masses of the electron and the muon.
N, = 3 is the color factor and the bar over summation
means averaging over initial spins.
Similarly we obtain the total cross section of p*u~ —
te+ct. Assuming values for all input parameters, we obtain
our numerical results.

a(8)

167r (3.5)

4 Numerical results

In the numerical calculations we assume mg = m; and

consider the effects from L, and L>‘ separately. For the

P
B-violating parameter )\;'ij)\;,'ij (i,j = 1 — 3), the upper
bounds of Ays and Azes dominate all other parameters.
Thus we neglect all other M\ terms. For the L-violating
parameters we set /\/12]- = )\/133- =0.1(j = 1,2,3) when
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Fig. 3. Cross section of ut = — té+ ct as a function of the
c.m. energy s*/? with Ago; = 0.18 and Ay3; = 0.36, see [5]

mg = 100 GeV, which agrees with the product coupling
limits also. For the putu~ colliders, the parameters )\/22j

and A;3j can be larger because they involve heavier flavor.
In this case we use the data of [6].

In Fig. 2, we show the cross section of eTe™ — té + ct
as a function of the c.m. energy of the electron—positron
system at the upper bounds of )\/, ie. )\/lgj)\/mj = 0.01.
We take mj = mg = 100 GeV (solid line) and m; = mg =
150 GeV (dashed line), respectively. There we take same
coupling parameters for different mg for comparing the ef-
fects of mass of squarks in the process. The results show
that the cross sections can be 0.02pb for the solid line
and 0.006 pb for the dashed line at s'/2 = 190 GeV, which
is the present LEP running energy. So if the electron—
positron integrated luminosity is 150 pb~! [7], we can ex-
pect about 3 events when m; = mg = 100 GeV. At s'/2 =
200 GeV and luminosity about 200 pb~!, we expect eight
events from our results. Even if this sounds too optimistic,
it may be worthwhile to consider this process once the
LEP energy is above the threshold of single top-quark pro-
duction. For the NLC, with c.m. energy about 500 GeV
and luminosity about 50 fb~!, thousands of events should
be observed at the present upper bounds of the parame-
ters.

In Fig. 3, we plot the cross section of utpu~ — tc + ct
as a function of the c.m. energy of the u* ™~ system with
the upper bounds of X', i.e. Ay, = 0.18 and Ayy; = 0.36
(see [6]). We take again m; = mg = 100 GeV for the solid
line and m; = mg = 150 GeV for the dashed line. The
cross sections are much larger than those of Fig. 2. That
is because from the present data the upper limits of )\/22]-

and /\/233- are larger than those of )\/12j and Xlgj. The cross
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Fig. 4. Cross section of eTe™ — t¢ + cf as a function of the

c.m. energy s'/? with )\/3’23/\’2’23 = 0.625. Solid line for m; =
mg = 100 GeV, and dashed line for m; = mg = 150 GeV

section can be about 1pb when s'/2 = 200GeV, which
means we can get hundreds of events at p colliders with
the same luminosity as LEP if the coupling parameters
are close to the present upper limits.

In order to give more stringent constraints for A in
future experiments, we draw attention to the effects from
possible B-violating terms in Fig. 4, where the cross sec-
tion of ete™ — té + ct as a function of the c.m. energy is
given. (The solid line is for m; = mg = 100 GeV and the
dashed line for m; = mg = 150 GeV). When P YD VA
about 0.625 (see [6]), the cross section will be about 0.5 fb
at s1/2 =200 GeV or 0.9fb at s'/2 = 500 GeV. That cor-
responds to 0.1 event at LEP or 45 events at the NLC.

Let us compare the results with those from vy — té+ct

of [17]. It turns out that B-violating terms (i.e. L’}:) give
P

similar effects in both processes, whereas L-violation (i.e.

L% ) contributes much less in vy collisions than in ete™

P
processes. Therefore, a combination of the results of both
these processes allows for a determination of the source
for R,-violation (i.e. either from L-violation or from B-
violation)

5 Conclusion

We studied the processes eTe™ — té+ct and uTp~ — tc+
ct in a supersymmetric model with explicit R,-violation.
The calculations show that it is possible to test the model
at future LEP and the future NLC experiments, provided
the couplings ()\/—type) are large enough within the present
experimentally admitted range. We can even detect possi-
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ble B-violating terms in future lepton colliders with higher
energy and higher luminosity than LEP. We also consid-
ered the possibility of production of t¢ and ct at putpu~
colliders. The results show that these colliders may allow
one to test R,-violation.

Acknowledgements. The authors would like to thank Prof. H.
Stremnitzer for reading the manuscript.

A Loop integrals

We adopt the definitions of two- and three- one-loop
Passarino—Veltman integral functions in [18,19]. The in-
tegral functions are defined as follows.
(1) The two-point integrals are:
(2mp)* "

im?

{BO§ B B;w}(pamla m2) =

1. . v
x /d” Liguiquat (A1)
N —m?l(a +p)? —mj]
The function B, should be proportional to p,:
B.(p, m1,m2) = p,Bi(p,m1,ma). (A.2)
Similarly we get
B, = pupyBa1 + guvBao. (A.3)

We denote B(] = B() — A, Bl = B1 + (1/2)A and Bgl =

(2/€) —v+log(dm), e=4—n. u
is the scale parameter.
(2) The three-point integrals are

2 4—n
( W_M)Z "
iT

{007 C Cul/vCqu}(pvkamlvm%m?)) = -

/dn {1593 40905 Quav o}
[q —mi|[(q+p)? —m3][(g+p+ k)2 —m3]

We can express the tensor integrals through scalar func-
tions in the following way:

(A4)

Cu = puCi1 + k,Cho,

Ciw = pupvCa1 + kuky, Coo
+ (p,uku + kupu)CQS + g;w024

Cruvp = PupvppCs1 + Kk k,Csa
+ (kupupp +pukz/pp —|—pupyk )033
+ (kukupp + pukvk, + kupuk,)Caa
(pugl/p + PvGup + ppguu)c%
+ (k

wGvp + kvGup + kpgun)Cae. (A.5)

The numerical calculation of the vector and tensor loop
integral functions can be traced back to the four scalar
loop integrals Ag, By and Cy in [12,13] and the references
therein.
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B One-loop correction of the amplitude
The amplitude of one-loop diagrams JdM from L;‘;

(Fig. 1b) can be decomposed into 6M, and §My terms
with

oMy = ‘Z’w v(ps)y”
xu(pa)u(p1) XY (p1, p2)v(p2), (B.1)
and
SMy = 4stw> Ipv ;_lw;sgz/m‘f;
X 5(p3)y” ((2 — 4s2) P, — 452 PR)
x u(pa)u(p1) Xz (p1, p2)v(p2), (B.2)

where k = py + po, €2/4n = o = 1/137.04, ¢y, = cos O,
Sw = sin fw and Oy is the Weinberg-angle and X Z(pl,pg)
is defined as follows:

3% 4(p1,p2) = VI Pry” + V) Prpt + V) Prph
+ VP + 1/§;"JZ>PLp1 + V) Pupy. (B.3)

Here the V,y(% are scalar functions of pq, po.
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