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The lepton-nonconserving rare process pp — (jet),(jet),e "e *, without missing pr, is the high-energy
analog of neutrinoless nuclear double-f3 decay. It is shown to be a possible signal to search for a heavy
Majorana electronlike neutrino N, in the mass intervals 150-1400 GeV and 450-1700 GeV at the
CERN Large Hadron Collider (LHC) and the Superconducting Super Collider, respectively, with event
rates of a few per year. However, standard-model backgrounds probably preclude seeing this process at

the LHC.

Neutrinos are the only charge neutral elementary fer-
mions known today. With a possible nonzero mass any
one of them could have a Majorana [1] character, i.e.,
have two independent spinorial components, with the
particle and antiparticle being identical. Such particles
need not be light; heavy Majorana neutrinos could exist
and, as discussed below, there has been much theoretical
speculation concerning them. In this paper we propose
an experimental signature for a heavy (~ TeV) electron-
like Majorana neutrino. Such an object can mediate the
lepton-nonconserving  high-energy  reaction pp—
(et),(jet),e Fe . We shall evaluate the cross section for
this process (within practicable cuts) at c.m. energies of
16 and 40 TeV for the CERN Large Hadron Collider
(LHC) and the Superconducting Super Collider (SSC), re-
spectively, and discuss the corresponding ranges of the
Majorana mass that can be probed.

We have a largely exploratory motivation behind our
effort. The reaction of our interest is the high-energy
analog of neutrinoless nuclear double-3 decay; in fact, the
subprocess diagrams are very similar. The latter is a
low-energy process that has been experimentally investi-
gated for several nuclei. Its lack of observation has ruled
out an electron neutrino of Majorana mass between ~1
eV and 2 GeV [2]. The high-energy analog also should be
studied. As we shall see, the cross section (for any possi-
ble range of the Majorana mass) is too small to be mea-
sured at TeV or sub-TeV energies. It begins to be in-
teresting only in the multi-TeV region, i.e., with respect
to the forthcoming LHC and SSC machines where a Ma-
jorana mass ~1 TeV can be probed.

There could be several heavy Majorana neutrinos, all
mixing with the standard-model neutrino. Let us confine
ourselves to the lowest generation for the moment. If N,;
stands for the jth physical Majorana neutrino with mass
eigenvalue M;, the weak eigenstate v,; appearing in the
gauge interactions of the standard model is a complex
linear combination of all N,;:

lver Y= 3 U,IN,;) . (1)
j=0

S

The mixing matrix element U,; therefore appears as a
coefficient of the gauge coupling at the vertex where a
charged W boson converts e into N,;.

We first take up as a paradigm the simplest lepton-
nonconserving reaction that can be mediated by such an
N,, namely W*W™* —e¥e™. (The same remarks per-
tainto W~ W~ —e e ; however, we are more interest-
ed in positively charged W’s since they are easier to pro-
duce in pp collisions.) The tree-level amplitude, consists
of N,; exchanges both in the 7 and u channels (Fig. 1).
Assign four-momenta r,,r, to the incident W’s and p;,p,
to the final positrons. The invariant amplitude can now
be written in terms of the SU(2); gauge coupling strength
gas
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In (2) we have defined T=(p;—r,)*=M} —2p;-ry,
U=(py;—ry) =M} —2py-r, and S=(r,+r,)?=2M},
+2r,-r,, ignoring the positron mass. The corresponding
differential cross section with respect to the c.m. scatter-
ing angle O in the limit of large ¥ is
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Thus the violation of tree unitarity at large 3, implied by
the first right-hand side (RHS) term in (3), gets cured if

SUZM;=0 . )
J
A similar analysis for the reaction e e ™ W W~

had earlier been done [3] by Rizzo. However, he had
considered the exchange of a single heavy Majorana neu-
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trino so that (4) could not be satisfied. Reference [3] had
a Higgs triplet carrying lepton number 2 whose neutral
component would generate the Majorana mass through a
vacuum expectation value (VEV). The exchange of a
doubly charged member of this triplet in the § channel re-
stored the high-energy unitarity of the tree amplitude for
e e —W W . However, a light Majoron and a not
particularly heavy scalar are generic to models in which a
Higgs triplet carries a nonzero lepton number and has a
rather small VEV from its neutral component to adjust to
the right value of My, /M,. Such a pair would play a
significant role in Z decay [4]. The most recent data on Z
decay from the CERN e "e ™ collider LEP rule out any
such extension of the standard model with a light Majo-
ron. We therefore choose not to travel this route but
rather have (4) ensuring tree unitarity in the (WWee)
four-point amplitude for high values of the WW c.m. en-
ergy.

On the other hand, it is entirely possible to have one
relatively low-lying heavy Majorana neutrino around a
TeV scale while the others are of much higher masses
beyond a foreseeable laboratory reach. This is a perfectly
natural consequence, for instance, of superstring-
generated E¢ models [5]. In the 27 of E4 there are two
more neutral Majorana leptons (N and N’) per generation
apart from the standard neutrino. These have different
transformation properties under the SO (10) subgroup of
E¢, one being in the 16 and the other in the singlet 1.
They could naturally have widely different masses de-
pending on the pattern and scales of Ec-symmetry break-
down. In the left-right-symmetric models [6], a Majora-
na neutrino, which is a singlet under SU(2); XU(1)y, has
a mass which is a Yukawa coupling times the SU(2),-
breaking scale. If the latter is reasonably expected [7] to
be in the region of tens of TeV, the Majorana neutrino
mass could very well be around a TeV. A heavy fourth-
generation Majorana neutrino has also been proposed [8].

Without commitment to any specific model, let us as-
sume the existence of one such heavy Majorana neutrino
N, with a mixing factor U,y and a Majorana mass M in
and around the TeV scale. Furthermore, all the other
N,;, needed to satisfy (4), are taken to be much heavier.
Since the Majorana mass eigenvalue of the highest physi-
cal electron neutrino is known [2] to be below a few eV,
for effects at subprocess energies in and around a TeV, we
need to consider the diagrams of Fig. 1 for
W*W™* —e"e™ exchanging only this N,. The other N,;
ensure tree unitarity at very high energies but effectively
decouple from the regime of our interest.

The best source of two positively charged W*’s (i.e.,
virtual W’s) interacting with c.m. energy near a TeV is a
multi-TeV proton-proton collider such as the LHC or
SSC. There are three possible subprocesses now: (1) two
identical valence d quarks from the colliding protons can
scatter into a state carrying lepton number —+2:
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FIG. 1. Tree diagrams for WtW+ sete™.

dd —>aawt*wt* saaetetv,v,; (2) two antiquarks
from the two seas could cause the reaction
dd>zawt*wt* sagagetetv,v,; (3) a valence u
quark from one proton and a d antiquark from the sea of
the other could induce the process ud —duW t*wt*
—duetetv,v,. It is straightforward to include higher-
generation quarks or antiquarks from the sea by inserting
the appropriate Cabibbo-Kobayashi-Maskawa factors in
their couplings with W ™. These factors add up to unity
in the square of the matrix element.

We assign four-momenta g, , to the two incident quark
(antiquark) lines, p, , to the two final ones, and as before
D3 4 to the positrons produced. Now the two external
W™ lines of Fig. 1 become two internal W** lines at-
tached to the external quark (antiquark) lines. It is con-
venient to define

/t\A E(ql—pl—p3)2=2(p1'P3_Q1'P1_‘11'173) ’
ﬁAE(qz—pz—pg,)2=2(172'P3_42'P2_42'P3) ’
T3 =(q,—p,—p3)=2p,'P3—4,'P2—q,°P3)

Il

and

Up=(q,=py—P3V=2p1'P3 4P, —42°P3)

neglecting the quark masses. For either of the modes (1)
and (2) there are four Feynman diagrams since one can
interchange the final quark (antiquark) lines and effect the
changes 7,4 4<>T5,4g. In contrast, mode (3) allows only
two diagrams corresponding to those of Fig. 1 with the
W **s attached to one external quark and one external
antiquark line.

Let ¥ for “initial-averaged and final-summed” over
colors and spins. Furthermore, let a caret on top signify
a subprocess and let the subscript refer to the mode dis-
cussed above. (We neglect the width in the W propaga-
tor.) The invariant matrix-element squared for the three
possibilities are then given by

E|./I//\Ll,2,3|2=512|UeN|47T4a4EMsin_89WM2(2ql-pl+M§V)_2(2q2-p2+M;2V)—2K1,2’3 , (5)

with



44 LEPTON NONCONSERVATION AT SUPERCOLLIDER ENERGIES 2035
~ S 2
Uy 1y 1 1 1
K,.= . . . = + = — “+ —
1741 qZ[pl P3P2P4 3 (ﬁA_Mz)(?A—M2)2 6 tA_Mz uB__Mz
1 1 1 1 1
6 |7,—M? Gp—M?||%—M?* iu,—M?

A 2
Tg Uy 1 1 1
+p,- P3| = +—= +
P1°P4P2°P3 3 (/IIA_MZ)Z(?A —M?) 6 /th_‘Mz ﬁA—Mz )
1 _ 1 +— 1 _ 1 o 1 .
6 tB'_M2 uA"_M2 tA_M uB—M
2 1 11 1 1 1)
+p,- . £ + = + + = (6)
P1'P2P3Ps |3 (B —M)(G,—M>) 6 |B,—M> @,—M?||?,—M? iy —M?> ]H
_ 2 i1, 0 S S N
K,=pi'p2191°P392°Ps ?(ﬁA—Mz)(/f —M22 6 |7, —M? i,—M?
a
1 _ 1 - 1 : _ 1 g 1 .
6 |T,—M* T—M H,—M?* Uy—M
N . Ty, 1 S S
91°P492°P3 3 (Aa__Mz)z(/t\A _Mz) 6 ﬁA—MZ ﬁB—Mz
1 _ 1 +— 1 _ 1 4 1
6 |u,—M?* Up—M?||T,—M? T3—M?
1 1 1 1 1
+q,- D4 | = +—= + + .M
91°92P3°P4 | 3 R —M2a,—M?) 6|7, —M? T,—M? 2,—M? f,—M? H]
and
q91°P2 A A P1°P392'P4  P1'P492°P3
K;= (U, —14) |— —— +pi1°9,p3" (8)
3 (7, — M@, —M?) 471y P —M? 2, — M P1°92P3°P4
[

Equation (5) contains two unknown constants M and
U,y. Since M? appears in the numerator as well as (in
linear combination with 7, or 75 or 4, or %) in the
denominators, the cross section is expected to be largest
over a finite interval of M and to fall off on both sides of
it. We aim to locate this optimal mass interval which can
generate a visible signal at LHC and SSC energies. Turn-
ing to U,y, experimental bounds on the lack of universal-
ity in the ev, W coupling imply [9] that |U,y|?<0.043.
(Corresponding upper bounds for |U uN|2 and U, y|? are
0.008 and 0.14, respectively, and suggest that it is better
to consider dielectrons rather than dimuons in the final
state; ditaus are of course inconvenient since they gen-
erate missing pr.) So we use 0.043 for | U,y |%

To generate our results numerically we convolute the
appropriate phase-space integral of the above matrix ele-
ments with Duke-Owens parton distribution functions
evolved at Q?=% for A=0.2 GeV at pp colliders with
V's =40 TeV (SSC) and 16 TeV (LHC). In the parton-

level Monte Carlo model that we employ for both our sig-
nal and background calculations, the formation of had-
ron jets is simulated solely on the basis of the energy and
momenta of the final-state partons. We first order the
final-state partons according to their values of pr.
Around the parton of highest p; we then coalesce into a
cluster all partons lying within a cone of

Arj =[(An)*+(A¢)*]'2< 1.0, 9

where 7 is the pseudorapidity and ¢ the azimuthal angle.
This process is repeated among the remaining partons
until we are left with some number of well-separated clus-
ters. A cluster for the SSC calculations is regarded as a
jet if it has p;(jet)>30 GeV and |7Ije,| <5. We require
our signal to have exactly two jets defined in this way.

We also require the following selection criteria on the
two final-state positrons to ensure lepton identification:

[Mepl <5, pr(lep)>10 GeV (10)
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and then we apply isolation cuts upon the positrons to
help distinguish them from background. This isolation
criterion is defined by generating a cone of Ar, <1.0
about each lepton in which we demand that there be no
hadronic activity. After these cuts are applied, the re-
sulting cross section is computed and is displayed in Fig.
2 as a function of the Majorana mass of the heavy neutri-
no M for Vs =40 TeV; the cross section for Vs =16
TeV is also displayed in this figure. For the LHC calcula-
tion, however, we have employed the following lepton
isolation and jet definitions:

Ari <0.5, pr(jet)>20 GeV, |l <4,

Ar, >0.5, pr(lep)>5 GeV, |'qlep| <4. (11)

At the SSC the optimal mass interval of M is found to
lie between 450 GeV and 1700 GeV, for which the cross
section varies between 0.20 and 0.23 fb. (The cross sec-
tion without cuts is approximately twice this size.) For
the anticipated integrated SSC luminosity, £=10
fb~!/yr, this corresponds to a very small event rate of
two events per year. The same event rate may be had at
the LHC over a slightly broader mass interval of 150
GeV <M < 1400 GeV, but only for a luminosity of 10**
cm™2/s or 100 fb~!/yr. At lower values of Vs, the
cross section drops quickly and a measurable event rate
cannot be realized for any optimized mass interval of M;
this is because the subprocess involves the WW interac-
tion which becomes significant only for Vs in the multi-
TeV region.

There are two main sources of standard-model back-
ground that can mimic our signal. First, the reaction
pp—(jet),(jet), W T W™, where each W™ subsequently
decays to e*ve, is one contender when the sum of the
transverse momenta of the two v,’s is small. The corre-
sponding subprocesses are uu —>ddwrtwT,
ud —>daW W™ and dd —u @W W™ and similar ones
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FIG. 2. Signal cross section as a function of the heavy Ma-
jorana neutrino mass M at the SSC and at the LHC with cuts as
described in text.
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with higher-generation quarks or antiquarks. In fact, two
classes of Feynman diagrams contribute here: (a) those
with a gluon-mediated QCD scattering between the
quarks/antiquarks followed by the emission of two real
W s [10], and (b) those in which the quarks/antiquarks
emit two virtual W T *’s, which then scatter into two real
W s [11]. The two contributions are incoherent because
of color. Contribution (b) depends on an unknown
Higgs-boson mass but is not numerically sensitive to that.
We have calculated the total cross section, including both
contributions plus spin correlation effects for the sub-
processes uu—ddetetv,v,, ud—diete*v,v,, and
dd—-uumetev,v,. We impose a “pj-conservation”
condition by requiring that the x and y components of
neutrino momenta separately satisfy

S o | <S03kl (12)
v; v;

for which we allow an uncertainty in p; determination of
17=0.02. We employ also the jet definition and lepton
cuts outlined in the discussion of the signal above, to ob-
tain the final pp — (jet),(jet),e "e* cross section. Both
for LHC and SSC energies, this background cross section
turns out to be 1072 fb, well below our signal level. The
background reduction is overwhelmingly due to the “p-
conservation” condition and the requirement of a max-
imum 2% uncertainty in py determination is crucial.

The second main source of background is due to ¢7 pro-
duction, which can result in events containing same-sign
dileptons and jets when one ¢ decays to bWT,
W' —etv, and the 7 decays to bW, b—zcetw,
W~ —gqq’. (A comparable background could arise from
the formation of 7 and T mesons and T and T mixing,
but we do not consider it here because of the uncertain-
ties of T formation for a heavy top quark and of the mix-
ing angle.) At the SSC for m, =100 GeV, for example, the
raw rate for production of 7 pairs, multiplied by the ap-
propriate branching fractions, yields 4X10° positron
pairs per year, an overwhelming rate in comparison to
our signal. Nevertheless we can demonstrate here that it
is possible, by requiring these events to have other
characteristics in common with our signal, to drastically
reduce this enormous background-event sample. In par-
ticular we find that the most effective of the cuts are
those limiting the g; of each event, because of the un-
likelihood that the py of each neutrino will cancel, and of
lepton isolation. The effectiveness of the latter is due to
the fact that one of the two dileptons must result from
the secondary decay of the b quark, whose decay prod-
ucts tend to be highly collinear. For this same reason, we
need not consider the background contributions due to
bb and ct pairs; we expect all such events to be easily cut
from the event sample by requiring lepton isolation.

We calculate the rate for 7 production, from gluon and
quark initial states at the SSC for m, =100 GeV, and the
subsequent decay to the seven-particle final state
(be *v)(Te tv)(gq'). In our calculation no spin correla-
tion effects are included as we expect [12] these to be
small. We submit the final-state partons to the same jet-
counting algorithm described above and cut from the
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background sample all those events which do not have
exactly two jets such that Arjet <1.0, InjetI <5.0, and
prijet)>30 GeV. We require that each positron have
pr(lep) > 10 GeV and that it be free of hadronic activity
within cones of Ar,,=1. Finally we demand the “pr-
conservation” requirement of Eq. (12). In our worst-case
scenario for which m, =125 GeV, in that ¢f production is
most copious, we find the background-event sample falls
exponentially as 7 is decreased and is approximately
given by

o=oyexp(—an b, (13)
where 0,=5.0X10° fb, a=0.28 and b=0.81. Thus the
background is a sensitive function of how accurately the
condition (12) can be implemented and falls below 0.10 fb
only for 7 less than 0.011. For other top mass values 7
can be slightly larger; if m, =100 GeV, 7 needs to be less
than 0.015, whereas 7 could be 0.013 if m, turns out to be
close to 200 GeV.

At the LHC we find the heavy flavor background even
more difficult to eliminate. For the jet definition and set
of cuts we have chosen specific to the LHC [Eq. (11)],
same-sign dilepton production from ¢7 pairs of mass 100
GeV persists at the rate of 1.7 fb for a p; measurement
uncertainty 7=0.01. This decreases only to about 1 fb
for m,=125 GeV. For m,=200 GeV, this rate is still
0.03 fb for 7=0.01, which lies above our signal rate for
almost all mass values of the heavy Majorana neutrino.

We have considered a specific source of electron num-
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ber violation via a heavy electron-type Majorana neutrino
coupling to the electron through a standard W gauge bo-
son with a mixing angle [13] of 0.2, the maximum permit-
ted by present data. Within this scenario, we show that
the signal process pp — (jet)(jet),e et may probe the
heavy Majorana mass interval 450—1700 GeV at the SSC
for the design luminosity £ =10 fb~!/yr, as well as the
mass interval 150-1400 GeV at the LHC for .£L=100
fo ~!/yr at a rate of two events per year. We have also
shown that in spite of the extremely small rates of our
signal, the major sources of standard-model background
may possibly be cut from the event sample at the SSC by
requiring lepton isolation and limiting the amount of g.
At the LHC it is not possible, with our cuts, to suppress
the background sufficiently. Of course, there could exist
other sources of electron number violation beyond the
standard model that could mimic our signal. These in-
clude the analog of this process mediated by right-handed
W’s, the Drell-Yan production of right-handed W’s with
subsequent decay to same-sign lepton pairs and jets [14],
or R-parity-breaking interactions in a supersymmetric ex-
tension [15], but we consider none of these possibilities
here.
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