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A simple model with three mirror pairs of fermion families is considered which allows for a substantial mixing between the 
mirror fermion partners without conflicting with known phenomenology. 

The standard model ofelectroweak interactions [ 1 ] 
is based on a spontaneously broken S U ( 2 ) ® U (  1 ) 
gauge theory with chiral fermions: the left-handed and 
right-handed components of  the fermions have dif- 
ferent transformation properties with respect to the 
gauge group. For instance, with respect to SU (2) the 
left-handed fermions are in doublets, the right-handed 
ones in singlets. In order to have a more symmetric 
description it is possible to duplicate the fermion 
fields by introducing for every fermion a "mirror  
partner" with exchanged left- and right-handed 
transformation properties. I f  a consistent asymmet- 
ric theory without the mirror partners does exist, the 
duplication of the spectrum is just a technical tool, 
because in this case the mirror partners can be re- 
moved in some way, for instance by giving them an 
infinitely large mass. (The assumption that a theory 
without the mirror fermions can be obtained as some 
limit of  its mirror symmetric extension is a rather 
weak one. ) In the framework of perturbation theory 
the mass ratios are considered to be free parameters, 
therefore the mirror partners can be removed by an 
infinite mass without any apparent consistency prob- 
lem. Since the extensions of  the standard model were 
formulated up to now typically within perturbation 
theory, the mirror fermions were never considered to 
be a particularly appealing possibility, although they 
occur in connection with different theoretical ideas. 
To mention a few typical examples, mirror fermions 
were introduced in order to cancel anomalies [2,3 ], 
they occur in grand unified theories with large or- 
thogonal groups [ 4 ], in modem Kaluza-Klein theo- 
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ries [5] and in extended supersymmetry [6]. The 
question of the presence or absence of the mirror fer- 
mions in the physical spectrum has a different status 
in a non-perturbative regularization scheme as, for 
instance, in lattice regularization. In this case the in- 
troduction of the mirror partners is essential, because 
it allows for a formulation with exact local chiral 
symmetry [ 7,8 ]. In a non-perturbative framework the 
restrictions on the possible values of  the physical pa- 
rameters, like e.g. mass ratios, can also be mani- 
fested. Such constraints imposed by the requirement 
of  consistency can, in principle, imply the impossi- 
bility to remove the mirror partners from the spec- 
trum. In this case the mirror symmetric spectrum 
introduced originally as a technical tool is becoming 
a physical reality. 

At present there are at least two different kinds of  
non-perturbative constraints known: the first kind can 
occur in spontaneously broken theories if  the phase 
transition separating the broken phase from the sym- 
metric one is of  first order [ 9,10 ]. In this case, due 
to the jump in the vacuum expectation value of the 
scalar field, lower limits arise for some masses cre- 
ated by spontaneous symmetry breaking. The second 
kind of constraints appear in the case of  non asymp- 
totically free couplings if one tries to remove the re- 
gularizing cut-offfrom the theory ("continuum limit" 
on the lattice). This limit is governed by the infrared 
structure of  the Callan-Symanzik renormalization 
group equations. For instance, if  there is an infrared 
fixed point for the couplings or for some coupling ra- 
tios, cut-off dependent bounds on the renormalized 
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couplings arise. In the spontaneously broken phase 
these bounds imply bounds on the mass ratios. (For 
a review see ref. [ 11 ]. ) 

Returning to the question of the mirror fermion 
partners, besides the advantage of an explicit local 
chiral symmetry there is also another very important 
aspect of  the mirror doubling of the fermion spec- 
trum. In order to be more specific, let us now con- 
sider a simplified prototype version of the standard 
electroweak model, namely the Yukawa interaction 
of a fermion doublet with a scalar doublet field. The 
SU (2) L gauge interaction is weak, therefore it can be 
considered as a small perturbation and the U ( 1 ) y in- 
teraction is neglected altogether in order to have no 
problem with the triangle anomaly (because SU (2) 
is anomaly free [12]) .  For zero fermion mass the 
model has a chiral SU (2) L ~ SU (2)  R symmetry. The 
mirror fermion is defined in this case in such a way 
that the fight-handed component of it is a doublet 
under SU(2)L and the left-handed component a 
doublet under SU(2)R. At this point a very impor- 
tant aspect of the introduction of the mirror fermion 
partner becomes apparent: since the spatial reflec- 
tion does not commute with the chiral symmetry, but 
transforms SU (2) L into SU (2) R and vice versa, the 
massive representations of  SU (2) L ~ SU (2)  R always 
contain degenerate pairs of particles with opposite 
parity. The mass terms in the action connect left- 
handed with right-handed components, therefore in 
the chiral symmetric case they are allowed only be- 
tween mirror partners but not between the compo- 
nents of  the same fermion. In the symmetric case this 
corresponds to a mass matrix with opposite eigenval- 
ues, but the sign of a fermion mass is unimportant. 
Therefore the physical states with definite parity have, 
indeed, degenerate masses. In the case of  sponta- 
neous symmetry breaking, when the fermion mass 
terms are produced by the vacuum expectation value 
of the scalar field, the masses of the original fermion 
and of its mirror partner can be different. The space 
reflection symmetry is broken and the physical states 
are mixtures of the mirror fermion pair [7 ]. The 
consequence of this is that if the mirror fermions are 
not introduced a priori then either the symmetric 
phase is not represented at all, hence the description 
of the model is incomplete, or if the symmetric phase 
is present, then the parity partners have to appear dy- 
namically as bound states of the fields in the lagran- 

gian. A description where all the important states of 
the model are represented by "elementary" fields can 
obviously be expected to be simpler than an incom- 
plete description with only a subset of the fields. 

The question is whether a chirally asymmetric 
physical spectrum without the mirror fermion part- 
ners can be realized as a limit of the complete theory 
or not? The answer to this question in renormalized 
perturbation theory is yes if the remaining fermion 
set is anomaly free. (The theory including the mirror 
partners is always anomaly free. ) In a non-perturba- 
tive framework an impasse for removing the mirror 
partners by a very large mass would be if there were 
some infrared fixed point at some definite value of 
the ratio of the renormalized Yukawa couplings of the 
fermion and of its mirror partner. This is, however, 
not the case. On the contrary, according to the one- 
loop r-functions an arbitrary ratio of the Yukawa 
couplings is infrared stable [ 8 ]. According to this it 
would seem possible to answer the above question 
about a chirally asymmetric physical spectrum in an 
affirmative way. Nevertheless, all explicit attempts to 
remove the mirror partners from the spectrum en- 
counter enormous difficulties, at least in a lattice for- 
mulation. (For some proposals on the lattice see ref. 
[ 13 ] and the review [ 14 ]. ) Without considering the 
quarks and leptons together, it is certainly impossible 
to remove the mirror partners due to the non-vanish- 
ing anomaly. To remove a complete mirror fermion 
family by a more complicated Higgs sector (possibly 
in an extended, say, grand unified framework) seems 
also impossible, because of the necessary occurrence 
of large scalar doublet expectation values which im- 
ply a very large W-boson mass too. The naive way of 
just taking the limit of infinitely large bare Yukawa 
couplings for the mirror partners has a good chance 
not to work either. The tree level relation between the 
mass and Yukawa coupling becomes unreliable as 
soon as the renormalized Yukawa coupling corre- 
sponds to a strong interaction. This occurs near the 
unitarity bound at about 500 GeV [ 15 ]. Since the 
Yukawa coupling is not asymptotically free, similarly 
to the quartic coupling, it is plausible that there is a 
relatively low upper bound for the renormalized 
Yukawa coupling and therefore an upper bound also 
for the fermion masses produced by spontaneous 
symmetry breaking, similarly to the upper bound for 
the Higgs-boson mass. (For recent non-perturbative 
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upper bounds on the Higgs mass see ref. [ 16 ]. ) Al- 
though the chiral symmetry does not imply the natu- 
ralness of  small fermion masses, an arbitrarily large 
fermion mass hierarchy is possible downwards  from 
the scale of  the vacuum expectation value. 

In summary: in lattice regularization the mirror 
partners of  the fermions cannot be completely re- 
moved from the spectrum. Therefore the possibility 
of  the existence of mirror pairs of  fermions has to be 
considered very seriously. The first step is, of  course, 
to find the limitations imposed on the mirror part- 
ners by known phenomenology. In the present letter 
a simple model with three mirror pairs of  standard 
fermion families is considered which is consistent 
with experiments and still has a non-negligible mix- 
ing among mirror fermion partners. 

The simplest kind of mirror fermion models con- 
sistent with phenomenology is when the mirror part- 
ners of  the known light fermions are all heavy, say 
above 100 GeV, and the mixing between mirror part- 
ners is zero. Due to the limited accuracy of the exper- 
iments there is some finite neighbourhood of this 
point in the parameter space where the mixing is small 
and all known experimental constraints are satisfied. 
The question is whether there are other more general 
points with larger mixing angles where the precision 
constraints (as light lepton number conservation, ab- 
sence of flavour changing neutral quark currents etc.) 
are satisfied? 

The mixing pattern of  the three mirror pairs offer- 
mion families can be specified by a 6®6 mass matrix 
for each fermion species [7,8]. In a 3®3 block ma- 
trix notation we assume 

The index convention in this paper will be as follows: 
A=  1,2 will be used for the SU(2)  weak isospin in- 
dex, c=£,q  to distinguish leptons and quarks and 
K =  1,2,3 for the family index. The block-diagonal 
elements in eq. (1) arise due to spontaneous sym- 
metry breaking and are assumed to be hermitean here. 
Moreover it is assumed that they both can be diagon- 
alized by the same unitary matrix FAc, depending on 
the indices A and c. The chiral invariant off-diagonal 
elements are taken to be proportional to the unit ma- 
trix (and are assumed to be A-independent). The 

consequence of these assumptions is that the 3®3 
unitary matrix FAc simultaneously diagonalizes all the 
entries in the mass matrix (1), therefore, with re- 
spect to mixing there is a one-to-one correspondence 
between the fermions and the mirror fermions. This 
fact can be expressed by calling such mixing schemes 
"monogamous".  It is also true that the 3®3 
Kobayashi-Maskawa matrix 

Mc,c,K~ - Z - '  , F 2c,x~KFIc,KX2 (2) 
K 

is the same in both the fermion and mirror fermion 
sectors. 

Denoting the original fermion fields in the lagran- 
gian by ~Ac~¢ and the corresponding mirror fermion 
fields by X A~K, the complete diagonalization of the 
mass matrix is achieved by the fields 

~A~, = ~.. F X~Ix, x (COS OtA~K, ~gAcK_ sin O~A~K,Z AcK ) , 
K 

rl ac~' = ~ F •IK, x (sin OlAcKi ~llACK'~ "- COS a a c K i t ~  ACK ) , 
K 

(3 )  

Note that because of the • • A~ hermlclty of/t~,z the mixing 
is the same for left- and right-handed components. 

The SU (2) L ® U ( 1 ) r electroweak interaction of the 
fermions can be written as 

g[J_  ( x ) ~ W  + (x)~+J+ ( x ) ~ W - ( x ) ~ ]  

+eJem ( x ) u A ( x )  u 

+ ~ 2 [sinZOwJem (x )u  -3"0 ( x )u  ]Z(x)  u. 

(4) 

The vector bosons are in the usual notation W,A,Z. 
Ow is the Weinberg angle with sin O w = g ' /  
g~--++ g, 2 and the electromagnetic couplingis e = gg' / 
~ .  The vector-like electromagnetic current of  
the ferrnions Jem is defined by the electric charges, 
whereas the chiral weak currents J a ( a =  + , - , 0 )  can 
be written as 

J o ( x ) ~ = ~ ( x ) F b , , , ~ ( x ) + ~ ( x ) F ~ , , , m ( x ) +  .... (5 )  

Here the matrix F + is given by 

~-+ 
+ r,+c,K,x~ = _ _  M~,K,x~ [~'~ cos ( o q ~ ,  - a2~K~ ) 

+ Yu~5 cos(a,~K, + ot2~K~ ) ] , (6) 
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r+c,KiKz = ?_ 

- 
y,YS cos(a2cKz+%cK, 11 > (6 cont’d) 

with 7? 3 t (7, kir2). P is obtained from here by 
7++7-, M+-+Mand (A= l)+-+(A=2). To is diag- 
onal in the SU (2) index A and family index K 

r;~$K=fr3.AA[Y9+&Y5 cos(2~AcK)i ) 

rO.AcK _ 1. 
VW - 4 $73,.4,4[&~-?$iyS cos(2aAcK)1 > 

r;;jK dy)f;K = ~73,4&,y5 sin( 2%K) . (7) 

This shows that at the tree level are no flavour chang- 
ing neutral currents, and in the neutral current mir- 
ror mixing occurs only in the axial-vector part. 

Since the experimental limits on flavour changing 
neutral currents (as for instance d&&l) are very 
stringent, a cancellation mechanism has to be pro- 
vided also at the one-loop level. This requires to sup- 
press the two-W transitions shown in fig. 1, which is 
proportional to 

; f(K)&i,KMm . (8) 

The function f (K) depends on the sums and differ- 
ences of the mixing angles aAcK and, due to the fer- 
mion propagator, also on the heavy fermion masses. 
There are two ways to make the two-W transition ex- 

Fig. 1. The flavour changing neutral process by two W-boson 

emission, which occurs in one-loop graphs for sd+dS or p+ey, 

etc. 
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actly diagonal in the family index K: either the Ko- 
bayashi-Maskawa matrix M has to be diagonal, or 
the function f (K) has to be a constant. (j(K) is K- 
independent if the mirror mixing and the mass of the 
mirror fermions are K-independent.) The first pos- 
sibility is viable for the leptons, the second one cor- 
responds to the GIM-mechanism [l] which is 
operating for quarks. Of course, if only an approxi- 
mate vanishing of the non-diagonal elements in eq. 
(8) is required, then nearly diagonality and nearly K- 

independence can collaborate to make the restric- 
tions on the mass matrix parameters less severe. A 
simple model yielding nearly K-independent mirror 
mixing is defined by the mass matrix 

mAc 

8, . 
(9) 

Here m,, denotes a hermitean 38 3 matrix and SC, AA, 

are proportional to the unit 3@3 matrix. The ele- 
ments of the 606 matrix E are assumed to be small 
and will be neglected in what follows. For e=O the 
mirror mixing angle (YAc is given by 

sin aAc = 
&Jz 

A;, + 46: + AAc,/m 
+. (10) 

AC 

Here also the limiting case AAc>>dc is given. The 
masses of the two physical states are 

fifcK=$(AAc+2mAcK-,/~) 

+ mAcK-8/AAc , 

/@Kc; (AAc i- 2mAcK +@yT@) 

+AA~+~A~K+%!/AA,. (11) 

The eigenvalues of the matrix m,& are denoted here 
by mA&. The mass matrix in eq. (9) has altogether 
six new parameters (SC, AAc; A = 1,2; c= q,Q> for the 
masses and mixings of the three mirror fermion fam- 
ilies. Taking the eigenvalues m,&K to be of the order 
1, one can have for instance AA, of the order of 100 
and SC of the order of 10. In this case the heavy masses 
are of the order of 100, the light masses of the order 
of 1 and the mixing angles of the order of 1 / 10. The 
very light masses of the first family and especially of 
the three light neutrinos can be reproduced by a can- 
cellation in the lower eigenvalue ,&“. The peculiar- 
ity of this mirror fermion mass pattern is that the 
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mixing angles aAc are independent from the family 
index K and the mass splittings between the heavy 
(mirror) families are relatively small (they are the 
same as between the light families). The addition of 
the small matrix e can somewhat modify the K-inde- 
pendence of the mixing, but the small mass splittings 
qualitatively remain. 

The Z-components of the light physical fermions 
have V + A couplings to the SU (2) L®U ( 1 ) r vector 
bosons. This gives at present the most important lim- 
its on the mirror mixings, because the weak currents 
of  the known fermions are to a good approximation 
of V -  A-type. The present upper limits on the mix- 
ings are, however, not very strong. Most of  the limits 
for the mirror lepton mixings can be inferred from 
different papers of  Enqvist, Maalampi, Mursula and 
Roos [ 17 ]. The best limits are typically of  the order 
of 5-10%. These authors did not consider the possi- 
bility of  suppressing the flavour changing neutral 
currents by a family independent mixing scheme, 
therefore they concluded that the mirror mixings for 
the quarks are below 10- 4. Given the present scheme, 
the limits for the mirror quark mixings are typically 
less stringent than for charged leptons [ 18 ]. The typ- 
ical range of the bounds for quark mirror mixing can 
also be inferred from ref. [ 19 ], but there the question 
of the flavour changing neutral currents was not dis- 
cussed. 

The mirror partners of  the known leptons and 
quarks can be produced by the next generation of ac- 
celerators, if their masses are not very large. In e+e - 
collisions the heavy mirror states can be pair-pro- 
duced by the electromagnetic and/or  neutral weak 
current. The associated production of a heavy-light 
fermion pair has more phase space but it is sup- 
pressed by the small mixing angle. For instance, the 
decay width of Z--.E+e - is 

FZ~E+e- = M z  sinZ(2a2~ ) 
384~z 

ME × ( 1  ~ z ) ( 2  - M ~  M~ 
- i ~  M47/" 

(g2 +g, E) 

(12) 

The mirror partners will generally be denoted by cap- 
ital letters (for instance, E for electron, N for neu- 
trino, U for u-quark, etc. ). In the above formula ME 
is the mass of E ÷ and the electron mass is neglected. 
In the case of ME=Mz/2 and sinE(...)= 10 -3 this 

corresponds to a Z--,E+e - branching ratio of 
2 × 10 -5. (The electroweak parameters are taken 

here from the review of Langacker [20 ]. ) Together 
with the other leptonic channels this gives a branch- 
ing ratio in the order of  10 -4, therefore if the mirror 
leptons are below the Z and if the mixing is not ex- 
tremely small, they will be seen in the e+e - "Z-fac- 
tories". In high-energy ep collisions single mirror 
fermions can be produced by W- or Z-exchange via 
the mirror mixing. The pair production of the mirror 
quarks is similar to the usual heavy quark pair pro- 
duction by the boson-gluon fusion (see ref. [ 21 ] and 
references therein). 

The decay signature of a heavy mirror fermion is 
quite spectacular: the mirror leptons can decay to 
three leptons or to a lepton plus two jets, the mirror 
quarks to three jets or to a jet plus a lepton pair. For 
masses larger than ~ 100 GeV the decay to a light fer- 
mion plus a vector boson is important. For instance, 
the decay width of E---*veW- is given by 

FE . . . .  w- =ME [sinE(aE~ --Oh~ ) + sin2 (aE~ + OLI~ ) ] 

gE 
× 1 -MEE +MEw] " (~3) 

For ME=EMw and [...] - s ~  = 10-3 this gives ---0.6 
MeV. The formula for N ~ e W  is the same as eq. (13), 
with the appropriate mixing angle combinations. The 
decays to Z can be obtained by gE_. (gZ+g, 2)/2. If  
the splittings in the doublets are large enough there 
will be also decays to another mirror fermion, as for 
instance E--,Nevc, which are not suppressed by the 
mirror mixing but have a smaller phase space. As an 
example, the ratio of these three-body decays to the 
decay E- ,vW is shown in fig. 2, as a function of the 
mass splitting in the lepton doublet, for ME = 2Mw 
and again s~=10  -3. In the three-body decays the 
third generation quarks (bt) were omitted, therefore 
f~f2 stands for nine different light fermion pairs. As it 
can be seen from the figure, in this particular situa- 
tion the direct two-body decay is more important. 

Finally, there are also some hints in known exper- 
imental data which can be interpreted as possible 
evidence for mirror fermions. The two-muon event 
observed in e+e - annihilation by the CELLO Col- 
laboration at PETRA [22] is a candidate for the as- 
sociated production of a mirror muon: e + e - - , g M .  
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~ E - - ' N f l f 2 / r E  --.,,- v W 

08 / 
ME = 2Mw 

= - 
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30 /-0 50 60 A m IC-eV) 

Fig. 2. The ratio of the three-body to two-body decays of the mir- 
ror electron E as a function of the mass splitting in the mirror 
lepton doublet, for ME= 2Mw and s~ = 10 -3. 

In  this even t  the mi r ro r  m u o n  mass  is e i ther  30,5 G e V  

or  28.2 GeV,  d e p e n d i n g  on the  charge ass ignment .  

S o m e  o f  the  low thrus t  had ron  even ts  wi th  i so la ted  

m u o n  obse rved  by the  M A R K - J  and  J A D E  Col labo-  

ra t ions  [ 23] can  h a v e  a s imi la r  origin.  I f  this  expla-  

na t ion  o f  the  C E L L O  even t  is i ndeed  correct ,  t hen  

the  m i r r o r  m u o n s  will  be  copious ly  p r o d u c e d  in e + e -  

ann ih i l a t ion  above  60 GeV.  T h e  slight d i sc repanc ies  

in e -~ t -x-universa l i ty  (see ref. [24]  and  references  

the re in )  cou ld  also be  due  to the  m i x i n g  o f  the  lep- 
tons  wi th  its m i r r o r  par tners .  

I t  is a p leasure  to t hank  H a n s  Joos,  Pau l  Langacker  

and  R o b e r t o  Peccei  for  d iscuss ions  on  d i f fe ren t  ques-  

t ions  concern ing  m i r r o r  fe rmions .  
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