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Abstract. The phenomenology of mirror fermions is stud- 
ied in a model with three heavy mirror fermion families. 
The tree unitarity bounds on the mirror masses are de- 
termined. The production cross-sections and decay char- 
acteristics of mirror fermions are calculated in high ener- 
gy electron-proton collisions. For mirror mixing angles 
of the order of the present upper limits mirror fermion 
production at HERA (1f~=314 GeV) is observable up 
to masses near 200 GeV. For a possible HERA upgrade 
(]fls = 566 GeV) this limit goes up to about 350 GeV and 
an ep collider in the LEP tunnel ( l /s= 1.4 TeV) could 
cover the range below 500 GeV. 

1 Introduction 

The standard model of electroweak interactions is a 
highly successful theory. There is no single experimental 
result which would clearly contradict it. In fact even 
the necessity of taking into account the one loop correc- 
tions is clearly established. Nevertheless from the theo- 
retical point of view the standard model is incomplete, 
therefore great efforts have been made to study 'beyond 
the standard model' theories. Such theories very often 
contain fermions, whose chirality properties are opposite 
to those of the ordinary fermions, i.e. the right handed 
components form weak SU(2) doublets, while the left 
handed are singlets. Such fermions are called mirror fer- 
mions. E.g. a possible way of left-right symmetry restora- 
tion at high energies is the doubling of the light fermion 
spectrum by mirror partners at the scale of the electro- 
weak symmetry breaking [i]. Mirror pairs can easily 
be accomodated in other extensions of the minimal stan- 
dard model as well (see for instance, the references [2~6] 
and the review [7]). Moreover, the non-perturbative lat- 
tice formulation of chiral gauge theories has difficulties 
to avoid the mirror doubling of the physical fermion 
spectrum. The root of these difficulties lies in the fermion 

* Permanent address 

doubling phenomenon in lattice regularization [8], im- 
plying the presence of mirror partners in the theory with 
finite cut-off. The mirror partners can also appear dyn- 
amically at strong bare Yukawa-couplings, as it was 
shown in a prototype model using the hopping parame- 
ter expansion [9]. In the continuum limit (i.e. at large 
cut-off) the mirror fermions can become heavy, but at 
present it is not known whether they can or can not 
be completely removed from the physical spectrum 
[10, 11]. 

Depending on the choice of bare parameters, a non- 
perturbative formulation of quantum field theories can 
describe qualitatively different physical situations. A sim- 
ple example is that the scalar Higgs-sector has two 
phases: the symmetric phase where the O(4)-symmetry 
of the scalar fields is explicitly realized and the phase 
with spontaneous symmetry breaking where the non- 
zero vacuum expectation value of the field breaks the 
symmetry. In the presence of Yukawa-couplings between 
the Higgs-field and the fermions the phase structure of 
the theory is presumably more rich. The hopping param- 
eter expansion at strong bare Yukawa-coupling shows 
[-9, 12, 13] that there is a symmetric phase with degener- 
ate massive mirror fermion pairs. A non-zero scalar vac- 
uum expectation value transforms this explicitly mirror 
symmetric phase into a phase with spontaneously broken 
mirror symmetry where the mirror partners have different 
masses and are mixed with each other and with the ordi- 
nary fermions. At weak bare Yukawa-coupling there 
might be other phases without mirror fermions in the 
physical spectrum, where the mirror asymmetric pertur- 
bation theory with decoupled mirror partners [-14] can 
be applied. Even if there were spontaneously broken 
phases with and without mirror fermions, the question 
whether nature is in one or in the other phase cannot 
be answered without an input from experiment. 

The presently known phenomenology seems to sug- 
gest the absence of mirror doubling, since no effects of 
the mirror partners of the known fermion families are 
observed. Nevertheless, in the phase with spontaneously 
broken mirror symmetry the natural scale of the mirror 
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fermion masses is the scale of the vacuum expectation 
value (i.e. a few hundred GeV) and there are possible 
mixing schemes with three heavy mirror fermion families 
which agree with all known experiments [1]. The experi- 
mental limits on the mirror fermion admixture in the 
light fermions are, of course, strongest for the first family�9 
They can be inferred from the simultaneous fits of the 
present data as done in E15]. To discuss the phenomenol- 
ogy of mirror fermions whe shall use the model of [1]. 
(The "hermitian mirror fermion model" in [15] corre- 
sponds to the model in Eli, therefore the mixing angle 
bounds are known in this case�9 

In e § e-  annihilation (at LEP and SLC) sufficiently 
light mirror fermions could be pair produced via large 
couplings proportional to the cosines of the (small) mix- 
ing angles. If there is a substantial mixing of the order 
of the upper limits in [15], single mirror fermions can 
be produced on the Z-peak by the mixing practically 
up to a mass of Mz. The general aspects of phenomenol- 
ogy of mirror fermion production at e + e- colliders have 
been worked out in [16]. Though a dedicated search 
at LEP has not been performed yet, it seems improbable 
that mirror fermions lie in this energy range. Therefore, 
in the present paper we shall concentrate on the mass 
range above 90 GeV. 

The paper is organized as follows. For the reader's 
convenience in Sect. 2 we review briefly the model of 
Eli. In Sect. 3 we establish the bounds on mirror fermion 
masses, which follow from imposing the tree unitarity 
condition�9 The cross-section formulae of mirror fermion 
production in ep collisions are presented in Sect. 4, to- 
gether with a numerical evaluation�9 Mirror decay and 
the final states of mirror production in ep collisions are 
studied in Sect. 5. Some conclusions are collected in the 
summary. Mirror lepton production in ep collisions has 
been previously studied in [17], while [18] already re- 
ported a small part of the results for mirror quark pro- 
duction. Some of the results of these papers will be re- 
peated here for the reader's convenience. 

2 The hermitian mirror fermion model 

To establish notation and for convenience we review 
here briefly the hermitian mirror fermion model of [1]. 
This is an extension of the standard SU(2)c| mod- 
el of electroweak interactions�9 The basic symmetry and 
the symmetry breaking are the same, while additional 
fermions, with opposite chirality properties, the mirror 
fermions are added. The original fields in the Lagrangean 
are denoted by Oac~ for the ordinary fermions, and by 
Z ac~ for the mirror partners�9 A =  1, 2 are weak SU(2) 
indices, C = l, q stands for leptons and quarks resp., while 
K = 1, 2, 3 is the family index�9 For each fermion species 
we have the 6|  mass matrix specifying the mixing pat- 
tern. In the 3|  block matrix notation it reads: 

#~,x I~ c] (1) 

where /~z  is proportional to the unit matrix and both 
the hermitian #~c and #x ac can be diagonalized by the 
same 3 x 3 unitary matrix Fac. It is important that the 
off diagonal #~,x is assumed to be independent of the 
weak SU(2) index. Thus all the 3 x 3 matrices in (1) are 
diagonalized by the unitary matrix 

The 3 x 3 Kobayashi-Maskawa matrix is given for both 
ordinary and mirror fermions by 

McK~K2~ ~" FZ~K~K Flc, KKz. (3) 
K 

The complete diagonalization of the mass matrix is 
achieved by the fields 

(acK, = ~ Fa-~ K1K (COS ~ACK1 ~ACK --  sin O~ACK1 zA CK), 
K 

qacK~ = ~, F2~ r,K (sin O~ACK1 ~1ACK 71- COS O~ACKI zACK), (4) 
K 

where the angles aACK express the mixing of ordinary 
and mirror fermions. They are of course expressible with 
the parameters of the original mass matrix (1). 

The electroweak interaction of the fermions can be 
written as 

g [J-  (x) u W + (x) u + J+ (x)u W -  (x) u] + e Jem (X)lt A (x) u 

+ ~ ,  2) [sin 2 69 w Je m (X)u -- Jo (X),] Z (x)". (5) 

The vector bosons fields are in the usual notation; Ow 
is the Weinberg angle with tan O w = g'/g and the electro- 
magnetic coupling is e = g  sin Ow. The electromagnetic 
current is vector-like and it is diagonal in the fermion 
fields�9 The chiral weak currents Ja(a = +,  - ,  0) are given 
by 

Ja (x), = ~(x) Q},, ~ (x) + ~'(x) F~],, r/(x) + . . .  (6) 

The matrices F a are given by 

~-+ 
+ 

/~ Mc,K~K2 

�9 []/# COS ((X1CKI - -  ~2CK2) + ~)# ~5 COS ((~1CK1 + 0~2CK2)], 

/ ~  lvaC K1K2 

�9 ETu sin(~2CK2--~lCK,)+Tu75 sin(~2CK2 + ~lCtq)], 
+ 

I~+C, K1K2 - T, Aft+ ~'# - - ~  IwtC, KIK2 

�9 E~. sin(~x~cxc~-~x2cK2)+ ~. 75 sin(~x~ oK, + ~2cg~)], 
+ 

F+C, K1K2__ "C llf+ 
rl, # -- l~ ~ IvIC'K1K2 

�9 [~'~ cos (g2 c ic~ - ~1 cK~) - ~'. ~'s cos(~x2 c K~ + ch c ~c)], (7) 
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with z -+ = (z i +-- i 22)/2. F -  is obtained from (7) by z + ~ z- ,  
M + ~ M  - and (A=I)+--~(A=2). F ~ is diagonal in the 
SU (2) index A and in the family index K: 

F O,ACK -- "C3,AA [-y~, 71_ Yt~ Y5 cos(20~ACK)], 
~,u 4 

EO,ACK "(3,AA .q,u -- ~ [Yu--TuT$ COS(20~ACK)'], 

/ ~ 0 , A C K  _ F 0 , A C K  _ "g3~AA ~,~ - - ~ , ~  - 7.75sin(2~Acr)]. 
'4"  

(8) 

The last equations shows that at the tree level there are 
no flavour changing neutral currents, moreover in the 
neutral current ordinary fermion - mirror fermion mix- 
ing occurs only in the axial-vector part. Putting the mix- 
ing angles to zero in (7), (8) we observe the V-T-A struc- 
ture for ordinary and mirror fermions respectively. 

The bounds on the mixing angles obtained in [15] 
are as follows: 

sin2 a~ <0.05; sin2 ct~ <0.03; sin2 cQ < 0.03 

sin2 ~u < 0.025; sin 2 o~, < 0.03; sin2 ~a < 0.05. (9) 

3 Bounds on the mirror fermion masses  
from the tree unitarity approach 

In this section we present the scattering amplitudes of 
some processes involving mirror fermions in the tree ap- 
proximation. Applying partial wave unitarity in the spir- 
it of [19], we get bounds on the Yukawa couplings, i.e. 
eventually on the mirror masses. The tree unitarity 
bound gives the value of the Yukawa coupling where 
the interaction becomes strong. This can also be an abso- 
lute upper bound, if strong interaction is not possible 
as for instance in pure ~4 theories [10]. The bounds 
are obtained at high energies (i.e. energies much higher 
than all the masses involved), therefore we present the 
amplitudes only in this limiting case. For simplicity the 
small mirror mixing angles are set equal to zero�9 

The amplitudes for processes Fa(pl,21)Fa(p2,22) 
--~FB(P3, 23) FB(P4, 24), where F denotes mirror fermions, 
A, B are SU(2) indices, Pi, 2i (i = 1, 2, 3, 4) are momenta 
and helicities, are given by 

I. For A = B  
�9 s channel Higgs exchange: 

]/2 Gv mA m~ 21 23 6~,, 42 64~, 44 

�9 s channel Z ~ exchange: 

]/~ GF ma mB ~)41,42 (~43, 44 

�9 t channel Higgs exchange: 

- 2 ]/~ Gv m~ sing (0/2) 
1 - c o s 0  21 22 64,,-4~ 242,-44 

�9 t channel Z ~ exchange: 

2 ]/2 Gv m~ sin2 (0/2) (10) 
l - c o s  0 64,,-43 642,-44- 

The s channel exchange formulae hold also, when FA, FB 
are fermions of different colour or family, but have the 
same SU(2) quantum numbers, while the t channel ex- 
change amplitudes are vanishing. (In this case the masses 
ma, mB may be different.) 

II. For A = 1, B = 2 (i.e. A # B) 
�9 s channel Higgs exchange: 

]//2 GF ma mB 21 2a c541,42 6~3, ~4 

�9 s channel Z ~ exchange: 

-- ]/~ Gv mA mB 641,42 343,44 

�9 t channel W exchange: 

]/~ GF sin2 (0/2) 
1 -- COS 0 [ -  21 (ml -- m2) + (mr + m2)] 

�9 [22 (ml  - -  m2) + (ml + m2)] 64,, - 4 3 (~42, -- 4d" (1  1 )  

In all the amplitudes above and below 0 means the c.m. 
scattering angle. Comparing with the results for ordinary 
fermion scattering, we see that in case I there is no 
change at all, while in case II the masses enter in a differ- 
ent way. 

The nonzero scattering amplitudes for producing 
longitudinal vector bosons or Higgs bosons at high ener- 
gy are as follows. 

III. 

FI(Pl, 21)ffl(P2,22) ---~ W + W -  

/ 
21 1,22 --1 2 ~ G v m 2 t a n  

F2(pI, 21)F2(P2,22)---~ W-  W + 

2 1 = - 1 , 2 2 = 1  - 2 ~ / 2 Gv m~ t a n ( O)  

2 0 2]~2Gvml tan (~). 2 1 = 1 , 2 2 = - - 1  

IV. 

FA(Pl, 21)FA (p2, 22)~H H 

21= --1,22=1 -2]/~Gvm2cotO 

21=1,22 = --1 2]/2Gvm2acotO 

V. 

FA (Pl , 21) Fa (P2, 22) ~ z ~  Z~ 

21= - -1 ,22=1 2]/2GvmZcotO 

2 1 = 1 , 2 2 = - 1  --2]/2GvrnZAcotO 
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VI. 

Fa(p~, 20 Fa(pz, 2 2 ) ~ Z ~  

21= --1,22=1 2~/2Gvm~z3,Aa(sinO) -1 
2 1 = 1 , 2 2 =  --1 2]//-2Gvm2az3,aa(sinO)-~. (12) 

The amplitudes may be expanded into a partial wave 
series. Since the partial wave amplitudes a t satisfy [20] 

I Re(a~)I =<�89 (13) 

one gets upper bounds for the Yukawa couplings/masses 
from the various processes. Every single process gives 
a bound, however, considering a whole set of coupled 
channels, condition (13) applies for the largest eigenvalue 
of the partial wave amplitude matrix as well. Thus in 
the coupled channel case one may obtain improved 
bounds. The diagonalization of the matrices is compli- 
cated in general�9 In [19] the special cases considered 
were: 

i) All masses except for a single one equal to zero, 
ii) All masses equal. 

In our case only the second possibility seems to be sensi- 
ble. We present the bounds obtained separately for lep- 
tone and quarks�9 

Leptons 

The single channel bound for leptons from the j = 0 am- 
plitudes from processes I is: 

< 2 ] f 2 n  =(848.53)2 GeV2" (14) m~= GF 

The process I j = 0 amplitudes for three degenerate fami- 
lies yield: 

m~----m2< 2 1/~72 1=(388.9)2 GeV z. (15) 
= GF 

The coupled channel problem of the j = 1 amplitudes 
of processes I-VI yields for a single degenerate family: 

m] --= m 2 < G ~ f =  (617.18) 2 GeV z. (16) 

The same for three degenerate families results in: 

m~---m 2 < ] f2n  2=(503.93)2 GeV2 ' (17) 
= GF 

Quarks 

The single channel bound for quarks from the j = 0 am- 
plitudes from processes I is: 

mE < 2 ~ n = (848.53) 2 GeV2" (18) 
= (-/F 

The process I j = 0 amplitudes for a single flavour, three 
colour quark yield: 

m2 < 2 ] / 2n  _1 = (388.9)2 GeV2" (19) 
= Gv 5 

Process I j = 0  amplitudes for three degenerate families 
of quarks give the bound: 

m~-m2< 2V~n ~7 =(211.0) 2 GeV 2. (20) 
= GF 

The coupled channel problem of the j =  1 amplitudes 
of processes I-VI yields for a single coloured degenerate 
family: 

mZ_m 2 < 2~/2n 1=(503.93)2 GeV2 ' (21) 
= Gv 3 

The same for three degenerate families results in: 

m2 = m2 < If2 n 1 _ (399.56) 2 GeV2 ' (22) 
= GF 2.386 

4 Cross sections for mirror fermion production 

Heavy mirror fermion production in high energy ep col- 
lisions is made possible by the mixing of ordinary and 
mirror fermions. The corresponding vertex and the low- 
est order Feynman-diagrams for mirror fermion produc- 
tion in electron-proton scattering is shown by Fig. 1. 
Figure 1 b refers to mirror lepton production and Fig. 1 c 
to mirror quark production. In this section we present 
the cross-sections of mirror fermion production. 

Using the notations of Sect. 2, the production cross- 
section of the mirror electron-neutrino on a u-quark in 
the proton is 

dae ,-~S,d g4 
dQ2 - 512n(MZ +Q2)2 �9 ~[sin2(~ l l - e 2 ' )  

+ sin2 (cqz + c~2 t)]" [ c~ (e2, - cq q) + cos 2 (e2, + elq)] 

" [l + ( 1 - y ) 2 - ~ s  (2-Y)]+4sin(cq,-~z,)sin(el,+C~2t) 

�9 cos(e2q-elqlcos(C~2q+cqql[1-(1-y)2-M2y~. (23) 
x s  j )  

Similarly, the cross-section of heavy mirror electron pro- 
duction on u- and d-quarks is (A = 1 stands for u-quark, 
A = 2 for d-quark) 

d G e _ q A ~ E _ q  A __ (g2 + g, 2)2 sin2 (2 ~22) 
dQ 2 2048 n(M 2 + Q2)2 

m 2 
�9 [I+cosZ(ZeAq)][I+(1--y)2--~TS(2--y)]. (24) 

All the masses, except for those of the vector mesons 
(Mw, Mz) and the heavy mirror fermion (M) have been 
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f F 

b e- E-(N ) 

p ~ q ,  

C e-.~e-(Ve) 

p ~ ~" U,(D,S.B) 
Fig. 1. A The mixing vertex between the light fermion (f) and its 
mirror partner (F). f and F have the same quantum numbers, ap- 
part from the exchange of left- and right-handed chiral components. 
BThe lowest order Feynman-graph in ep scattering for the produc- 
tion of the mirror electron E (electron-neutrino: N,) through the 
mixing vertex in A. C The lowest order Feynman-graph in ep scat- 
tering for the production of the mirror quarks (U, D, S, B) through 
the mixing vertex in A 

taken to be zero. x is the Bjorken-variable of the initial 
parton. Denoting the 4-momentum of the electron, mir- 
ror-lepton and initial parton, respectively, by Pe, P and 
xp, the usual kinematical variables are defined as 

P'q (25) s=(p+Pe)2; q=pe--P; Q 2 = _ q 2 ;  Y=pqe" 

The kinematical limits are given by 

M 2 Xmi n 
1 >X>Xmin-- = , O<y<ym,,,=--i - -  (26) 

s x 

and Q2 is expressed as Q2 =xys. 
In the production cross-sections of mirror electron 

and mirror electron-neutrino in (23-24) three different 
functions of the mirror mixing angles occur�9 Since, how- 
ever, all the angles are small, one can approximate sin 
by c~ and cos e by 1. In this case (23) can be written 
as 

d (Te_ u~N~,.,,." g4 
dQ 2 - 647z(M~v+ Q2) 2 

(27) 

In the same approximation (24) is 

d O- e - qA ~E - qA 
dQ 2 

(g2 q_ g, 2)2 M 2 
-256rc(M~ +Q2)2 o~zzt[l + ( 1 - y ) 2 - ~ s  (2-y)]. (28) 

The laboratory frame kinematics of the produced 
mirror lepton is given as follows. Transverse momentum 
conservation implies that the transverse momentum of 
the final parton is opposite to the transverse momentum 
of the produced mirror lepton. The magnitude of both 
of them is 

r / (29) 

If in the laboratory frame the electron energy is Eel and 
the proton energy is Epr, moreover the proton goes for- 
ward, then the longitudinal (i.e. parallel to the proton) 
momentum of the mirror lepton is given by 

PL=eprx y+ -eol(1-y) (30) 

and the struck parton in the final state has a longitudinal 
momentum 

M 2 
P~=Eprx(1--Y--~s)--EelY. (31) 

This shows that in most mirror lepton production events 
there is also a high transverse momentum jet originating 
from the struck parton. 

Quite similar formulae are obtained for the produc- 
tion cross-sections of mirror quarks�9 The production 
cross-section of the mirror d-quark (D) on a u-quark 
in the proton is 

_ g 4  
dae- . . . .  o iMal[2 

dQ 2 512rc(M2+Q2) 2 

~[sin 2 (71 ~ - c~2 q) + sin 2 (a 1 q + C~z 9)] o 

M 2 
�9 [COS2(O~2t--O~lt)q-COS2(~2tq.-O~ll)][eq--(1--y)2---~SSY ] 

+ 4 sin (alq - ct2 a) sin (cqq + Ct2q) cos(~21- ~1 l) 

�9 COS(e2l+Cql) 1-- ( l - -y)  2 -  X~-(2--y) . (32) 

Assuming family independent mirror mixing angles, the 
mirror s-quark (S) and mirror b-quark (B) production 
cross-sections are given by the same expressions (except 
that M denotes the mass of the appropriate mirror 
quark) multiplied by the ratio of the squares of the rele- 
vant Kobayashi-Maskawa matrix elements. For S pro- 
duction e.g. we have: 

da . . . . .  s da . . . . .  D IM12] 2 
dQ 2 dQ 2 IM,~J z" (33) 
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Assuming family dependent mirror mixing angles the 
above equation should be modified taking into account 
the changes in the mirror mixing angle factors. The 
changes should be obvious from (7). 

The cross-section of heavy mirror u-quark (U) pro- 
duction on u-quarks is: 

d a e - . - ~ e - v  (g2+g,2)2 
dQ 2 2048 n (M~ + Q2)2 

�9 sinZ(2 ctlq)[1 + cos2(2 ~2/)] [1 + ( l - - y )2 - -  x ~  ]. (34) 

The mirror d-quark (D) production cross-section on d- 
quarks is given by the same expression (except that M 
denotes the mass of D) multiplied by a factor containing 
the mirror mixing angles. We have: 

dffe a~e-o dae-u+e v sin2(2~2q) 
dQ 2 dQ 2 sin 2 (2 ~1 q)' 

(35) 

All the masses, except for those of the vector mesons 
(Mw, Mz) and the heavy mirror fermion (M) have been 
again taken to be zero. The kinematics for mirror quark 
production is not the same as in case of mirror lepton 
production. Denoting the 4-momentum of the electron, 
struck-lepton, initial parton and the mirror quark by 
Pc, P'~, xp  and P respectively, the usual kinematical vari- 
ables are defined as 

" P'q (36) s=(pWpe)2; q=Pe--Pl, Q 2 =  _ q 2 ;  Y--P'Pe" 

The kinematical limits are given by 

M 2 Xmi n 
1 ~ X ~ X m i n  = ; 1 ~y=>Ymin = , (37) 

S X 

and Q2 is expressed as Q 2 = x y s - M E .  
In the small mixing angle approximation the mirror 

quark production cross-sections of (32), 34) are given 
by 

g4 
dffe- . . . .  D [mll[2 

dQ 2 - 64re(Mew+ 02) 2 

M E M 2 
�9 [~2q ( I -  ~ - ) +  ~22q(1 -y ) ( t -  Y + xs-s )] (38) 

and 

dffe-u-~e-U..~ (gZ + g,Z)2 
a2q l + ( l _ y ) 2  _s. (39) 7zM2+ 22 dQ 2 - 2 5 6 (  z Q )  

Equations (33), (35) remain unchanged in the small angle 
approximation. 

The laboratory frame kinematics of the produced 
mirror quarks is also different from that of the mirror 
lepton case. Transverse momentum conservation implies 
that the transverse momentum of the final lepton is op- 

posite to the transverse momentum of the produced mir- 
ror quark. The magnitude of both of them is 

Pr = ]//(1 -- y) (xys - -  M2).  (40) 

In the laboratory frame the longitudinal (i.e. parallel to 
the proton) momentum of the mirror quark is given by 

M 2 
PL=--YE~I+XEpr(1--Y)4 4Eel' (41) 

and the struck lepton in the final state has a longitudinal 
momentum 

m 2 
(P'I)L=--Eel(1--y)+yxEpr 4Ee," (42) 

This shows that in most mirror quark production events 
both the mirror quark and the struck lepton have high 
transverse momentum. 

Due to the vector boson propagators squared both 
the mirror lepton and mirror quark production cross- 
sections are dominated by small x- and y-values, but 
a strong peak at small Q2 characteristic for photon ex- 
change reactions is absent. (Note that the mixing vertex 
in Fig. l a  does not exist for photons.) As a consequence, 
the total cross-section is not sensitive to a cut at small 
Qz, which is needed for the applicability of the parton 
model. In the following the low Qz cut will be always 
taken to be 5 GeV 2 and the structure functions of Eich- 
ten et al. will be used [21]. (The cross-sections are also 
not sensitive to the angular cuts around the beam direc- 
tions.) The total production cross-section and the aver- 
age transverse momentum for Ne, E - ,  veD, eU, eD pro- 

duction at 1/~=314, 566, 1400 GeV is given in Tables 
1-5 respectwely. The first energy is typical for H E R A  
with 30 GeV electrons on 820 GeV protons. The second 
one is a possible H E R A  upgrade with 40 GeV electrons 
on 2 GeV protons and the third is in the range of LEP/  

Table 1. Total production cross-section (a) and average transverse 
momentum ((PT)) of the mirror electron-neutrino in ep collisions 
at energies ]/s=314, 566, 1400 GeV as a function of the mirror 
electron-neutrino mass M (in GeV). For simplicity, both mixing 
angle squared appearing in (27) are assumed here to be 0.02. The 
cross-sections are in 10 -2 pb, the transverse momenta in GeV 

M ] f s  = 314 ]/s = 314 ]/s = 566 ]/7 = 566 ]/s = 1400 ~/s = 1400 
(r (Pr) a (Pr) a (Pr) 

100 31.40 34.92 109.7 5 1 .6 0  288.28 72.01 
120 19.22 32.96 88.45 50.97 261.89 72.55 
140 10.99 30.59 70.45 50.03 238.21 72.85 
160 5.77 27.98 55.4 4 8 .8 4  216.81 72.95 
180 2.72 25.10 42.94 47 .47  197.42 72.89 
200 1.11 22.06 32.76 45 .94  179.80 72.69 
250 15.31 41 .58  142.10 71.76 
300 - - 6.13 36 .65  111.79 70.35 
350 - 1.98 31.23 87.29 68.61 
400 - 0.444 25.87 67.52 66.61 
450 - - 0.056 19.66 51.59 64.42 
500 - - 0.002 12.94 38.86 62.07 



Table 2. The same as Table 1, for the mirror electron production 

M ]/s=314 Vs=314 ]/~=566 ]/s=566 l/s=1400 ]/s=1400 
<Pr> ~ <PT> ~ <Pr> 

100 12.25 35.94 47.33 53.81 139.3 76.25 
120 7.35 33.95 37.64 53.30 125.4 77.03 
140 4.11 31.56 29.59 52.45 113�9 77.52 
160 2.11 28.88 22.98 51.31 102.0 77.80 
180 0.97 25.97 17.59 49.94 92.1 77.88 
200 0.39 22.83 13.26 48.40 83.3 77.79 
250 - - 6.00 43.90 64.6 77.06 
300 - 2.32 38.82 49.94 75.76 
350 - 0.72 33.17 38.38 74.05 
400 - 0.16 27.33 29.24 72.03 
450 0.02 20.98 22.01 69.81 
500 . . . .  16.35 67.37 

Table 3. The same as Table 1, for the ve + mirror d-quark produc- 
tion 

M ~s = 314 ]/s = 314 ]//s = 566 l/s = 566 lfs = 1400 1~ = 1400 
cr <Pr> cr <PT> ~r <Pr> 

100 31.63 35.11 106.5 53.37 317.81 72.05 
120 18.43 34.34 83.38 54 .18  243.86 72�9 
140 11.43 29.40 72.60 52 .21  234.59 72�9 
160 5�9 27.88 54.51 5 0 . 7 7  228.67 73.04 
180 2.72 24.07 43.56 4 6 . 8 2  177.81 72.96 
200 0.91 22.80 31.94 4 6 . 1 5  158�9 72.79 
250 - - 15.10 43.0 135.07 71.76 
300 - - 6.58 32.27 97.158 70.38 
350 - - 1.38 30�9 77.37 68.66 
400 - - 0.41 29.45 63.51 66.69 
450 - - 0.06 18.80 54.28 64.63 
500 - - 0.002 12.72 42.39 61.89 

Table 4. The same as Table 1, for e+mirror u-quark production 

M ]/s=314 ]/s=314 ]fs=566 ]/s=566 l/s=1400 ]/s=1400 
a (Pr> ~ (Pr> a <Pr> 

100 7.68 37.88 30.23 55.11 85.19 79.01 
120 4.31 37.74 22.63 57.47 76.35 81.74 
140 2.49 32.42 18.66 52.38 72.72 80.85 
160 1.26 29.33 14.10 52.38 64.23 80.07 
180 0.56 27.62 10.90 51.50 55.20 83.40 
200 0.21 25.98 7.82 51.40 53.31 79.66 
250 3.59 44.47 42.96 80.43 
300 - - 1.25 42.35 29.45 78.29 
350 - - 0.52 31.17 24.03 77.20 
400 - - 0.08 29.28 17.58 75.83 
450 - - 0.01 19.86 11.78 72.08 
500 - - 0�9 14.28 8.88 71.39 

L H C  [22]. As a typical example all the squared mixing 
angles have been assumed to be 0.02 in the tables. 

Given  the cross-sections in Tables  1-5 and  assuming 
an  integrated luminos i ty  of 100 p b - 1  the discovery of 
mir ror  leptons and  mir ror  quarks  seems to be possible. 
At  H E R A  the mass discovery limit is very roughly  
200 GeV, at the upgraded  H E R A  it is 300-350 GeV, 
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Table 5. The same as Table 1, for the e- + mirror d-quark produc- 
tion 

M 1~=314 ]/s=314 ]/s=566 ]/s=566 ]/s=1400 I/s---1400 
a (Pr> a (Pr> a (PT> 

100 2.69 34.18 12.55 53.29 48.89 69.95 
120 1.30 35.33 9.29 53.57 40�9 75.72 
140 0.71 30.03 7.14 50.59 32.44 75.38 
160 0.32 28.05 5.11 50.56 30.36 76.93 
180 0.13 24.71 3.577 50.53 31.49 73.95 
200 2.43 50.88 27.51 72.57 
250 - - 0.985 45.46 17.29 71.42 
300 - - 0.42 38.69 12.74 70.71 
350 - 0.08 35.27 10.07 67.38 
400 - 0.014 27.87 6.34 67.61 
450 - - 0.002 16.66 4.69 67.53 
500 - - - 3.27 67.40 

while for the L E P / L H C  e-p op t ion  we estimate 500 GeV. 
In  view of the uni ta r i ty  b o u n d s  derived in Sect. I I I  the 
physically plausible region is then  covered. The average 
transverse m o m e n t u m  of the mi r ro r  fermions is large, 
the Pr  balance is given by the struck qua rk  or the struck 
lepton  in the mi r ro r  lep ton  and  mi r ro r  quark  cases re- 
spectively. Thus  in bo th  cases one has two large t rans-  
verse m o m e n t u m  particles (jets) in the final state acom- 
panied  by the r e m n a n t  of the ini t ial  proton,  (which of 
course has low Pr). 

5 Mirror decay and the final states 

Depend ing  on  the relat ions between the masses the decay 
pat terns  of mi r ro r  fermions may  be different�9 The heavier  
member  of a mi r ro r  double t  can always decay in to  the 
lighter one + a pair  of o rd inary  fermions or a vector bo-  
son. Such type of decays are no t  suppressed by factors 
con ta in ing  the mixing  angles, moreover  the (essentially) 
V+ A structure of the mi r ro r  fermion-vector  boson  cou- 
pl ing directs these decays. However,  if the mass differ- 
ences wi thin  the mi r ro r  double ts  are small  the rates will 
also be small [1]. As a simple scheme we shall assume 
in the following (almost) degenerate  mir ror  doublets.  In  
this case the decay is made  possible by the mixing  with 
o rd inary  fermions. (The lighter particle within a mi r ro r  
double t  will decay anyhow in this way.) F o r  heavy mir-  
ror fermions the d o m i n a n t  decay modes are the two 
body  decays into a vector boson  and  an  o rd ina ry  fer- 
m i o n  [1]. Thus  we have:  

N e - . e - + W + , v e + Z  E-- -+e-+Z,  V e + W -  

U ~ d +  W +, s+ W +, b+ W +, u + Z  ~ 

D - , u +  W - ,  d + Z ~ (43) 

and  similarly for the other  mi r ro r  families. The corre- 
spond ing  widths are: 

g2 [~ M2\ [_  _ M~v M ~ \  

�9 ( sin2 (~21 + C~ll) + sin2 (~2t - ~1 z)), 
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fiE- -*e - Z ~ = ME 2 5 6  ~r c o s  2 0 W M~} 

M 2 ~ / t2 \  
z ~'~E/sinE(2 ~21) �9 1 - 2  ~7~2 + ~ 

M~ Mz] 

= g w 2 M~v + M ~ ]  
2 2 FN -~-w+ MN ~ 1-- 1-- M~ Mw] 

�9 ( sin2 (c~2z + 41 t) + sin2 (azl - cq z)), 

g2 (1 _ M ~  
Fu, ~,zo = Mu 256 ~ cos 2 0 W M ~ q ]  

�9 -- 2 ~ +  ,M~] sin2(2 alt) 
\ MN Mz] 

g2 (-M~v~{1-2M~v+M2~2 2 a 
Fv-+nw+=Mv l-2g7 1 MvJk My Mw] 

�9 ( sin2 (a2 q + C(1 q) -~ sin2 (a2q- 41 q)) IM11 [z 

( Fv~zo=Mv256ncos20 w 1 M~] 

M 2 Mg 
- ( 1 -  2 ~ + q - ~ . 2 ~  sin (2 ~,q) 
\ My mz] 

FD-~w-=Mo g2 ( 1 _ ~ 2 w ~ / 1 _ 2  ~ 2 w + ~ _  ~ 
128=\  Mo] \ M 0 Mw] 

�9 (sin2(~2q + oq q) + sinZ(~2q- oq,~)) I Ma, 12 

g2 

. (1 --'~ M~ + MM~z~) sin2 (2 a2q ) . ~  M2 (44) 

The formulae involving s or b should be evident. Similar 
formulae hold for the decay widths of mirror fermions 
of other families�9 

When M~ = Mu 

sin ~ 2cq~ 
FN,~,.,,,.ZO = FE- - - , e -  ZO s i n s  20~2 / l~Ne ~ e  - W + : I~E - ---~veW- �9 

(45) 

When My = MD 

sin 2 2 ~lq 
Fv-,zo=FD-~azo sin2 2o~2 q Fv.aw+ =FD-~,w-. (46) 

E.g. for M N = ME = My = Mo = 150 GeV and all squared 
mirror mixing angles equal to 0.02 we obtain: 

FNe to t  w. FE_ to t  = Futot = Fotot ~ 50 MeV. (47) 

The decay channels in (46) have a general mixture of 
vector and axial-vector couplings depending on the rela- 
tive magnitude of the mixing angles. Thus establishing 
the mirror fermion character of the decaying particles 
is not easy. 

Combining the above decay modes with the mirror 
fermion production possibilities at ep collisions we ob- 
tain the processes: 

e-, p-* E-, 

~' e- ,  Z ~ je t -*e- ,  1 + , / - , je t ;  e - ,  ~, v, jet; e- ,  3jet 
jet 

re, W-,jet -*Ve, l-, ~l,jet; vr 3jet 

e-,p~Nr 

/~ v~, Z ~ je t -*re , /+ , / - , je t ;  re, ~7, v, jet; re, 3jet 
jet 

"~ e- ,  W +, je t -*e- ,  l +, vt, jet; e - ,  3jet 

e - ,  p - - * V e ,  

D ,7 re, Z ~ jet~vr 1 + , / - , je t ;  re, ~, v, jet; vr 3jet 
vr W-,jet-*ve,  l-,  vt,jet; re, 3jet 

e-, p-~e-, 

7 e - , Z  ~ jet---,e-,l+,l-,jet;e-, g, v, jet;e-,3jet 
U 

e- ,  W+, je t -*e- ,  l +, v~,jet; e - ,  3jet 

e-, p~e- ,  

D r e - ,  Z ~ je t -*e- ,  I + , / - , je t ;  e- ,  ~, v, jet; e- ,  3jet 
"~ e- ,  W- , j e t -*e - ,  l-,  g~,jet; e- ,  3jet. 

(48) 

In the above processes the proton fragment jet (which 
goes in the beam direction anyway) has been omitted 
everywhere on the right hand sides, i.e. only the four high 
transverse momentum particles (jets) were written out. 
From the point of view of experimental observation the 
channels with three charged leptons+jet  (all high PT), 
or tWO charged leptons + one neutrino + one jet (all high 
Pr) are the best. In the case of three high PT charged 
leptons the reconstruction of the mirror fermion mass 
from the final state momenta should be possible. This 
opportunity is open for the E -  and U, D production�9 

Possible background processes for mirror fermions 
in ep collisions are the second order weak vector boson 
production (see [23, 24] and references therein) and, in 
case of final states with three jets, QCD multijet produc- 
tion. Both these processes are, however, dominated by 
photon exchange and hence by low Qa. The second order 
weak vector boson production has altogether small 
cross-sections in the order of a few times 10-2 pb, even 
for a low Q2 cut at 4 GeV z [23, 25]. The discriminating 
feature of mirror fermion production is the presence of 
four large transverse momenta in the final state. In this 
kinematical range the QCD process is expected to be 
negligible�9 (In the leptonic channels the QCD back- 
ground is, of course, absent�9 

Assuming the heavy top quark's mass to be close 
to the mirror masses, top production via gluon - vector 
boson fusion is also a possible background. At HERA 
energies the cross-section is negligible [26], but at LEP/ 
LHC it is comparable to the mirror fermion production 
cross-section [27]. Strictly speaking the final state is dif- 
ferent (namely vebW-b(+ the target jet)). However, the 
final state b jet has very often small transverse momen- 
tum, so it can not be distinguished from the target jet 
[27]. It is important to realize that in case of mirror 
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Fig. 2. The distribution of the smallest out of the four transverse 
momenta of the leptons and/or jets in the final state of the process 
ep~E-  jet and mirror decay through the Z for a mirror electron 
mass M= 150 GeV at ~s=314 GeV 

product ion the v e W jet  final state is always accompa- 
nied by other final states ( e - Z ~  jet, or v~Z ~ jet) which 
after vector boson decay have "be t te r"  final states than 
the one of top production, (which either contains two 
neutrinos or three high PT jets). 

We have studied the final state distributions by a 
Monte  Carlo program generating the mirror  fermions 
according to (23), (24), (32), (34), (35). The decays of the 
mirror  fermion into a light fermion and a vector boson 
were averaged equally over the mirror  fermion helicities 
(small polarization effects were neglected here). A few 
of the distributions calculated are shown in Figs. 2-7. 

Figure 2 shows the distribution of the smallest of the 
four transverse momenta  in the representative case of 
the e - Z  ~ final state of E -  production, with a mirror  

electron mass M = 150 GeV and l / ~ =  314 GeV. The dis- 
tribution peaks around 20 GeV showing that all the four 
transverse momenta  of the final state are high. The aver- 
age of the minimal PT is 20.58 GeV. As one can see on 
the figure, in about  85% of the cases all four transverse 
momenta  are larger than 10 GeV, and roughly 50% of 
the events is above a minimal transverse momen tum of 
20 GeV. 

Since neutrinos can be indirectly detected by the 
transverse momentum inbalance in the final state, an 
interesting question is the distribution of the neutrino 
transverse momen tum in the heavy mirror lepton pro- 
duction events. Such a distribution is shown on the ex- 
ample of the % ~ e -  + W § final state for a mirror  neu- 
trino mass M =  150 GeV in Fig. 3. The distribution is 
peaked around 45 GeV, the average is 38.46 GeV. A typ- 
ical cut at 20 GeV leaves still more  than 88% of the 
events. 

To plot characteristics of final states of mirror  quark 
production we choose the same mass and energy as for 
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Fig. 3. The inclusive distribution of the neutrino transverse momen- 
tum in the process ep~eNe; Ne--,v~Z or Ne~e- W+~e-e+ve for 
a mirror electron-neutrino mass M = 150 GeV at ]/s = 314 GeV 
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Fig. 4. The distribution of the smallest out of the four transverse 
momenta of the leptons and/or jets in the final state of the process 
ep--*e U and mirror decay for a mirror u-quark mass 
M= 150 GeV at 1/~= 314 GeV 

mirror  lepton production. Figure 4 shows the Prmin in 
U e -  production. The peak is around 20 GeV, while the 
average is 20.6 GeV. A 10 GeV cut leaves 84% of the 
events. Figure 5 shows the distribution of minimal trans- 
verse momen tum in Dye, D e -  production. The peak is 
around 20 GeV, the average is 19.7 GeV, 82% lies above 
10 GeV. Figure 6 presents the PT distribution of D(ve) 
in D Ve production. The peak is around 25 GeV, the aver- 
age is 28.63 GeV. 88% of the events has higher transverse 
momen tum than 10 GeV. The PT distribution of v~ in 
U e -  product ion and subsequent U decay into de + v~ 
is shown in Fig. 7. The distribution peaks around 
30 GeV, the average is 39.3 GeV, while 97% has more  
than 10 GeV. In general the PT distributions in the mir- 
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Fig. 5. The distribution of the smallest out of the four transverse 
momenta of the leptons and/or jets in the final state of the process 
ep-*e-D or red and mirror decay for a mirror d-quark mass M 
=150 GeV at ~ = 3 1 4  GeV 
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Fig. 6. The inclusive distribution of the mirror d-quark (re) trans- 
verse momentum in the process ep-*veD for a mirror d-quark mass 
M=150 GeV at [/s=314 GeV 

ror quark case are quite similar to those of the mirror 
lepton case if the mirror masses are taken to be the 
same. 

We have studied several other final state distribu- 
tions, too. (The Monte Carlo program generating the 
final states with mirror fermions can be obtained from 
the author  upon request.) The conclusion of this Monte 
Carlo study was that the transverse momenta alone give 
very distinctive signatures. These informations together 
with the peaks in the invariant masses are certainly en- 
ough to recognize a large fraction of such events above 
any conventional background. As the tables show, for 
mixing angles of the order of the present upper limits 
(9) an integrated luminosity of 100 pb-1  at HER A  suf- 
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Fig. 7. The inclusive distribution of the neutrino transverse momen- 
tum in the process ep-*e- U-*e- W § jet-*e- l § vljet for a mirror 
u-quark mass M= 150 GeV at l/~= 314 GeV 

rices for the discovery of mirror leptons roughly up to 
a mass of 200 GeV. The HERA-upgrade could go up 
to 300-350 GeV, and LEP/LHC up to the unitarity limit 
for the heavy fermion Yukawa-coupling at a mass of 
about 500 GeV. 

6 Summary 

In this paper we have studied the production and decay 
properties of mirror fermions in ep collisions at high 
energies. As a prototype model we have choosen the 
hermitian mirror fermion model of [1]. To obtain a 
rough idea on the possible masses of mirror fermions 
we have derived mass bounds imposing the partial wave 
unitarity condition to mirror fermion scattering ampli- 
tudes calculated in the tree graph approximation. The 
bounds are very similar to the bounds on ordinary heavy 
fermions obtained in [19]. The results for the various 
cases are collected in (14)-(22). If tree unitarity is a good 
approximation one does not expect mirror fermion 
masses to be larger than 500 GeV. Moreover, to get a 
lower bound we have assumed that mirror fermions will 
not be found at LEP. 

The cross-sections for mirror fermion production in 
ep collisions are given in (23), (24), (32), (34), (35). Assum- 
ing equal squared mirror mixing angles of the magnitude 
0.02 the total production cross-sections are given in Ta- 

bles 1-5 for H E R A  (1//s=314 GeV) a possible H E R A  

upgrade (~/s=566 GeV) and the LEP/LHC ep option 

(]/~= 1400 GeV), for a range of mirror fermion masses. 
Based on these cross-sections the discovery limits for 
the three different energies are 200 GeV, 300-350 GeV 
and 500 GeV respectively, assuming 100 p b -  1 integrated 
luminosity. Strictly speaking, if mirror fermions will not 
be found at the ep colliders, combined limits on the mix- 
ing angles and masses may be established. In this case 
mirror fermions may be discovered at hadronic colliders 
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(SSC, LHC), where they may be pair produced at higher 
energies than at the e + e -  colliders. For the 
TEVATRON the pair production cross-section for mir- 
ror leptons is small. E.g. for a 4.4 pb- 1 integrated lumin- 
osity (the 1988-89 one year run) the prediction (ignoring 
cuts) is 0.9 (0.4) mirror electron pairs assuming 100 GeV 
(120 GeV) for the mirror mass. Though mirror quark 
production has larger cross-section, the large back- 
grounds make mirror quark detection even more diffi- 
cult. 

The properties of the final state after mirror and vec- 
tor boson decay have been studied for the case of (al- 
most) degenerate heavy mirror doublets, decaying dom- 
inantly to a vector boson and a light fermion. The possi- 
ble final states are collected in (48). The final states con- 
sist of four high Pr leptons or jets and the target jet. 
The final state distributions have been studied by a 
Monte Carlo event generator. Various distributions are 
plotted in Figs. 2-7. Obviously the best channels for the 
discovery of mirror particles are those containing lep- 
tons. For E-  production the best channel is (e-l  + l-) 
jet + target jet, where the particles in parenthesis are the 
decay products of E-.  For Ne production the best chan- 
nel is (vfi + l - ) j e t + t a r g e t  jet. For U and D production 
the best channels are Ve (1 + l- jet)+ target jet and e- (l + l- 
jet) +target jet. In these cases the invariant mass of the 
decaying mirror fermion can be reproduced from the 
final state momenta. 

In summary, the high energy ep colliders have a good 
capability to discover the heavy mirror fermions, or at 
least give important lower limits for their masses and 
upper limits for their mixing with ordinary fermions. 
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