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Production of like sign dileptons in p-p collisions through composite Majorana neutrinos
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The production of like-sign dileptons~LSD! in the high-energy lepton-number-violating (DL512) reaction
pp→2 jets1 l 1l 1 ( l 5e,m,t), of interest for experiments to be performed at the forthcoming CERN Large
Hadron Collider~LHC!, is investigated in detail, taking up a composite model scenario in which the exchanged
virtual compositeneutrino is assumed to be a Majorana particle that couples to the light leptons via the
SU(2)3U(1) gauge bosons through a magnetic type coupling (smn). A helicity projection method is used to
evaluate exactly the tree-level amplitudes of the contributing parton subprocesses (2→4), which allows one to
take into account all exchange diagrams and occurring interferences. Numerical estimates of the corresponding
signal cross section that implement kinematical cuts needed to suppress the standard model background are
presented which show that in some regions of the parameter space the total number of LSD events is well
above the background. Assuming nonobservation of the LSD signal it is found that LHC would exclude a
composite Majorana neutrino up to'900 GeV~if one requires 10 events for discovery!. The sensitivity of
LHC experiments to the parameter space is then compared to that of the next generation of neutrinoless double
beta decay (bb0n) experiment, GENIUS, and it is shown that they will provide constraints of the same order
of magnitude and will play a complementary role.

PACS number~s!: 12.60.Rc, 13.15.1g, 13.85.Rm, 14.60.St
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I. INTRODUCTION

Since the discovery of theZ0 and W6 gauge bosons@1#
the standard model~SM! of electroweak interactions@2#
based on the SU(2)3U(1) gauge group has scored an im
pressive record of experimental checks. However, some
explained facts of the model, such as the mass hierarchy
proliferation of elementary particles, and the total number
free parameters, have lead to the belief that it is only a lo
energy manifestation of a yet unknown underlying fund
mental theory, which would be free of the above theoreti
difficulties. Therefore despite the enormous experimen
success of the SM many alternative theories have been
veloped such as left-right symmetric models, compos
models, supersymmetry, string theory, and grand uni
models. The investigation of the effects predicted by the n
theories that are absent in the standard theory is there
very important since, were these effects to be experiment
observed, they would signalnew physicsunaccounted for by
the SM. It is in this direction that a great portion of rece
theoretical and experimental studies have been concent
@3#, and this is indeed the spirit of this work which deals w
lepton-number-violating processes.

The conservation of the total lepton number~L! is one of

*Author to whom correspondence should be addressed. Electr
address: Orlando.Panella@PG.infn.it
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the symmetries of the SM experimentally observed to h
true until now. In the SM with massless Dirac neutrinos p
cesses withDLÞ0 are not possible. Violation of this sym
metry is generally related to the existence of massive Ma
rana particles and many extensions of the SM cont
L-violating interactions involving Majorana neutrinos. Lef
right symmetric models for example contain right-hand
Majorana neutrinos, with a mass that could be in the T
range, and coupled to the light leptons via the right-hand
gauge bosons (WR ,ZR) @4#. Superstring generatedE6 mod-
els also have neutral Majorana leptons@5#. Finally Ref. @6#
provides an example of a composite model with Majora
neutrals.

The effect which seems most promising with respect
showing violations of the lepton number is the neutrinole
double beta decay (bb0n), a second order process where,
a nucleus, two protons~neutrons! undergo simultaneously a
weak beta decay emitting two positrons~electrons! while the
two neutrinos annihilate into the vacuum@3#:

A~Z12!→A~Z!1e1e1, DL512. ~1!

This process is only possible if the neutrino is a mass
Majorana particle, and thus it is impossible within the S
Experiments that search for such rare decay have long s
been performed but always with negative results@7#. Cur-
rently the Heidelberg-Moscowbb experiment at the Gran
ic
©2000 The American Physical Society13-1
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Sasso laboratory in Italy provides the best experime
lower bound on the half-life of the process@8#

76Ge→76Se12 e2,
~2!

T1/2
bb0n.5.731025 yr.

The proposed GENIUS double beta experiment~see Sec.
VI !, now under development, will either increase the low
bound on the half-life by two or three orders of magnitude
observe the decay. From the theoretical point of view,
strong bound on the half-life in Eq.~2! has been turned into
a powerful tool to impose constraints on models of n
physics which predict a nonzero amplitude for thebb0n de-
cay @9#. Studies in this direction include: an investigation
new super-symmetric contributions fromR-parity violating
minimal supersymmetric standard model~MSSM! @10#
which shows how constraints on parameters of the mo
from nonobservation ofbb0n are stronger than those ava
able from accelerator experiments; a detailed analysis of
contribution tobb0n from left-right symmetric models@11#;
a study of the effective low-energy charged current lept
quark interactions due to the exchange of heavy leptoqu
@12#.

The present authors have, in a series of recent pa
@13–15#, investigated the contribution, to the neutrinole
double beta decay, of a heavy Majorana neutrino, aris
from a composite model scenario in which the excited p
ner of the neutrino~the excited neutrino,n!) is assumed to
be a Majorana particle. This study revealed thatbb0n con-
straints are competitive, and in some regions of the par
eter space, even more restrictive than those derived f
high-energy direct search of excited particles@15,16#. This
result led to consider the potential of the experiments to
performed at the forthcoming Large Hadron Collider~LHC!
at CERN, with respect to the possibility of observing t
production of like-sign dileptons~LSD! l 1l 1 or l 2l 2, l
5e,m,t, in proton-proton collisions with an energy of 1
TeV in the center of mass frame

pp→2jets1LSD, DL512. ~3!

In hadronic collisions LSD can be produced in quark-qu
~antiquark-antiquark! scattering, through the elementary su
processW1W1→ l 1l 1 ~virtual W-boson fusion! as depicted
in Fig. 1 where the dashed blob represents all contribu
diagrams within a given model. As regards this mechan
of LSD production one can say that it is the high-ener
analogue of the neutrinoless double beta decay which ind
proceeds through the same Feynman diagrams~see, for ex-
ample, Ref.@15#!. Figure 2~a! shows explicitly the Feynman
diagram for the production of LSD through the exchange
a heavy Majorana neutrino~basic mechanism!. In the case of
quark-antiquark scattering in addition to theW fusion an-
other mechanism must be considered that leads to LSD
duction: the direct production of a heavy Majorana neutr
via quark-antiquark annihilationqq̄8→ l 1N with the subse-
quent decay of the heavy neutrinoN→ l 1qq̄8 ~annihilation
mechanism!. This is depicted in Fig. 2~b!.
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Production of LSD has been considered in the past
several authors and within the context of different models
the left-right symmetric model, Keung and Senjanovic´ @17#
already in 1983 realized that the associate production of L
with two hadronic jets would signal the annihilation o
quark-antiquark pairs into the right-handed gauge boson

FIG. 1. Parton level mechanism for production of like-sig
dileptons ~LSD! in high-energy hadronic collisions. The shade
blob contains all contributing diagrams for the virtual subproc
W1W1→ l 1l 1.

FIG. 2. Production of LSD through quark-antiquark scatterin
There are here two interfering mechanisms to be considered~a!
virtual W fusion,~b! l 1Nl production via quark-antiquark annihila
tion with subsequent hadronic decay of the heavy neutrinoNl

→ l 1qq̄.
3-2
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the model (WR). Estimates were given forpp collisions at
As5800 GeV. The study of this model was later taken up
higher energies@Superconducting Super Collider~SSC! and
LHC# by Datta, Guchait, and Roy in Ref.@18# where the
authors indicated how to effectively reduce the SM ba
ground. Dicus, Karatas, and Roy@19# have studied LSD pro-
duction at high-energy hadron colliders through the
change of heavy right-handed Majorana neutrinos, with
commitment to a specific model~beyond the SM!. They used
a gm-type coupling and found the LSD signal detectable
the SSC while at the LHC the SM background would pro
ably preclude detection. Two of the present authors@20# pro-
vided a rough estimate of the signal cross sections forpp
→2jets1LSD at LHC within the context of composite mod
els ~exchange of a heavy composite Majorana neutrino w
a smn-type coupling! using an equivalentW-boson approxi-
mation@21# ~similar to the Weisza¨cker-Williams approxima-
tion for the photon field! and integrating over the complet
phase-space of the subprocessW1W1→ l 1l 1. The result
was that the signal could be observable at the LHC.

One remark should be made at this point that applies to
works just cited that have investigated LSD production inpp
collisions. None of them deals,at the same time, with the
two mechanisms of LSD production, i.e.,W1W1 fusion and

qq̄8 annihilation. Indeed when dealing withqq̄8 scattering
both mechanisms must be considered and the correspon
amplitudes should be added coherently. In order to do so
needs a way of efficiently computing the amplitudes. In t
paper it is done precisely so, calculating analytically the
licity amplitudes of the occurring tree-level diagrams a
accounting thus for the interference term between

W1W1 fusion and theqq̄8 annihilation.
Thus the goal of this paper is twofold:~i! to address the

sensitivity of LHC experiments with respect to the para
eters of the composite model effective Lagrangian and c
pare this to that of the next generation of double beta de
experiments now under development~GENIUS!; ~ii ! to
present a calculation of LSD production inpp collisions~via
the exchange of a heavy composite Majorana neutr!
which goes beyond the approximations of Ref.@20# and
which, in the case ofqq̄8 annihilation, includes coherentl
the two competing mechanisms.

The rest of the paper is organized as follows. In Sec. II
reader is briefly reminded of the effective Lagrangian d
scribing the coupling of the excited neutrino with the ele
tron and a comparison between recent bounds on the pa
eters from the low-energybb0n experiment by the
Heidelberg-Moscow Collaboration and those from high e
ergy experiments performed by the DELPHI Collaboration
the CERN Large Electron Positron~LEP! Collider is pre-
sented. In Sec. III the amplitudes of theL-violating parton
subprocesses are presented. Section IV contains~i! a descrip-
tion of the kinematical cuts applied with a short discussion
the background;~ii ! our numerical results for the signal cro
sections. In Sec. V the sensitivity to the parameter spac
LHC is compared to that of GENIUS. Finally, Sec. VI co
tains the conclusions.
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II. COMPOSITENESS AND EXISTING bb0n

CONSTRAINTS

It is well known that one possible scenario of physi
beyond the SM is one in which quarks and leptons are
elementary particles but possess an internal structure;
they are bound states of, yet unknown, new constitue
generally referred to aspreons, bound together by a new
dynamical interaction. Theories that follow this path a
calledcomposite modelsand although many have been pr
posed@22# none has emerged as a new dynamically con
tent theory. However, there are some model-independ
consequences of the idea of compositeness which can
addressed without commitment to any specific model. Th
are ~i! contact interactions between ordinary fermions,~ii !
the existence of excited partners for quarks and leptons w
masses of the order of the compositeness scaleLc . Phenom-
enologically these ideas have been studied via effective
teractions@14,23#. In particular in this work, the case of ex
cited neutrinos (N), is taken up and only the relevan
coupling with the light electron are reviewed. Effective co
plings between the heavy and light leptons~or quarks! have
been proposed, using weak isospin (I W) and hypercharge~Y!
conservation@24#. Assuming that such states are grouped
SU(2)3U(1) multiplets, since light fermions haveI W
50,1/2 and electroweak gauge bosons haveI W50,1, only
multiplets with I W<3/2 can be excited in the lowest orde
perturbation theory. Also, since none of the gauge fie
carry hypercharge, a given excited multiplet can couple o
to a light multiplet with the sameY. Conservation of the
electromagnetic current forces the transition coupling
heavy-to-light fermions to be of the magnetic moment ty
respect to any electroweak gauge bosons@24#. In fact, a vec-
tor (gm) transition coupling between the ordinary electrone

and its excited partnerE mediated by theWW m andBm gauge
fields, would result in an electromagnetic current of the ty
j e.m.
m 'c̄Egmce which would not be conserved due to the d

ferent masses of excited and ordinary fermions~as it is ex-
pected thatmE@me). The SU(2)3U(1) symmetry forces
then the tensor structure (smn) to the transition coupling also
in the charged and neutral weak currents.

Restrict here to the first family and consider spin-1/2 e
cited states grouped in multiplets withI W51/2 andY521
~the so called homodoublet model@23#!,

L5S N
ED ~4!

which can couple to the light left-handed multiplet

l L5S nL

eL
D5

12g5

2 S n
eD ~5!

through the gauge fieldsWW m andBm. The relevant interaction
is written @24# in terms of twonew independent coupling
constantsf and f 8:
3-3
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Lint5
g f

Lc
L̄smn

tW

2
l L•]nWW m1

g8 f 8

Lc
S 2

1

2
L̄smnl LD •]nBm

1H.c., ~6!

wheretW are the Pauli SU(2) matrices,g andg8 are the usual
SU(2) and U(1) gauge coupling constants, and the facto
21/2 in the second term is the hypercharge of the U(
current. This effective Lagrangian is widely used in the
erature to predict production cross sections and decay r
of the excited particles@23,25,26#. In terms of the physica
gauge fields the interaction Lagrangian describing the c
pling of the heavy excited neutrino with the light electron
therefore

Leff5S g f

A2Lc
D H S N̄smn

12g5

2
eD ]nWm

1J 1H.c. ~7!

In the analysis carried out in Refs.@13,14# it was assumed
that the excited neutrino is a Majorana particle with ma
MN , expected to be of the order of the compositeness s
Lc , which would then contribute to the neutrinoless dou
beta decay.

It should be emphasized how this scenario differs con
erably from the more usual one of the left-right symmet
model where a SU~2! singlet Majorana neutrino couples t
the charged leptons via a right-handedW gauge boson (WR)
and (V1A) coupling @27#. Here ~and in Refs.@13,14#! in-

FIG. 3. Comparison between thebb0n and the LEP II upper
bound on the quantityu f u/(A2MN) as a function of the heavy neu
trino massMN , with the choiceLc5MN . Regions above the
curves are excluded. The dashed curve is thebb0n bound of Eq.
~10!, while the solid-circle curve includes numerical effects
terms of higher order inMW /MN as discussed in Ref.@16#.
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SU~2! doublet @see Eq.~4!# and interacts with the charge
lepton via the standard modelW gauge boson~left handed!
with a tensor coupling@smn(12g5)#.

In Ref. @14# the half-life of thebb0n mediated by a heavy
composite Majorana neutrino~coupling to the charged lepto
via the SMW gauge boson and with tensor coupling! was
calculated and found to be given by

T1/2
215S f

Lc
D 4mA

8

MN
2

uM FI u2
G01

me
2

, ~8!

where mA50.85 GeV is a parameter entering the nucle
form factors,MFI525.4531022 is a nuclear matrix ele-
ment,me is the electron mass, andG0156.4310215 yr21 is
a phase space integral. Combining this result with the n
observation of the decay (T1/2.T1/2

lower bound) one obtains a
constraint on the parameters of the model

U f

Lc
U,MN

1/2S me
2

mA
8 D 1/4

@G01T1/2
lower bound#21/4

uM FI u1/2
. ~9!

Using the current experimental lower bound on the half-l
of the 76Ge decay provided by the Heidelberg-Moscowbb
experiment, the following constraint on the paramet
f ,Lc ,MN appearing in Eq.~7! is deduced:1

u f u<8.03
Lc

1 TeVS MN

1 TeVD 1/2

. ~10!

This double beta bound on compositeness can be comp
with bounds on the same parameters from high-energy
periments performed at the Large Electron Positron~LEP!
collider, phase II. The DELPHI Collaboration has report
@28# on a search for excited leptons ine1e2 collisions at
As5183 GeV, where both the single and double product
mode were studied. It should be emphasized that the ana
in Ref. @28# was carried out using the same effective L
grangian that was considered in Refs.@13,15#, cf. Eq. ~7!, so
that it makes sense to compare the corresponding bound
Fig. 3 the bound of Eq.~10! is plotted against the exclusio
curve of the DELPHI Collaboration@28#, and one can see
that for masses above'90 GeV the double beta bound
more constraining, i.e., it excludes a portion of parame
phase space still allowed by the DELPHI exclusion plo2

1This is an updated constraint respect to that of Ref.@15# where a
previous value of the half-life was used.

2It should be noted that the ALEPH Collaboration has also
cently published results of a search for compositeness at LEP
Ref. @29# bounds on the compositeness scale, in particular regar
the same excited neutrino couplings discussed here, are repo
Choosingf 5 f 851 a neutrino mass-dependent lower bound onLc

is found which is about 16 TeV atMN5O(10 GeV! while it drops
down to 4 TeV at the maximum value ofMN explored of 80 GeV.
This result is not directly comparable to Eq.~10! since this was
derived within the hypotesisMN..MW @15#. Assumingu f u51,
Eq. ~10! givesLc>0.12 TeV atMN51 TeV.
3-4
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This result prompted the present authors to study the po
tial of the LHC with respect to the same type of lepto
number-violating processes, with an emphasis on compa
its sensitivity with that of the next generation of double be
decay experiments.

One comment is finally due on the the related issue of
detectability of the charged partner of the heavy compo
Majorana neutrino, the so called excited electronE. The
heavy electronE is currently being searched for in exper
ments performed at high-energy facilities which look for
direct production and/or indirect effects in electron-positr
colliders ~LEP at CERN! and/or electron-proton collider
(ep collider HERA at DESY!. The most recent and stringen
bounds on the mass of the heavy electronE is from studies
of indirect ~propagator! effects ine1e2→gg where theE is
exchanged in thet channel. The ALEPH Collaboration re
portsmE.250 GeV@30#. The single production in electron
proton collisions (ep→E1X), gives also bounds of the
same order of magnitude:mE.200 GeV@31#. As regards the
production of excited electronsE at hadron colliders it was
realized some time ago@32# that these can be copiously pro
duced via contact interactions~CTs!, arising from a new
strongpreon dynamics, as opposed to the gauge interact
~G! being discussed here. One process that could be loo
upon at the LHC to estimateE production through gauge
interactions isud̄→W* →nE with the subsequent decayE
→eg. This would give a signaturepp→eng1X whose
cross section is expected to be of the same order of ma
tude of those described here. However, this goes beyond
scope of the present work, and should be the object of fur
investigation.

The following section deals with the calculation of th
lepton number violating processes inpp collisions described
by the diagrams of Figs. 1 and 2. They have been carried
with a choice of the parameters that satisfies the bounds f
bb0n just discussed.

III. AMPLITUDES OF L-VIOLATING PARTON
SUBPROCESSES

In the following the helicity amplitudes for parton sub
processes that contribute to production of LSD via the
change~or production! of a heavy Majorana composite ne
trino are presented. The effective interaction used is tha
Eq. ~7!. Considering for the moment only the first famil
three different types of processes should be distinguishe

~ i! uu→dd1 l 1l 1,

~ ii ! ud̄→dū1 l 1l 1, ~11!

~ iii ! d̄d̄→ūū1 l 1l 1.

The amplitudes are written using the following definitio
of propagator factors:

1/A5@~pa2pc!
22MW

2 #@~pb2pd!22MW
2 #,

1/B5@~pa2pd!22MW
2 #@~pb2pc!

22MW
2 #, ~12!
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1/Ã5@~pa1pb!22MW
2 1 iM WGW#

3@~pc1pd!22MW
2 1 iM WGW#,

C5~pa2pc2pe!
22MN

2 ,

D5~pa2pc2pf !
22MN

2 ,

E5~pa2pd2pe!
22MN

2 ,
~13!

F5~pa2pd2pf !
22MN

2 ,

C̃5~pc1pd1pf !
22MN

2 1 iM NGN ,

D̃5~pc1pd1pe!
22MN

2 1 iM NGN .

The width of the heavy composite neutrinoGN is of course a
quantity which depends on the free parameters of the part
lar model that is being considered here,u f u, Lc , andMN ,
and has been the object of discussion in the literat
@32,26#. Typically the width of excited leptons~quarks! re-
ceives contributions from the gauge interactions of Eq.~7!
and from contact terms arising from novelstrong preon in-
teractions@26#.3 In order to keep the numerical computatio
of cross-sections presented in the following reasona
simple, a constant value ofGN570 GeV has been adopted
which is a somewhat average value in the mass range
sidered.

Define also the quantities

s~m,n!5s~pm ,pn!5ū1~pm!u2~pn!,
~14!

t~m,n!5t~pm ,pn!5ū2~pm!u1~pn!,

which are given by

s~m,n!522AEmEnGmn ,
~15!

t~m,n!512AEmEnFmn ,

with

Gmn5cos~um/2!sin~un/2! e1 i (fm2fn)/2

2sin~um/2!cos~un/2! e2 i (fm2fn)/2,
~16!

Fmn5~Gmn!* .

Let the tensorTmn describe the virtual sub-processW!W!

→ l 1l 1 @Fig. 2~a!#, while the tensorT̃mn describes the virtua
subprocess (W!)1→ l 1l 1(W!)2 appearing in the diagram
of Fig. 2~b!. Ja,c andJ̄b,d , are the quark~antiquark! currents
that couple in thet channel to the virtual gauge bosons of t
standard model@Fig. 2~a!# while J̃a,b and J̃c,d* , are the in-

3It is to be noted, however, that these contact terms while cont
uting to the total width of the excited neutrino cannot contribute
the production of LSD via the diagrams discussed in this work.
3-5
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coming and outgoing currents of theqq̄8 pair that couples in
the s channel to theW bosons@Fig. 2~b!#.

Ja,c
m 5ū~pc! gm

12g5

2
u~pa!,

J̄b,d
m 5 v̄~pb! gm

12g5

2
v~pd!,

~17!

J̃a,b
m 5 v̄~pb! gm

12g5

2
u~pa!,

~ J̃c,d
m !* 5ū~pc! gm

12g5

2
v~pd!.

The amplitudes are~unitary gauge!
~i! UiUj→DkDl1l1l1

M5K $ VUiDk
* VU jDl

* A @J(a,c)
m Tmn J(b,d)

n #

2VUiDl
* VU jDk

* B @ ~pc↔pd! #%, ~18!

~ii ! UiD̄j→DkŪl1l1l1

M~WW2fusion!

5K ~VUiDk
!* ~VUlD j

!* @ A J(a,c)
m Tmn J̄(b,d)

n #,

M~qq̄82annihilation!

5K ~VUiD j
!* ~VUlDk

!* @ Ã J̃(a,b)
m T̃mn ~ J̃(c,d)

n !* #,

~19!

~iii ! D̄iD̄j→ŪkŪl1l1l1

M5K $ VUkDi
* VUlD j

* A @ J̄(a,c)
m Tmn J̄(b,d)

n #

2VUlDi
* VUkD j

* B@ ~pc↔pd! #%, ~20!

whereUi denotes a positively charged quark~up-type! while
Di dentotes a negatively charged one~down-type!. The
quantitiesVUiD j

are the elements of the CKM mixing matrix
Of course the annihilation diagram of Fig. 2~a! comes in only
in quark-antiquark scattering. In processes~i! and ~iii ! the
part of the amplitude depending on the factorB is due to the
diagrams obtained exchanging the final state quarks. In
framework of the effective Lagrangian@see Eq.~7!# as dis-
cussed in Sec. II, it is found

Tmn5ū~pe! Fsmrsns

C
1

snssmr

D G 12g5

2
v~pf !

3~pa2pc!
r~pb2pd!s,
01501
he

T̃mn5ū~pe! Fsmrsns

C̃
1

snssmr

D̃
G 12g5

2
v~pf !

3~pa1pb!r~pc1pd!s,

K5
g4

4 S f

Lc
D 2

MN . ~21!

Because of the chiral nature of the couplings involved,
calculation is particularly simple if performed in the helici
basis@33#. In the massless approximation only one helic
amplitude is nonzero. The following result is found:

~i! UiUj→DkDl1l1l1

M54 K s~a,b!H ~VUiDk
!* ~VU jDl

!* A t~a,c!t~d,b!

3Fs~e,a!s~b, f !

C
2

s~ f ,a!s~b,e!

D G
2~VUiDl

!* ~VU jDk
!* B t~a,d!t~c,b!

3Fs~e,a!s~b, f !

E
2

s~ f ,a!s~b,e!

F G J , ~22!

~ii ! UiD̄j→DkŪl1l1l1

~WW2fusion!: M514 K ~VUiDk
!* ~VUlD j

!*

3A s~a,d!t~a,c!t~d,b!

3H Fs~e,a!s~d, f !

C
2

s~ f ,a!s~d,e!

D G J ,

~23!

~qq̄82annihilation!:

M524 K ~VUiD j
!* ~VUlDk

!* Ã t~a,b!s~a,d!t~d,c!

3H Fs~e,a!s~d, f !

C̃
2

s~ f ,a!s~d,e!

D̃
G J , ~24!

~iii ! D̄iD̄j→ŪkŪl1l1l1

M54 K s~c,d!H ~VUkDi
!* ~VUlD j

!* A t~a,c!t~d,b!

3Fs~e,c!s~d, f !

C
2

s~ f ,c!s~d,e!

D G1~VUlDi
!* ~VUkD j

!*

3B t~a,d!t~c,b!Fs~e,d!s~c, f !

E
2

s~ f ,d!s~c,e!

F G J .

~25!

The above simple analytic form of the amplitudes is a
very easy to implement in a code for numerical applicatio
3-6
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since the quantitiess(pi ,pj ) andu(pi ,pj ) are just functions
of the energies and angles of the particle’s momenta;
Eqs.~15! and ~16!.

IV. DISCUSSION AND RESULTS

Before giving details of numerical calculations of the s
nal cross section and discussing the results one shoul
reminded that there are processes of the standard mode
also lead to LSD production and are thus sources of ba
ground to the signal. This question was already considere
Refs. @18,19#. An immediate source of background com
from the subprocessesuu→ddW1W1, ud̄→dūW1W1,
d̄d̄→ūūW1W1 and similar ones involving higher
generation quarks and antiquarks, eachW subsequently de
caying into ln l . The corresponding overall reactionpp
→2 jetsln l ln l can mimic the signal when the total missin
PT carried away by the neutrinos is small. As shown in R
@19#, that background can be most efficiently reduced t
percent of fb in LHC conditions, which will be shown to b
at the same level of the signal, in some regions of the par
eter space, or even well below the latter in other regio
This background reduction is accomplished by limiting t
missingPT of neutrinos, that is, requiring a ‘‘PT conserva-
tion’’ which is actually a characteristic of the signal.

As also observed in Refs.@18,19#, a copious and more
dangerous source of standard-model background seems
due to t t̄ production from gluon and quark initial states.
that process, one has the decay chainst→bW1, W1→ ln l

on one side andt̄→b̄W2, b̄→ c̄ln l , W2→qq8 on the other
side. For LHC conditions, that reaction leads to a total p
duction of about 43106 LSD per year. Here again, a limita
tion of missingPT together with the condition of largePT
leptons allow one to reduce substantially that backgrou
The additional requirement of lepton isolation further r
duces the background. But while the two requirements
missing PT limitation and lepton isolation will certainly
eliminate two other similar backgrounds coming from dire
cc̄ andbb̄ production, that oft t̄ production seems to remain
according to Refs.@18,19#, at a level which might jeopardize
measurement of the signal at LHC.

At this point, it is worth noticing that within the standar
model one can observe inpp collisions not only events with
like-sign dileptons of a given species (e6e6, m6m6,
t6t6), but also events with ‘‘hybrid’’ like-sign dileptons
~HLSD! such ase6m6, e6t6, m6t6, with practically the
same production rate for all these events since theW’s decay
into any ln l final state at the same rate. Thus, one can ge
idea on the amount of standard-model LSD background
eventually make appropriate subtraction by comparing,
der given kinematical constraints, LSD production w
HLSD production. At LHC, it would be most probably
comparison betweenm6m6, t6t6 production andm6t6

production. Said differently, once appropriate kinemati
cuts performed, any significant difference between LSD p
duction and HLSD production would signal lepton numb
violating processes such as those here considered. How
let us remark that a no-deviation result could not rule
01501
ee
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.
a

-
s.

be

-

d.
-
f

t

n
d
-

l
-

r
er,
t

new physics models allowing for lepton mixing.
In any case let us remark that an analysis of the ba

ground dedicated specifically to the LHC experimental co
ditions, and perhaps more complete than that presente
Refs.@18,19#, is necessary~including in particular a detailed
calculation of the amplitude of the processes involved!, and
will be the matter of a forthcoming work. Here the estima
of the background given in Ref.@19# is assumed:

sbackground5331022 fb. ~26!

In order to compare the signal cross-section with Eq.~26!
kinematical cuts as discussed in Ref.@19# are used. The fol-
lowing selection criteria are needed in order to ensure lep
and jet identification:

uh lepu,4 pT~ lep!. 5 GeV,
~27!

uh jetu,4 pT~ jet!.20 GeV.

The signal cross sections are obtained by folding
square of the amplitudes with the four-particle phase-sp
and the parton distribution functions

ds5E dxadxb

1

11d i j
@ f i~xa ,Q2! f j~xb ,Q2!1xa↔xb#

3
1

2ŝ
uMu2 ~2p!4 d4S pa1pb2 (

m51

4

pmD
3

1

2 S 12
dkl

2 D )
n51

4
d3pn

~2p!32En

, ~28!

whereŝ5xaxbS is the squared center of mass energy of
parton collision and the factor (1/2)(12dkl/2) accounts for
the presence of the two identical fermions (l 1l 1) and the
possibly identical quarksUk ,Ul (Ūk ,Ū l) in the final state.
The distribution functions are those of set 1.1 of Duk
Owens~updated version of set 1! as described in Ref.@34#
with LQCD5177 MeV/c.AS514 TeV has been used whil
the scaleQ2 is fixed at the valueQ25 ŝ. With a proper
choice of the transverse axis the phase-space reduces
nine-dimensional integration that is performed with the w
known VEGAS @35# routine which is based on a Monte Car
algorithm. This allows easy implementation of kinematic
cuts as described above. As regards theud̄ process the inter-
ference between theWW-fusion and annihilation mecha
nisms is naturally taken into account since the two~complex!
amplitudes are summed before squaring.

In Figs. 4–6 the integrated cross section with the para
eteru f u51, i.e.,s15s(u f u51) is given. AsM} f 2, the total
cross section for other values ofu f u can be easily recovere
(s5u f u43s1). Keeping fixedu f u51 there are other two pa
rameters on which our signal rate is dependent:Lc andMN .
In order to sample different regions of the parameter sp
two cases have been considered. Case~a! Lc51 TeV, and
case~b! Lc5MN .
3-7
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Case~a! is shown in Fig. 4 where cross sections cor
sponding to the three subprocesses of the first quark fam
cf. Eq. ~11!, are plotted versus the mass of the excited M
jorana neutrinoMN @Figs. 4~a!–4~c!#. Since the subproces

d̄d̄→ūū1 l 1l 1 is weighted by sea-quark distribution fun
tions it is totally negligible relative to the other two. In Fig
4~d! the total cross sectionis plotted versusMN including
contributions from other subprocesses with second gen
tion quarks, (c,s) as described in the appendix. Some
these subprocesses are, however, weighted by off-diag
elements of the CKM mixing matrix and therefore give on
small corrections. The shape of the curves as a function
MN is clearly understood since the only dependence on
new parameters is of the type4

4It should be remarked that this is only true within the appro
mation of a constant widthGN for the heavy neutrino. Taking into
account the dependence ofGN with the new physics parameter
u f u, MN , and Lc ~and those pertaining to contact terms! could
modify, to some extent, the contibution of the quark-antiquark s
tering. However, as pointed out in Ref.@26#, GN receives the larges
contribution from contact terms which are independent ofu f u.

FIG. 4. Cross section normalized tou f u51, i.e.,s15s/u f u4 with

the choiceLc51 TeV. ~a!uu→dd1 l 1l 1, ~b! ud̄→dū1 l 1l 1, ~c!

d̄d̄→ūū1 l 1l 1, ~d! the solid line is the sum of the contribution
from Figs. 4~a!–4~c! including factorizable corrections according

Eqs. ~A1!,~A2!; the dashedline is the processud̄→sc̄1 l 1l 1 ac-
cording to Eq.~A3!. Finally thesolid-diamondline in ~d! is the total
cross sections1 including the sum of the subleading contributio
reported in Fig. 5.
01501
-
ly,
-

a-
f
al

of
e

s;S u f u
Lc

D 4

MN
2 E (

K

1

~K22MN
2 !21u~K2!~MNGN!2

,

~29!

where K are different momenta flowing in the Majoran
propagator. Thus in case~a!, s→0 as MN→0 while s
;MN

22 asMN→`, and there is an intermediate region wi
a maximum. There is a mass interval fromMN5250 GeV up
to MN'3 TeV wheres1 is bigger than the lowest measu
able cross section of 1022 fb that corresponds to one eve
per year given the luminosityL05100 fb21 ~integrated over
one year! planned at LHC. For example, the total sign
cross sections1 is at most about 531022 fb, which is at the
same level~though bigger! of the background@Eq. 26#, and
would only give five events per year. It seems therefore th
with this particular choice of parameters@case~a! Lc51
TeV, u f u51], the lepton number violating signal due to th
composite Majorana neutrino would hardly be measura
unless a better set of kinematical cuts is found that enhan
the absolute value of the signal rate while reducing still f
ther the background. However one should keep in mind
dependence on the parameteru f u, which in Fig. 4 has been
fixed to u f u51. Since the signal cross section is proportion
to u f u4 even a slightly larger value ofu f u could increase sen
sibly the signal cross section.

Case~b! is shown in Fig. 6 with the same notation as
Fig. 4. Again the subprocessd̄d̄→ūū1 l 1l 1 @Fig. 6~c!# is

-

t-

FIG. 5. Subleading processes: thesolid line is the sum ofus̄
collisions Eqs.~A4! and ~A5!; the long-dashed line is the proces

uc→ds1 l 1l 1; the dashed line is the sum ofcs̄ collisions, Eqs.

~A6! and ~A7!; the dot-dashed line is the the sum ofcd̄ collisions,
Eqs. ~A8! and ~A9!, scaled by a factor of 10. Finally thesolid-
diamondline is the total contribution tos1 of the above processes
3-8
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totally negligible relative to the other two. The differe
shape of the cross sections1 as a function ofMN is of course
due to the choiceLc5MN , which according to Eq.~29!
gives roughly s1;MN

26 as MN→` while s1;MN
22 as

MN→0. Thuss1 is strongly enhanced with respect to ca
~a! for values ofMN,1 TeV, while for MN.1 TeV it will
be severely decreased. The cross sections1 will be measur-
able in the mass intervalMN5250 GeV~400 events/yr! up
to MN'1.4 TeV ~1 event/yr!. This portion of the paramete
space has therefore the potential of giving rise to a sig
with a substantially higher number of events with respec
the background, at least up toMN5850 GeV~10 events/yr!.

The sensitivity of numerical results on different para
etrizations of the parton distribution functions~PDFs! has
been studied in detail. Calculations concerning the domin
processes have been performed using three other, mor
cent, sets of PDFs, namely: CTEQ~2pM! @36#, Martin-
Roberts-Stirling~MRS! ~G! @37# and Glück-Reya-Voyt 1994
harmonic oscillator~GRV94! HO @38#. In order to under-
stand better possible dependencies on PDFs the scale o
averagex probed by the processes under consideration
been estimated by evaluating:

^xaxb&5

E dxadxb ~xaxb!
ds

dxadxb

E dxadxb

ds

dxadxb

~30!

FIG. 6. Same as in Fig. 4 but with the choiceLc5MN . As
explained in the text the different shape of the cross sections1 as
function of MN with respect to Fig. 4 is becauses1}Lc

24 . Thus
fixing Lc5MN gives of course a different function ofMN than
choosingLc51 TeV. The solid-diamond line in~d! again describes
the totals1 as done in Fig. 4.
01501
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and then taking

^x&;A^xaxb&. ~31!

As shown in Fig. 7~a! the LSD signal probesx values in the
region ofx'0.2 over the full range of heavy neutrino mass
considered.

Figures 7~b! and 7~c! show a comparison of the parto
distribution functions of DO, CTEQ, MRS, and GRV. Th
latter have a considerably largerd̄(x) relative to DO down to
the region ofx'0.2 while theu(x) distribution function
differs, in this very same region, only by a few percent. O
expects therefore that using CTEQ, MRS, and GRV w
change only slightly the cross-section of the processuu

→dd1LSD while that of ud̄→dū1LSD process will be
enhanced by somewhat larger factors. This is indeed veri
by the numerical calculation.

In Table I sample numerical results for the integrat
cross section ofuu→dd1LSD are shown at different value
of the heavy neutrino massMN . One finds that the cros
section of theuu process with CTEQ, MRS, and GRV, rela
tive to the calculation performed with DO, varies up
'16% for MN51 TeV. The same comparison is shown
Table II for the processud̄→dū1LSD. In this case a much
stronger sensitivity is found, as expected. AtMN51 TeV the

FIG. 7. ~a! Averagex as a function ofMN calculated for the
processuu→dd1LSD with the parton distribution functions o
DO set 1.1;~b! u quark distribution function atQ51 TeV for the

different parametrizations chosen;~c! same as in~b! but for d̄; ~d!
the total integrated cross section including the processesuu→dd

1LSD, ud̄→dū1LSD, andud̄→sc̄1LSD. s tot is not including
the subleading processes reported in Fig. 5. These were show
give corrections of the order of 10%.
3-9
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TABLE I. Sensitivity of numerical results with respect to the different parton distribution paramet
tions. Comparing the cross section of the subprocessuu→dd1 l 6l 6. Case~a! Lc51 TeV. Cross sections are
expressed in fb.

MN ~GeV! DO set 1.1 CTEQ 2pM MRS~G! GRV 94 HO

500 0.1271231021 0.1366731021 0.1349131021 0.1274331021

1000 0.1617631021 0.1733331021 0.1725431021 0.1599431021

2000 0.1250131021 0.1335131021 0.1342131021 0.1222031021
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average value obtained with CTEQ, MRS, and GRV
'165% higher than that of D0.

In Fig. 7~d! the total integrated cross section~not includ-
ing the subleading processes discussed in Fig. 5! is compared
between the different set of PDFs. One finds that atMN51
TeV ~where the cross section reaches its maximum va!
CTEQ, MRS, and GRV predict a value larger by about 55
with respect to the DO result. This difference of course
very important as far as one is interested in the total num
of signal events but, as it will be shown, changes only
about 10% the bounds on the compositeness parameters
cussed on Sec. V. One might say~since the CTEQ, MRS
and GRV predictions are all very close!, that the DO predic-
tion is rather conservative.

Finally it should be remarked that the discussion, so
has been quite general with respect to the lepton flavor
applicable to all three of them but (LSD5 l 6l 6, l 5e,m,t) at
the LHC, muons will be the leptons most easily detec
while the other lepton flavors will be detectable but w
lower efficiencies@39#. For this reason the numerical resu
presented here refer to only one lepton generation.

V. COMPARING THE LHC VS THE GENIUS POTENTIAL

This section contains a comparative discussion of the c
straints on the parametersu f u, MN , Lc that could be de-
rived by the nonobservation of theL-violating signals dis-
cussed in the previous section at the high-energy L
experiments as opposed to those deriving from the nonob
vation of low-energy neutrinoless double beta decay exp
ments, present~Heidelberg-Moscow! and next-generation
~GENIUS!. The new bb0n GENIUS experiment,
~GErmanium-detectors in liquid NItrogen as shielding in
Underground Setup! @40#, has the potential to improve b
orders of magnitude the lower bound on thebb0n decay
half-life. Monte Carlo simulations have shown~for a 1 ton
setup! that in one~four! year~s! of measurement the lowe
bound will be increased, respectively, to@40,41#
01501
e

s
er
y
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r,
d

d

n-

C
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T1/2
0n .5.831027 yr, @one year#,

T1/2
0n .2.331028 yr @ four years#.

Figures 8 and 9 show the upper bound on the parameteu f u
as function of the heavy neutrino massMN for the two cases
~a! and ~b! defined in the previous section. The curves co
cerning thebb0n bound are based on formulas that can
found in Ref.@16# which, relative to Eq.~10! above, include
small correction terms of orderO(MW /MN). The LHC
curves are found using the numerical cross-sections
sented in the previous section, requiring 10 events/yr a
criterion for discovery of theL-violating signal, and assum
ing an integrated luminosity ofL05100 fb21 as before.
Thus nonobservation of the signal at LHC means t
u f u4 s1(MN ,Lc) L0,10, which is translated into a constrain
on u f u that is the corresponding LHC upper bound to that
Eq. ~10! from bb0n :

u f u,S 10

s1L0
D 1/4

. ~32!

One remark is due here as regards the sensitivity to
ferent sets of parton distribution functions. In Figs. 8 and
the LHC curve corresponding to the cross sections1

tot which
includes the subleading terms discussed in Fig. 5 and fo
with the DO parametrization is the thick dot-dashed line. T
other thin lines dot-dashed, dotted, long-dashed, and s
are, respectively, the DO, CTEQ, MRS, and GRV boun
corresponding to the cross sections1

tot of Fig. 7~d! ~all with-
out subleading terms!. Comparing the two dot-dashed line
one concludes that the inclusion of subleading terms gi
corrections which are smaller than~or at most comparable
to! the indeterminacy due the PDFs. The fact that the CTE
MRS, and GRV sets of PDFs give somewhat larger cr
sections relative to DO, though important as regards
number of signal events and the signal to background ra
is numerically less evident in Figs. 8 and 9 as here the L
riza-
TABLE II. Sensitivity of numerical results with respect to the different parton distribution paramet

tions. Comparing the cross section of the subprocessud̄→dū1 l 6l 6. Case~a! Lc51 TeV.

MN ~GeV! DO set 1.1 CTEQ 2pM MRS~G! GRV 94 HO

500 0.1139031021 0.1577931021 0.1299231021 0.1381131021

1000 0.1361731021 0.2087831021 0.2313331021 0.2470031021

2000 0.6599131022 0.1270631021 0.1137931021 0.1028431021
3-10
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curves are obtained through Eq.~32! wheres1 enters with a
power of 1/4, and thus a change of a factor 1.5 ins1 gives a
change in the bound onu f u within 10%.

From Figs. 8 and 9 one can infer lower bounds on
composite neutrino mass~or equivalentely the compositene
scale! by assuming the dimensionless couplingu f u;O(1).
For case~a!, Fig. 8, one obtains the bounds shown in Tab
III while in Table IV the corresponding bounds for case~b!,
Fig. 9, are given. One comment is in order here. The L
curve in Fig. 8 has a different behavior forMN,1 TeV as
compared to those of thebb0n . This is due to the fact that a
MN→0, s1→0 and thus the LHC upper bound onu f u be-
comes weaker and weaker. This does not happen in thebb0n

whose squared amplitude behaves asuMbb0n
u2;MN

22 @15#

and at lower masses gives a bigger effect and therefo

FIG. 8. Sensitivity of LHC vs current and next generati
~GENIUS! double beta experiments to the compositeness par
eters. Case~a! Lc51 TeV. Nonobservation of the signal exclude
regions above the curves. If no signal will be observed both L
and GENIUS will be able to get upper bounds onu f u stronger by
almost an order of magnitude with respect to the present Heidel
Moscow bound. The thick solid lines are thebb0n ; the thick dot-
dashed line is the LHC bound with DO set 1.1 parametrization
s1

tot of Fig. 4~d! which includes the subleading terms of Fig. 5; t
thin lines are the bounds corresponding to Fig. 7~d!, DO ~dot-
dashed!, CTEQ ~dotted!, MRS ~long dashed!, and GRV ~solid!.
There is a region where the LHC bound is weaker than
GENIUS-1 yr boundMN,550 GeV~DO!, 500 GeV~CTEQ, MRS,
and GRV! while for MN.550 (500) GeV the LHC bound is stron
ger. The LHC bound is weaker than that of GENIUS-4 yr forMN

,1000 GeV~DO!, 820 GeV~CTEQ, MRS, and GRV! while for
MN.1000 (820) GeV the LHC bound is stronger.
01501
e

a

stronger constraint. It is for this reason that Table III, f
case~a!, does not show a lower bound onMN for LHC. In
case~b! if u f u;O(1) GENIUS~1 yr! can exclude Majorana
composite neutrinos up to a mass ofMN;700 GeV, while
LHC ~with DO! and GENIUS~4 yr! can go up to about 850
GeV ~the LHC bound is 930 GeV if using CTEQ, MRS, o
GRV!. It is important to realize that the nonaccelerator, lo
energy, GENIUS-4yr experiment has the potential to pro
the compositeness scale into the TeV region.

At this point the reader should be made aware that inv
tigations of the same type of effective Lagrangians for co

-

rg

d

e

FIG. 9. Same as in Fig. 8 but withLc5MN . Also here regions
above the curves are excluded. Here the shape of the LHC ex
sion plot is similar to that ofbb0n . The values ofMN at which the
LHC curves cross those of GENIUS are the same as in Fig. 8.

TABLE III. Lower bound onMN for case~a! @Lc51 TeV, u f u
51]. The bounds are derived from the nonobservation of neutri
less double beta decay (bb0n) at the current~Heidelberg-Moscow!
experiment and for the prospected GENIUS experiment after 1
4 years of running@40#. At LHC nonobservation of the LSD signa
would not imply a lower bound on the composite neutrino ma
because of the different shape of the exclusion plot. See Fig. 8

Experiment Exp. constraint
Lower bound
on MN ~GeV!

Heidelberg-Moscow T1/2.5.731025 yr MN.;10
GENIUS 1 yr T1/2.6.031027 yr MN.;350
GENIUS 4 yr T1/2.2.331028 yr MN.;700
LHC Nevents,10
3-11
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positeness within the context of LHC experiments have
ready been reported in the literature. In particular while
production of excited quarks at LHC has been investiga
both via magnetic type gauge~G! interactions and contac
terms~CT! @32#, the production of excitedleptonshas how-
ever been consideredonly throughCT and a mass sensitivit
of up to about 4–5 TeV is found@32#. This work is therefore
the first report concerning excited leptons at LHC within t
context of magnetic type gauge interactions, and, while
discovery limit derived for contact terms@14,32# cannot be
directly compared with the constraints derived in Refs.@13–
15# from the nonobservation ofbb0n ~that were based on
gauge interactionsG), the discovery limit for LHC reported
here (MN up to 850 GeV! can be directly compared with tha
of bb0n as done explicitly in Table IV and Figs. 8 and 9.

Finally it is worthwhile to note the complementary ro
that accelerator~LHC! and nonaccelerator experimen
~GENIUS! can have. Figures 8 and 9 show explicitly that,
both cases~a! and~b!, while for low masses thebb0n bound
is more restrictive there is always a crossing point where
LHC constraint becomes stronger, though of the same o
of magnitude.

VI. CONCLUSIONS

In this work the production of like-sign dileptons~LSD!
via the exchange of a heavy composite Majorana neutrin
pp collisions has been studied in detail at LHC energies. T
coupling of the Majorana neutrino is assumed to be a ga
interaction of the magnetic moment type (smn). The helicity
amplitudes have been presented and the resulting cr
sections within kinematical cuts, needed to suppress the
background down to the fb level, are reported. Regions
the parameter space are pinned down where the signal is
above the estimated background (Lc5MN ,u f u;1,MN
,850 GeV!. However, a study of the background spec
cally dedicated to the LHC experimental conditions wou
certainly be of help towards a better understanding of
lepton number violating processes discussed here. The c
parison of the LHC potential with respect to observi
L-violating processes with that of the new generation of
non-accelerator typebb0n experiment, GENIUS, shows how

TABLE IV. Lower bound onMN for case~b! @Lc5MN , u f u
51]. The bounds are derived from the nonobservation of neutr
less double beta decay (bb0n) at the current~Heidelberg-Moscow!
experiment and for the prospected GENIUS experiment after 1
4 years of running@40# and from nonobservation of the LSD sign
at LHC ~less than 10 events in one year!. See Fig. 9.

Experiment Exp. constraint
Lower bound
on MN ~GeV!

Heidelberg-Moscow T1/2.5.731025 yr MN.;320
GENIUS 1 yr T1/2.6.031027 yr MN.;700
GENIUS 4 yr T1/2.2.331028 yr MN.;900
LHC Nevents,10 MN.;850 ~DO!

.;930
~CTEQ,MRS,GRV!
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the two approaches, high- vs low-energy, do play a comp
mentary role.

The approach developed here to discuss LSD produc
via composite Majorana neutrinos at LHC is being extend
to other models of physics beyond the SM which provi
L-violating interactions. The results of these analyses will
reported elsewhere.

One final remark is to be added concerning the interp
of low- vs high-energy facilities with respect to the study
lepton-number violation. The class of diagrams that give r
to DL562 processes discussed in this work could also tr
ger lepton-number-violating rare kaon decays such asK1

→p2e1e1. At the FrascatiF factory, DAFNE @42# ~pres-
ently under commissioning!, these decays could either b
observed or, otherwise, the corresponding bounds on
branching ratios are susceptible to be strengthened. The
rent bound on the branching ratio for the (DL522) K1

decay is Br(K1→p2e1e1),1.031028 @23#, while the
sensitivity of the KLOE experiment@43# to be performed at
DAFNE could reach the level of 1029; the KLOE experi-
ment might thus provide insights on lepton-number-violati
interactions beyond the standard model. Work along th
lines is in progress.
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APPENDIX A: LIST OF PARTON SUBPROCESSES

A list of all subprocesses leading to the production
LSD within the first two families of quarks follows.

~i! Quark scattering,UiU j→DkDl1 l 1l 1,

(k5 l ) (kÞ l )

uu\dd†ss‡¿l¿l¿ uu\ds¿l¿l¿

cc→ss @dd #1 l 1l 1 cc→ds1 l 1l 1

uc→ss @dd #1 l 1l 1 uc→ds1 l¿l¿ .

~ii ! Quark antiquark scattering (UiD̄ j→DkŪl1 l 1l 1):

ud̄\dū†dc̄,sū,sc̄‡¿l¿l¿

us̄\dc̄†dū,sū,sc̄‡¿l¿l¿

cs̄→sc̄ @sū,dc̄,dū #1 l 1l 1

cd̄→sū @sc̄,dc̄,dū #1 l 1l 1 .

-

d
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~iii ! Antiquark scattering (D̄ i D̄ i→ŪkŪ l1 l 1l 1):

(k5 l ) (kÞ l )

d̄d̄→ūū @ c̄c̄ #1 l 1l 1 d̄d̄→ūc̄ 1 l 1l 1

s̄s̄→ c̄c̄ @ ūū #1 l 1l 1 s̄s̄→ūc̄ 1 l 1l 1

d̄s̄→ūū @ c̄c̄ #1 l 1l 1 d̄s̄→ c̄ū 1 l 1l 1 .

Numerical results reported in Figs. 4~d! and 6~d! contain
contributions from some of the processes listed above.

The following equations~A1!–~A9! have been adopted t
estimate the contribution of the subprocesses due to se
family partons. Note that in this section, and in numeri
computations, the complex phases of the elements of
CKM mixing matrix have been neglected, assumingVi j*
5Vi j , as only the first two generations are being conside

Processes initiated by twoseapartons and not receiving
contribution from the annihilation diagram have not be
considered since Figs. 4~c! and 6~c! show that they are
clearly negligible. As regards quark scattering only two ca
have been considered; subprocesses initiated byuu and uc
collisions, i.e., with at least oneu-quark in the initial state.

uu initiated subprocesses: the processesuu→dd1 l 1l 1,
uu→ds1 l 1l 1, anduu→ss1 l 1l 1 are factorized as follows

uMuu-initiatedu25F112UVus

Vud
U2

1UVus

Vud
U4G 3 uMuu→dd1 l 1 l 1u2,

~A1!

the additional factor of 2, in the equation above, accounts
the fact that the processuu→ds1 l 1l 1 does not contain
identical quarks in the final state as opposed to the proce
uu→dd1 l 1l 1 anduu→ss1 l 1l 1 and thus for it Eq.~28!
applies withkÞ l .

Quark-antiquark scattering subprocesses have been
vided into

ud̄ collisions: the processesud̄→@dū,sū,dc̄#1 l 1l 1 are
factorized as

uMud̄-initiatedu25F11UVus

Vud
U2

1UVdc

Vud
U2G3uMud̄→dū1 l 1 l 1u2;

~A2!

the processud̄→sc̄1 l 1l 1, does not factorize as above du
to the fact that theWW fusion and the annihilation diagram
come in with different factors of the elements of the CK
matrix

uMud̄→sc̄1 l 1 l 1u25UVusVdc

Vud
2

Mud̄→dū1 l 1 l 1
(WW-fusion)

1
Vcs

Vud
Mud̄→dū1 l 1 l 1

(ud̄-annihil) U2

~A3!

@see Eq.~23#. It turns out to be numerically the most impo
tant subprocess, between those containing second family
tons. It gives a contribution which is roughly equal to that
01501
nd
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uu→dd1 l 1l 1 and ud̄→dū1 l 1l 1, accounting thus for
about 30% of the totals1 reported in Fig. 4.

us̄ collisions: the processesus̄→@sū,dū,sc̄#1 l 1l 1 can
be factorized as

uMus̄-initiatedu25S Vus

Vud
D 4F11UVud

Vus
U2

1UVcs

Vus
U2G

3uMud̄→dū1 l 1 l 1u2, ~A4!

and using the fact the within the set of parton densities u
here~set 1.1 of Duke and Owens@34#!, ū(x)5d̄(x)5 s̄(x),
the cross section forus̄ initiated collisions can be simply
obtained froms1(ud̄→dū1 l 1l 1) by multiplying it with the
above CKM factor which is 0.10'10%; the processus̄
→dc̄1 l 1l 1 does not factorize as in the above equation a
must be considered separately~it is shown in Fig. 5!:

Mus̄→dc̄1 l 1 l 15UVcs

Vud
Mud̄→dū1 l 1 l 1

(WW-fusion)

1
VusVdc

~Vud!
2
Mud̄→dū1 l 1 l 1

(ud̄-annihil) U2

. ~A5!

cs̄ collisions: the processescs̄→@sc̄,sū,dc̄#1 l 1l 1 can
be factorized as

uMcs̄-initiatedu25S Vcs

Vud
D 4F11UVus

Vcs
U2

1UVcd

Vcs
U2G

3uMud̄→dū1 l 1 l 1u2,

5F11UVus

Vcd
U2

1UVcs

Vcd
U2G3uMcs̄→dc̄1 l 1 l 1u2,

~A6!

while the processcs̄→dū1 l 1l 1 has to be considered sep
rately:

uMcs̄→dū1 l 1 l 1u25UVcdVus

Vud
2

Mud̄→dū1 l 1 l 1
(WW-fusion)

1
Vcs

Vud
Mud̄→dū1 l 1 l 1

(ud̄-annihil) U2

. ~A7!

cd̄ collisions: the processescd̄→@sc̄,dū,dc̄#1 l 1l 1 can
be factorized as

uMcd̄-initiatedu25S Vcd

Vud
D 2F11UVcd

Vud
U2

1UVcs

Vud
U2G

3uMud̄→dū1 l 1 l 1u2,

5F11UVcd

Vcs
U2

1UVud

Vcs
U2G3uMcs̄→dc̄1 l 1 l 1u2;

~A8!

and the processcd̄→sū1 l 1l 1 has to be considered sep
rately:
3-13
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uMcd̄→sū1 l 1 l 1u25UVcs

Vud
Mud̄→dū1 l 1 l 1

(WW-fusion)

1
VcdVus

Vud
2

Mud̄→dū1 l 1 l 1
(ud̄-annihil) U2

. ~A9!

Finally the amplitude of the processuc→ds1 l 1l 1 al-
though weighted by only oneu-quark distribution function
contains a graph multiplied by diagonal elements of
CKM matrix (}Vud

2 Vcs
2 ) see Eq.~22! and turns out to yield a

contribution comparable to that of theqq̄8 subprocesses de
scribed above~see Fig. 5!. The contributions discussed i
Eqs.~A4!–~A9! are reported in Fig. 5 together with the pr
cess uc→ds1 l 1l 1. The sum of these subprocesses
counts for about 10% of the totals1 reported in Fig. 4.
01501
e
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APPENDIX B: SQUARE OF AMPLITUDES

For the convenience of the reader interested in numer
applications the square of the amplitudes of the WW fus
mechanism is given here expressed in terms of the partic
momenta scalar products. In the numerical calculations it
been checked that one obtains an agreement of 1 part in5

between this way of calculating the square of the amplitu
and the other consisting in writing down complex amplitud
and numerically taking the square of the absolute value.

Defining the quantitiesKi( i 51,2,3) by

(
pol

uM i u25512F CKM
( i ) K 2 Ki , ~B1!

they are explicitly~i! UiU j→DkDl1 l 1l 1:
Ki5pa•pb X1A2 pa•pc pb•pd F1
pa•pe pb•pf

C2
1

pa•pf pb•pe

D2
2

L~pa ,pe ,pb ,pf !

CD G
1B2 pa•pd pb•pc F1

pa•pe pb•pf

E2
1

pa•pf pb•pe

F2
2

L~pa ,pe ,pb ,pf !

EF G
2AB H L~pa ,pc ,pb ,pd!Fpa•pe pb•pf

CE
1

pa•pf pb•pe

DF
2

1

2
L~pa ,pe ,pb ,pf !S 1

CF
1

1

DED G
2

1

2
e~pa ,pb ,pc ,pd!•e~pa ,pb ,pe ,pf !S 1

CF
2

1

DED J C; ~B2!

~ii ! UiD̄ j→DkŪl1 l 1l 1:

Kii 5pa•pd pb•pd pc•pa A2H 1
pe•pa pf•pd

C2
1

pf•pa pe•pd

D2
2

L~pe ,pa ,pf ,pd!

CD J ; ~B3!

~iii ! D̄ i D̄ j→ŪkŪ l1 l 1l 1:

Kiii 5pc•pd H 1A2 pa•pc pb•pd F1
pc•pe pf•pd

C2
1

pc•pf pe•pd

D2
2

L~pc ,pe ,pd ,pf !

CD G
1B2 pa•pd pb•pc F1

pc•pf pe•pd

E2
1

pc•pe pf•pd

F2
2

L~pc ,pe ,pd ,pf !

EF G
2AB H L~pa ,pc ,pb ,pd!Fpc•pe pf•pd

CF
1

pc•pf pe•pd

ED
2

1

2
L~pe ,pc ,pf ,pd!S 1

CE
1

1

DF D G
2

1

2
e~pa ,pb ,pc ,pd!•e~pe ,pf ,pc ,pd!S 1

CE
2

1

DF D J J ~B4!

with L(pa ,pb ,pc ,pd)5pa•pb pc•pd1pa•pd pb•pc2pa•pc pb•pd.
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