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Abstract 

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

The standard model of elect.roweak interactions [1] is based on a spontaneously broken 
SU(2 )0 U(l) gauge theory with chiral fermions: the left-handed and right-handed components 
of the fermions have different transformation properties with respect to the gauge group. For 
instance 1 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. If a consistent asymmetric 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 removed 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 problem. The 
situation is, however, completely different in a non-perturbative regularization scheme as, 
for instanc-e, lattice regularization. In this case the introduction of the mirror partners is 
essential, bec.ause it allows for a formulation with exad local chiral symmetry (2,3). In a non
perturbative framework the restrictions on the possible values of the physical parameters, like 
e. g. mass ratios, can also he manifested. Such constraints imposed by the requirement of 
consistency can, in principle. imply the impossibility to remove the mirror partners from the 
spectrum. 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 symmetric one is of fi_rst order [4,5]. In this case, due t.o the 
jump in the vacuum expectation value of the scalar field, lower limits arise for some masses 
created hy spontaneous symmetry hreaking. The second kind of constraints appear in the 
case of non asymptotically free couplings if" one tries to remove the regulari?:ing cut-off from 
the theory ("continuum limit" on the lat.tke). This limit is governed· by the infrared structure 
of the Callau-Symanzik renormalizatiou group equations. For instance, if there is an infrared 
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fixed point for the couplings or for some coupling ratios, cut-off dependent bounds on the 
renormalized couplings arise. In the spont-aneously broken phase these bounds imply bounds 
on the mass ratios. (For a review see (6].) 

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 spect-rum. In order to be more specific, let us now consider 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(l)v interaction is neglected altogether 
in order to have no problem with the triangle anomaly (because SU(2) is anomaly free r7]). For 
zero fermion mass the model has a chiral SV(2)L@ SU(2)R symmetry. The mirror fermion 
is defined in this case in such a way that the right-handed component of it is a doublet 
under SU(2)L and the left-handed component a doublet under SU(2)H.- At this point a very 
important aspect of the introduction of the mirror fermion partner becomes apparent: since 
the spatial reflection does not commute with tlv· chiral symmetry, but transforms SU(2)L 
into SC(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 conned. 
left-handed with right-handed components, therefore in the chiral synunetrie case they are 
allowed only between mirror partners but not between the components of the same fermion. 
In the symmetric case this corresponds to a mass matrix with opposite eigenvalues, but the 
sign of a fermion mass is unimportant. Therefore the physical st-ates with definite parity 
have. indeed, degenerate masses. In the case of spontaneous symmet-ry breaking, when the 
fermion mass t-erms are produced by the vacuum expectation value of the sc-alar 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 [2]. 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 tlw model is incomplete, 
or if the symmetric phase is present. then the parity partnen. have to appear dynamically as 
hound st.ates of the fields iu the Lagrangian. A desc-ription '''here all the important states 
of the model are represented by "'elementary" fields can obviously he expected to be simpler 
than an incompl<'te description ·with only a subset of the fields. 

The question is whether a chirally asymmetric physical spectrum without the mirror 
fermion partners can be realized as a limit of the complete t-heory or not? The answer 
to this question in rcnormalized perturbation theor-_v is yes if the remaining fermion set is 
anomaly free. (The theory including the mirror partners is always anomaly free. In fad the 
mirror fermions were considered loug ago just as the simple~!. \VRY of cancelling the triangk 
anomalies [8].) In a uon-pert.urbat.iw· fratnework an impass for removing the rnirror partners 
by a very large mass would be if there were some infrared fixed point at. some definite Yalue 
of the ratio of thC' renonuali:.:ed Yukawa-couplings of the fermion and of its mirror partner. 
This is, howeYn, not tlte case. On the contrar~'· an:ording to the 1-loop J]-functions au 
arbitrary ratio of the YnkawrH·ouplings is infrared stablr- ,3-. According to this it would 
seem po::.sibl(' to answer the above qnr-stion about a rhirally asymmetric physical spectrum 
in an aflinnati\T way. I\eYert.heless. all <'Xplicit at\f•mp:--- to remoY<' the mirror partners from 
the spectrum eneouuter cuonnous difficultir-~. at kast iu a latticP fonnn\ation. (For sOl!lC' 

propo~als on the lattict> s<'e :9_ ancl tl1e review 10 .) \\"ithout ("onsidering the quarks and 
leptons togethr-r. it is certainly impossihle to n•mm·c tlte mirror partners due tn the non-
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vanishing anomaly. To remove a C"Omplete mirror fermion family by a more c:ompliC"ated 
Higgs sector (possibly in an extended, say, grand unified framework) seems also impossible, 
because of the necessary occurrence of large scalar doublet expectation values whiC".h imply 
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 corresponds to a strong interaction. This occurs near the 
unitarity bound at about 500 GeV [11]. Since the Yukawa-c.ouplingis not asymptotically free, 
similarly to the quartic c.oupling, 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-bason mass. (For recent non-perturbative upper bounds on the Higgs mass see [12].) 
Although the chiral symmetry does not imply the naturalness of small fermion masses, an 
arbitrarily large fermion mass hierarchy is possible downward.s from t.he scale of the vacuum 
expectation value. 

In summary: in lattice regularization the mirror partners of the fermions cannot be com
pletely removed 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 limita
tions imposed on the mirror partners 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 mixing among mirror fermion partners. 

The simplest kind of mirror fermion models C-onsistent with phenomenology is when the 
mirror partners of the known light fermions are all heavy, say above 100 GeV, and the mixing 
between mirror partners i~ zero. Due to the limited accuracy of the experiments there is 
some finite neighbourhood of this point. in the parameter spa~e 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 th(• precision constraints (as light lepton 
number conservation, absence of flavour changing neutral quark c.urrents etc.) are satisfied? 

The mixing pattern of the three mirror pairs of fermion families can be specified by a 6®6 
mass matrix for each fermiOn species [2,3]. In a 3®3 block matrix notation we assume 

( 
p~c jt~X ) 

' A< Jl-,px_ 1-tx_ 
(1) 

The index convention in this paper will be as follows: A = 1, 2 will be used for the SU(2) weak 
isospin index, c = l, 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 synuuetry breaking and are 
assumed to be herm.itean here. Moreover it is assumed that they both can be diagonalized 
by the same unitary matrix FAc• depending on the indices .4 and c. The chiral invariant. 
off-diagonal elements are taken to be proportional to the unit. matrix (and are assumed to be 
A-independent). The consequence of these assumptions is that t.he 3®3 unitary matrix FAc 

simultaneously diagonalizes all the entries in the mass matrix (1), therefore, with respect to 
mixing there is a one-to-one correspondence between the fernUons and the mirror-fennions. 
This fact can be expressed by calling such mixing schemes "monogamous". H is also true 
that the 3®3 Kobayashi-Maskawa matrix 

1Vf~,K 1 K2 = L F2~,1K,KFlc,KK2 
K 

3 

,._ .... ___...____,....____,...J""L....---1"'-.--"'---------........__...__-JO._. __ _...____ .. _....__ ---~-~-~-

(2) 

is tht> same in hoth the fenuiou and mirror-fC'rmion se\tors. 
Denoting t.he original fermion fields in the Lagrangcan by -J_,Ad\ and the corresponding 

mirror-fermion fields by" XAcK. the complete diagonalization of the mass matrix is achieved 
by the fields 

tAcK, ,~ F-' ( 'AcK • AcK) <, = L Ac,K,K cosaArK 1 1j' - SinaAcK,X 
K 

AcK, """F-' ( · ./AcK .Ad\) 1] = L Ac,K,Jo: Sin fiAcK,It' +COS fiAcK 1 ;\_ (3) 
K 

Note that because of the hermiticity of p~~\ the Iilixing·is the same for left.- and right-handed 
con1poncnts. 

The SU(2)L <8": U(1)v ele-ctrowca,k int.eradion of the fermions can be written as 

g [J-(:r) 11 W+(:r)l' + J.,.(:r)11 W-(:r)"] 

+ f1em(X) 11A(;r)" + )g2 + g'2 [siti2 0wJem(;r)l'- Jo(:r) 11 ] Z(x)" (4) 

The Vl:'cior bosons are in the usual notation H.-, A. Z. 0w is the Weinberg-angle with 
sin 0w = g' / J92"+ -f/'i and t.he eleC"tromagnetic ·coupling is c = gg'j.Jg1 + g 12 • The vector-like 
electromagnetic current of the fermions JFm is defined by the electric charges, whereas the 
chiral weak currents la (a= +,-,0) can be written as 

Jo(x), ~ [(xlf{,,,<(x) + [(x)f{,,,,(x) + ... 

Here the matrix r+ is given by 

+c,K1Kl r+ - . 
r {CI• Js Mc.K, Kl ~l'll cos( OtcK, - Ozc.K,) _.j._ ")p-")'5 \OS( O"tc.K I -1- 0:2c.K2 )] 

+c . .K1K 2 T. + c • • . 
r{Jl,ll = 7s~iVfc.J.:,K 2 ll 11 Snt(a2~K~- Ut~J.:,) ---r-") 1,")·;;SIIl(n2cK1 + O:JcK, )j 

+c.K,K2 r+ _ + ·. · · . 1 r Jl{,l• ·;J~/\Jc,K 1 K2 nl-' sm(o!cl\"1 - Ozcl\"2 ) T l!-<1'5 S!U(OJcl\"1 T OzcK,)J 

+c,K,l\"2 _ ~ ~ ; , 
r'l'l·ll - .J8Jvfc.J.:1 K 2 :lJ-.1 cos(nzcK2 - OtcK 1)- ")1-'1'5 COS(02cK2 + O:tcK1)] 

with r± =- ~(r, ± ir2)· r- is obtained from here by T~ -t T-' ]~>[+ -t M and (A 
(A= 2). ro is diagonal in the SU(2) index A and family index K: 

(5) 

(6) 

1) ~ 

rO.AcK TJ,AA [-/ +I 1's cos(2o:Acll" )] 
~{.1< 4 •I' 11 

ro,Ad\ TJ.AA I 
'l'W 

4 
"), - l"11l's cos(20:AcK )] 

rO,AcK _ rO,AcK _ 73.AA · (? . ) 
{Jl,l• - >){, 11 -· -

4
-")1'15 Sill -OAcJi: (7) 

This shows that. at the tree level tht>re are no flavour changing neutral currents, and in the 
neutral current mirror mixing occurs only in the axlalvedor part. 

Since the experimental limits on flavour changing neut.ral current-s (as for instance ds -t 

scl) are Yery stringent, a cancellation mechanism has to be provided also at the 1-loop level. 
This requires to suppress the 2-W transitions shown in Fig. 1, which i~ proportional to 

L f(E)Mli,KA!KK, (8) 
K 

4 



-.-- ~ --· ,- ~. 

The function j(E) depends on the sums and differences of the mixing angles O.AcK and, due 

to the fermion propagator, also on the lu·Rxy fermion n1asses. There are two ways to tnak<' 

the 2- VV transition exactly diagonal in the family index K: either the Kobayashi-Maskawa 

matrix Af has to be diagonal) or the function f(K) has to be a constant. (f(K) is !\

independent if the mirror mixing au the mass of the mirror fermions are K -independent.) The 

first possibility is viable for the leptons, the second one corresponds t.o the GYM-mechanism 

[1] which is operating for quarks. Of course, if only an approximate vanishing of the non

diagonal elements in Eq. (8) is required, then nearly diagonality and nearly K-independence 

can collaborate to make the restrictions on the mass matrix parameters less severe. A simple 

model yielding nearly K-independent mirror mixing is defined hy the mass matrix 

( 
mA, 

8, 
I, ) 

111.4.c ~ ~Ac + { (9) 

Here mAc denotes a hermiteau 3®3 matrix and 00 ,6.Ac are proportional to the unit 3®3 

matrix. The elements of the 6®6 matrix £ are assumed to he small and will he neglected in 

what follows. Fort= 0 the mirror mixing angle DAc is given by 

sin DAc = 
bc\/2 

r-;--2 -- 1.2· 2 
\1 .6.Ac + 4l\c- .6.Ac\j.6.Ac + 4~c 

~ 

I, 

"'A< 
(10) 

Here also the limiting case ,6.Ac ;;y f,c is given. The masses of the two physical states are: 

Jl~cK t ( L).Ac + 2mAcK- g~--+4oJ) -)mAcK ~:c 

JitcK = ~ ( .6.Ac + 2m.AcK + j.6.~c + 46J) ~ .6_Ac +mAcK+ 
li:-

I). A, 
(11) 

The eigenvalues of the matrix mAc are denoted here by mAcK· The mass matrix in Eq. (9) 

has altogether 6 new parameters (hc,llAc; A= 1,2; c = q,l) for the masses and mixings of 

t.he three mirror fermion families. Taking the eigenvalues mAcK to he of the order 1, one can 

have for instance L'l.Ac of the order of 100 and lie of the order of 10. In this case the heayy 

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 he reproduced by a cancellation in the lower eigenvalue Jl~cK. The peculiarity 

of this mirror fermion mass pattern is that the mass splittings between the heavy (mirror) 

families are the same as between the light families. 

The x-components of the light physical fermions have l' -:-A couplings to the SU(2)L 0 

U(1)y vector bosons. This gives at. present. the most important limits on the mirror mixings, 

because the weak currents of the known fermions are to a good approximation of l'- A-type. 

The present upper limits on the mixings are, however, not. very strong. 1viost of the limits 

for the mirror lepton mixings can be inferred from different papers of Enqvist, Maalampi, 

Mursula and Roos [13]. (In these papers a detailed list of references can also be found to 

different. theoretical ideas involving mirror fermions.) The best. limits are typically of the 

order of 5-10% . These authors did not consider the possibility 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 [14]. 

5 
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Thr- mirror partners oft lw known leptons and quarks ran lH' produc-ed by the next gen

eration of accelerators, if their IlHt:>Ses arc not W!ry large. In f+(- C"ollisions the heaxy mirror 

states can he pair-produced by tlw electromagnetiC" and/or neutral weak current. The asso

ciated produdion of a heaYy-light fermion pair has more phase space but it is suppressed by 

the small mixing angle. For instance, the dacay width of Z --) £+e- is 

• 2 ( 9
2 + 912

) ( 
fz~f:-+,- = i1fzsm (2o.2!)-- - 1 

3847f 
i\1};) (') _ ~1}; _ A!}) 
Mf - M1 Ml (12) 

The mirror partners will generally be denoted hy <apitallcttcrs (for instance, E for electron, 

N for neutrino, U for ll-quark etc.). In the rdwve formula lvlE is the mass of£+ and the 

eledron mass is neglected. In the .case of .HE o=o .Mz/2 and sin2( ... ) = 10- 3 this corresponds 

to a Z--) £ 1 c· bran<"hing ratio of c:: 2 · 10··~·. (The elec'troweak parameters are taken here 

from the reYiew of Langacker [15].) Together with the other leptonic channels this gives a 

branching ratio in the order of 10- 4
, therefore if the mirror leptons are helow the Z and if the 

mixing is not extremely small, they will be seen in the(+£- "Z-factorie,;'·. In high energy 

cp-rollisions single mirror fermions ran he produced hy n·- or Z -exchange via the mirror 

mixing. The pair production of the nllrror quarks is similar to the usual heavy quark pair 

production by the boson-gluon fusion (see :16_ and referenres therein). 

The decay signature of a heavy nllrror fermion is quite spectacular: the mirror leptons 

can decay to 3 leptons or to a h·pton plus 2 jt>ts, the mirror quarks to 3 jets or to a jet plus 

a lepton pair. For masses larger than~ 100 GeV the decay to a light fermion plus a vector 

boson is important. For instance, the decay width of E- -) v, n'- is given hy 

r £--..,,w- . . g' ( M~·) ( ?M~, M);) 
=Mr;:sin2(o.-zl-o.ll)+sm2(a-zl+cr11).1287r 1- J!}; 1--_H'f + J1d, (13) 

For Il.h; = 2Aiw and ... ] = sk = 10-3 this giYes ~ 0.6 1\-IeY. The formula for _T\· ·-l d-V is the 

same as Eq. (13). wi h the appropriate mixing angle combinations. The decays to Z can he 

obtained by 9 2 --) (g2 + 9'2 )/2. If the splittings in the doublets are large enough there will be 

also decays to anothe-r mirror fermion, as for instance E--) NH'e, which arc not suppressed 

by the mirror mixing hut have a smaller pha!'e space. As au example. the ratio of these 

3-horly decays to the decay E · ·) 11H' is shown in Fig. 2. as a function of the mass splitting 

in the lepton doublet, for .M£ = 2A1n· and again s'i; = 10- 3 . In the 3-body decays the third 

generation quarks ( bt) were omitted, therefore fd1 stands for 9 different light fermion pairs. 

As it can be seen from the figure, in this particular situation the direct 2-body decay is more 

itnportant. 
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Figure captions 

Fig. 1. The flavour changing neutral process by two W-boson emission, which occurs 
in 1-loop graphs for sd ~ ds or J1 ~ cy etc. 

Fig. 2. The rat.io of the 3-hody to 2-body decays of tbe mirror electron E as a function 
of t.bt" mass split-ting in the mirror lepton doublet. for ME= 2.Afw and s1 = 10-3 • 
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