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Electroproduction of Maj orana neutrinos 
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In the standard model with right-handed neutrinos the charged weak current in general contains light and heavy Majorana 
neutrinos. We calculate the production cross section for heavy neutrinos in electron-proton scattering and also the transverse 
momentum spectrum of the final state leptons. At HERA Majorana neutrinos with masses up to 180 GeV can be produced for 
charged current couplings consistent with universality. 

Right-handed neutr inos [ 1 ] are predic ted  by most  extensions of  the s tandard  model.  They appear  in le f t -  
right symmetr ic  theories, in models  with mir ror  fermions or in unified theories based on the gauge group SO (10).  
If  the known neutr inos are massive one has to unders tand  why they are so much lighter than other  leptons and 
quarks. Right-handed neutr inos can provide  a natural  explanat ion for very small  Majorana  masses OfVe, V~ and 
v~ via  the see-saw mechanism [ 2 ]. 

Also the symmet ry  structure of  the s tandard  model  points  towards the existence of  r ight-handed neutrinos.  
The two global U ( 1 ) symmetr ies  baryon number  (B)  and lepton number  (L )  are not separately conserved [ 3 ], 
because of  the Ad le r -Be l l - J ack iw  anomaly.  However,  the difference B - L  is conserved, which suggests that  this 
symmet ry  may be gauged in a more  fundamenta l  theory which contains  the s tandard  model  as low-energy effec- 
t ive theory. I f  one then requires anomaly  f reedom for all gauge interact ions including gravity [4] ,  the trace of  
B -  L has to be the same for left-and r ight-handed fermions.  This is indeed the case i f  r ight-handed neutr inos 
are added  to the fermions  o f  the s tandard  model.  

In contrast  to all other  leptons and quarks r ight-handed neutr inos have no strong and electroweak gauge in- 
teractions.  Hence Majorana  mass terms are allowed, and the most  general renormal izable  lagrangian for neutri-  
nos and their  in teract ions  reads 

5¢v= ~iI~+VRR i~/,'R -- ~q~gv/~R --VRg~(b*~-- ½ (TRRmV~ d-~R m*/lR) . ( 1 ) 

Here ~= (rE, eL ) is the lepton doublet ,  ~ is the doublet  o f  Higgs fields, D u is the gauge invar iant  derivative,  
v~ = CVR T, gv and m are 3 × 3 matr ices  of  Yukawa couplings and Majorana  masses for three qua rk - l ep ton  
generations.  The Majorana  mass matr ix  m can always be chosen diagonal  and real. 

Spontaneous  symmet ry  breaking o f  the electroweak gauge group generates the Dirac  neutr ino mass matr ix  
mD=gvV , where v=  ( 0 ) o  = 174 GeV. Assuming that  the eigenvalues of  m are large compared  to the elements of  
mD, the entire mass matr ix  can be diagonal ized in a power  series in m -troD. For  a proper  choice of  the fields vL 
the mass eigenstates are then given by (cf. ref. [ 5 ] ): 

u = L + L  c, N = R + R  °,  

where 

VL = L +  roD( 1 / m  )R c -  ½mD( 1 / m 2 ) m ~ L  + .... 

(2) 

(3) 
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vR=R-- ( 1 / m ) m ~ L  ~ - } ( 1 / m ) m D m ~ ( 1 / m ) R  

+ ½ ( l / m )  [m~)m~(1/m) + ( 1/m)m~mD] ( 1/m)mDLC+ .... 

and 

c~ = ½/~(i~- m~) v+ ½]V(i~--mN)N+O(1/m 3) , 

with 

(4) 

(5) 

m N = m + O ( 1 / m )  , (6) 

m~= --roD( 1/m)m~ + O (  1 /m 3 ) , (7) 

where, to leading order in 1/m, mN and my are both diagonal and real. The light neutrino masses, i.e. the eigen- 
values o f  my, have to satisfy the experimental upper bounds [6 ] mve < 18 eV, my, < 0.25 MeV and m~ < 35 
MeV. Within the standard model one may expect that the heavy neutrino masses are of  the order of  the Higgs 
vacuum expectation value, i.e. m = O (v). In fact, in some models with dilatons, they are not allowed to be much 
heavier, and the same mechanism which dynamically determines the vacuum expectation value v, also yields 
Majorana neutrino masses of  the same order of  magnitude [ 5 ]. 

It is intriguing that heavy Majorana masses o f  order v are sufficient to explain the smallness of  the light neu- 
trino masses via the see-saw formula (7).  From det (m)  = v 3, eq. ( 7 ) and the experimental upper bounds one 
finds de t (mD)<93<  10 .4  GeV 3. For comparison one has for charged leptons, down- and up-type quarks: 
det ( m~ ) = 9 × 10- 3 GeV 3, det ( ma ) ~ 7 X 10- 3 GeV 3 and det ( mu ) > 5 X 10- l GeV 3 for mt > 89 GeV. Hence, no 
"unnaturally" small Dirac neutrino masses are needed in order to satisfy the stringent experimental upper bounds 
on light neutrino masses. Of  course, it is also conceivable that the Majorana mass matrix m is determined by a 
new interaction scale A which is larger than the Fermi scale v. In left-right symmetric models, for instance, the 
masses of  the new gauge bosons WR and the Majorana neutrinos have to satisfy severe constraints [ 7 ] which do 
not allow sufficiently large cross sections for the production of  heavy neutrinos at HERA [8]. 

In order to compute production cross sections for heavy neutrinos within the standard model one has to know 
the charged and neutral weak currents in terms of  the mass eigenstates vi and N,. Using eqs. ( 2 ) -  ( 4 ) one obtains: 

[V(1 - -mD l m ~ )  ~ - y u  t, - ~ N + N  l m ~  ~ g v _ ~ l m L m D I v u l  7s J~c = 2 cos 0w ~ 5  m m 2 m v 

+ / 7 m D - - ~  ~ N + O ( 1 / m  3) , (8 )  
m 

J~c = # 1-½mD m~ yu v+evmDly~ ,  N + O ( 1 / m  3) . (9) 
m 

Here Vis a Kobayashi-Maskawa type matrix for leptons. The upper bound on the matrix elements I Ve, I 2, i=e ,  
g, x, decreases from 1 to 10 -5 if the masses rn~, increase from 0 to 30 MeV [9].  The matrix elements o f ~ =  
mt)(1/m),  which determine the electron couplings to heavy neutrinos, are constrained by the universality of  
the charged current which yields {e2~ < 0.02 [ 10 ]. Such rather large mixings of  order 10 - 2 are indeed compatible 
with the experimental upper bounds on,light neutrino masses. This requires matrices mD and m, which cannot 
be simultaneously diagonalized, and furthermore large ratios between different elements of  mD as they also 
occur in the mass matrices of  charged leptons and quarks. Note, that for diagonal matrices mi) and m one would 
obtain much smaller mixings, e.g., ~e~ = ~d~,, with ~e~ = X / ~ / m  < 10-  s. Examples with large mixings ~ are given 
in ref. [ 5 ] and will be further discussed elsewhere [ 11 ]. 

The production of  heavy Majorana neutrinos proceeds via the process shown in fig. 1. The kinematics is the 
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Fig. 1. Production of heavy neutrinos (N) in electron-proton 
scattering. ~ is the e-N coupling of the charged current. 
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Fig. 2. Total cross section for heavy neutrino production as func- 
tion of the neutrino mass mh (~2=0.01). 

same as for the product ion o f  heavy mirror neutrinos which has been studied in detail by Csikor and Montvay 
[ 12 ] (see also ref. [ 13 ] ). The usual kinematical variables are 

Q2 p.q (10) s = ( P + k )  2, Q2=_q2, X=2p.~,  Y=P.k" 

Because of  the nonvanishing neutrino mass the variables x and y cannot vary over the entire range from zero to 
one but are restricted to the intervals 

m~/s<~x..~l, O<~y<~l-m2/g, (11) 

where g = xs is the electron- (anti)  quark center of  mass energy squared. The cross section differential in x and y 
for the production of  heavy neutrinos is easily calculated. One finds 

do" G2~ 2 m~v 
dxdy - 2~z (y~f+m2w) 2 {(~-m~)[u(x'l~2)+c(x'lz2) ]+ ( 1 - y ) [ ~ ( 1 - y ) - m 2  ][d(x'Iz2)+g(x'~2) ]} " 

(12) 

Here GF is Fermi 's  constant, ~ is the electron-heavy neutrino mixing parameter of  the charged current (cf. eq. 
( 9 ) ), and u, c, d and s are the densities of  up, charm, down and strange quarks in the proton. Integration of  eq. 
(12) within the boundaries given by ( 11 ) yields the total cross section plotted in fig. 2, where we have used 
~2 = 0.0 t and set 1 of  the Duke-Owens  densities [ 14 ] with scale lz ~ 30 GeV, which corresponds to the typical 
transverse momentum of  the produced heavy neutrino. The kinematical variables x and y determine longitudi- 
nal and transverse momen tum of  the heavy neutrino (cf. eq. ( 18 ) ). Integration over the longitudinal momen-  
tum yields the transverse momen tum spectrum shown in fig. 3. 

The same mixing matrix ~appears in neutral and charged current (cf. eqs. (8),  (9 ) ) .  Hence, unless the mixing 
parameters ~2i are very small, the heavy neutrino masses have to be larger than Z°-boson mass, i.e. mN, > mz. 
Otherwise decays of  the Z°-boson into a light-heavy neutrino pair would have already been observed at LEP. 
Such heavy neutrinos will predominantly decay into charged lepton and W-boson, with 

B R ( N ~ £ - W  + ) = BR (N--.£+W - ) ,  (13) 

since N is a Majorana neutrino. The W-boson then decays further, mostly into 2 jets. In the case of  large mixing 
parameters ~eZi ~ 10-3--10 -2, the small upper bounds on light neutrino masses require large off-diagonal ele- 
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Fig. 3. Transverse momentum spectrum of heavy neutrinos. 
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Fig. 4. Production and decay of heavy neutrinos in electron-pro- 
ton scattering. 

ments of  ~ei (cf- ref. [ 5 ] ). Hence, we expect the cross sections for the processes e - p ~  e + W -v X, e - p  ~ ~t + W x X 
and e -p - - . z+W -v X to be of  similar magnitude. 

Let us now evaluate the transverse momentum spectrum of positively charged leptons in the final state. The 
corresponding Feynman diagram is depicted in fig. 4. Note that this lepton number  violating process would be 
impossible with Dirac neutrinos. The calculation is done in the narrow width approximation with respect to the 
heavy Majorana neutrino and for an on-shell W-boson. First we work out the differential cross section da/ 
dx dy dy~ d l l .  The kinematic limits for transverse momentum l± and rapidity y~ of  the final state lepton are: 

11 <~ [ ( m 2 - m Z ) / 2 m 2 l x ~ s s ,  (14) 

( m 2 - m 2 - 2 l i  k'~ ) /2m± l± ~<cosh(yN--y~) ~< (m 2 - m Z  + 2li  k'L )/2rn± l .  . (15) 

Here k'~, k~. are transverse and longitudinal momentum of  the heavy neutrino and YN is its rapidity: 

YN=½10g[ (k ' °+k ' c ) / ( k ' ° - k [ ) ] ,  k ' ° = ( m 2 - k ~  +k~2) '/2 . (16) 

For fixed 11, eq. (15) implies the lower bound on k'._" 

k'~ >~k'~in =max{0,  [4m212 2 2 2 2 - ( m N - - m w )  ] / 4 l l ( m N - - m 2 ) } .  (17) 

On the other hand, k'~ and k [  are fixed for given x, y and the initial electron and proton energies E¢ and Ep: 

k'~ = [(1 - y ) y g - y m 2 ]  w2 , k 'L=xyEp-  (1 - y ) E e + m 2 / 4 E e .  (18) 

Eqs. (17) and (18) determine the allowed (x, y)  region: 

( l / s )  [k '~ in + m± (k'j ~ni") 12~<x~< 1 , 

[ g - m ~  - x / ~ - - m  2)2-4g(k 'T~n)  2 ] /2g~y<~ [ g - m  2 + x / ( g - m 2 ) 2 - 4 g ( k ~ m ) Z l / 2 g ,  (19) 

where m .  (k '~)  = (k'a 2 + m 2)1/2 is the transverse mass of  the heavy neutrino. 
A straightforward calculation yields the differential cross section: 

da  G2~ 2 m 6 m~ BR(N-- .e+W - ) 1 
dx dy dl ± dy~ - 4n2g (y~+ m 2  ): ( m2N - - m Z  )Z( rn~ + 2m 2 ) m ± ( k'~ ) 

-1/2 -1/2 ( mN 2 2 - - 2 / ± k ~ ) - m w  (m~-ma+2l±k'~ ) 
X cosh (yN --y~) -- 2mcl± " "2~m ~ 1; --cosh(yN--y~) 

X {A[u(x , l~2)+c(x , l~Z)]+B[d(X,  l lZ)+~(x ,#2)]} ,  (20) 
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Fig. 5. Transverse momentum spectrum of positively charged 
leptons in the final state. 

4sm2 ~ 2 
A= ~ {(s-2mw)(m2N --m2w) - - 2 ( m  2 --2m2)l± [Ee exp (y~) +xE v e x p ( - y ~ )  ] }, (21)  

- - m N ] m N  B= 4 [ ~ ( 1 - y )  2 2 
m 2  {g(1 - -y )  (m 2 -m2w) - 2 ( m  2 -2m2)xEpl± e x p ( - y ~ )  }, (22)  

1 v/2GF~Z(m2N--mZ)Z(m2+2m 2) 
B R ( N - - . W - e + ) _  (23)  

F ~  ~ 167rm 3N 

In eq. (23) ,  F ~ '  denotes  the total  decay width o f  the heavy Majorana  neutr ino N. Numerica l  integrat ion of  the 
variables y~, y and x (in this o rde r )  over  the domains  specified in eqs. ( 15 ) -  (19)  yields the transverse momen-  
tum spect rum of  the final state leptons shown in fig. 5. Cont rary  to naive expectations,  for mN= 100 GeV the 
average transverse m o m e n t u m  o f / +  is not larger than the average transverse momen tum of  N, which is a kine- 
mat ical  effect due to the relat ively small difference between neutr ino and W-boson masses. 

The decay of  a heavy Majorana  neutr ino is a rather  spectacular  event,  with the constraint  that  the invar iant  
mass of  two jets  approx imate ly  equals mw. Since there appears  to be no significant background,  three events 
should be sufficient to establish the existence of  a heavy neutrino.  Assuming an integrated luminosi ty  of  200 
p b -  l per year at HERA one then obtains from fig. 2 the discovery limits mN = 180 GeV for ~2 = 0.01 and mN = 100 
GeV for ~2= 0.001, which is compat ib le  with the results of  Csikor and Montvay  [ 12 ] for mir ror  fermions.  The 
transverse m o m e n t u m  spect rum of  the final state leptons is very sensitive to the difference between the masses 
of  heavy neutr ino and W-boson.  The dist inctive,  qual i ta t ive signature of  heavy Majorana  neutr inos is their  
equal branching rat io into ieptons with posi t ive and negative charge. 

We would like to thank F. Eisele, P. Minkowski ,  I. Montvay  and C. Wetterich for s t imulat ing and clarifying 
discussions. 
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