Eur. Phys. J. C 16, 541 546 (2000)
Digital Object Identifier (DOI) 10.1007/s100520000438

THE EUROPEAN
PHYSICAL JOURNAL C

Societa Italiana di Fisica
© Springer-Verlag 2000

~y — t¢ + ct in a supersymmetric theory

with explicit R-parity violation*

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

! Institut fiir Theoretische Physik, Universitdt 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: 20 September 1999 / Revised version: 6 May 2000 /
Published online: 6 July 2000 — (©) Springer-Verlag 2000

Abstract. We study the process 7y — t¢ + ct in a Rp-violating supersymmetric model with the effects of
both B- and L-violating interactions. The calculation shows that it is possible to detect a Rp-violating
signal at the Linear Collider. Information about the B-violating interaction in this model could be obtained
with a very clean background, if we take the present upper bounds for the parameters in the supersymmetric
Ry interactions. Even if we cannot detect a signal of R, in the experiment, we may get more stringent

constraints on the heavy-flavor R, couplings.

1 Introduction

The minimal supersymmetric model (MSSM) [1] is one
of the most interesting extensions of the standard model
(SM) and is considered as the most favorable model be-
yond SM. Thus, it is interesting to confirm whether R-
parity (R,), which is introduced to guarantee the B and
L conservation automatically, is conserved in the super-
symmetric extension of the SM [2]. Because of the lack of
credible theoretical arguments and experimental tests for
R, conservation, we can say that the R, violation (R;)
would be equally well motivated in the supersymmetric
extension of the SM [3]. Since in the R,-violation models
supersymmetry particles can be singly produced and neu-
trinos would get masses and mixing [4], it is a significant
source of new physics. Especially after the first signals
of neutrino oscillations from atmospheric neutrinos were
observed in Super-Kamiokande [5] and an anomaly was
detected in HERA e™p deep inelastic scattering (DIS) [6],
R, violation may be a good candidate to explain those
experimental results.

In the last few years, many efforts were made to find R,
interactions in experiments. Unfortunately, up to now we
have only some upper limits on the R, parameters, such

as the B-violating R, parameter (") and the L-violating

R, parameters (A and \') [4,7]; results are collected in
[8] (the parameters will be defined clearly in the following
section). Therefore, trying to find the signal of R, viola-
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tion or getting more stringent constraints on the param-
eters in future experiments is a promising task. Possible
ways to find a Rj-violation signal can be detecting odd-
number supersymmetric particle interactions as a direct
signal or testing discrepancies between the predictions of
R-conservation models and Rp-violation models in the
experiments, this giving indirect information.

In our paper we will consider the process ete™ —
vy — t¢ + ct in the future Linear Collider (LC). This
rare process, which is suppressed by the GIM mechanism
in the standard model [9], may be a good window to open
new physics. In [10], it was pointed out that anomalous gy
coupling admitted by present experimental results may be
much larger than the prediction of SM. Thus, R, viola-
tion can be a significant source of this anomalous coupling.
Although small values of A\ and A" in Ry theory would
suppress this process, the present upper bounds on the
Ry, parameters still admit experimental observation ()\'
and A\ can be of order 1 when they involve heavy fla-
vors, which is reasonable with the assumption of family
symmetry [11]). So we can hope that this process allows
for detection of R}, violation within the present parameter
upper limits.

With the advent of new collider techniques, we can
produce highly coherent laser beams being back-scattered
with a high luminosity and efficiency at the ete™ colliders
[12]. The v collisions give us a very clean environment to
study the té (or ct) production. The effects of L-violating
parameters in ete™ collisions have been studied [7], but
only little attention was paid to the B-violating parame-
ters [13]. The process considered here can give us an op-
portunity to detect the B-violating parameter N ina very
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clean environment. We can also get information on the pa-
rameter \ from the process, especially for heavy flavors,
which are only weakly constrained by the present data.

Even without R, violation, there are flavor-changing
mechanisms [14] in the MSSM, e.g. squark mixing. There-
fore, R, violation in vy — t¢+ ¢t can only be established
if it exceeds the value of these other mechanisms. For-
tunately, in most models with universal SUSY breaking,
those contributions are small (for details see [14]). Hence
throughout our paper we shall assume that they are sup-
pressed.

Other possible competing mechanisms, such as the
two-Higgs-doublet model (THDM), was considered by At-
wood et al. [15] and Jiang et al. [15]. The results showed
that the cross section would be much smaller assuming
the masses of the higgses to be far from the c.m. energy
of the colliders, so we can distinguish them easily from
R,-violation interactions.

In this work we concentrate on the process ete™ —
vy — té + ct in the R-parity violating supersymmetric
theory. In Sect.2, we give the supersymmetric R, inter-
actions. In Sect.3 we give the analytical calculation of
vy — té + ct. In Sect. 4 the numerical results of the pro-
cess ete™ — vy — t¢ + ct are presented. The conclusion
is 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 [8]:

1 — !’ —
WR = iA[z]]kLz . LjEk + )\”kLz . QJDk

1. _ - -
+ iAi[jk]UiDjDk +eLiHy,

P

(2.1)

where L;, Q; and H, are SU(2) doublets containing lep-
ton, quark and Higgs superfields, respectively; E; (D, U;)
are the singlets of the lepton (down-quark and up-quark),
and i, j, k are generation indices. Square brackets on them
denote antisymmetry in the bracketed indices.

We ignored the last term in (2.1), which will intro-
duce mixing of leptons and higgses, since its effects are
rather small in our process [4,16]. So we have 9 A-type, 27
)\/—type and 9 )\”-type independent parameters left. The
Lagrangian density of R, is given as follows (to lowest
order of \):

’ "
Ly = L) +L) +1) (2.2)
P P P P
\ N o o
L;-‘z = Agjjk[PiLerre L + ESLERRVIL + ELrVI €L
P
— UjLegrei — GLeRV L — EppViein] + hoe
A T ) T e
Ly = Njp[Pindirdin + djLdirvin + dpgvi din
— éindprun — Gindrrejn — drgespusn] + hee.

>\” » ~ % 7 7 vl
L,i-‘zp = Ai[jk)€asy [@iRadirpdiry + djrsliradin,
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The proton lifetime suppresses the possibility of both B
violation and L violation, leading to the constraints [8]:

|(Xor A)A'| < 10710 ( (2.4)

" 2
100 GeV

where m is the mass of superquark or superlepton. There-

fore, we consider the contributions from L;‘: and L?; sep-
P P

arately. Although the individual parameters A\, A" and A’
should be typically less than 1071-1072(r/(100 GeV))?
[8], we can expect the parameters involving heavy flavors
to be much larger in analogy with the Yukawa couplings in
the MSSM [11]. Since the constraints on such parameters
from present experimental data are rather weak, testing
Ry at high energy is still very important.

3 Calculations

In the following calculations we assume the parameters
A" and A" to be real. One-loop corrections (as shown in
Fig. 1) of v(p3)v(ps) — t(pl)é(p2) can be split into the
following components:

M = Mg+ M, + d My, (3.1)
where 0 Mg, M, and 6 M, are the one-loop amplitudes
corresponding to the self-energy, vertex, and box correc-
tion diagrams, respectively. We find that the amplitudes
are proportional to the products )\;2]»)\;3]» (i, = 1,2,3)
(Fig. 1a.1-2, Fig. 1b.1-4 and Fig. 1¢.1-8) and Ay ; Ay, (4,5 =
1,2,3) (Fig. 1a.3, Fig. 1b.5-6 and Fig. 1¢.9-12); thus, it is
possible to detect R, signals or get much stronger con-
straints on those parameters by measuring this process in
future LC experiments.
We define the Mandelstam variables as usual:

$=(p; +p2)2 = (p3 +P4)2a (3.2)
t=(p1—p3)?* = (ps —p2)°, 3.3
= (p —}94)2 = (p3 —p2)2- (3.4)

The té + ct productions via vy fusion obtains contribu-
tions only from one-loop Feynman diagrams at the lowest
order. Since the proper vertex counterterm should can-
cel with the counterterms of the external leg diagrams in
this case, we do not need to deal with the ultraviolet di-
vergence. Thus we simply sum over all (unrenormalized)
reducible and irreducible diagrams and the result is finite
and gauge invariant. In the Appendix we will give the
details of the amplitudes. Similarly, we can get the ampli-
tude for the subprocess vy — ct. Collecting all terms in
(3.1), we obtain the total cross section for the subprocess
Ny — te + ct:

[ -

2N, N
= ¢ df M?
Toma? J 4D [P

(3)

(3.5)
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Fig. la—c. Feynman diagrams of vy — ¢ subprocess. a Self-energy diagrams, b vertex diagrams, ¢ box diagrams (only

t-channel). Dashed lines represent sleptons and squarks

where £ = (1/2) [(m? + m2 — §) £ (8% + m{ + m? — 23
«m? — 28 * m2 — 2m7 » m2)/?], the color factor is N, = 3
and the bar over summation means averaging over the
initial spins. In order to get the observable results in the
measurements of t¢ + tc production via ~vy fusion in the
eTe™ collider, we need to fold the cross section of yy —
tc + ct with the photon luminosity:

Tma L
o(s) = / a5,
(metmo)/vs A2

(3.6)

where § = 225, s'/2 and §'/2 are the eTe™ and vy CMS
energies, respectively, and dL,/dz) is the photon lumi-
nosity, which is defined as [12]

dL Tmax dg
d;'Y = 22:/ ?F.Y/e(x)F,y/e(ZQ/(ﬁ)

2 /T max

(3.7)

The energy spectrum of the back-scattered photon is given
by [12].

1 1 4x
B = 5 {1_“ -z £l-2)
42
- ) .

Taking the parameters of [17], we have & = 4.8, Zpax =
0.83 and D(€) = 1.8.

4 Numerical results

In the numerical calculations, we assume mg = m; and
consider the effects from L% and L% separately. This

will be no loss of generality afld the res‘{llts could be kept
in the bounds of realistic models of supersymmetry.

For the B-violating parameter Ay;;As;: (4, j = 1-3), the
upper bounds of \555 and 3,5 dominate all others, so we
will neglect all other A” terms. For the L-violating param-

eter )‘;2j /\;3j (4,7 = 1-3), we neglect all parameters except

for Agos and Aggs.

In Fig. 2, we show the cross section of ete™ — vy —
tc + ct as a function of the c.m. energy of the electron—
positron system at the upper bounds of X", i.e. A;23A;23 =
0.625 [4]. We take m; = mg = 100GeV (solid line) and
m; = mg = 150 GeV (dashed line), respectively. The re-
sults show that the cross section can be 0.64fb for the
solid line (0.29 fb for the dashed line) when the c.m. energy
(s1/2) is equal to 500 GeV. So if the electron—positron in-
tegrated luminosity of the LC is 50fb—!, we can get about
32 events per year when m; = mg = 100 GeV. Therefore

the R, signal could be detected, if X' were large enough
under the present allowed upper bounds.

In Fig.3, we plot the cross section of ete™ — vy —
tc + ct as a function of the c.m. energy of the electron—
positron system with the upper bounds of X', i.e. X333 A303
= 0.096; see [4]. We again take m; = mg = 100 GeV for
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Fig. 2. Cross section of eTe™ — vy — té+ ct as a function of
the c.m. energy s'/? with )\l3,23)\,2,23 = 0.625. The solid line is
for m; = mg = 100 GeV, and the dashed line for m; = mg =
150 GeV
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Fig. 3. Cross section of e"e™ — vy — té+ ct as a function of

the c.m. energy s'/? with )\/333)\,323 = 0.096. The solid line is
for m; = mg = 100 GeV, and the dashed line for m; = mg =
150 GeV

the solid line and m; = mg = 150 GeV for the dashed line,
respectively. The cross section is much smaller than that of
Figure 2. That seems reasonable because the upper limits
of A" from the present data are much smaller than those
of \”. The cross section can be only about 0.017 fb when
5172 = 500 GeV, which means we can get only 1 event per
year at the LC with an integrated luminosity of 50 fb—!.
Thus it will be difficult to find the signal of N from the
process which we discussed.

In order to give more stringent constraints of A\ in
future experiments, we draw the cross section at s1/2 =
500 GeV as a function of )\'2/23)\:3/23 in Fig.4 (the solid line
is for m; = mg = 100 GeV and the dashed line for m; =
mg = 150 GeV). When ,\'2’23>\;j23 is about 0.1, the cross
section will be about 0.02 fb. That corresponds to 1 event
per year at the LC. So if we cannot get the signal of R,
from the experiments, we can set the stronger constraint
on Aggs and Mgz, 1.€. AggzAgoy < 0.1.

Similarly we draw the relation between the cross sec-
tion and the parameter product AgpzAzss with s'/2 =
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Fig. 4. Cross section of ete™ — vy — té+ ct at the c.m.
energy s/ = 500GeV as a function of )\;’23/\'2’23. The solid
line for m; = mg = 100GeV, and the dashed line for m; =
mg = 150 GeV
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Fig. 5. Cross section of ete™ — vy — té+ ct at the c.m.
energy s'/2 = 500GeV as a function of )\/333/\;,23. The solid
line is for m; = mg = 100 GeV, and the dashed line for m; =
mg = 150 GeV

500 GeV in Fig. 5; the solid line is for m; = mg = 100 GeV
and the dashed line for m; = mg = 150 GeV.

5 Conclusion

We studied both the subprocess vy — t¢+ ct and the pro-
cess ete™ — vy — té+ ct in one-loop order in an explicit
Ry supersymmetric model. The calculations show that we
can test R, theory in the future LC experiments if the B-
violating couplings ()\”—type) are large enough within the
present experimentally admitted range. That means we
can detect B-violating interactions in the lepton collid-
ers with a cleaner background. We also consider the effect
from L-violating interactions ()\,—type), and conclude that
it is very small in this process.

From our calculation, we find that the subprocess v
— t¢+ ct is very helpful in getting information about the
B-violating couplings (\”). That is because the effect of
L-violating interactions (\') is small and can be neglected.
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Thus, if we can observe events of this process in the LC,
we can conclude that they are from B-violation couplings.
Even if we cannot detect any signal from the experiments,
we could improve the present upper bounds on )\/2/23>\g23.
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A Loop integrals

We adopt the definitions of two-, three-, four-point one-
loop Passarino—Veltman integral functions of [18,19]. The
integral functions are defined as follows.

The two-point integrals are

{BOa ;w} p,ml,mg)
2 1:q,; »
77#2 /dn { qﬂaquq } - (Al)
i [g? —m3][(q + p)? — m3]
The function B, should be proportional to p,:
By.(p,m1,m2) = puBi1(p, m1,ma). (A.2)
Similarly we get
By = pupyBa1 + g Bao. (A-3)

We denote By = By — A, By = By + (1/2)A and By =
Bo1 — (1/3)A, with A = (2/¢) — v + log(4n), e = 4 — n.
u is the scale parameter. The three-point and four-point
integrals can be obtained similarly.

The numerical calculation of the vector and tensor loop
integral functions can be traced back to the four scalar
loop integrals Ay, By, Cy and Dy in [18,19] and the refer-
ences therein.

B Self-energy part of the amplitude

The amplitude of the self-energy diagrams dM; (Fig. 1a)
can be decomposed into t-channel terms M! and u-channel
terms Mg'. We will just give the expressions of the t-
channel; the u-channel can be obtained from the ¢t-channel
by changing ¢ into u and exchanging all indices and argu-
ments of the incoming photons. The amplitude M/ can be
expressed as

SM! = sMHD + 5 MO 4 sMHe) (B.1)
where
—47ri c\{t v _
M) = = m;;“(?f)mg) ¢ (p3)e” (pa)ii(pr )7y
X (P1 — ps + my) [X(p1 — p3)]
X (p1 — p3 + me)vv(p2), (B.2)
—4miaQ?
M = )0‘(? gy (ps)¢* (1))

x Z(p1) (b1 + me)yu(br — Ps + me)
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X ,0(p2), (B.3)
—4riaQ?
M = g gy ) 0
X Yu(P1 — P3 + mu) 7y (—p2 + my)
x X(=p2)v(p2), (B.4)

where the electric charge of the quark is Q. = Q; = 2/3,
a =1/137.04, and X(p) is defined as

—iX(p) = HupPL + HrpPr — HY P, — Hf Prow, (B.5)
with
Hg = —iXy, (B.6)
Hgr = —i)R, (B.7)
HY =0, (B.8)
HE =0, (B.9)
where
2L = 16 2>‘7,2j>‘7,3j(31[_p7 mqwm[i]
+ Bl[_pamlmmq]‘])a (B]-O)
iCRr
2R = 16 2/\2gk)‘3jk(Bl[ b, mqj’m[jk]
+ Bi[—p, mg,, mg,]), (B.11)

where ¢ and j, k are generations of leptons and quarks,
respectively, and Cr = 2.

The amplitude from vertex diagrams and box terms
can be obtained in a similar way from Fig. 1b,c; however,
it is very complex, so we do not express them here. For a
hint of its structure, compare with [20]
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