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The production of like-sign dileptor{& SD) in the high-energy lepton-number-violatind Il = + 2) reaction
pp—2 jetst1*1* (I=e,u,7), of interest for experiments to be performed at the forthcoming CERN Large
Hadron ColliderLHC), 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)XU(1) gauge bosons through a magnetic type coupling,). A helicity projection method is used to
evaluate exactly the tree-level amplitudes of the contributing parton subprocessdg (&hich 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 8900 GeV (if one requires 10 events for discoveryrhe sensitivity of
LHC experiments to the parameter space is then compared to that of the next generation of neutrinoless double
beta decay 88,,) experiment, GENIUS, and it is shown that they will provide constraints of the same order
of magnitude and will play a complementary role.

PACS numbses): 12.60.Rc, 13.15:g, 13.85.Rm, 14.60.St

[. INTRODUCTION the symmetries of the SM experimentally observed to hold
true until now. In the SM with massless Dirac neutrinos pro-
Since the discovery of th8° and W= gauge bosonfl]  cesses witlAL#0 are not possible. Violation of this sym-
the standard modelSM) of electroweak interaction§2] metry is generally related to the existence of massive Majo-
based on the SU(2U(1) gauge group has scored an im- fana particles and many extensions of the SM contain
pressive record of experimenta| checks. However' some ur‘.'ViOlating interactions inVOlVing Majorana neutrinos. Left-
explained facts of the model, such as the mass hierarchy, tH&ht symmetric models for example contain right-handed
proliferation of elementary particles, and the total number ofMajorana neutrinos, with a mass that could be in the TeV
free parameters, have lead to the belief that it is only a lowfange, and coupled to the light leptons via the right-handed
energy manifestation of a yet unknown underlying funda-gauge bosonsWg,Zg) [4]. Superstring generatel; mod-
mental theory, which would be free of the above theoreticafls also have neutral Majorana leptdiad. Finally Ref.[6]
difficulties. Therefore despite the enormous experimentaProvides an example of a composite model with Majorana
success of the SM many alternative theories have been dgeutrals.
veloped such as left-right symmetric models, composite The effect which seems most promising with respect to
models, supersymmetry, string theory, and grand unifie@howing violations of the lepton number is the neutrinoless
models. The investigation of the effects predicted by the nevflouble beta decayd,,), a second order process where, in
theories that are absent in the standard theory is therefoenucleus, two protongieutrons undergo simultaneously a
very important since, were these effects to be experimentalljveak beta decay emitting two positrofgectrons while the
observed, they would signakew physicsinaccounted for by two neutrinos annihilate into the vacuJai:
the SM. It is in this direction that a great portion of recent
theoretical and experimental studies have been concentrated + ot _
[3], and this is indeed the spirit of this work which deals with AZ+2)-A(Z)rete’, AL=+2. D
lepton-number-violating processes.
The conservation of the total lepton numlikey is one of  This process is only possible if the neutrino is a massive
Majorana particle, and thus it is impossible within the SM.
Experiments that search for such rare decay have long since
* Author to whom correspondence should be addressed. Electronleeen performed but always with negative resits Cur-
address: Orlando.Panella@PG.infn.it rently the Heidelberg-Moscoy8B experiment at the Gran-
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Sasso laboratory in Italy provides the best experimental
lower bound on the half-life of the procefg]
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The proposed GENIUS double beta experimésge Sec.
VI), now under development, will either increase the lower
bound on the half-life by two or three orders of magnitude or
observe the decay. From the theoretical point of view, the
strong bound on the half-life in E¢2) has been turned into

a powerful tool to impose constraints on models of new
physics which predict a nonzero amplitude for {B8,, de-
cay[9]. Studies in this direction include: an investigation of
new super-symmetric contributions froRparity violating
minimal supersymmetric standard mod@1SSM) [10]
which shows how constraints on parameters of the model
from nonobservation oBB,, are stronger than those avail-

able from accelerator experiments; a detailed analysis of tht e left-right symmetric model, Keung and Senjardd]

;ogttl;g)utcl)c;rlr:gﬁ eefoevcg\%nlglt-_gr?:: sy[:nhrgftzc& rgSr(:sInBtlllg; tondlready in 1983 realized that the associate production of LSD
y gy 9 P ith two hadronic jets would signal the annihilation of

?fzz}rk interactions due to the exchange of heavy leptoquar quark-antiquark pairs into the right-handed gauge boson of

The present authors have, in a series of recent papers
[13-15, investigated the contribution, to the neutrinoless Py q;
double beta decay, of a heavy Majorana neutrino, arising Py
from a composite model scenario in which the excited part- q; +
ner of the neutrindthe excited neutrinoy™) is assumed to W
be a Majorana particle. This study revealed tB#,, con-
straints are competitive, and in some regions of the param: v oy
eter space, even more restrictive than those derived fron N
high-energy direct search of excited partic[d$,16. This
result led to consider the potential of the experiments to be
performed at the forthcoming Large Hadron CollideHC)
at CERN, with respect to the possibility of observing the
production of like-sign dileptongLSD) 1*1" or 717, | q;
=e,u, T, in proton-proton collisions with an energy of 14 p
TeV in the center of mass frame

FIG. 1. Parton level mechanism for production of like-sign-
dileptons (LSD) in high-energy hadronic collisions. The shaded
blob contains all contributing diagrams for the virtual subprocess
WHWF 117,

Production of LSD has been considered in the past by
everal authors and within the context of different models. In

pp—2jetstLSD, AL=+2. 3)

time
In hadronic collisions LSD can be produced in quark-quark g.
(antiquark-antiquarkscattering, through the elementary sub-
processW W —1*1" (virtual W-boson fusioh as depicted
in Fig. 1 where the dashed blob represents all contributing
diagrams within a given model. As regards this mechanism
of LSD production one can say that it is the high-energy
analogue of the neutrinoless double beta decay which indee
proceeds through the same Feynman diagrésas, for ex-
ample, Ref[15]). Figure Za) shows explicitly the Feynman :
diagram for the production of LSD through the exchange of
a heavy Majorana neutrin@asic mechanisinin the case of
quark-antiquark scattering in addition to th¥ fusion an- %
other mechanism must be considered that leads to LSD pro-
duction: the direct production of a heavy Majorana neutrinoTh

via quark-antiquark annihilatioqa’—ﬁ *N with the subse-

qguent decay of the heavy neutrirM)—>I*qE’ (annihilation
mechanism This is depicted in Fig. ®).

Py

B

FIG. 2. Production of LSD through quark-antiquark scattering.
ere are here two interfering mechanisms to be consideed
virtual W fusion, (b) I * N, production via quark-antiquark annihila-
tion with subsequent hadronic decay of the heavy neuthiho

—1*qa.
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the model Wg). Estimates were given fgop collisions at [l. COMPOSITENESS AND EXISTING S,
Js=800 GeV. The study of this model was later taken up to CONSTRAINTS

higher energiegSuperconducting Super CollidésSQ and It is well known that one possible scenario of physics
LHC] by Datta, Guchait, and Roy in Ref18] where the  heyong the SM is one in which quarks and leptons are not
authors indicated how to effectively reduce the SM backglementary particles but possess an internal structure; i.e.,
ground. Dicus, Karatas, and Rp}9] have studied LSD pro- they are bound states of, yet unknown, new constituents,
duction at high-energy hadron colliders through the exgenerally referred to apreons bound together by a new
change of heavy right-handed Majorana neutrinos, withoutiynamical interaction. Theories that follow this path are
commitment to a specific modéeyond the SM They used  called composite modeland although many have been pro-
a vy,-type coupling and found the LSD signal detectable atposed[22] none has emerged as a new dynamically consis-
the SSC while at the LHC the SM background would prob-tent theory. However, there are some model-independent
ably preclude detection. Two of the present auttigf§ pro-  consequences of the idea of compositeness which can be
vided a rough estimate of the signal cross sectionspfor addressed without commitment to any specific model. These
— 2jets+ LSD at LHC within the context of composite mod- are (i) contact interactions between ordinary fermiofis)
els (exchange of a heavy composite Majorana neutrino wittfhe existence of excited partners for quarks and leptons with
a o,,-type coupling using an equivaleritV-boson approxi- Masses of the order of the compositeness stalePhenom-
mation[21] (similar to the Weiszeker-Williams approxima- enolog|cally these |dea§ have_ bee'n studied via effective in-
tion for the photon fieliland integrating over the complete t€ractiong14,23. In particular in this work, the case of ex-
phase-space of the subprocess W*—1*1*. The result cited neutrinos K), is taken up and only the relevant
was that the signal could be observable at the LHC. cquphng with the light electron are reviewed. Effective cou-
One remark should be made at this point that applies to a Iel';?]sp?s:)vgggg tSseinhge\?vve);liri]sdo!gih(;,xleapr:g?ygg?crﬁzrgaé\é)e
\év:”rilé? Ojrl::t Eze:etr;?ttﬁi\r/: I(;]gaelz,![g'?r:gds;iz Ft)iﬁgllt/(i:ttrllo?h? conservatiorf 24]. Assuming that such states are grouped in

) T . SU(2)XU(1) multiplets, since light fermions have,,
SRV Vax
two mechanisms of LSD production, i.&" W™ fusion and —0,1/2 and electroweak gauge bosons hiye 0,1, only

qq’ annihilation. Indeed when dealing withq" scattering  multiplets with |,<3/2 can be excited in the lowest order
both mechanisms must be considered and the correspondipgrturbation theory. Also, since none of the gauge fields
amplitudes should be added coherently. In order to do so ongarry hypercharge, a given excited multiplet can couple only
needs a way of efficiently computing the amplitudes. In thisto a light multiplet with the same¥. Conservation of the
paper it is done precisely so, calculating analytically the heelectromagnetic current forces the transition coupling of
licity amplitudes of the occurring tree-level diagrams andheavy-to-light fermions to be of the magnetic moment type
accounting thus for the interference term between théespect to any electroweak gauge bos@4s. In fact, a vec-
WHW* fusion and theqa’ annihilation. tor (vy,) transition coupling between the ordinary electen

Thus the goal of this paper is twofoldi) to address the and its excited partnef mediated by th&Vv* andB* gauge
sensitivity of LHC experiments with respect to the param_fields,_vvould result in an electromagnetic current of the type
eters of the composite model effective Lagrangian and comi4 ,,=~ ¢ v* i which would not be conserved due to the dif-
pare this to that of the next generation of double beta decaferent masses of excited and ordinary fermidas it is ex-
experiments now under developme(BENIUS); (i) to  pected thatmg>m,). The SU(2XU(1) symmetry forces
present a calculation of LSD productionpip collisions(via  then the tensor structurer(,,) to the transition coupling also
the exchange of a heavy composite Majorana nedutrinoin the charged and neutral weak currents.
which goes beyond the approximations of REZ0] and Restrict here to the first family and consider spin-1/2 ex-
which, in the case ofjq’ annihilation, includes coherently cited states grouped in multiplets witly=1/2 andY= -1
the two competing mechanisms. (the so called homodoublet mod&3)),

The rest of the paper is organized as follows. In Sec. Il the
reader is briefly reminded of the effective Lagrangian de- N
scribing the coupling of the excited neutrino with the elec- L=( )
tron and a comparison between recent bounds on the param- E
eters from the low-energyBB,, experiment by the
Heidelberg-Moscow Collaboration and those from high enyhich can couple to the light left-handed multiplet
ergy experiments performed by the DELPHI Collaboration at
the CERN Large Electron Positra.EP) Collider is pre-
sented. In Sec. lll the amplitudes of theviolating parton | =
subprocesses are presented. Section IV contgiasdescrip- L=
tion of the kinematical cuts applied with a short discussion of
the backgroundii) our numerical results for the signal cross R
sections. In Sec. V the sensitivity to the parameter space dhrough the gauge field&* andB*. The relevant interaction
LHC is compared to that of GENIUS. Finally, Sec. VI con- is written [24] in terms of twonew independent coupling
tains the conclusions. constants and f':
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A =M, stead the heavy composite Majorana neutrino belongs to a
SU(2) doublet[see Eq.(4)] and interacts with the charged
AR NN RN RN RN lepton via the standard mod&/ gauge bosorileft handed

with a tensor couplingo,,(1—vs)].
DELPHI (LEP Il v
——- BB, [(MV;MN) —>)01 In Ref.[14] the haIf-Iifg of theB By, mediated by a heavy
o—0 BBy, composite Majorana neutriri@oupling to the charged lepton

via the SMW gauge boson and with tensor couplingas
calculated and found to be given by

=
8

f 4 'i Go1
T—l—(_) 2 M 2_, (8)
1/2 N‘C M,z\,| F|| i

where my=0.85 GeV is a parameter entering the nuclear
form factors, Mg, = —5.45<10 2 is a nuclear matrix ele-

ment,m, is the electron mass, ar®y,;=6.4x10 P yr lis

a phase space integral. Combining this result with the non-
observation of the decayT(,>T'%%" """y one obtains a

constraint on the parameters of the model

2
me

8
My

1/4 lower boundy — 1/4
[G01 Tl/2

|~/\/1FI|1/2

Upper Bound on IfI/(\/Z M, ) (GeV_I)

>
b

<My?

(€)

Do b b b b b by Lo b 11 ‘A_c
90 100 110 120 130 140 150 160 170 180

My (GeV) Using the current experimental lower bound on the half-life
FIG. 3. Comparison between th3,, and the LEP Il upper Of the "°Ge decay provided by the Heidelberg-MoscB\g
bound on the quantityf|/(y2My) as a function of the heavy neu- €experiment, the following constraint on the parameters
trino massMy, with the choiceA,=M,. Regions above the f,A.,My appearing in Eq(7) is deduced:
curves are excluded. The dashed curve is i), bound of Eq.

) o : : 2
(10), while the solid-circle curve includes numerical effects of Ae [ My \*t
terms of higher order itM,,/M as discussed in Ref16]. |f|$8'031 TeV! 1 TeV (10

gf— 7 . oglf| 1— This double beta bound on compositeness can be compared
Lint=—Lo,, =l - "W+ —zLo,,l | -9"B* with bounds on the same parameters from high-energy ex-
A, H72 A 2 H . .
¢ ¢ periments performed at the Large Electron PositfbBP)
+H.c., (6) collider, phase Il. The DELPHI Collaboration has reported

[28] on a search for excited leptons @ e~ collisions at

where7 are the Pauli SU(2) matricegandg’ are the usual VS=183 GeV, where both the single and double production
SU(2) and U(1) gauge coupling constants, and the factor omode were studied. It_should be.empha3|zed that thg analysis
—1/2 in the second term is the hypercharge of the U(1)N Ref. [28] was carrlet_j out using the same effective La-
current. This effective Lagrangian is widely used in the lit- 9rangian that was considered in Rdfk3,15, cf. Eq.(?), o}
erature to predict production cross sections and decay ratédat it makes sense to compare the corresponding bounds. In
of the excited particle§23,25,28. In terms of the physical Fig. 3 the bound of Eq(10) is plotted against the exclusion

gauge fields the interaction Lagrangian describing the coucurve of the DELPHI Collaboratioh28], and one can see
pling of the heavy excited neutrino with the light electron is that for masses above 90 GeV the double beta bound is

therefore more constraining, i.e., it excludes a portion of parameter
phase space still allowed by the DELPHI exclusion Plot.

of

V2A,

+H.c. (7)

I vl_’ys +
Loi= No#—=e| 4,W,

This is an updated constraint respect to that of RES] where a

In the analysis carried out in Refgl3,14] it was assumed previous value of the half-life was used.

that the excited neutrino is a Maiorana particle with mass 2t should be noted that the ALEPH Collaboration has also re-
Xcl utrino J parti wi cently published results of a search for compositeness at LEP 1. In

M, ex.pected to be of the Qrder of the comp_osﬂeness ScalI—ezef. [29] bounds on the compositeness scale, in particular regarding
A, which would then contribute to the neutrinoless doubleye same excited neutrino couplings discussed here, are reported.
beta decay. Choosingf =f’=1 a neutrino mass-dependent lower boundAqgn

It should be emphasized how this scenario differs considis found which is about 16 TeV afl = O(10 Ge\) while it drops
erably from the more usual one of the left-right symmetricqown to 4 TeV at the maximum value df explored of 80 GeV.
model where a S(2) singlet Majorana neutrino couples to This result is not directly comparable to EELO) since this was
the charged leptons via a right-handathauge bosonWeg) derived within the hypotesi#>>M,, [15]. Assuming|f|=1,
and (V+A) coupling[27]. Here (and in Refs[13,14)) in-  Eq.(10) givesA=0.12 TeV atMy=1 TeV.
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This result prompted the present authors to study the poten- VA=[(p.+ py)2— M\2N+iMwa]
tial of the LHC with respect to the same type of lepton-
number-violating processes, with an emphasis on comparing X[(pet pg)>—Ma+iMylwl,
its sensitivity with that of the next generation of double beta
decay experiments. C=(Pa—Pe—Pe)’— M3,

One comment is finally due on the the related issue of the
detectability of the charged partner of the heavy composite D=(pa—pPe—pr)2—M3Z,
Majorana neutrino, the so called excited elect®nThe
heavy electrork is currently being searched for in experi- E=(Pa— Pg— Pe)’— Mﬁ,
ments performed at high-energy facilities which look for its (13)
direct production and/or indirect effects in electron-positron F=(pa—Pa—Ps)°>—M?2,
colliders (LEP at CERN and/or electron-proton colliders
(epcollider HERA at DESY. The most recent and stringent C=(pe+pg+pr)3— Mﬁ,+ iM\ Ty,

bounds on the mass of the heavy electEois from studies
of indirect (propagator effects ine* e~ — yy where theE is
exchanged in the channel. The ALEPH Collaboration re-
portsmgz>250 GeV[30]. The single production in electron-
proton collisions ép—E+X), gives also bounds of the
same order of magnitudenz>200 GeV[31]. As regards the |2, model that is being considered hef, A., andM,
production of excited electroris at hadron colliders it was and has been the object of discussion in the literature
realized some time ad@2] that these can be copiously pro- 135 5 Typically the width of excited leptonéquarks re-
duced via contact interaction&CTs), arising from a new  qiyes contributions from the gauge interactions of .
strongpreon dynamics, as opposed to the gauge interactiong,q from contact terms arising from nowarong preon in-

(G) being discussed here. One process that could be 100k&g, 5 q(iong 26].2 In order to keep the numerical computations
upon at the LHC to estimaté production through gauge ¢ cross-sections presented in the following reasonably
interactions isud—W* — vE with the subsequent decdy  simple, a constant value dfy=70 GeV has been adopted,
—ey. This would give a signaturpp—evy+X whose which is a somewhat average value in the mass range con-
cross section is expected to be of the same order of magnsidered.

tude of those described here. However, this goes beyond the Define also the quantities

scope of the present work, and should be the object of further

D=(pc+Pa+pe)—MZ+iMT'y.

The width of the heavy composite neutrifig is of course a
quantity which depends on the free parameters of the particu-

investigation. S(M, M) =S(Prm,Pn) = U+ (Pm)U—(Pp),
The following section deals with the calculation of the (14)
lepton number violating processespip collisions described t(m,n) =t(Prm,Pr) =U_(Pm)Us(Pr),

by the diagrams of Figs. 1 and 2. They have been carried out
with a choice of the parameters that satisfies the bounds fromhich are given by

BBo, just discussed.
s(M,n) == 2VEnExGmn,

IIl. AMPLITUDES OF L-VIOLATING PARTON (15)
SUBPROCESSES t(m,n)=+2vVEnEnFmn,

In the following the helicity amplitudes for parton sub- with
processes that contribute to production of LSD via the ex- _ , i
change(or production of a heavy Majorana composite neu- Gmn=C0K 0/2)sin( 6,,/2) " ($m™¢n)
trino are presented. The effective interaction used is that of o (b B2
Eq. (7). Considering for the moment only the first family, SIN(0m/2)COS 0/2) &m0,

three different types of processes should be distinguished: (16)

Finn=(Gmn) ™
Let the tensorT ,, describe the virtual sub-proce¥g*W*
— 1717 [Fig. 2@], while the tensoﬁ'w describes the virtual
subprocessW*)* — 117 (W*)~ appearing in the diagram
of Fig. 2(b). J, ¢ andJ_b,d , are the quarkantiquark currents
that couple in the channel to the virtual gauge bosons of the

The amplitudes are written using the following definitions standard modelFig. 2(a)] while J,, andJZ 4, are the in-
of propagator factors:

() uu—dd+I1*17",
(i) ud—du+171+, (12)

(ii ) dd—uu+1+1+.

— . n\2_M2 _p.)2_M2
VA=[(pPa=Pc) MW][(pb Pa) MW]' 3It is to be noted, however, that these contact terms while contrib-
) 5 ) 5 uting to the total width of the excited neutrino cannot contribute to
1B=[(pa=Pd)" = Mull(Pr—Pc)"— Myl 12 the production of LSD via the diagrams discussed in this work.
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coming and outgoing currents of th|e_1’ pair that couples in

the s channel to theV bosongFig. 2(b)].

— 1-7s
Jg,c: u(pe) ¥ 2

u(pa),

1-7s
> v(Pa)s

—'g,dzv_(pb) 0

17

-~ — 1-vs
Jap=v(Pp) ¥* >

u(pa),

~ — 1—vy
e * =u(pe) v =5

v(Pg)-

The amplitudes aréunitary gaugg
(|) Uin—>DkD|‘/‘I+PL

M=K{ VﬁkaVGle A [Jffa\,c) Tuv J(Vb,d) ]
_VGiDlvﬁjDkB[(pc‘—’pd) 1h (18)

(i) UD;—DU, +*1*

M(WW-fusion)

=K (VUka)* (VU|DJ-)* [A ‘]éta,c) T;LVFE}b,d) 1,

M(qa’ —annihilation

=K(Vyp)*(Vup)* [A3o ) Tuw Qe 1,

(19
(i) DD —U U, +11*
M=K{ VGkDiVG|Dj A [J_f%,c) T,uvjzjb,d) ]
_V6|DiVGij B[ (Pc—~Pa) 1} (20

whereU; denotes a positively charged qudtp-type while

D; dentotes a negatively charged of@own-typg. The
quantitiesVUiDj are the elements of the CKM mixing matrix.

Of course the annihilation diagram of FigaRcomes in only

in quark-antiquark scattering. In procesg@sand (iii) the

part of the amplitude depending on the fadBois due to the
diagrams obtained exchanging the final state quarks. In the
framework of the effective Lagrangidisee Eq.(7)] as dis-

cussed in Sec. I, it is found

— O up9vo

0,50 1- Ys
T, =upe) | 4L ue

D > v(ps)

X (Pa—P)’(Po—Pa) 7,

PHYSICAL REVIEW D 62 015013

1-vy
> 5U(pf)

TupTve | TvaTpup

:I‘—/.LV:U( pe)

c D

X ( pa+ pb)p( pc+ pd)ai

g4 f 2
c

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

(l) Uin—>DkD| +l +| *

M=4Ks(a,b)| (Vyp)*(Vyp)* Atac)t(d,b)

[s(e,a)s(b,f) s(f,a)s(b,e)]
T ¢ T D

~(Vyp)* (Vy,p)* Bl(@d)t(c,b)

E F 22

[s(e,a)s(b,f) _ s(f,a)s(b,e) ]

(i) UD;—DU, +11*

(WW-—fusion): M=+4K(Vyp)*(Vup)*
XA s(a,d)t(a,c)t(d,b)

s(e,a)s(d,f) s(f,a)s(d,e)
% c D

|

(23)
(qq’ — annihilation:
M=—=4K (Vyp)*(Vyp)*At(ab)s(a,d)t(d,c)
4

(i) DD —U U, +11*

s(e,a)s(d,f) B s(f,a)s(d,e)

C D

] , (249

M:4KS(C,d)( (VUkDi)*(VU|Dj)* A t(a,c)t(d,b)
s(e,c)s(d,f) s(f,c)s(d,e)
C B D

s(e,d)s(c,f) s(f,d)s(c,e)
E a F

+(Vyp)* (Vup,)*

|

(25

X B t(a,d)t(c,b)

The above simple analytic form of the amplitudes is also
very easy to implement in a code for numerical applications,
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since the quantities(p; ,p;) andu(p;,p;) are just functions new physics models allowing for lepton mixing.

of the energies and angles of the particle’s momenta; see In any case let us remark that an analysis of the back-

Egs.(15) and(16). ground dedicated specifically to the LHC experimental con-

ditions, and perhaps more complete than that presented in

Refs.[18,19, is necessaryincluding in particular a detailed

calculation of the amplitude of the processes invojyeahd
Before giving details of numerical calculations of the sig- will be the matter of a forthcoming work. Here the estimate

nal cross section and discussing the results one should Isé the background given in Reff19] is assumed:

reminded that there are processes of the standard model that

also lead to LSD production and are thus sources of back- Tpackground 3% 1072 fb. (26)

ground to the signal. This question was already considered in

Refs.[18,19. An immediate source of background comesin order to compare the signal cross-section with EX)

from the subprocessesu—ddW"W*, ud—duw*w*,  kinematical cuts as discussed in Rf9] are used. The fol-

lowing selection criteria are needed in order to ensure lepton

and jet identification:

IV. DISCUSSION AND RESULTS

dd—uuW"W" and similar ones involving higher-
generation quarks and antiquarks, edtsubsequently de-
caying into lv,. The corresponding overall reactiopnp
— 2 jetsl v, v, can mimic the signal when the total missing
P+ carried away by the neutrinos is small. As shown in Ref. i (27)
[19], that background can be most efficiently reduced to a |7l <4 pr(jet>20 GeV.
percent of fb in LHC conditions, which will be shown to be ] ) ] ]
at the same level of the signal, in some regions of the param- The signal cross sections are obtained by folding the
eter space, or even well below the latter in other regionsSauare of the amplitudes with the four-particle phase-space
This background reduction is accomplished by limiting the@nd the parton distribution functions
missing Pt of neutrinos, that is, requiring aP5 conserva-
tion” which is actually a characteristic of the signal.

As also observed in Ref$18,19, a copious and more
dangerous source of standard-model background seems to be

due tott_production from gluon and quark initial states. In xi|/\/l|2(277)4 5t
that process, one has the decay chairsoW", W' —1y, 2s

on one side and—bW™, b—clv,, W™ —qq’ on the other 4 3
side. For LHC conditions, that reaction leads to a total pro- ><1< 5k|) 1—[ d°p,
duction of about & 10° LSD per year. Here again, a limita- 2

tion of missingP+ together with the condition of largB+

leptons allow one to reduce substantially that background. ~_ .
The additional requirement of lepton isolation further re-\'\/heres_X""XbS Is the squared center of mass energy of the

. : arton collision and the factor (1/2)(16,,/2) accounts for
duces the background. But while the two requirements o . . ¢ i
e S . ) . . he presence of the two identical fermions ") and the
missing P+ limitation and lepton isolation will certainly

eliminate two other similar backgrounds coming from directPoSsibly identical quarks),,U, (Uy,U)) in the final state.

cc andbb production, that oft production seems to remain The distribution functions are those of set 1.1 of Duke-
according to Refd.18,19, at a level which might jeopardize Owens(updated version of se s described in Ref34]

measurement of the signal at LHC with Aqcp=177 MeVic.\/S=14 TeV has been used while

At this point, it is worth noticing that within the standard the scaleQ? is fixed at the valueQ®=s. With a proper

model one can observe fip collisions not only events with ~ choice of the transverse axis the phase-space reduces to a
like-sign dileptons of a given species(e®, u*u®, nine-dimensional integration that is performed with the well

7= 7%), but also events with “hybrid” like-sign dileptons KNOWNVEGAS [35] routine which is based on a Monte Carlo
(HLSD) such ase®u*, e*7*, u* 7, with practically the algorithm. This allows easy implementation of kinematical

same production rate for all these events sinceMwdecay cuts as described above. As regardsuheprocess the inter-
into anyl v, final state at the same rate. Thus, one can get aference between th&/W-fusion and annihilation mecha-
idea on the amount of standard-model LSD background andisms is naturally taken into account since the taomplex
eventually make appropriate subtraction by comparing, unamplitudes are summed before squaring.

der given kinematical constraints, LSD production with In Figs. 4—6 the integrated cross section with the param-
HLSD production. At LHC, it would be most probably a eter|f|=1,i.e.,0;=0(|f|=1) is given. AsM=f2, the total
comparison betweem™ ™, 7~ 7= production andu®7=  cross section for other values [df can be easily recovered
production. Said differently, once appropriate kinematical(o=|f|*X o). Keeping fixed f|=1 there are other two pa-
cuts performed, any significant difference between LSD profameters on which our signal rate is dependéntandM .
duction and HLSD production would signal lepton numberIn order to sample different regions of the parameter space
violating processes such as those here considered. Howevéno cases have been considered. Cage\ =1 TeV, and

let us remark that a no-deviation result could not rule outcase(b) A.=My.

|71l <4 pr(lep)>5 GeV,

1
dtf:f andem[fi(Xa,Qz)f,‘(Xb ,Q%) + Xa=Xp]
1

4
PatPp— z Pm
m=1

(28)
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FIG. 4. Cross section normalized|tj=1, i.e.,o, = o/[f|* with FIG. 5. Subleading processes: tselid line is the sum ofus
the choiceA =1 TeV. (@uu—dd+I"17, (b) ud—du+I"17,(©)  collisions Egs.(A4) and (A5); the long-dashed line is the process
dd—uu+I171%, (d) the solid line is the sum of the contributions yc—ds+I*1"; the dashed line is the sum @B collisions, Egs.
from Figs. 4a)—4(c) including factorizable corre_ctiorE according to (A6) and (A7): the dot-dashed line is the the sumaif collisions,
Egs. (A1),(A2); the dashedline is the processid—sc+171" ac-  Egs. (A8) and (A9), scaled by a factor of 10. Finally theolid-

cording to Eq(A3). Finally thesolid-diamondine in (d) is the total  diamondline is the total contribution ter; of the above processes.
cross sectiorr; including the sum of the subleading contributions

reported in Fig. 5. <|f| 1
o~

4
2

. o . Ac) MNJ; (K2=M2)2+ 6(K2)(MNT)?
Case(a) is shown in Fig. 4 where cross sections corre- (29)
sponding to the three subprocesses of the first quark family,
cf. Eq. (11), are plotted versus the mass of the excited Mawhere K are different momenta flowing in the Majorana
jorana neutrinoMy [Figs. 4a)—4(c)]. Since the subprocess propagator. Thus in cas@), 0—0 as My—0 while o
dd—uu+1*1" is weighted by sea-quark distribution func- ~Mn" @sMy—<, and there is an intermediate region with
tions it is totally negligible relative to the other two. In Fig. & Maximum. There is a mass interval frdfiy, =250 GeV up
4(d) the total cross sections plotted versusMy including to My~3 TeV whereo, is bigger than the lowest measur-

contributions from other subprocesses with second generé?‘-ble cross section of m fb. that COI‘I’eSJ)lOI’.ldS to one event
tion quarks, €,s) as described in the appendix. Some of PET year given the luminositg,=100 fb " (integrated over

S : ' . ope year planned at LHC. For example, the total signal
these subprocesses are, however, weighted by off-diagona

elements of the CKM mixing matrix and therefore give only Cross sectiowr, s at most about &10™* b, which s at the
i _ I hough bi f th k Eq. 2
small corrections. The shape of the curves as a function ame levelthough bigger of the backgroundEg. 26, and

) " ould only give five events per year. It seems therefore that,
My is clearly understood since the only dependence on thﬁ/ith this particular choice of parametercase(a) A =1
new parameters is of the tybe

TeV, |f|=1], the lepton number violating signal due to the
composite Majorana neutrino would hardly be measurable,
unless a better set of kinematical cuts is found that enhances
the absolute value of the signal rate while reducing still fur-
ther the background. However one should keep in mind the

“4It should be remarked that this is only true within the approxi- LT
mation of a constant widtl'y for the heavy neutrino. Taking into dependence on the parame|té{r, which in Fig. 4 has been

account the dependence b, with the new physics parameters flxed4t0|f|= 1. S_lnce the signal cross sectlon is proportional
If|, My, and A, (and those pertaining to contact tejnmould 1O |f|* even a slightly larger value df| could increase sen-
modify, to some extent, the contibution of the quark-antiquark scatSiPly the signal cross section. _ .
tering. However, as pointed out in RgR6], T receives the largest Case(b) is shown in Fig. 6 with the same notation as in
contribution from contact terms which are independenitf pf Fig. 4. Again the subprocestd—uu+I1*1" [Fig. 6(c)] is
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M, (TeV) FIG. 7. (a) Averagex as a function ofM calculated for the
processuu—dd+LSD with the parton distribution functions of
DO set 1.1;(b) u quark distribution function aQ=1 TeV for the
different parametrizations chosef) same as inlb) but for d; (d)
the total integrated cross section including the processesdd

('.;I|||||||||I|I|I

-
(=]

FIG. 6. Same as in Fig. 4 but with the choide=M, . As
explained in the text the different shape of the cross seetipas
function of M with respect to Fig. 4 is becausqocAg“. Thus
fixing A.=My gives of course a different function dfl than

choosingA .= 1 TeV. The solid-diamond line ifd) again describes +LSD, ud—du+LSD, andud—sc+LSD. oy is not including
the totalo, as done in Fig. 4. the subleading processes reported in Fig. 5. These were shown to

give corrections of the order of 10%.

totally negligible relative to the other two. The different
shape of the cross section as a function oM\ is of course  and then taking
due to the choicmc=2AN, which according to Eq2(29)
gives roughly oy~My~ as My—o while o;~My“ as N RvEY
My—0. Thuso is strongly enhanced with respect to case 00~ V(XaXp)- (3Y)
(@ for values ofMy<1 TeV, while forMy>1 TeV it will o . .
be severely decreased. The cross seatipmill be measur- AS shown in Fig. 7a) the LSD signal probes values in the
able in the mass intervally=250 GeV (400 events/yrup ~ region ofx~0.2 over the full range of heavy neutrino masses
to My=~1.4 TeV (1 eventlyy. This portion of the parameter considered.
space has therefore the potential of giving rise to a signal Figures Tb) and 7c) show a comparison of the parton
with a substantially higher number of events with respect tdlistribution functions of DO, CTEQ, MRS, and GRV. The
the background, at least up kb =850 GeV(10 events/yr. latter have a considerably largefx) relative to DO down to

The sensitivity of numerical results on different param-the region ofx~0.2 while theu(x) distribution function
etrizations of the parton distribution functiofBDF9 has differs, in this very same region, only by a few percent. One
been studied in detail. Calculations concerning the dominargéxpects therefore that using CTEQ, MRS, and GRV will
processes have been performed using three other, more righange only slightly the cross-section of the process
cent, sets of PDFs, namely: CTE@pM) [36], Martin- ~ _, 44+ SD while that of ud—du+LSD process will be

Roberts-StirlingMRS) (G) [37] and Glick-Reya-Voyt 1994 anhanced by somewhat larger factors. This is indeed verified
harmonic oscillato(GRV94) HO [38]. In order to under- p the numerical calculation.

stand better possible dependencies on PDFs the scale of the|, Taple | sample numerical results for the integrated
averagex probed by the processes under consideration hagoss section ofiu—dd+ LSD are shown at different values
been estimated by evaluating: of the heavy neutrino masly. One finds that the cross

do section of theuu process with CTEQ, MRS, and GRYV, rela-
f dXad X, (XaXp) Tdx tive to the calculation performed with DO, varies up to
(XaXp) = a”’b (300 ~16% forMy=1 TeV. The same comparison is shown in
J dxadxbi Table Il for the processid—du+LSD. In this case a much
dXadXp, stronger sensitivity is found, as expected M=1 TeV the
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TABLE I. Sensitivity of numerical results with respect to the different parton distribution parametriza-
tions. Comparing the cross section of the subprooess dd+1~1*. Case(@ A.=1 TeV. Cross sections are
expressed in fb.

My (GeV) DO set 1.1 CTEQ 2pM MRS$G) GRV 94 HO
500 0.1271x10 ! 0.13667% 10! 0.1349x 10! 0.1274% 10!
1000 0.1617610 ! 0.1733% 10! 0.17254<10° ! 0.15994< 10!
2000 0.1250x 10! 0.13351x 107! 0.13421x 1071t 0.12220x 1071
average vglue obtained with CTEQ, MRS, and GRV is T2 >5.8x10?" yr, [one yeal,
~+65% higher than that of DO.
In Fig. 7(d) the total integrated cross sectigmot includ- T(1)72>2-3>< 10% yr [four years.

ing the subleading processes discussed in Bigg Gompared

between the different set of PDFs. One finds th;;ﬁ/l@tz 1 Figures 8 and 9 show the upper bound on the paranfiter
TeV (where the cross section reaches its maximum value,g fynction of the heavy neutrino mas, for the two cases
CTEQ, MRS, and GRYV predict a value larger by about 55%5) and (b) defined in the previous section. The curves con-
with respect to the DO result. This difference of course iScerning theB,, bound are based on formulas that can be
very important as far as one @s interested in the total numbegy nd in Ref.[16] which, relative to Eq(10) above, include
of signal events but, as it will be shoyvn, changes only by_small correction terms of orde©(M,/M,). The LHC
about 10% the bounds on the compositeness parameters digjres are found using the numerical cross-sections pre-
cussed on Sec. V. One might sggince the CTEQ, MRS, ganteq in the previous section, requiring 10 events/yr as a
and GRV predictions are all very closehat the DO predic-  ¢rjterion for discovery of the -violating signal, and assum-
tion is rather conservative. _ _ ing an integrated luminosity of,=100 fb~! as before.
Finally it should be remarked that the discussion, so far,s nonobservation of the signal at LHC means that
has been quite general with respect to the lepton flavor anﬁ|401(MN /Ao Lo<10, which is translated into a constraint

applicable to all three of them but (LSBI"I ™, 1=e,u,7) &t 5 ¢ ' that is the corresponding LHC upper bound to that in
the LHC, muons will be the leptons most easily detectequ| (|10) from BB, : P g PP

while the other lepton flavors will be detectable but with
lower efficiencied39]. For this reason the numerical results
presented here refer to only one lepton generation. |f|<

10 1/4
) . (32

1Ly

One remark is due here as regards the sensitivity to dif-
ferent sets of parton distribution functions. In Figs. 8 and 9

This section contains a comparative discussion of the corthe LHC curve corresponding to the cross sectigt which
straints on the paramete[§|, My, A, that could be de- includes the subleading terms discussed in Fig. 5 and found
rived by the nonobservation of theviolating signals dis- with the DO parametrization is the thick dot-dashed line. The
cussed in the previous section at the high-energy LH®ther thin lines dot-dashed, dotted, long-dashed, and solid,
experiments as opposed to those deriving from the nonobseare, respectively, the DO, CTEQ, MRS, and GRV bounds
vation of low-energy neutrinoless double beta decay experieorresponding to the cross sectialf' of Fig. 7(d) (all with-
ments, preseni{Heidelberg-Moscow and next-generation out subleading termsComparing the two dot-dashed lines
(GENIUS. The new BBy, GENIUS experiment, one concludes that the inclusion of subleading terms gives
(GErmanium-detectors in liquid Nltrogen as shielding in ancorrections which are smaller thdor at most comparable
Underground Setyp[40], has the potential to improve by to) the indeterminacy due the PDFs. The fact that the CTEQ,
orders of magnitude the lower bound on tBg,, decay MRS, and GRV sets of PDFs give somewhat larger cross
half-life. Monte Carlo simulations have showfor a 1 ton  sections relative to DO, though important as regards the
setup that in one(four) years) of measurement the lower number of signal events and the signal to background ratio,
bound will be increased, respectively,[#0,41] is numerically less evident in Figs. 8 and 9 as here the LHC

V. COMPARING THE LHC VS THE GENIUS POTENTIAL

TABLE Il. Sensitivity of numerical results with respect to the different parton distribution parametriza-
tions. Comparing the cross section of the subprocess du+1*1=. Case(a) A,.=1 TeV.

My (GeV) DO set 1.1 CTEQ 2pM MRS$G) GRV 94 HO
500 0.1139 10 * 0.1577% 107! 0.1299% 107! 0.13811x 107!
1000 0.1361%10°* 0.20878< 107! 0.23133% 107! 0.24700< 1071
2000 0.6599% 102 0.12706< 1071 0.1137% 107! 0.10284x 1071
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Case (a); Ac=1TeV Case (b); Ac=M,
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FIG. 8. Sensitivity of LHC vs current and next generation  gF|G. 9. Same as in Fig. 8 but with.=M . Also here regions

(GENIUS) double beta experiments to the compositeness paramgpove the curves are excluded. Here the shape of the LHC exclu-
eters. Cas¢a) A.=1 TeV. Nonobservation of the signal excludes gjgn plot is similar to that oBB,, . The values oM at which the

regions above the curves. If no signal will be observed both LHC Hc curves cross those of GENIUS are the same as in Fig. 8.
and GENIUS will be able to get upper bounds |dh stronger by

almost an order of magnitude with respect to the present Heidelberg ) . .

Moscow bound. The thick solid lines are tj8,, ; the thick dot-  Stronger constraint. It is for this reason that Table lll, for
dashed line is the LHC bound with DO set 1.1 parametrization and¢as€(a@), does not show a lower bound dny for LHC. In

o' of Fig. 4d) which includes the subleading terms of Fig. 5; the case(b) if [f[~O(1) GENIUS(1 yr) can exclude Majorana
thin lines are the bounds corresponding to Figd)7DO (dot-  composite neutrinos up to a massMf~700 GeV, while
dashedy CTEQ (dotted, MRS (long dashelj and GRV (solid). LHC (with DO) and GENIUS(4 yr) can go up to about 850
There is a region where the LHC bound is weaker than theGeV (the LHC bound is 930 GeV if using CTEQ, MRS, or
GENIUS-1 yr boundM <550 GeV(DO), 500 GeV(CTEQ, MRS,  GRV). It is important to realize that the nonaccelerator, low-
and GRV while for M\>550 (500) GeV the LHC bound is stron- energy, GENIUS-4yr experiment has the potential to probe
ger. The LHC bound is weaker than that of GENIUS-4 yr kb the compositeness scale into the TeV region.

<1000 GeV(DO), 820 GeV(CTEQ, MRS, and GRY while for At this point the reader should be made aware that inves-
My>1000 (820) GeV the LHC bound is stronger. tigations of the same type of effective Lagrangians for com-
curves are obtained through E§2) whereo; entgrs .With a TABLE IIl. Lower bound onM for case(@) [A.=1 TeV, |f|
power of 1/4, and thus a change of a factor 1.%ringives @  =1]. The bounds are derived from the nonobservation of neutrino-
change in the bound off| within 10%. less double beta decayf,,) at the currentHeidelberg-Moscow

From Figs. 8 and 9 one can infer lower bounds on thesxperiment and for the prospected GENIUS experiment after 1 and
composite neutrino mager equivalentely the compositeness 4 years of running40]. At LHC nonobservation of the LSD signall
scale by assuming the dimensionless coupliff¢~O(1).  would not imply a lower bound on the composite neutrino mass
For casg(a), Fig. 8, one obtains the bounds shown in Tablebecause of the different shape of the exclusion plot. See Fig. 8.

[II while in Table IV the corresponding bounds for ca&,

Fig. 9, are given. One comment is in order here. The LHC _ Lower bound
curve in Fig. 8 has a different behavior fdty<1 TeV as  Experiment Exp. constraint  onMy (GeV)
compared to those of thegB,, . This is due to the fact that as Heidelberg-Moscow Ty>5.7x 1075 yr M >~ 10
Mn—0, 0;—0 and thus the LHC upper bound d)ﬂ be-  GENIUS 1 yr T, 6.0x 1077 yr M >~ 350
comes weaker and weaker. This does not happen iB&e  cenjUs 4 yr Ty 2.3X 1078 yr M >~ 700

whose squared amplitude behaves|,&$BBOV|2~M§2 (15  |hc
and at lower masses gives a bigger effect and therefore &

Nevents< 10
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TABLE IV. Lower bound onMy for case(b) [A.=My, |f| the two approaches, high- vs low-energy, do play a comple-
=1]. The bounds are derived from the nonobservation of neutrinomentary role.
less d0ub|e beta decaﬁﬁoy) at the Curren(Heide|b§rg-MOSCOW The approach developed here to d|SCUSS LSD produc“on
experiment and for the prospected GENIUS experiment after 1 angjy composite Majorana neutrinos at LHC is being extended
4 years of running40] and from nonobservation of the LSD signal to other models of physics beyond the SM which provide
at LHC (less than 10 events in one ygaBee Fig. 9. L-violating interactions. The results of these analyses will be
reported elsewhere.

One final remark is to be added concerning the interplay

Lower bound

Experiment Exp. constraint onMy (GeV) of low- vs high-energy facilities with respect to the study of
Heidelberg-Moscow T;,>5.7X10°yr  My>~320 lepton-number violation. The class of diagrams that give rise
GENIUS 1 yr T12>6.0<10%"yr  My>~700 to AL= =2 processes discussed in this work could also trig-
GENIUS 4 yr Typ>2.3x10%8yr M y>~900 ger lepton-number-violating rare kaon decays suctKas
LHC Neyer< 10 M > ~ 850 (DO) —m e'e’. At the FrascatiP factory, DA®NE [42] (pres-
~~930 ently under commissioning these decays could either be

(CTEQ,MRS,GRY observed or, otherwise, the corresponding bounds on the
branching ratios are susceptible to be strengthened. The cur-
rent bound on the branching ratio for thAl(=—2) K™
positeness within the context of LHC experiments have aldecay is BrK™— a7 e"e")<1.0x 108 [23], while the
ready been reported in the literature. In particular while thesensitivity of the KLOE experimerjé3] to be performed at
production of excited quarks at LHC has been investigated®A®NE could reach the level of 10; the KLOE experi-
both via magnetic type gaug&s) interactions and contact ment might thus provide insights on lepton-number-violating
terms(CT) [32], the production of exciteteptonshas how- interactions beyond the standard model. Work along these
ever been consideraxhly throughCT and a mass sensitivity lines is in progress.
of up to about 4-5 TeV is foun[B2]. This work is therefore
the first report concerning excited leptons at LHC within the
context of magnetic type gauge interactions, and, while the ACKNOWLEDGMENTS
discovery limit derived for contact ternid4,32 cannot be
directly compared with the constraints derived in RgI&—
15] from the nonobservation 988, (that were based on
gauge interaction§&), the discovery limit for LHC reported
here M up to 850 GeV can be directly compared with that
of BBy, as done explicitly in Table IV and Figs. 8 and 9.
Finally it is worthwhile to note the complementary role
that accelerator(LHC) and nonaccelerator experiments

(GENIUS) can have. Figures 8 and 9 show explicitly that, in . . .
) was completed. He is also indebted to Z. Ajalto(hLEPH
both casesa) and (b), while for low masses thg 5o, bound Collaboration, F. Fleuret, and S. Ja(ATLAS Collabora-

is more restrictive there is always a crossing point where th%on) for useful discussions. This project is partially sup-
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VI. CONCLUSIONS APPENDIX A: LIST OF PARTON SUBPROCESSES

In this work the production of like-sign dileptortt SD) A list of all subprocesses leading to the production of
via the exchange of a heavy composite Majorana neutrino inSp within the first two families of quarks follows.
pp collisions has been studied in detail at LHC energies. The (i) Quark scatteringy;U;—DyD, +| R
coupling of the Majorana neutrino is assumed to be a gauge
interaction of the magnetic moment type (,). The helicity (k=1) (k#1)
amplitudes have been presented and the resulting CroS§y, ddfsg]+171+ UU—dsHI I+
sections within kinematical cuts, needed to suppress the SM dd 1411+ cods 11+
background down to the fb level, are reported. Regions oFCHSS[ ] - it
the parameter space are pinned down where the signal is wélf—ssldd]+171 uc—ds+I™1™ .
above the estimated backgroundA &My,|fl~1,My

<850 GeVj. However, a study of the background specifi- iy ouark antiquark scatterind(D.— D.U,+]"1%):
cally dedicated to the LHC experimental conditions would (i Q a b, K )

certainly be of help towards a better understanding of the ud—du[dc,su,sc]+I*1*
Iept_on number violating processes discussed here. The com- us—dc[du,su,sd+I*1+
parison of the LHC potential with respect to observing — = ===
L-violating processes with that of the new generation of the cs—sc[sudcdu]+ITl
non-accelerator typg3,, experiment, GENIUS, shows how cd—su[scdc,du]+1*1" .
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(i) Antiquark scattering®;D;— U, U,+171%): uu—dd+1"1" and ud—du+1*1*, accounting thus for
about 30% of the totadr; reported in Fig. 4.

k=l kI 9.
(k=1 (k#1) us collisions: the processess—[su,du,sc]+I"1" ¢
dd—uu [cc+1+17 dd—uc +1*1*  be factorized as
ss—cc [uu]+1*1* ss—uc +1*1F . Vis) [ [Vae® | Ves?
ds—uu [cc]+1°1* dscut1'1" | Musiaed*=| ) | 157 ] * |,

— - 2
Numerical results reported in Figs(#} and &d) contain X | Mug-duri+1+]%, (A4)

coq_'crr]ibl;tiﬁms.from sorpe 2;"{‘)9 (yxg)cissesblisted gbo;/ed . and using the fact the within the set of parton densities used
e following equation ave been adopted to
estimate the contribution of the subprocesses due to secong re(set 1.1 of Duke and Owerj$4)), u(x)=d(x) = S(X)

family partons. Note that in this section, and in numencalthe cross section fous initiated collisions can be simply
computations, the complex phases of the elements of th@btained fromo;(ud—du-+1*1") by multiplying it with the
CKM mixing matrix have been neglected, assumifj  above CKM factor which is 0.1810%; the processs
=V;j;, as only the first two generations are being considered—dc+1"1* does not factorize as in the above equation and
Processes initiated by tweeapartons and not receiving must be considered separatélyis shown in Fig. 3:
contribution from the annihilation diagram have not been
considered since Figs.(@ and &c) show that they are
clearly negligible. As regards quark scattering only two cases
have been considered; subprocesses initiatedbanduc
collisions, i.e., with at least one-quark in the initial state. VusVidc | (ud-annini)
uu initiated subprocesses: the processas-dd+1*1" + d—du-

V (WW-fusion)

Musaderi+i+= | Vg ud—dut 1

(A5)

., +1+
(V )2 ud—du+I*I

uu—ds+IT1", anduu—ss+171" are factorized as follows ud
NEERUAL cs collisions: the processess—[sc,su,dc]+1*1* can
2_ us us 2 be factorized as
| Myg-initiated “= 1+2V v X I Myydd+1+1+%
ud ud

EHH Vus® | |Vea
Vud Vcs

(A1)

the additional factor of 2, in the equation above, accounts for )
the fact that the processu—ds+|*I" does not contain X | Mygoduri+i+l%
identical quarks in the final state as opposed to the processes 2 2

|Mc§-initiated| 2= Ves

T

uu—dd+171* anduu—ss+I*1* and thus for it Eq(28) B P AT L O
applies withk#1. Ved | Ved
Quark-antiquark scattering subprocesses have been di- (AB)

vided into L
o S while the processs—du+I1"1" has to be considered sepa-
ud collisions: the processead—[du,su,dc]+I"1* are rately:
factorized as

Vchus (WW-fusion)

N — 2 __
2 2 |Mcstu+I+I+| - MudﬂdquI*I*

Vdc

Vud

VUS

Vud

ud

|Mua—initiateJ2: 1+ Xl-/\/luaﬂdﬂﬂﬂ+

’

2

(A2) +V_M(ud annihil)

V. ud ud—du+l*1+ (A7)

the processid—sc+1*1*, does not factorize as above due
to the fact that thaVW fusion and the annihilation diagram g collisions: the processesd—[sc,du,dc]+1*1+
come in with different factors of the elements of the CKM pe factorized as

matrix ) , )
|M dlz Vcd 1+ Ved Ves
\VARY/ cd-initiate V; V;
M = |2_ us ch(WW—fusmn) ud ud ud
| ud—sc+1 1+ V ud—dut+l+1+ - )
X|Mudﬂdu+l+l+| ,
2
V V
(ud-annihil) cd ud _ 2.
Mud—>du+l+l+ (AB) 1+ V + V ><|/\/lcs—>dc+l+l+| )
cs cs

A8
[see Eq(23]. It turns out to be numerically the most impor- (A8)

tant subprocess, between those containing second family pagind the processaesﬂﬂﬂ+ has to be considered sepa-
tons. It gives a contribution which is roughly equal to that of rately:

015013-13



O. PANELLA, C. CARIMALO, AND Y. N. SRIVASTAVA

Ves (WW-fusion)

- — 2_
|Mcdﬂsu+l+l+| - Vud ud—du+1+1+

2
+VchusM(L£1-an£ihil)
2 ud—du+l*1+
ud

(A9)

Finally the amplitude of the processc—ds+1*1" al-
though weighted by only ona-quark distribution function

contains a graph multiplied by diagonal elements of the
CKM matrix (<V2,V2) see Eq(22) and turns out to yield a

contribution comparable to that of tligy’ subprocesses de-

PHYSICAL REVIEW D 62 015013

APPENDIX B: SQUARE OF AMPLITUDES

For the convenience of the reader interested in numerical
applications the square of the amplitudes of the WW fusion
mechanism is given here expressed in terms of the particles’
momenta scalar products. In the numerical calculations it has
been checked that one obtains an agreement of 1 parfin 10
between this way of calculating the square of the amplitudes
and the other consisting in writing down complex amplitudes
and numerically taking the square of the absolute value.
Defining the quantitie¥;(i=1,2,3) by

scribed abovesee Fig. % The contributions discussed in > |M;|?=512F 0, K2K;, (B1)
Eqgs.(A4)—(A9) are reported in Fig. 5 together with the pro- pol
cessuc—ds+1"1". The sum of these subprocesses ac-
counts for about 10% of the total; reported in Fig. 4. they are explicitly(i) Uin—>DkD|+I+I*:
|
PaPePb Pt  PaPtPo-Pe  L(Pa.Pe.Py.Pt)
Ki:pa'pb(+A2pa'pcpb'pd te— et ¢b 1
PaPePb Pt  PaPtPp Pe L(Pa.Pe:Pb.Pt)
2
+B Pa Pd Pp-Pc + E2 + Fz - EF
Pa‘ PePp- Pt Pa“ P Pb* Pe 1 1 1
1 1
~ 5 €(Pa.Pp.Pc.Pa)- €(Pa.Po.Pe:P)| s~ BE] [ ) (B2
(i) UiDj—DyU +111*:
Pe-PaPt Pd Pt PaPe Pa  L(Pe.Pa:Ps.Pa)
Kii =Pa: Pd Po* Pa Pe- Pa A?| +— 2:2 + gze - 8D ]; (B3)
(iii) D;D;—U U +1717:
Pc PePi-Pd  Pc:PiPe Py L(pcvpeapdvpf)
T . 2 . . -
KIII Pc: Py +A Pa*PcPb- Py + C2 + D2 CD
Pc'PiPe'Pd PcPePtPa L(Pc.Pe.Pa.Pr)
2 —
Pc Pe Pt Pd Pc- Pt Pe’ Py 1 1 1
—AB[L(pa,pc,pb,pd){ CF ED _EL(peypmpfypd)(ﬁ"_ﬁ }
1 1
~ 5 €(Pa:Pv.Pc.Pa)- €(Pe.P1.Pc.Pd)| GE ™ OF (B4)

with L(Pa,Pb,Pc:Pd) =Pa* Pb P’ PdT Pa’ Pd Po* Pc— Pa* Pc Pb Pa-
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