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Model-independent analysis of the simultaneous mixing of gauge bosons and mixing of fermions
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We discuss the case of simultaneous mixing of gauge bosons and mixing of fermions in a model-
independent way and for a variety of extra-fermion representations. In this context we analyze a class of lepton
family-violating processes, namelg—er, Z—ur, Z—eu, u—eee r—eee T—uum, T—emm, and
7— peein the presence of one extra neutral gauge b&owith universal, nonuniversal, or family-changing
couplings. We derive bounds on the combined effecZet’ mixing and ordinary—exotic lepton mixing.
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PACS numbsgs): 11.30.Hv, 12.15.Mm, 12.60.Cn, 14.60.Hi

[. INTRODUCTION We describe in Sec. Il the formalism for dealing with
FCNC which arise from simultaneous mixing of gauge
Tree-levelfamily-changing neutral curren~CNC) inter-  bosons and mixing of fermions. This formalism is applied to
actions arise in extended models from three possible sourcetfie leptonic sector in Sec. lll. In Sec. Il A we describe how
(i) the exchange of family-changing neutral gauge bosonshe mixing effects modify the diagonal couplings of the Z.
(i) the mixing between exotic and ordinary fermions, and|y sSec. 111B we apply the formalism to the—1l;,
(iii) the existence of neutral scalars in the Higgs sector wit 1 ]_J T

fagmlly-wolat_lng cogplmgs. Howe\_/er, if the stand.ard ne_utra] the mixing parameters. These bounds are refined in Sec. IV,
Z" boson mixes with a boson which has a coupling which is

either family changing or nonuniversal, its coupling to light cons_lderlng special types of representations for the additional
. . . : 2 " fermions.
(that is, the ordinary fermions becomes family changing
even in the absence of mixing between exotic and ordinary
fermions.
In previous works extensive research has been performed !!- MIXING EFFECTS: THE GENERAL FORMALISM
in the context of FCNC produced by the mixing of the stan- FOR SIMULTANEOUS MIXING OF GAUGE BOSONS
dard neutral gauge boson with one which does not couple AND MIXING OF FERMIONS

universally to fermion generatiofl] or by the mixing be- To discuss the mixing of the massive neutral gauge

tween exotic and ordinary fermiong,3]. In this paper we i L .
show how this phenomenon arises in the general case of thbosons of a general theory we first divide them into two

simultaneous mixing of neutral gauge bosons and the mixin@?_ass_eS: tr;ehstandaitﬁ’ gauge boson \l’VQ'Ch ISa I'geﬁ‘r com-
of ordinary fermions with exotic ones. We do not consider inination of the SU(2) @ U(1)y neutral bosons and hasi-
this article FCNC arising from the exchange of scalars Orv_ersal family diagonalUFD) couplings determined by the
additional indirect effects such as the shifts induced by th(glgenvalue0$3 andgq of the electroweak generators andQ;
mixing between neutral gauge bosons in the values of thi€ €xtraZi gauge bosons which can have either UFD or
weak angled,,, the p parameter, and the Fermi coupling nonuniversal family d|a_gona(N_UFD) or FC couplings. The
constantGy. [4—6], since they are irrelevant for the present ast two types of couplings arise when tBf gauge bosons
analysis. We apply the formalism in a model-independengre associated with horizontal interactions. Since the case
way to several lepton family-violating processes in the WhereZ{ has UFD couplings has already been discussed in
u, u-7, ande-r sectors, considering several possible exoticthe literaturdg 3,4,7], we will concentrate our attention on the
fermionic representations. We obtain in each case bounds f&@ses of NUF1] and FC couplings. _
the mixing parameters including the possibility that the con-  To discuss the general mixing of fermions, including ad-
tribution of the neutral gauge boson mixing and that of theditional ones, we follow Langacker and Londf|, group-
fermion mixing are of the same order. ing all fermions of a given electric chargg and a given

helicity a = L, R in an,+m, vector column ofn, ordinary

(O) and m, exotic (E) gauge eigenstated= (1o, ), -

*Present address: Instituto désien, Universidad Autwoma de  The relation between the gauge eigenstates and the corre-

Puebla, Apartado Postal J-48, 72570 Puebla, Puebla, Mexico. Elesponding light () and heavy ) mass eigenstates
tronic address: ucotti@fis.cinvestav.mx ¥a= (4 ), is given by

i—1;lil;, andlj—1;l ], decays and obtain constraints for

0556-2821/97/5%)/29988)/$10.00 55 2998 © 1997 The American Physical Society



55 MODEL-INDEPENDENT ANALYSIS OF THE ... 2999
P=U,,, 1) ) ATA+F'TF  ATE+FTG 10 5
(U E'A+G'F E'E+G'G/, |0 1 @

where the unitary matriced ;, have the block form

The term €'F),, second order in the small exotic—ordinary-
Ua:(Aa Ea) @) fermion mixing, induces FC transitions in the light—light sec-
F. G,/ tor.
The neutral current term for the multiplek of a given
and the submatrice&, andG, are not unitary but satisfy the electric charge, for the case when both types of mixings are

conditions present, is then
ZO
e <« — z
L a2 YAV (Daa, MDY (4a
z;
P
Z
e — 2y
oy Cuasre 17 (UiDaUa UHUa, - UKV 06R) | (4b)
Zy

where 9, and G, are sir,, and co¥,, respectively,d, is  They are diagonal by definition, and in the case, which we
the weak mixing angleR is the (1+1)X (n+1) orthogonal ~assume for simplicity from now on, that the exotics of a
matrix that diagonalizes the neutral boson mass mdrixis ~ diven charge and helicity have a common eigenvadgg of

the (na+m,) X (N,+m,) matrix that expresses the coupling Tsa they can be written as

of the Z° gauge boson to matter fields, and similady; are

the (n,+m,) X (ny;+m,) matrices that express the coupling tso— qosg 0
of the NUFD and FC gauge bosons to matter. The electro- D,= v , (8)
magnetic part of£"® has not been displayed since its struc- 0 tae— QES%W a

ture is not affected by the mixing effects.
In the simple case of only one extra neutral gauge boson,

the R matrix is easily parametrizable as wheretzo, andt3Ea are square matrices of dimensing and _
m,, respectively. They correspond to the ordinary and exotic
co¥® —sin® part of theT;, operator, and they are proportional to the unit

=( sn®  codd ) (5  matrix through the eigenvaluégg, andtsg, of Ts,. This is

the same situation for thg,, andqg, matrices in relation to

and the neutral current term is now the Q operator. _ _
Contrary to theD , matrices, theH ones are not diagonal

e — + ) in general, but can, however, be written as
— o= > gy Ul (Dyco® + H,sin® , Hacosd
50W09Wa=L,R
H 0
z Hz( N ) )
—Dasin®)Uaiha| 77 | - (6) E

: whereH andH ¢ represent the interactions of t&§ with

It should be obvious that the treatment of the general casghe ordinary and exotic fermions, respectively. The point is
Egs.(4a) and(4b), is straightforward. From now on we re- that there are nél g, or H g terms inH (which would give
strict the discussion to the case of only one extra gauge bgjse to z9-mediated transitions between exotic and ordinary
son just to simplify the notation. In Eqé4a), (4b), and(6)  fermiong as long as the horizontal group commutes with the
the D, matrices are given by standard modelSM) gauge group.

In the basis where the fermions are mass eigenstates, the
DaE(T3_QS§W)a' (™ form of D andH is
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FTF FTG KL:[(FTF)L(t3EL_t3OL)+t30L_Q32 ]CO@"'(H ) SII’]@
T — _ () /L ’
(U DU)R_(GTF GTG>Rt3ER QS%W, (108) v (13@
Kr=[(F'F)rtser— Qsj 1cosd + (H )rsin®, (130
F'FF F'G ATA ATE
T = — ’ .
(UDU) (GTF GTG)LI?’ELJr E'A ETE)Lt30L Qs K{=—[(F'F)L(tseL—tso) + tsoL— QS 1SiNO

(10b)

and by using the unitarity conditior(8) we can rewrite the
last equation as

FIF —ATE

DU, =
(UDUL (GTF -E'E

) (tazeL—tzo) + TaL— ngw-
) (100

+(Hy) co, (130

Kr=—[(F'F)atagr— Qs; 1sin® + (Hy)gcosd. (13d)

From these equations it is easy to see that there are two
contributions to the FC couplings of the light fermions to the
Z, proportional to ETF) ,co® and H,),sin®, respectively,
which may be in principle of the same order, in the limit of
no mixing between exotics and ordinary fermioris, € 0)

and no mixing between th& and the extra gauge boson
(®=0) the SM couplings are recovered, and in the absence

From Eq.(10a one can see that for the light fermions and in of mixing with the exotic fermions, the FC couplings of the
the absence af%-z9 mixing, the coupling of th&® to right-  ordinary fermions(of a given helicity to the Z may still
handed FC andonuniversal family diagonal neutral cur- survive through the termH;,),sin®, provided that the fam-
rents (NUFDNC) is possible only ift;eg# 0. Furthermore, ily of ordinary fermions of the given helicity transforms non-
from Egs. (109 and (100 it is easy to see that sequential trivially under the horizontal generatét .
fermions do not induce FC or NUFD couplings for the stan-  Further details of these couplings depend on the model
dardZ° since their contribution to these currents is canceledand on the processes under consideration and are the subject
out by that of the ordinary fermions. of the next sections.

On the other hand, no general statement can be made for We may rewrite Eqs(13g and (13b) as
the transformed couplings:

KL:(AL+tSOL_Q S%W)CO@ +ELSinG), (14@
ATHoA+FTHF,  ATHOE+FTHG :
(UTHU), = oA B ° . Kr=(Ar—QsS; )com + Egsin®, (14b)
* \E™HoA+G'HeF, E'HoE+G'HeG/ w
Hy  Hp where
lh Thh/ 5 A =(F'F)(tseL—tzo), (1539
: . A= (F'F)gtaer, (15b
From the last equation one can see that in the presence of
neutral gauge boson mixing) # 0, there will be in general =.=(H) (150
o a’

FC couplings of theZ in the light sectorH, nondiagonal,
even in the absence of mixing betwgen exg)tic and Orqinar)fogether with®, represent the physics beyond the SM.
fermions,F=0, and even if the coupling of; to the ordi-
nary fermions,Hg, is diagonal but nonuniversal, since in
general the mass and gauge eigenstates will not coincide in
the light sectorA+1.

1. Charged fermions

Since for the light charged fermions the dimension of
Y5, and ¢ are the saméthere is an equal number of left-
and right-handed fermiopswe can rewrite the general La-
A. General neutral current Lagrangian term grangian(12) as
in the light sector

From Egs. (103, (10¢, and (11) we obtain for the

Z
lMV“(gv—gAYS,g\'/_QAYS)lM(z') :

_ pnc—

neutral-current Lagrangian in the light-light sector the ex- 2s, C,
pression w O .
(16)
e o z
—LY= = 2 ey (Ka K')tha| 77| . (19 where
0,,-0,2=LR
# gv=K_+Kg, (179
where ga=K| —Kg. (A7b



55 MODEL-INDEPENDENT ANALYSIS OF THE ... 3001

I1l. APPLICATIONS TO THE LEPTONIC SECTOR o B(Z— U
T+ y=2——" " _(|qii|2 ij12

A. Constraints from the lepton family diagonal processes B(Z=1il;+1ily) 2|g\,|2+|gA|2(|gV| +19R1%)

The effects of mixing between ordinary and exotic fermi-
ons on the diagonal procegs-|;l; have been analyzed pre- B(Zelﬁ - -
viously [2—4]. Likewise separate effect of mixing between 24| 5 TgA] (Al +E}0|?
the standard and a new one were discussed in R@fs5]. 9vi"T19a
When both effects are present, the branching ratio +AL+ELO2)+0(02). (22
B(Z—1l;), in theM>m; approximation, is given by

3 It then follows that
Bzl = e (|gif?+ g/ (189
R 6\/577 v A
IAV+EVO12+|AL+ELO|?<cB, T, (23)
:iGF_M%(|Aii+:ii_l+32 |2 .
Fiot 3\/577 LTt 2
i o where
+AR+ERO+ 5 [)+0(02). (180
Since the agreement of the SM predictions with the experi- B(Z—>IU
mental data for these processes is better than (théoex- c = 4w =0.536
\Y A

perimental value of (Z—1l) is 83.83:0.27[8] against the
theoretical one equal to 83.40.07, the quantities
AL+ E,0 are bounded practically by the experimental un-

using the conventional SM branching ratio 0.0337 fqf B
certainty in the datds]: (using g aQF

and the standard values fgy, andg,) and where

Bee=(3.366+0.008 X 102
B, T=B(Z—ljl;))=1 B,z=(3.3670.013%x10°2, (19 Bey< 17X 10 =By

eu
B,>=(3.360-0.015x 10 2. B, T =B(Z~lilj+lilj)= Be;<7.3x10 °=Bs (24
B,;<1.0x10 °=B,,

We may also write wre

|AE+EE®—%+S§W|2+ |AL+ Eg+s§W|2:cB|i|—i, according to the experimental limif§,10]. This means that
(200 the fermion mixing parameterd are bound to lie in a
circular region centered at{=/®, —E40) and of radius
where ~1073,
It is evident that the contribution dd in the analysis of
Al is non-negligible when
1 GM3 a glig
¢ !'=| =——==]=0.2675-0.0005
Uit 3\/577
_ o _ E1Q=/cB T (25)
and from which we obtain, in a neighborhood of v
|AL+E36[=0 and with § =0.2237+0.0010, the bounds

This may be a common situation, since in general
A+ BT <fewx 1073, (21) Ea=0(1) and the upper bounds f@, which are model
dependent, are of the order of 18-10 3. Taking the limit

®—0 could lead to wrong conclusions: A contribution of

EJ0~5x10"2is enough to give a completely new region

B. Constraints from lepton family-violating processes of solutions forA} . The results of this section are resumed

1. Constraints from Z—»Iil_j in Table I.

With the approximatiorM ;> m,my, and taking into ac-
count that experimental limits exist only for the sum of the A .
charge states of particles and antiparticles states, we should ~SSUMINGM;,
consider, for #j, from scalars, the branching ratio BG 1115) for i+ is

2. Constraints from ]—>Ijljf

>my, and ignoring possible contributions
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B(li—ll,) 1 N -
—————=5[3(IgVI*+ g} (|gVI*+|g4*) + 2Regl g’ ") 2Re( gy gd )]
B(li—>|jV|jV|)
+gz Re3vey + g (Ve +aoa’ ) + (gl g + gl gl ) (glgp + glley )]
Z’
M4
ViR F1300v 1>+1gM12 (190112 +19'd2) + 2Re( g/ g1 ) 2Re( g/ g A1) ] (269
=4[(2|-3+5 [>+15 DI+ EIO1P+ (|- 3+ |*+2]s] |D)[Ak+ERO[*]+0(02), (26b)
|
where we have assumed{/M;)?>~0, Al<® (remem- Bev,,~1.00,
ber thatA} is second order in the ordinary-exotic mixjng _
and we have taken into account the stringent limits obtained B(li—=ljm )= Bruv,»,=0.173520.0014, (30
in Eq. (21) from which B.ev,, =0.1783-0.0008.

Af+Elo-s+g|=I-3+s), (@7
IAH+EHO+S] |=|s] |. (27b)
Using the experimental boundl$1-13
BLeee<1.0X10" =B ccq,
B'ililJ'TJ'E B(Ii_)ljlilj): Brece<3.3X 10 °=B B ecer
B <1.9X107°=B_,,.\
(28)

As in Sec. IlIB1, the contribution 0® in Eq. (29) is im-

portant when
| I||||] d |J® IBlllllj 31
— =
V0203 @Y= N o176 Y

The bounds foA 7°+ E7°0 andAJ“+E 7O obtained from
Eq. (29) are similar to those obtained from E@3). For the
ue case Eq(29) is more stringent than E@23). The results
of this section are resumed in Table II.

=

III

o=

and §W= 0.2237, the constraints on the mixing parameters

are

0.203AU+EV0|%+0. 17QA'J+~'10|2<<:| B|,, I
(29

wherec, =[4B(li—1j» 1)]"" and

B(l,—1; Ikl
B(l;—1, i V|)

4

M7
+M_4(|g/kk +|9/&kk|2)(|g'” 2+|g/|1

z'

~a(|-3+5

M
=(Ig¥>+ 198 (|g¥[*+ 1941 + = 2Re(g¥Fg

3. Constraints from |—>Ijlkﬁ

Assuming m|i>m|j,m,k, ignoring possible contributions
from scalars, and neglecting the tree-level diagrams which
involve simultaneously two FCNC vertices, the branching

I’atio B(I Iﬁljl kl k) iS

2
kk 7 kKk*

+ gk g ) (Vg +gllgn’)

z'

where we made the same assumptions as in Sec. IlIB2. Ushe constraints on the mixing parameters are

ing the experimental limit§12]

Breun<3.6X10 6=

m

B,,s<3.4x10 =B

Tue e

Tel'«/T’

B|i|j|kaEB(|i—>|j|k|_k): (33

Tuee:!

(329
|2+|s2 1D (AI+EIO12+|AL+EL0]2)+0(02), (32b)
[
0.126| A+ EJ 012+ |AR+ERO}) <c, B|,|J|k|k
(34)

which are not of interest in our analysis since they are some-
what weaker than those of E(R9).
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TABLE I. Bounds from the proceszﬂlﬁ

Limits from ZHII
1.7x10 5=B,-
Al + B0+ AL+ Ef0|2<1.878 1 = 187X 7.3x107°=Bq+
1.0<10 5=B

no

Mixing e-u
|ASE+ 21O |2+ | A+ 220 |2<3.2} 10 6= |A%# + 80| <1.8x 1073

Mixing e-7
AT+HEFTOPP+ AT+ EFO|2<1.4x 10 °= A+ E50|<3.7x1073
a

Mixing w-7
[ALT+ELTOP+| AL+ EATO|2<1.9X 10 5= |A4+ EL0|<4.3x 1073

IV. SOME SU(2), REPRESENTATIONS Ea:(ATHoA)a- (35)
FOR ADDITIONAL FERMIONS

Some improvement on the above-derived bounds for thé[’here are three subcases.
mixing parameters may be obtained with information abouﬁz (1) Ho is othhe UFD type. TherZ does not couple to
the SU(2) transformation properties of the additional fermi- CNC since £'A),=1 and therefore
ons and for this reason we analyze here a few simple
SU(2), representations in which new additional charged lep-
tons may appear. In this analysis we will not consider any
particular case for th&} parameters, but we will assume

that they are ofD(1). What follows is valid for one or more
additional families, independently of whether the extra fami—icd,\?gs not couple to FCNQb) A#1. ThenZ couples to

lies are fundamental or excited leptons in the context of com- (3) Ho is of the FCNC type. The couples to FCNC
posite models. Therefore, when FCNC exist, EgR3) and (29) read

Ei=gi=0 for i#j. (36)

(2) Hp is of the NUFD type. Then there are two possibili-
ties. (@) A=1 (no mixing among the ordinary leptong'hen

A. No additional fermions

cBgz=3.2x10°6,

Equations(23) and (29) are valid even if no additional | 2 I=iig|2 5 _5
charged leptons are present in the extended theory. In th‘ L6 +[Er0| <CB' e CE” 1.4x10°, (37)

caseF=A, =Agr=0 and cB,7=1.9x10 >,

TABLE Il. Bounds from the procesb—>IjIjIT-

Limits from |; HIJIJI]

1.0x10 =B eee
0.203A] +E/'0|°+0.176A%+ER0|°<c; BIII 7,01, % 3.3x10 5=B o5
1.9x10 5=B

mwt
Mixing e-u
0.203A 5+ Z840|%+0. 176Ae"+ E20|?<0.25x1071?
[AP*+E#O]<1.1x10°8 |AF+E0|<1.2x10°°

Mixing e—7
0.203Af+EO|2+0.176AT+ E50]><4.8x10°°
[AFT+E80|<4.9x10°2 |AF+EFO]|<5.2x1073

Mixing u—7
0.203A "+ Ef"O|?+0.176A L™+ EL70|2<2.7xX 1076
AT+ EFO]<3.6x10°° [AAT+EAO|<3.9x10 3




3004

and

0.203210|2+0.175 102
cMBMeee 0.25x10 12,
C,B eco—4.8x 1076,

c B —=2.7x1076,

=By 1< (38)

TR

respectively. All the constraints are for the prodEd; of
the couplings of the light fermions to th&' and thezZ-Z'
mixing angle. In particularZ &0 <10,

B. Sequential fermions

t —_1

L 2l A =AR=0, (393
t3er=0

Ea.=(ATHoA+FTHEF), . (39b

UMBERTO COTTI AND ARNULFO ZEPEDA
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0. 203H|J®|2+0.176A”+ "’IJ®|2<C| B| Ll; | (45)

The contribution to FCNC from the ordinary—exotic-fermion
mixing is only right handed. The conclusions are the same as
in the previous case with b R.

E. Mirror fermions

The situation is the same as that of no additional fermions.

Equations(37) and (38) hold with the only difference that
when F#0, E, contains the F'HgF), contribution. As in
the previous case the strongest constraint is
E@<10 °.

C. Vector singlets

Here
t3e.=0
o 0| = ARTOAL=2(FTF)L, (403
E.=(ATHoA+FTHEF), . (40b)
Therefore Eqs(23) and (29) now read
AL+ EDO[7+|ER0[P<cB T, (41)
and
0.203A] + E/O[2+0.176E 40 |2<c, B 7., (42

respectively. The contribution to FCNC from the ordinary—
exotic-fermion mixing is only left handed. IEJ~0O(1),
then the stringent bounds o, a consequence of
E®<10 °, imply an equally stringent bound ok .

D. Vector doublets (homodoublety

Here
tae=— 3 :
1 :>A|_:0 AR—_‘ F F)R, (433)
taer=— 2
E.=(ATHoA+FTHEF), . (43b)
Thus Eqgs.(23) and(29) now read
2012+ |AL+E ”0|2<CB|| (44)

and

Here
t3g =0
(2 A=IFR)L Ag=—3(F'F)g, (463
t3er=— 2
E.= (ATHoA+FTHEF), . (46b)
Hence Eqgs(23) and(29) are unchanged:
IAV+EVO2+|AL+E IJ®|2<cB, ¥ (47
and
0.203A] +E}©[+0.176A %+ EJ 0|2 <c, By 7
(48)

for

The contribution to FCNC from the ordinary-exotic-fermions
mixing is both left and right handed. As a consequence there
are no stringent bounds @ and the limits oM\ and® are
strongly correlated.

F. Self-conjugated triplets

Here
tag=—1
- =A=—3(F'F)L  Ag=—(F'F)g,
tsgr= —1
(4939
E.=(ATHoA+FTHEF), . (49b)
Hence Egs(23) and(29) are unchanged:
AU +EVO2+|Ak+ERO?<cB, (50)
and
0203/\”4‘ Il®|2+0 176AI]+H|J®|2<C| Bllljljlj
(5D

As in the previous case the contribution to FCNC from the
ordinary—exotic-fermion mixing is both left and right
handed. As a consequence there are no stringent bounds on
0 and the limits onA} and® are strongly correlated.

V. CONCLUSIONS

In a model-independent way we obtained bounds for the
strength of the FCNC,A+E®),, in the ordinary charged-
lepton sector, produced both by the ordinary—exotic-fermion
mixing Al and by thezZ-Z’' mixing ©. Given that the ex-
perimental bounds on the decay—eeeare more stringent
than those for the FC decays of theinto three charged
leptons and of th& into two charged leptons, the bounds on
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the u-e coupling of theZ are stronger than those on the  will certainly put additional constraints on the LFV param-
e and 7-u couplings. We have shown also that in someeters.

cases, when the SU(2yepresentation of the additional fer-

mions is relatively simple, the bounds may be refined. In ACKNOWLEDGMENTS
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