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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 chat-
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 (1/§=314 GeV) is observable up
to masses near 200 GeV. For a possible HERA upgrade

(ﬁ= 566 GeV) this limit goes up to about 350 GeV and

an ep collider in the LEP tunnel (l/§=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 [1]. 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
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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.
They can be inferred from the simultaneous fits of the
present data as done in [15]. 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 [1], therefore the mixing angle
bounds are known in this case.)

In 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 M. 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
[1]. In Sect. 3 we establish the bounds on mirror fermion
masses, which follow from imposing the tree unitarity
condition. The cross-section formulae of mirror fermion
production in ep collisions are presented in Sect. 4, to-
gether with a numerical evaluation. 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), ®U (1), mod-
el of electroweak interactions. 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 y“¢¥ for the ordinary fermions, and by
x4k for the mirror partners. A=1,2 are weak SU(2)
indices, C =1, g stands for leptons and quarks resp., while
K=1,2,3 is the family index. For each fermion species
we have the 6®6 mass matrix specifying the mixing pat-
tern. In the 3®3 block matrix notation it reads:

(’u$C 'ugl) (1)

c ,4C
Hyy Py

where uS, is proportional to the unit matrix and both
the hermitian p{¢ and ¢ can be diagonalized by the
same 3 X 3 unitary matrix F,c. It is important that the
off diagonal ,uﬁx 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

(5 5 o

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

MCK1KZEZF2_C1,K1KF1C,KKZ- 3
K

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

(AR =) F ek, k(Cos oy o, YK —sina ek, x5,
K

n* K=Y Fad k,x(sinocx, Y45 +cos ayc, 14°%),  (4)
K

where the angles o, 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

glI- (), W (x) + . (%), W™ (x)]+ e S (), A(x)
+)/(g* +8"?)[sin® Oy J (%), — Jo (x),] Z(x)" )

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

Jo(0) =) 2, £ 00+ L) I o () + .. (6)

The matrices I'* are given by

+
12+C,K1K2_ T

+
Ln ——MC.Kle
/8

[yucos(aycr, —%ck,) +Vu¥s COS(%ck, +%2ck,)];

+

T
+C, K Ky n[+
IZYI,M - C,K1K>

[yusin(@zex,~%1ck,) +¥u?s SN %0k, + %1 ck,)]s

[yusin(@ycg, —%2cx,) +Vu Vs SIN(% ok, F%ack,)]s

+
T
+C, KK, __ - +
I-"M,lt - MC,Kth

[yucos(@ack, —%ick,)—Vu?s €OS(ack, +%1ck,)])s (7



with t¥ =(t,; +i1,)/2. ' is obtained from (7) by t* -1~
M*>M~ and (A=1)(A=2). I'° is diagonal in the
SU(2) index A and in the family index K:

IZO ACK _ 13, AA

.+ Yu?s cos(Zaychll,

0,ACK __ '3, AA
171?1.# = [Yﬂ

Va?¥s cos(Z o cx)],

T
,ACK 0,ACK _ “3,AA
12 " EIC;# - 4

Vu¥s Sin(2a,cx)]- (®)

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 F A4 struc-
ture for ordinary and mirror fermions respectively.

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

sin’a, <0.05;
sin o, £0.025;

sin®a,, £0.03;

sin? o, £0.03;

sin? ¢, £0.03

sin? u, <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 @* 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.

The amplitudes for processes Fy(p;, A1) Fy(p2, 45)
—Fy(ps, A3) F5(ps, A4), where F denotes mirror fermions,
A, B are SU(2) indices, p;, 4; (i=1, 2, 3, 4) are momenta
and helicities, are given by

I. For A=B
® s channel Higgs exchange:

ﬂGFmAmB/h A303,,2,025, 24

@ 5 channel Z° exchange:

l/iGF Mymgds, 1,04, i

@ t channel Higgs exchange:

~2)26,m 3O 5 sy i,
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® ¢ channel Z° exchange:
2)/2Grm Zsm (9/2) 2 0a, 13000, 2 (10)

The s channel exchange formulae hold also, when F,, Fy
are fermions of different colour or family, but have the
same SU (2} quantum numbers, while the ¢ channel ex-
change amplitudes are vanishing. {(In this case the masses
m,, mp may be different.)

Il. For A=1,B=2(ie. A+ B)
e s channel Higgs exchange:

1/5 Grmymply230;, 3,055, 1,
® s channel Z° exchange:
_l/iGFmAmBéll,h 0324

@ ¢ channel W exchange:
sin“(6/2
V26 SO0 1)y )+ my 4]

[Aa(my—my)+(my +m3)} 6, 5,05, -2, (11)

In all the amplitudes above and below § means the c.m.
scattering angle. Comparing with the results for ordinary
fermion scattering, we see that in casel 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.

II1.
F1(P1a/11)F1(P2=lz)_’W+ w-

dy=—14=1 —2|ﬁGFm§tan(g)

6
=1l=—1 2)/2Gpm} tan(§>
Fy(py, /11)F2(P2a L)W w

0

Ay=1,A4=—1 2ﬂGFm§tan(g).

IV.

FA(p17}’1)FA(p2’ lz)_)HH
=—12=1 —21/5.GFmﬁcot0
A=11,=-1 2]ﬁGpmicot9
V.

Fy(p1, M) Fylpy, 4,)—2°2Z°
A=—11=1 2]/5Gpmi coth
Iy=1,d,=—1 —2}/2Gpm%cotd
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VL
FA(pla’ll)FA(pZ,j'Z)_)ZOH

/112—1,/12=1 ZI/EGFmiT3’AA(Sin0)_1
A=Ll=—1 2)/2Grmit, 44(sin6)" " (12)

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

|Re(a))|=% (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. 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.

Leptons

The single channel bound for leptons from the j=0 am-
plitudes from processes 1 is:

m? ngG/—zﬁz(848.53)2 GeV?2. (14)
F

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

misngzlg %:(388.9)2 GeV?2. (15)

The coupled channel problem of the j=1 amplitudes
of processes [--V1 yields for a single degenerate family:

mjzngl—gz—n:(MTlS)z GeV?2. (16)
F

The same for three degenerate families results in:

m3 =m? glﬁ’f 2 _(503.93 GeV?. 17)
Quarks

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

mj§£G@7E=(848.53)2 GeV2. (18)
F

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

m2 gﬂGé’f %: (388.9)? GeV2. (19)
F

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

m2=m> ngﬁ %:(211.0)2 GeV?2. (20)
F

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

m2 =m? ggG[fﬁ %:(503.93)2 GeV?. 1)

The same for three degenerate families results in:

2n 1
2 2<k — 56)2 2
mi=m*=< G 27336 (399.56)* GeV (22)

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 1b refers to mirror lepton production and Fig. 1¢
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
d Oe- u—>Ned __ g4
dQ*  S12m(M%+0%?

+sin® (g, + 0t )] - [CO8% (0tg g — oy o) + €082 (0t + 0ty ;)]

{sin )

M? . .
[1=92 -2 | sine s sines 220

2
- oS (ozg—0tr,) cos(azq+<x1q)[1—(l—y)z—st—y]}. (23)

Similarly, the cross-section of heavy mirror electron pro-
duction on u- and d-quarks is (4 =1 stands for u-quark,
A =2 for d-quark)

dO'e— A oE-qa 2+ /2)2 .
igr T 2o4zggn(Mg§ ygrp S Qo)
M2
-[1+cosz(2aAq)][1+(1——y)z—K(Z—y)]. (24)

All the masses, except for those of the vector mesons
(My, M) and the heavy mirror fermion (M) have been
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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 p,, P and
x p, the usuval kinematical variables are defined as

s=p+p) q=p.~P; Q*=-g% y=T1 (5
P 4.
The kinematical limits are given by
2
1232 %= s 0SYS =100 (26)

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. Since, how-
ever, all the angles are small, one can approximate sina
by a and cosa by 1. In this case (23) can be written
as
do'e‘u*Ned ~ g4

dQ* " 64n(Mz+Q%

~[a%,(1-]§:[%:)+a§,(l~y)(l—y—]f—:)]. 27)
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In the same approximation (24) is

do—e’qA*E‘qA

dQ?
N (g2+g12)2 5 5 M2
—2567‘5(M%+Q2)2 x21 1+(1—)’) “?S‘(z_)”) : (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

M2
= 1—y——-). 29
pr xyS( < S) (29)
If in the laboratory frame the electron energy is E,, and
the proton energy is E,,, moreover the proton goes for-
ward, then the longitudinal (i.e. parallel to the proton)
momentum of the mirror lepton is given by

2

M
B Epx{y+ 3 )= Eall =) (0)

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

2

M
e 61

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. The production
cross-section of the mirror d-quark (D) on a u-quark
in the proton is

4
do’e‘u—weD g

i* szt Mu

|2

im0y 33+ 5i0% 0 )

M2
. [0052(052[—-0(”)4—0052(0(21+a11)][1 +(1 —y)z-—xy]
+4sin(og g — o) Sin(oy g+ 0ty ) COS(oty— 00y y)

i) | (2)

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
guark) multiplied by the ratio of the squares of the rele-
vant Kobayashi-Maskawa matrix elements. For S pro-
duction e.g. we have:

2
do-e*u—»ves _ do’e*u—wgD IMIZI

Q>  dQ* M,

(33)



134

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:

do—e‘u—ve‘U_ (g2+g(2)2
d0? 2048 (M2 + Q2?7

2
-sin?(2 o )1 +cos?(2oy)] [1+(1—y)2—%]. (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:

32
do’e*d—'e‘D__do-e‘u*e*U sin (2a2q)

402 dQ7  sin’Qay,)

All the masses, except for those of the vector mesons
(My, M) 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
Pe, Pi, xp and P respectively, the usual kinematical vari-
ables are defined as

(35)

/ b-q
s=(p+p)*; q=p.—pi; Q'=—g% y=-—- (36)
D De
The kinematical limits are given by

2
nggxminE_

12)2 o =200, (37

and Q2 is expressed as Q*=xys— M2,

In the small mixing angle approximation the mirror
quark production cross-sections of (32), 34) are given
by

d0c-usvep gt M, P
dQ? 64n(M%+Q%?
-[a%q<1——%2-)+oc%q(l —y)(l—y+¥;)] (38)
and
d0e-yoe-v _ (8°+8??

, M
e = e R U

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—M?), (40)

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

2

4E,’ 1)

H,:_yEel+XEpr(1 y)+

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

M2
()= —Eq(1 —y)+ypr,—m- 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. 1a does not exist for photons.) As a consequence,
the total cross-section is not sensitive to a cut at small
02, which is needed for the applicability of the parton
model. In the following the low Q2 cut will be always
taken to be 5 GeV? 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 N,, E~, v, D, eU, eD pro-

duction at ‘/§=314, 566, 1400 GeV is given in Tables
1-5 respectively. The first energy is typical for HERA
with 30 GeV electrons on 820 GeV protons. The second
one is a possible HERA upgrade with 40 GeV electrons

on 2 GeV protons and the third is in the range of LEP/

Table 1. Total production cross-section (¢) and average transverse
momentum ({pz>) 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 1/ 314 |/s=314 1/ 566 1/ 566 1/—14001/ 1400

{pr> {pr>
100 3140 3492 1097  51.60 28828 7201
120 1922 3296 88.45 5097  261.89  72.55
140 1099  30.59 7045 5003 23821 7285
160 577 2798 554 4884 21681 7295
180 272 2510 4294 4747 19742 7289
200 1.11 22.06 3276 4594 17980  72.69
250 - - 1531 4158 14210 7176
300 - - 6.13 3665  111.79  70.35
350 - - 198 31.23 8729  68.61
400 - ~ 0.444 2587 6752  66.61
450 - - 0.056 19.66 51.59 6442
500 - - 0.002 12.94 3886  62.07




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

M 1/ 314 |/s= 3141/ 5661/ 566]/_ 1400 }/s=1400

pr 1y

100 12.25 3594 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 52.45 113.05 7752
160 211 28.88 2298 5131 102.0 77.80
180 097 2597 17.59 49.94 92.1 77.88

200 0.39 22.83 13.26 48.40 83.3 71.79
250 - - 6.00 43.90 64.6 71.06
300 - - 2.32 3882 4994 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 v, + mirror d-quark produc-
tion

M )/s=314 |/s=314 1/ 566 1/ 566 1/ 1400 1/—1400
ag

P <pr>

100 31.63 35.11 106.5 5337 317.81 72.05
120 1843 34.34 8338 54.18 243.86 72.57
140 1143 29.40 7260 5221 234.59 72.88
160 579 27.88 54.51  50.77 228.67 73.04
180 272 24.07 4356 46.82 177.81 72.96
200 091 22.80 3194 46.15 158.89 7279
250 - - 1510 430 135.07 71.76
300 - - 6.58 3227 97.158  70.38
350 - - 138 30.16 77.37 68.66
400 - - 041 2945 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 1/ 314 1/ 314 1/ 5661/ 566 1/ 1400 /s=1400

Py

100 7.68 37.88 30.23 55.11 85.19 79.01
120 431 37.74 22.63 5747 76.35 81.74
140 2.49 3242 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 2598 7.82 51.40 5331 79.66

250 - - 3.59 44.47 42.96 80.43
300 — - 1.25 4235 2945 7829
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 — - 0.003 14.28 8.88 71.39

LHC [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 luminosity of 100 pb~! the discovery of
mirror leptons and mirror quarks seems to be possible.
At HERA the mass discovery limit is very roughly
200 GeV, at the upgraded HERA it is 300-350 GeV,
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Table 5. The same as Table 1, for the ¢~ + mirror d-quark produc-
tion

M |/s=314 /5=314 }/5=566 |/s=566 }/s=1400 ]/s=1400
[ <p1> g <pT> o

{pr>

100 2.69 34.18 12.55 53.29 48.89 69.95
120 1.30 3533 9.29 53.57 40.068 75.72
140 0.71 30.03 7.14 50.59 32.44 75.38
160 0.32 28.05 511 50.56 30.36 76.93
180 0.13 24.71 3.577  50.53 31.49 73.95

200 - - 243 50.88 27.51 72.57
250 - - 0985 4546 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 LEP/LHC e-p option we estimate 500 GeV.
In view of the unitarity bounds derived in Sect. III the
physically plausible region is then covered. The average
transverse momentum of the mirror fermions is large,
the pr balance is given by the struck quark or the struck
lepton in the mirror lepton and mirror quark cases re-
spectively. Thus in both cases one has two large trans-
verse momentum particles (jets) in the final state acom-
panied by the remnant of the initial proton, (which of
course has low py).

5 Mirror decay and the final states

Depending on the relations between the masses the decay
patterns of mirror fermions may be different. The heavier
member of a mirror doublet can always decay into the
lighter one +a pair of ordinary fermions or a vector bo-
son. Such type of decays are not suppressed by factors
containing the mixing angles, moreover the (essentially)
V+ A structure of the mirror fermion-vector boson cou-
pling directs these decays. However, if the mass differ-
ences within the mirror doublets are small the rates will
also be small [1]. As a simple scheme we shall assume
in the following (almost) degenerate mirror doublets. In
this case the decay is made possible by the mixing with
ordinary fermions. (The lighter particle within a mirror
doublet will decay anyhow in this way.) For heavy mir-
ror fermions the dominant decay modes are the two
body decays into a vector boson and an ordinary fer-
mion [1]. Thus we have:

N,—oe +W* ' v+Z E —e +Z,v.+W~
Uosd+W*H s+WH b+ W' u+2Z°
Dou+W™,d+2Z° 43)

and similarly for the other mirror families. The corre-
sponding widths are:

& (. M M M3
~M: 36 (1_ Mﬁ)(l_z M2 +M2>

-(sin® (otgg + 0ty ) +sin (ot — 0t44)),

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

When My;=My
I;vz—»vezoer——»e—zO:iE)j;g‘i I;\Ie-'e‘W‘r =I;z-—>veW~-
(45)
When My=M,
FU—»uz&J:FD—»dzoz?;%i Iy aw+ =Ipsuw-- (46)

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

metotzl—é‘ tot:FUtotzrDtszO 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",
.et/‘e_,ZO, jet—e  [*, 17, jet; e, v, v, jet; e, 3jet
] NV, W jet—v,, 17, 9, jet; v,, 3jet
e ,p—N,,
7 Ve, ZO: jet_’ve,l-,—al_sjet; Ve>§5v>jet;ve7 3Jet

e, W jet—e”, 1Y, v, jet;e”, 3jet

e_: P=Ve,

I=,jet;v,, v, v,jet; v,, 3jet

p’ Ve Z°, jetov,, 1",
vy, jet; v,, 3jet

NV, W jetoy,, 17,
e ,poe,

Z°, jet—e™, 1,17

Ne T, W jet—se, 1T,

,jet; e, v, v, jet; e, 3jet
vy, jet;e, 3jet
e_’ p__)e_’

re”,Z° jet—e It 17 jet;e”, v, v,jet;e”, 3jet

RN ) (48)

Ne T, W jet—e 7, vy, jet; e, 3jet.
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 p;),
or two charged leptons + one neutrino + one jet (all high
pr) are the best. In the case of three high p, 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.

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 Q2. The second order
weak vector boson production has altogether small
cross-sections in the order of a few times 102 pb, even
for a low Q2 cut at 4 GeV? [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. (In the leptonic channels the QCD back-
ground is, of course, absent.)

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 v,bW ~ 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

60 pT"(GeV)

production the v, 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 “better” final states than
the one of top production, (which either contains two
neutrinos or three high p; 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 |/s=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 p; 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 momentum 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 momentum in the heavy mirror lepton pro-
duction events. Such a distribution is shown on the ex-
ample of the N,»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

137
%
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0 20 30 4 S0 60 70 80 p,lGeV)

Fig. 3. The inclusive distribution of the neutrino transverse momen-
tum in the process ep—eN,; N,~»v,Z or N,—»e” W —e e*v, 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 |/s=314 GeV

mirror lepton production. Figure 4 shows the py_. in
Ue™ 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 momentum in Dv,, De” production. The peak is
around 20 GeV, the average is 19.7 GeV, 82% lies above
10 GeV. Figure 6 presents the py distribution of D(v,)
in Dv, production. The peak is around 25 GeV, the aver-
age is 28.63 GeV. 88% of the events has higher transverse
momentum than 10 GeV. The p,; distribution of v, in
Ue™ production 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 py 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 v,D and mirror decay for a mirror d-quark mass M

=150 GeV at |/s=314 GeV
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Fig. 6. The inclusive distribution of the mirror d-quark (v,) trans-
verse momentum in the process ep—wv,D 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~! at HERA sui-

o _r}—”‘

0

0 20 30 4 S0 60 70 80 piGeV)

Fig. 7. The inclusive distribution of the neutrino transverse momen-
tum in the process ep—e~ U—e” W jet—e™ I v, jet for a mirror
u-quark mass M =150 GeV at ]/E: 314 GeV

fices for the discovery of mirror leptons roughly up to
a mass of 200 GeV. The HERA-upgrade could go up
to 300350 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 HERA (]/s=314 GeV) a possible HERA
upgrade (]/5:566 GeV) and the LEP/LHC ep option

(I/§= 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 pb~! 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



(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~! 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 p; 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 (¢ ["[7)
jet+target jet, where the particles in parenthesis are the
decay products of E™. For N, production the best chan-
nel is (v, 17) jet+target jet. For U and D production
the best channels are v, (I* [~ jet)+target jetand e (171~
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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