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Introduction

At the moment there are experimental evidences for
nonzero neutrino masses. The nature of neutrino mass,
whether it is Dirac or Majorana, is one of the funda-
mental and still unsolved problems in particles physics.
A Dirac neutrino carries a lepton number distinguish-
ing a particle from an antiparticle. In contrast to that,
a Majorana neutrino is identical to its own antiparti-
cle. The Majorana mass term in the total Lagrangian
does not conserve lepton number, but changes its value
by two units. Therefore Majorana neutrinos can lead
to various lepton number violating processes. For ex-
ample, they induce same-sign dilepton production in
collisions at high energies, among them

eTp— v lTUTX, pp— TUTX.

In theories extending the Standard Model the seesaw
mechanism is often used to provide a natural genera-
tion of small neutrino masses. Unlike the usual way of
Dirac mass generation through weak SU(2)-breaking,
this mechanism doesn’t need extremely small Yukawa
couplings (y < 107 for my, < 0.1 eV). For three
families of leptons and s right-handed SU(2) singlets
the seesaw mechanism leads to 3 light and s heavy



massive Majorana neutrino states
3

vp= 3 Upvi+ 3 UpiNj,
1=1 )=

where vy is a neutrino of definite flavor (£ = e, u, 7),

the coefficients Uy; and Uyj torm the leptonic mixing

matrices.

Heavy mass states give a relatively small contribution
to neutrino flavor states. Nevertheless effects of light
and heavy Majorana neutrinos (HMN) compete in lep-
ton number violating processes, because small values
of the mixing parameters Uy; for heavy neutrinos N
may be compensated by smallness of the masses of light
neutrnos v;.

The contributions of light (1) and heavy (h) neutri-
nos to the cross section of the fundamental subprocess
WW — ¢ can be estimate;l as follows:
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The process etp — v 070X

We will consider the possibilities of observation of the
process
eTp — vl TUTX (1)
and its cross symmetric process vep — elT0TX (X
denotes hadron jets) under the conditions of the present
ep collider HERA (DESY)|| and of future ep colliders.
We assume that these processes at high energies

Vs > myy

are mediated by HMN. The leading-order Feynman di-
agram for the process (1) is shown in Fig. 1. (There is
also a crossed diagram with interchanged lepton lines.)
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Fig. 1. Feynman diagram for the process etp —
Ul X via an intermediate heavy Majorana neu-
trino V.



For calculating the cross sections, we use the lead-
ing effective vector-boson (EVB) approximation [M.
Chanowitz and M. K. Gaillard (1984); G. L. Kane et al.
(1984); S. Dawson (1985); I. Kuss and H. Spiesberger
(1996)] neglecting transverse polarizations of W bosons
and quark mixing. For this case, cross sections for the
process and the crossed channel turn to be equal. As
an observation criteria for the process we have chosen

the condition
oL > 1,

where o denotes the cross section and L is the inte-
orated luminosity per year for a collider.

Effective Singlet

At first we take the simplest pattern of the HMN
mass spectrum

mp << mo < ms---

(. N, = m;) assuming the condition to be held

Vs < mo.

The cross section

mi
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for the process is determined by the convolution of three
functions:

p(a:,Qz):x%qi(x,QQ) :x(u+c+t+d+§+5),

the quark distribution density having a fraction x of

the proton momentum evaluated at the scale Q2 = IS8,
h(z)=—(1+2)lnz—-2(1—2),

the normalized luminosity of W W™ pairs in the quark
lepton system, and

1 2 (2t + 3)
t+1  t(t+2)
the normalized cross section for the fundamental lep-
ton number violating subprocess

WTW+t — ¢t
Here, yg = 4m%/ /s and the characteristic constant C
has the value

w(t) =2+

In(t+1),

C = GEmly /(87°) = 0.80 fb. (3)

In the numerical calculation we have used the set

of parton distributions CTEQ6 [|. We have used the

bounds on the mixing parameters Uy from precision
electroweak data ||

s U, n]? < 6.6 % 10_3,]2V U,

8

NP2 < 6.0 x 1073,



2 —3
]%’UTN‘Bff < 3.1 x 10 (4)

and the constraint from the neutrinoless double beta
decay ||

> Ulymyt <5 x107° TeV ™!

(the sum is over the heavy neutrinos).
The effective value

Ul r=BrulUrn |’ (5)

with Br, = Br (T_ — M_PNVT> = 0.1737 , as this 7-
decay mode is most suitable for the like-sign dilepton
detection at LHC.

We find that the process is practically unobservable
at HERA even with a very optimistic luminosity (/s =

318 GeV, L =1 fb_l) and also at the projected su-
percollider VLHC |]

V5 =6320GeV, L =141
For example, for my ~ 1 TeV, we get

oL ~ 107" (107?) for HERA (VLHC).



For a possible detection of the process, the lumi-
nosity and/or the energy of the ep-collider should

be substantially increased.
For instance, let the luminosity L = 100 th~! be
achieved. In Fig. 2, the discovery limits are shown in

the (mpy, Wypr) plane, where

my = mj, WM’ — ¢2 — 5@/ ‘UENUE’N’ .
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The observation of the most probable events (u7 and
ppt) is possible if /s > 23 TeV. For /s = 25 TeV

such a collider will be sensitive to a range of neutrino
masses about 1-3 TeV.

Effective Doublet

We consider also the neutrino mass spectrum of the
effective doublet type

mp <mo <K ms---

with the bound on energy /s < ms. In this scenario,
the cross section for the process (1)

C' 1dy ldx Y ys s
= h| =W 6
=Gyl W () o

includes the normalized cross section for the subprocess
—2
W (t1,to) = my7 [ptmiw(t) + 2cp1 pamamatd(ty, o)
+ p3miw(ta)] (7)
which contains the individual contributions of the neu-

trinos N7 and Ns, w(t;), and the interference of the
two, 2(t1,19), where

1 to(t? — 2tqto — 2t
Oty 1) =2 — 2(t1 — 2t1t9 — 219
t1 +1to +tto t1(ty — to)
X In(1+¢1) + (¢ < t2)]; (8)
1 2(3+2t)

t)=lim Qt.t)=2+-—— —
wit) = Jm Q1) =24 L2+ 1)

12
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The mixing parameters for different £¢' channels of the
process are

pi =2 = 6pp \UpiUpi|, ¢ =cospp
with
Oppr = @1 — 2 € (0,2m),  ¢; = arg (UpUp;) .

The phases oypr carry information about CP-violation.

We assume the saturation of the upper bound
B=6.0x10""

in the second sum in (4) only by the first two terms,
1.e.,

Ul =rB, [Upl* = (1-r)B
with € |0, 1]. Then for the most probable pu channel
we obtain

o9 = A(r2f1 + 2cr7Fio + f2f2), r=1-—r (9

where f; = f(s,m;) and F;; = F(s,m;,m;) are ex-
pressed through obvious convolutions of the functions
w and  with h and p, respectively (see Eq. (6)), the
constant A has the value

A=14x10"" fb.

For r = 1 (r = 0), only a single neutrino N (/Ng)
contributes to the cross section which is reduced to the

13



form given in Eq. (2). Generalization to the case of n
neutrinos is straighttforward.

In our calculations, we have chosen the following val-
ues for the parameters:

Vs =25TeV, m; =13TeV, c=1.

The cross section o9 (9) as a function of moy for various
fixed values of r is shown in Fig. 3.

14
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Fig. 3. 09 of mo dependence plots for
r=0; 1/4; 1/2; 3/4; 1 with 1/s=25TeV, m;=1.3 TeV,
¢ = 1. Line DL is the discovery limit.
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For the almost degenerate doublet (m; ~ mo) case
and /or for the case of small mixing with Ny (r >~ 1),
the cross section o9 is close to oy, the cross-section for
the effective singlet case. But we should note that for
the case of destructive interference of the two almost
degenerate massive states (e.g., for mg ~ my, r =
1/2, ¢ = —1), the cross section is vanishingly small.

In Fig. 4 we show the discovery domain in the (mq, mo)
plane for the pp process at a collider with L = 100 th=1,
/s = 25 TeV. The favorable values of the mixing pa-

rameters have been chosen:
2 2 —3
U =0 =3%x10"", ¢pp=1.

The cross section as a function of the neutrino masses
m1 and my is shown in Fig. 5.
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Effective triplet

In this case, the mass spectrum has the form
mp s me S m3 <K my--e,

and three HMN are effective. The cross section 1s
1

o3 =, C L+ 03 fa+ PAf3 + 2100100 F 0+
+2c13p1p3F13 + 2c03p2p3FH3] (10)
where ¢;; = cos(¢; — ¢;).

For
mip < mo >~ ms,
F53 ~ fo ~ f3. F19 ~ F13, and the cross section o3 is
similar to oo:

o3~ 5 ClpTf1 + 2p1(crop + c13p3) Fio
+(p5 + 2c93p2p3 + p3).f2) -
In the simplest case of approximate degeneracy,

mp =ma=1ms3;p1 = p2 = P3;

the cross section
2 3

03’:901 2-|—(312—|—013—|—623 :
where
= Cpifi/2
o1 = Cpif1/2.
For ¢1 = ¢ = ¢3 (all ¢;; = 1), the cross section
reaches the maximal value o3 = o (constructive inter-
ference). For destructive interference (c19+ c13+4co3 =

19



—3/2, e.g., at o1 — P9 = P9 — ¢3 = 2mw/3), the cross
section o3 is vanishingly small.
For arbitrary number n of HMN., the relation o, < 0

1s valid.
Extracting the CP wviolating phases

Generically, the leptonic mixing matrix can be writ-
ten in the form

U=DrV Dy,

where . .

Dp = diag(e'¥e, e'?r, ...,

Dy = diag(e'®1, et2, )
are diagonal phase matrices, and V' is a (non-generic)
unitary mixing matrix. Within the Standard model.
Dp can be eliminated be redefining the phases of the
charged lepton fields. The phases a; are Majorana
phases which are potentially observable. In particu-
lar, if there are only three Majorana neutrinos, U is a
3 X 3 matrix parameterized by six independent parame-
ters: three mixing angles, one Dirac and two Majorana
phases (an overall phase, common to all neutrinos, is
not physical, and one is only sensitive to phase differ-
ences). In the general case of n neutrino flavors, one
has n(n — 1)/2 mixing angles, (n — 1)(n — 2)/2 Dirac
phases and n — 1 Majorana phases. In this case, the

20



charged current leptonic mixing matrix U is a 3 X n
submatrix of the unitary n X n matrix, and there are
n — 3 sterile neutrinos.

For a multiplet HMN mass spectrum, the cross sec-
tion of the process in question carries information about
the CP violating phases due to interference of mass
states.

For the effective doublet spectrum, five parameters

mi,ma, p1, P2, €12

can be extracted from the measurements of the differ-
ential cross section

P _C S dm
dydy'dp; ~ 8mZp, cosh?y, 70 = (2, zs)
xR(z,s,y,9,p1). (11)

Here y, ', p| — rapidities and the transverse mo-
mentum of final leptons:

C' = Gpmiy/(87°), zg = 4p7 cosh® /s,
and
2
S = 8y =z Mipie'%ig;

(mM g7 + 2c19p1po M1 Mogigo + p5M393).

is the reduced differential cross section of the subpro-
cess WTW T — £ where
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1 —z 4 1+ z o Mi
1—2—1—]62' 1—|—Z—|—]€Z'7 b
2z = cos 0y = tanh ys,

9= Zpi cosh? UYse

0« 1s the scattering angle of the leptons in the center-
of-mass frame of the W-pair:;

R—l—J:TOcoshY%—xo
T T

is the normalized spectrum of W-pair emission;

;(y y'), Y—;(

The ranges of variables are

myy/ coshyx < py < +/s/(2 coshyy),
—00 < 1,y < o0.

n y+y).

Fixing +/s, the collider energy, and two of three kine-
matic variables, we obtain three different functions of
one variable and five parameters mi, mo, p1, p2, c12.
The parameters in question can be extracted in princi-
ple from suitable measurements of each of these func-
tions.

The cross sections of six possible #¢' processes are
determined by twenty parameters:

/ /
Q(mla m2> + 18(101 7/0{2 ,C{é)
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There are only nine independent mixing parameters
(with £ = ¢') that determine nine parameters of the
mixing matrix:

Uyj = ol % 0= e =12

They are ,0]- (six) and Apy = ¢ — b (three).

23



The process pp — (T X

We have calculated the cross section for the process
at high energies,

VS > myy, (12)
via an intermediate heavy Majorana neutrino /V in the
leading effective vector-boson approximation neglect-
ing transverse polarizations of W bosons and quark
mixing. We use the effective singlet scenario for neu-
trino mass spectrum

my, =my < mpy, < mpg, -,

assuming
Vs << m No-
The cross section for the process

o (pp — (TTX) = C (1= 3500) [UnUpn |

< (E,my) , (13)
with
C = GFmW—OSOfb
{70
and
dz 1dy 1dzx
F(E,my) = ( )/zloz ! /151:
Xp(:c,xs)p(z,gjs>h(y)w( %Vz) . (14)



Here, 29 = 4mfy /s, E = /s, and

1 2 (2t + 3)
1) =24+ —— — In(t+1
w(t) br1 otttz MUY
is the normalized cross section for the subprocess
WHW™ — 707 (in the limit /s > myy, it is
obtained from the well-known cross section fore e~ —
W=W™ || using crossing symmetry). The function

h(r) defined as
hir)=—(14+r)lnr—2(1—r)

is the normalized luminosity (multiplied by r) of W W T
pairs in the two-quark system ||, and

p(a:,QQ)zw%qi(w,Qﬂ) :x(u+c+t+J+§+B>

is the corresponding quark distribution in the proton.
The reduced cross section F(F, my) as a function of
the neutrino mass my is shown in Figs. 6 and 7 for

the LHC energy F = /s = 14 TeV.

25
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Fig. 6. The reduced cross section F(E,mp) for

dilepton production as a function of the heavy Majo-
rana mass my at LHC with F/ = 14 TeV.

26



F(E =14TeV,my)
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Fig. 7. The same as Fig. 6 but for lighter Majorana
neutrinos.
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We assume the mixing constraints obtained from the
precision electroweak data

S Uy < 6.6 x 1073, S[U,x7 < 6.0 x 1073,
S|U-nlZpp < 3.1 %1073, (15)
and from Ov30:

SN (heavy) UPN m]\fv <5x107° TVl (16)

Taking these constraints a nominal luminosity L =
100 th~1, we obtain

oL < 1 for all £¢' channels.

Therefore at the LHC' there is no room for observ-
able signals for same-sign dilepton processes pp —
WX (0,0 =e,p,T) due to the existing constraints
for the mixing elements \UgN|2 from the precision
electroweak data and neutrinoless double beta de-
cay.

28



Let us take into account a recent proposal to In-
crease the instantaneous LHC luminosity £ to a value
of 10%° em™2s7! ie., a total luminosity L = £ X
1 year ~ 3200 fb—L.

Using the upgraded LHC luminosity and demanding
n = 1, 3 events for discovery (i.e., oL > n), we
present the two-dimensional plot for the discovery lim-
its in Figs. 8 and 9 for the case of identical same-sign
leptons (¢ = ¢') and in Figs. 10 and 11 for the case of
distinct same-sign leptons, (€0 = eu, er, ut).
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Fig. 8. Discovery limits for pp — ¢7¢7X as func-
tions of my and |Uyn|* for E = 14 TeV, L = 3200 fh 1.
We also superimpose the experimental limit from 33,
as well as the experimental limits on |Upy|°.
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Fig. 9. The same as Fig. 8 but for lighter Majorana
neutrinos.
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Fig. 10. Discovery limits for pp — (707X, 00 =
e, er, ut. We also superimpose the limits on
V2 |UynUp | obtained from the experimental bounds.
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Fig. 11. The same as Fig. 10 but for lighter Majorana
neutrinos.
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From Figs. 8 — 11 we see that the existing strong con-
straints for the mixing elements | Uy y|* allow a possibil-
ity to observe only the same-sign pu and pr processes
after increasing the nominal LHC luminosity
L = 100 fb~1 by a factor of about 30. For this case,
LHC experiments will have a sensitivity to heavy Ma-
jorana neutrinos of mass my < 1.5 TeV.
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Conclusion

We have discussed the prospects of detecting the pro-
cesses eTp — Ul TX and vep — elTOTX (0,0 =
e, b, 7) under the conditions of the present ep collider
HERA and of future colliders. These high-energy pro-
cesses are assumed to be mediated by the exchange
of heavy Majorana neutrinos (HMN). We find that
these processes are practically unobservable at HERA.
For their possible detection, the luminosity and/or the
energy of the ep-collider should be substantially in-
creased. We have considered three simple scenarios for
the HMN mass spectrum: the effective singlet (m; <
mo < msa ...), doublet (m; < m9 < mg ...), and
triplet (m; < mo < mg < my ...). For the two lat-
ter cases, the cross sections include information about
C P-violating phases due to the effect of interference of
neutrino mass states.

We have discussed how in principle neutrino masses
and mixing parameters (including the phases) can be
extracted from suitable data.

We have examined the process pp — £7¢/7 X medi-
ated by Majorana neutrinos at the LHC energy. We
find that at LHC for the nominal luminosity L =
100 b~ ! there is no room for observable same-sign
dilepton signals due to the existing constraints from
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the precision electroweak data and neutrinoless double
beta decay. But increasing the nominal LHC luminos-
ity by a factor of about 30 will allow a possibility to
observe the same-sign pup and pu7 processes mediated
by a heavy Majorana neutrino of mass my < 1.5 TeV.
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