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Abstract. New neutral gauge bosons Z' are the features of many models addressing the
physics beyond the standard model. Together with the existence of new neutral gauge
bosons, models based on extended gauge groups (rank > 4) often predict new charged
fermions also. A mixing of the known fermions with new states, with exotic weak-isospin
assignments (left-handed singlets and right-handed doublets) will induce tree-level flavour-
changing neutral interactions mediated by Z exchange, while if the mixing is only with
new states with ordinary weak-isospin assignments, the flavour-changing neutral currents
are mainly due to the exchange of the new neutral gauge boson Z’. We review flavour-
changing neutral currents in models with extra Z’ boson. Then we discuss some flavour-
changing processes forbidden in the standard model and new contributions to standard
model processes.
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1. Introduction

7' bosons are known to naturally exist in well-motivated extensions of the standard
model (SM) [1]. In particular, they often occur in grand unified theories (GUTs),
superstring theories, and theories with large extra dimensions [2]. In traditional
GUTSs, the scale of the Z’ mass is arbitrary. However, in perturbative heterotic
string models with supergravity mediated supersymmetry breaking, the U(1)’ and
electroweak breaking are both driven by a radiative mechanism, with their scales set
by the soft supersymmetry breaking parameters, implying that the Z’ mass should
be less than 1 TeV [3]. There are stringent limits on the mass of an extra Z’ from
the non-observation of direct production followed by decays into eTe™ or uTu~ by
CDF [4], while indirect constraints from precision data also limit the Z’ mass (weak
neutral current processes and LEP II) and severely constrain the Z-Z’ mixing
angle 6 [5,6]. These limits are model-dependent, but are typically in the range
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Mz > O(500) GeV and |0 < few x10~2 for standard GUT models. A Z’ could be
relevant to the NuTeV experiment [7] and, if the couplings are not family universal
[5,8], to the anomalous value of the forward-backward asymmetry A2y [6]. (Earlier
hints of a discrepancy in atomic parity violation have largely disappeared due to
improved calculations of radiative corrections [9].) There is thus both theoretical
and experimental motivations for an additional Z’, most likely in the range 500
GeV-1 TeV. Also, in this mass range, it should be possible to carry out significant
diagnostic probes of Z’ couplings at the LHC and at a future NLC [10], which
would complement those from the precision experiments [6]. The existence of the
Z' boson would also suggest a spectrum of sparticles considerably different from
most versions of the MSSM [11].

In the SM, lepton flavour violating (LFV) currents are strictly forbidden. This
is not the case in most of its extensions. For instance, if right-handed neutrinos are
present, LFV currents are generated radiatively, proportional to very small GIM-
like factors involving neutrino masses. Other extensions of the SM, which include
new neutral fermions and/or new Higgses, have been discussed in ref. [12]. In model
building, it is generally required that some natural mechanisms exist to suppress
LFV currents at a level compatible with the present experimental constraints.

It has been stressed [13] that extended gauge models, characterised by additional
U(1) factors and by the presence of new charged fermions, predict flavour-changing
neutral currents (FCNCs) mediated by the additional neutral gauge boson Z’. Since
the flavour-changing Z’ vertices are expected to be naturally large, these FCNCs
must be suppressed by a large Z’ mass. Depending on the precise value of Z’ mass,
the Z'-mediated FCNCs give sizable contributions to both B%~B9 and B}-BY mix-
ing [14]. Z’-Mediated FCNCs have large effects on CP-violating rate asymmetries
in B decays [15]. Rare hadronic B decays can also be affected by Z’-mediated
FCNCs. Recently, the effects of Z’-mediated FCNCs on B meson decays (e.g.
By — ¢Ks, By — 'K, Bs — ptpu~) are discussed [16]. Although experiments
on FCNC process have significantly constrained the Z’ couplings of the first and
second generation quarks to be almost the same and diagonal, the couplings to
the third generation are not well-constrained. It has been shown in refs [17-19]
that the third generation fermions have different Z’ couplings from the other two
generations. With FCNCs, the Z’ contributes at tree level, and its contribution
will interfere with the standard model contributions.

Anoka et al [20] recently analysed a special class of supersymmetric Z’ models
wherein the Z’ properties get essentially fixed from constraints of SUSY breaking.
They found Mz = 2-4 TeV and the Z-Z’ mixing angle § ~ 0.001. Constraints
from the elctroweak precision observable are satisfied, with the Z’ model giving a
slightly better fit compared to the standard model. Nardi et al [21] analysed (i)
the effects of new neutral gauge bosons and (ii) the effects of mixing of the known
fermions with the new ones in Fg and SO(10) models. They derived the stringent
bounds on Z—-Z’ mixing (<0.02), on the fermion mixing parameters (0.01 in most
cases), and on the mass of new gauge boson (myz > 170-350 GeV, depending on
model). They found that ordinary—ordinary fermion mixing could induce a LFV
for the physical Z boson. However, this vertex is suppressed by Z—Z' mixing,
which is severely constrained by the data |0] < 0.02, and they excepted that the
FCNC process would be mainly induced by direct Z’ exchange. Bernabéu et al
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[22] presented the experimental limits on p—e conversion in nuclei which give a
nuclear-model-independent bound on the Z—e—u vertex which is twice as strong
as that obtained from y — eee. In the case of Fg models, these limits provide
quite stringent constraints on the Z’ mass and on the Z—-Z’ mixing angle. The
proposed experiments to search for u—e conversion in nuclei have good chances to
find evidence of lepton flavour violation, either in the case that new exotic fermions
are present at the electroweak scale, or if a new neutral gauge boson Z’ of Fg origin
lighter than O(TeV).

There are theoretical and phenomenological motivations that there may exist
additional heavy Z’ bosons with family non-universal couplings. Flavour mixing
in the quark and lepton sectors will then lead to flavour-changing couplings of the
heavy Z’, and also of the ordinary Z when Z—Z’ mixing is included. In this paper,
the general formalism of such effects is described and applications are made to a
variety of flavour-changing and CP-violating tree processes. Results are described
for a specific heterotic string model and by phenomenological considerations, the
first two families, but not the third, have the same couplings. Even within a
specific theory the results are model dependent because of unknown quark and
lepton mixing matrices. However, assuming that typical mixings are comparable
to the CKM matrix, processes such as coherent p—e conversion in a muonic atom,
K°-K° and B-B mixing, ¢ and ¢ /e lead to significant constraints on Z’ bosons in
the theoretically and phenomenologically motivated range Mz ~1 TeV.

2. FCNCs in models with extra Z’ boson

Here, we assume that the effective low energy gauge group is of the form G =
[SU2)r, x U(1)y x SU(3)c] x U1(1), and that it originates from the breaking of a
simple unification group, like Eg. The SM neutral gauge boson Z; can then mix
with Uy (1) gauge boson Z, resulting in the two mass eigenstates Z and Z’. The
neutral current (NC) Lagrangian [21] in the physical Z and Z’ basis can be written
as

Lnc = —eJon Ay — go(J2 2y + T ZY), (1)

where gy = (4\/§GFM%O)1/2 is the SM gauge coupling of the Zy, and J, J’ are the
fermionic currents coupled to the Z and Z’ bosons. They are related to the gauge
currents Jy and Ji, coupled to Zy and Z; respectively by the relation

J% . cosf siné Jé‘ 9
J2, ]\ —sinf cos6 sin 6y J7 )’ (2)

where 6 is the Z—Z' mixing angle and 60y, is the mixing weak angle.

Besides predicting extra Z’ bosons, extended gauge models like Eg predict also
the existence of ‘new’ fermions ¢%;. The new fermions will in general mix with the
standard ‘known’ fermions 19 having the same electric and colour charges. Then
for any specific value of the electric and colour charges, the component of chirality
a = L, R of the light mass eigenstates 1; will correspond to a general superposition
of gauge eigenstates that can be written as [21]
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’l/}lll = Alw%a + Fz;tw?\fa' (3)

The mixing matrices A, and F, describe respectively the mixing of the light states
with the known and new fermions and satisfy the unitarity relation Af A, +FIF, =
I. The presence of these mixings will affect the couplings of the gauge bosons to the
light fermions 1); [13,21,23]. In particular, given a general current Jé‘g, corresponding
to a broken generator @), its projection on the light fermions 1, will read

Jio =Y ek T+ (¢ — ¢5)FlFulthia, (4)
a=L,R

where ¢ (qY) is the Q-eigenvalue of the known (new) fermions 1% (¥%;,), and
for simplicity we have assumed that all the new states have the same ()-charge.
If the known fermions are mixed with new states having different assignments of
weak-isospin (‘exotic’ fermions), then the coefficient ¢ — ¢ = t3 (¥%,,) — t3(¥%,,)
multiplying the mixing matrix F{ F,, in eq. (4) is non-vanishing and the current J3,
coupled to the Zy boson is affected. In this case, extremely stringent bounds on the
off-diagonal terms can be obtained from the limits on FC processes. The diagonal
elements of the matrix F'F are also constrained mainly from LEP, NC, and charged
current precision data [21,23] and the corresponding limits are in general <1072
On the other hand, the mixing between the ordinary fermions and the new exotic
ones are theoretically expected to be very small, since they arise in general from
see-saw like formulas [13,24], so that the corresponding limits are not very effective
in constraining the models under examination.

If, instead the mixing is with new states having the same SU(2) assignments as
the SM fermions (‘ordinary’ fermions), the coefficient of the mixing term in the
J§ current vanishes, and the couplings to the Z boson are not affected. In this
case no phenomenological bounds can be set on the elements of F'F, with the
exception of the ordinary mixing of the left-handed quarks, that are constrained by
the unitarity tests of the CKM matrix [23]. However, ordinary—ordinary fermion
mixing does affect the J; current, since in general ¢fY, # ¢¥,. Clearly at low energy
the possible effects of the ordinary—ordinary mixings is suppressed with respect to
the effects of the ordinary—exotic mixings as the ratio of the gauge boson mass
squared.

Now we will consider the case of Fg models, in which new gauge bosons as well
as new ordinary and new exotic fermions are present. Since Eg rank is 6, as many
as two additional new gauge bosons could appear in the low energy effective gauge
group. We consider the embedding of the SM gauge group Ggn in Eg through the
pattern of subgroups such as Eg — U(1)y x SO(10) — U(1), x SU(5) — Gswm.
Then the lightest additional gauge boson will in general correspond to an effective
extra U (1) resulting as a combination of the U(1), and U(1), factors. We will
parametrize this combination in terms of an angle S. This will define an entire
class of Z’ models in which each fermion f is coupled to the new boson through
the effective charge

q1(f) = qu(f)sin B+ g, (f) cos 3. (5)

Particular cases that are commonly studied in the literature [21,25,26] correspond
tosin f = —4/5/8,0,1 and respectively denoted as Z,, Z,, and Z;, models. The Z,
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boson is defined by Eg — SO(10) x U(1)y. It possesses only axial-vector couplings
to the ordinary fermions. The Z, boson is the linear combination /3/8Z, —
\/5/8Zy. It occurs in superstring models when Eg directly breaks down to rank 5.
Finally, the Z, boson is defined by SO(10) — SU(5) x U(1),. This boson couples
to the known fermions in the same way as Z’ present in SO(10) GUTs.

However, since SO(10) does not contain additional charged fermions, the FC ef-
fects we are studying here is absent. In contrast, new charged quarks and leptons
are present in Fg. The 27 fundamental representations contain, beyond the stan-
dard 15 fermion degrees of freedom, 12 additional states for each generation, among
which we have a vector doublet of new leptons H = (NE7)L, H® = (E*NC)[.
The chiral couplings of the leptons to the Z; as well as the coefficient of the LFV
term F'TF are determined by ¢y and g, charges of the new and known states, which

o) = ~au(Br) = /2. 0y (B = anlB) = —5 /2

ap(eL) = —qy(er) = é\/g ax(eL) = 3qy(er) = % g (6)

With respect to the SU(2);, transformation properties, the E; new leptons are
exotic and then the mixings of their CP conjugate states By with the standard
R-handed leptons er violate weak-isospin by Y5. In contrast, the £} leptons are
ordinary and their mixings with the light leptons are not expected to be suppressed
by any small mass ratios since they do not violate weak-isospin. These mixings
are generated by entries in the mass matrix corresponding to v.e.v.s. of the singlet
Higgs fields (¢s)o which, since also contribute to the masses of the new (heavy)
gauge bosons, are expected to be larger than the doublet v.e.v.s.

We note that in Eg models the ordinary—ordinary lepton mixings occur between
SU(2) doublet. Then it is clear that for each entry in the charged lepton mass
matrix of the form FERrer (¢s)o, there must be a corresponding entry NCv(¢s)o
in the mass matrix for the neutral states that would generate a Dirac mass for
the light neutrinos. Even if in the 27 representations of the Eg models several new
neutral states (including two SU(2) singlets) are present in the minimal Eg models,
it is not possible to generate naturally any small eigenvalue for the mass matrix
if these Dirac mass entries are present, since the Higgs representation that could
generate large Majorana masses and lead to see-saw mechanism is absent. Then,
in the frames of these models, the limits on the neutrino masses automatically
guarantee that any possible ordinary—ordinary mixing in the charged lepton sector
should be unobservably small. However, as was discussed by Nandi and Sarkar
[27], large Majorana masses for the singlet neutral fermions can be generated due
to gravitational effects, leading to a rather complicated mass matrix for the neutral
states for which a see-saw mechanism is effective, and produce naturally small
masses for the light doublet neutrinos. In this scenario, in order not to conflict
with the limits on the neutrino masses, there is no need to tune the Dirac mass
entries to any unnaturally small value. Then the weak-isospin conserving mixings
of the charged leptons are constrained, and in the limit in which the singlet v.e.v.s.
are much larger than the doublet v.e.v.s. are theoretically expected to be O(1) [13].
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The LFV Lagrangian in Eg models can be obtained from eqs (1) and (4). For
the charged leptons of the first two generations it can be written as

—Li%yv = golko(cos0Zy — sin 07})ery i
+k1(sin0Zy + cos 023 ey L], -

where

1

ko= — 5 (FiFr)ep (8)

is induced by mixing with the exotic charged leptons Ey , while

ke = sin Oy [q1(EL) — q1(en)] (F] FL)en 9)

results from mixing with the new ordinary leptons Efy,.

From the second term in eq. (7), we see that ordinary—ordinary fermion mixing
can still induce a LFV vertex for the physical Z boson. However, this vertex is
suppressed by Zp—Z; mixing, which is severely constrained by the present data to
|6] < 0.02 [21,25], and then we can expect that the FCNC process would be mainly
induced by direct Z’ exchange.

3. Formalism

In this section we discuss the general formalism and introduce our notations. The
neutral current (NC) Lagrangian in the physical Z and Z’ basis given by eq. (1)
can be written as

Lnc = —eJin Ax — 9o(JA 2y + T Z4),

where go = (4\/§GFM§O)1/2 is the SM gauge coupling of Z,, and J, J' are the
fermionic currents coupled to the Z and Z’ bosons. The currents are

J)\ = Z@i,yk[eL(i)PL + eR(i)PR]'(/)i, (10)
J;\ = Z @i%\ [eipLijPL + eipRijPR]wja (11)
,J

where the sum extends over all quarks and leptons t;; and Prr, = (1 £ v5)/2.
eipR,Li ; denote the chiral couplings of the new gauge boson and the standard model
chiral couplings are

er(i) = —sin? 0,Q;, er(i) = ti —sin® 0, Q;, (12)

where t4 and @Q; are the third component of the weak-isospin and the electric charge
of fermion 7, respectively.

Flavour-changing effects immediately arise if ¢ are non-diagonal matrices. If
the Z' couplings are diagonal but non-universal, fermion mixing induces flavour-
changing couplings. The fermion Yukawa matrices hy in the weak eigenstate basis

can be diagonalized by unitary matrices V;ﬁ L, as
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+

hpaing = Vit Vi (13)

where the CKM matrix is given by the combination
u +

Vorwm = VAV (14)

Hence, the chiral Z’ couplings in the fermion mass eigenstate basis read
L R _
Bw (VL szVL )ij and Bw (VL wRVR )ij- (15)

Further, Z—Z' mixing is induced by electroweak symmetry breaking, implying that
Z, Z' are related to mass eigenstates by an orthogonal transformation. Hence, the
couplings of the massive gauge boson mass eigenstates Z° are

LEo = —[g1 cos > + gosin 02 Zy — [go cos 0T — gy sin 0T Z5, (16)

where 6 is the Z—Z’ mixing angle. g; and g are the gauge couplings of the two
U(1) factors. The standard model weak neutral current .J* is given in eq. (10) and
J'* has a form analogous to eq. (11), with e;/}R’L replaced by the couplings BY®
from eq. (15). We have neglected kinetic mixing [28], since it only amounts to a
redefinition of the unknown Z’ couplings. At low energies, the effective four-fermion
interactions are then given by

4
— Ly = G Z (pegeJ? + 2w - J' +yJ"?) (17)
7
_ 4G
7 Z > (G Qi+ CijQith + Doy + Do), (19)
P,X 1,5,k,1

with local operators (All these operators are not independent. For couplings of four

fermions of the same type, ¥ = x, e.g., four charged leptons, one has le = f]l,
) = fjl and O} = Okl )

= WiV Puby) (e PLxa), @1y = (v Paaoy) (X vaPrxa),
O = (i PLb)) (e Prxt)s - Of) = (0 Priby) (e Puxa)-— (19)

1 and x represent classes of fermions with the same SM quantum numbers, i.e., u,
d, e~ and v, while 4, j, k, [ are family indices. The coefficients are

CyJ = pesdijorien(i)ew (k) + wdijer (1) BY”
-‘rw(sklEL(Xl)B;?L + waLB;C(lL, (20)

Cy) = pesedijoner (D)er (k) + wdijer (i) B
-l—w(sklER(Xl)B;ij + waRB;CCIR7 (21)

DY) = pesdijonier (i)er (k) +wdijer, (1) BN
+U)5kl€R(Xl)B;§L + waLB])c(lR, (22)
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Dy = perdijonien (i)er (k) + wiijer (1;) B
YR YR XL
+wémen(x)B;; +yB;; By - (23)
The coeflicients are given by
2

M.
2 .2 w
Peft = p1COs“ 0+ pasin© 0, p; = ) (24)
e ' M?cos? 0y,

w = sinfcos(p1 — pa)(g2/g1),y = (p1sin® 6 + pa cos® 0) (g2 /g1)%,  (25)

where M; are the masses of the neutral gauge boson mass eigenstates and 6, is the
electroweak mixing angle.

4. Flavour-changing processes

In this section we will discuss flavour-violating processes forbidden in the SM and
new contributions to SM processes. Experimental bounds or results on these pro-
cesses can then be used to constrain the Z’ couplings.

4.1 Z Decays

Due to Z—-Z' mixing, Z couples to neutral current J’. The decay width for a
flavour-changing Z decay at tree level is given by

 CGrpy M}
B 32

where g1 and go are the gauge couplings of the two U(1) factors and C' =1 (C = 3)
is the colour factor for leptons (quarks). Due to strong experimental constraints on
the Z—Z' mixing angle 6 (see refs [5,20]), the couplings B¥®L cannot be strongly
constrained from flavour-violating Z decays.

D(Z — i) sin® 0(|BiS" | + 1B *) (92/91)°, (26)

4.2 Lepton decays

In the SM, each lepton generation has a separately conserved lepton number, if one
neglects small effects from non-vanishing neutrino masses and non-perturbative
effects. The effective Lagrangian (18) gives rise to lepton family number violating
processes, although the total lepton number is still conserved.
Consider first the decay of a charged lepton [; into three different charged leptons
li,lr, and [;. At tree level, the decay width is
- GEmi 1 Ll ~ ~
j ilj 512 Lil; 1l 2 Il 2
L(l; — lLilel) = —487r3] (IC,; + G 1P+ 1C + GO+ 1Dy
lilj 2 =il 2 ~lli 2
D 1E+ D1+ 1D 1), (27)
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where we have neglected the masses of the final state leptons. If two leptons in the
final state are equal (i = k), taking permutations of the external fermion lines into
account yields [29]

GEmy,

4873

P(l; — Lilily) = (QICP 12 + 201G 2 + D 12 + 1Dig ). (28)

Since such processes are free of hadronic uncertainties and well-constrained experi-
mentally [29-31], they yield strong constraints on the leptonic couplings of Z’. (In
ref. [32] these processes were considered in the case of vanishing Z-Z' mixing, Z’
couplings of the V-A form, and assuming that the Z’ has no diagonal couplings.)
The strongest constraint on the Z’—y — e coupling however comes from coherent

p—e conversion in a muonic atom [33]. The branching fraction for this process, i.e.,
the ratio of the coherent u—e conversion rate to the p capture rate for a nucleus of
atomic number Z and neutron number N is given by [22,29]

Gra’m}, Z_;‘H
2m*Leapr Z
x|w[(Z — N) — 2Z sin® 0]
+yl(2Z + N)(Bif + BiTY)
+(Z +2N)(Bi} + Bif)I”, (29)

B(i"N — e~ N) = |Fp (B2 + | BI5P)

where I'capr is the pu capture rate, Zog is the effective atomic charge obtained by
averaging the muon wave function over the nucleon, and Fp is a nuclear matrix
element.

4.3 Radiative decays

Neutral current penguins give rise to radiative lepton decays. Neglecting the mass
of the final state lepton, the decay width is

aG%m?v ;1 11
T(l; — liy) = Tﬂ(\ﬁﬁ P+ 1RV, (30)

where dipole moment couplings of an on-shell photon to the chiral u—e currents are

1. 1 )
6" = m, > om, D = (B B )5 + wew (1) B, (31)
li 7% my;
Lil; 1 ~ 11l Y
' = pr > m, D = W(BlelBlR)ij + wer(1;) B, (32)
ik J

where my; is the charged lepton mass matrix.

Now consider the b — sy decay. The branching ratio (BR) and the CP asymmetry
(Acp) of the process B — X can restrict the couplings £ of the Z’ [34]. Since the
b-quark mass is much larger than the QCD-scale A, long-range strong interaction
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effects are not expected to be important in the inclusive decay B — Xgv [35].
Hence, the rate for this process is usually approximated by considering the ratio

I'(B— Xyy) _ T'(b—sy)

R ~ .
I'(B — X.ev.) T(b— ceve)

(33)
Neglecting SM contributions, the contributions to R from the one-loop neutral
current penguin diagrams is

mg

8 -2 p— s s
R =Sl (1) (6 + 6 (34)

where f is the phase-space factor in the semi-leptonic b-decay:
fx)=1-8zx+ 823 —z* — 1222 In . (35)

In analogy to eqs (31) and (32) the flavour-violating effective couplings §§{’7bL are
given by

1
i= oo 3 ma, DY = L (Bim By + wey (b) B,
k

SdK mb
s 1 ™ Yy
b — o > ma, D = m—b(BﬂiLdeR)23 + weg (b) B, (36)
k

where dy stands for the Kth generation down-type quark and mg is the diagonal
mass matrix of down quarks.

Using the experimental constraints 0.000222 < BR(b — sy) < 0.000408 and
—0.027 < Acp(b — s7v) < +0.10, Sever and Aydemir [34] found the value of cou-
pling constant as

0.132 < £** < 0.151. (37)

4.4 Mass splitting and CP violation

The effective Lagrangian (18) also contributes to the mass splitting in a neutral
pseudo-scalar meson system. Again denoting the flavour eigenstates P° and PP,
the mass splitting Amp is given by

Amp = —2Re(P|Leg|P°). (38)

The relevant hadronic matrix elements of the operators (19) have been determined
in the vacuum insertion approximation using PCAC [36]. Hence, for a meson with
the quark content P° = gjq; we obtain the following contribution to the mass
splitting:
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1
Amp = 4\/§GFmPFI%y{3Re[(B§L)2 + (BSR)Z]

11 mp 2
— — _|_ — - - @
2 3 \mg +myg;

where mp and Fp are the mass and decay constant respectively of the meson.

Further, the phases in the Z’ couplings BZ?R’L will contribute to CP violating
processes. Limits on the imaginary parts of the s—d—Z’ couplings can be placed by
considering indirect CP violation ex in the neutral kaon system:

1 Tm(K°| Log| K©)

Re(BY + BfJR)}, (39)

— _ 40
K| = S RO Lo | V) (40)
2Grmi Fiy|l
= TKK glm[(BilzL)Q + (B{5)?]
2

1 1 mp d d
— |-+ — Im(B7Y BIY)|. 41
2+3(md+ms> m(B{y Bi3) (41)

Direct CP violation €’ in the decays K — 77 can be expressed in terms of the decay
amplitudes Ag = A(K — (77)g) and Ay = A(K — (77)2), where the indices 0 and
2 denote the isospin of the final two-pion states:

S 1 i$
€ = 3 Redg ImAg wImA2 e, (42)
where
Re A, - T
w_Re—Ao’ ¢—§+52—50- (43)

The ; are the final state interaction phases. When using eq. (42) to constrain
physics beyond the standard model, it is common practice to take w, Re Ag and ¢
from the experiment,

w=0.045, Redy=333-10"7 GeV, &~ %» (44)

and consider new contributions to the imaginary parts of the amplitudes Ay and
As. This is due to the fact that the CP violating imaginary parts are dominated by
short-distance effects and can be reliably determined by considering matrix elements
of the effective Lagrangian (18). The hadronic matrix elements can be computed in
the large N limit of chiral perturbation theory, and one finds the following neutral
current contribution to the real part of the ratio € /ek:

' 3
Re <€—> =210 %w (ImBglL + —ImBgi")

€K 2
+1.5-10%y[ (B — B%)(ImBY: + 2ImBJ*)

—(Bif' - Bil")(2ImB3} + ImByf)). (45)

Pramana — J. Phys., Vol. 63, No. 3, September 2004 501



S Sahoo and L Maharana
4.5 Ezperimental constraints

We use the experimental limits or results on these processes to constrain the flavour-
violating Z’ couplings. (Flavour diagonal Z’ couplings can be constrained from fits
to electroweak observable [5].) In the following we briefly discuss bounds coming
from Z—-Z' mixing contributions to these processes. The pure Z’ contributions yield
a multitude of bounds on products of Z’ couplings, which are less illuminating. As
already mentioned, the strongest bound on Z’—u — e coupling comes from the non-
observation of coherent p—e conversion by Sindrum-II Collaboration [33]:

w?(|Bi5)> + |B ) < 41071, (46)

while the decays 7 — 3e and 7 — 3u yield the strongest bounds on flavour-violating
7 couplings:

(Bl + | BiS[?) <2107,
w?(1BYP + B < 107°. (47)

It is interesting to note that these contributions alone ensure that branching ratios
for lepton flavour-violating meson decays are below the experimental bounds, pro-
vided that the parameters w and y, given in eq. (25), are of the same order. (This
holds in the most interesting case of a TeV scale Z’ with small mixing, § < 1073.)
For example, upper limits on the branching ratios for the processes Ky, — pteT
from the BNL E871 Collaboration [37] and K, — n%u*e from KTeV [38] yield

v*(|BI° + |B|?)|ReB{} — ReB{3[* < 10714, (48)
y?(|BIS|? + | B ?)ImB% + ImB% |2 < 210710, (49)

Hence, the experimental bounds on these processes would have to be improved
by several orders of magnitude to yield interesting constraints on the real and
imaginary parts of Bf;"L. From eqgs (46), (48), (49) it is clear that lepton flavour-
violating meson decays cannot compete in constraining flavour-non-diagonal Z’
couplings, except in the limit |w| < y. However, lepton flavours conserving meson
decays can be used to constrain Z’ couplings to quarks, e.g., limits on Ky, — ptpu~
[30] and K, — 70utp~ [39] give

w?|ReB{% — ReB%| < 3-107", w?[ImB% + ImB% |2 < 510711
(50)

The top-quark couplings to a Z’ cannot be constrained from these tree-level pro-
cesses. In future, studies of rare top decay [40] and associated top-charm production
[41] at the Tevatron, LHC and a future eTe™ linear collider will yield very useful
constraints.

Further, experimental results on meson mass splittings (The By — B, mass differ-
ence has not been measured. We required that new contributions be smaller than
the lower limit on the mass splitting, Ampgo > 14.3 ps—! at 95% C.L. [42].) allow
constraints on the real parts of the squared Z’ coupling to quarks,
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y[Re[(B{E)?]] < 1078, y|Re[(B{5")?)| < 6-107° (51)
yRe[(BE")?)| < 2-107%,  y[Re[(Bi")?]| < 1077 (52)

and CP violation in the kaon system yields constraints on the imaginary part of
the Z'-d-s coupling:

y|Im[(B{Z*)?]| <8-107",  w[ImB{3*| < 107°. (53)

5. Models

In the following we study extended Abelian gauge structures with flavour non-
universal couplings, in order to see where such effects are almost likely to be seen.
Although we only discussed bounds coming from Z-Z' mixing contributions to
FCNC processes in §4.5, we will also take pure Z’ contributions into account here,
since they are of the same order as mixing contributions in the models considered.

First we consider a perturbative heterotic string model, based on free fermionic
construction [17]. Such models have been studied in detail in [18] and was shown
that they generically contain extended Abelian gauge structures and additional
matter at string scale. The running of a scalar mass-square due to large Yukawa
couplings then triggers the radiative breaking of the U(1)’, naturally giving a Z’ in
the TeV mass range. The Z’ couplings can be calculated and the fermion charges Q'
can be found in table 1. In the quark sector, the first two generations have the same
charges, i.e., in the fermion mass eigenstate basis only mixings of the third gener-
ation quarks induce flavour-changing quark couplings in eq. (15). Nevertheless, all
the ij are non-zero in general. The same holds true for right-handed leptons, but
all three left-handed lepton generations have different @)’ charges, which could give
rise to strong flavour-violating effects.

To study these FCNCs we have chosen a Z’ with a mass of 1 TeV and a Z-Z'
mixing angle 6 as 1073, The Z’ coupling strength, predicted from the string model,
is go = 0.105 [18]. Further, we have to specify the unknown fermion mixing matri-
ces Vpi/’_ - As an example, we assume that they are equal to the CKM matrix. In the
charged lepton sector, these couplings then predict the rates for flavour-violating
processes which are six orders of magnitude above the experimental limits for coher-
ent u—e conversion, five orders of magnitude above limit for the y — 3e decay, and
of the same order as the experimental bound from the MEGA Collaboration [43]
for the radiative decay p — ey. On the other hand, predictions for flavour-violating
7 decays are well below the experimental limits. This is due to the assumed CKM
mixing, where the 13 and 23 elements are rather small. Assuming larger mixing
of third generation leptons, as suggested by the atmospheric neutrino data [44],
would give flavour-changing rates close to the experimental bounds, particularly
for 7 decays into three charged leptons.

For processes involving quarks, we obtain contributions of the same order as SM
contributions for the B — B and B, — B, mass differences, and assuming maximal
CP violation, a contribution to ex which is of the same order as the measured
value. Predictions for lepton flavour violating meson decays are well below the
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experimental bounds. As we have seen, one obtains flavour-violating rates above
the experimental limits in the lepton sector if the first two generations have different
Q' charges. As an example of a model in which the first two quark families also
have different charges, we again consider the string-motivated model; however, we
set the charges to zero by hand for all the first generation fermions. Then the
rates for coherent u—e conversion and p — 3e are still too large by four and two
orders of magnitude respectively, and we find the same contributions as before to
the B — B and B, — B, mass differences. However, we obtain contributions to
the mass splitting in the K-system, which is larger than the measured values by
two orders of magnitude. Further, again assuming maximal CP violation, we have
contributions to ex and Re(¢’/ex) which are too large by factors 6 - 105 and 20,
respectively.

From these examples, we conclude that any TeV-scale Z’ would almost certainly
have equal couplings to the first two families. However, there is still the possibility
of different couplings for the third family. As a final example we consider a flavour
non-universal Z’ that was recently shown to improve the fit to precision electroweak
data (3rd paper in ref. [5]). Assuming that the first two fermion generations are
flavour universal, one can determine the Z’ couplings from the fit. The central
values found in the third paper in ref. [5] are reproduced in table 1. Since the Z’
coupling of right-handed top quarks was not determined, we have set Q}r = 1 for
definiteness, although this coupling has only very little influence on the processes
we discussed. Since in this model the first two lepton generations have the same
7' couplings, the predicted rates for flavour-violating u decays are well below the
experimental limits. Only for coherent p—e conversion do we find a predicted rate
of the same order as the experimental limit. However, we obtain contributions to
the B — B and By — B, mass differences which are too large by factors 7 and 40
respectively. Further, the predicted value for ek is larger than the measured value
by a factor 20 and contribution to € is of the same order as the measured one.

6. Conclusions

We conclude that additional Z’ bosons with a TeV scale mass and family non-
universal coupling are severely constrained by experimental results on flavour-
changing processes. The most stringent bounds come from muon decays, coherent
p—e conversion in muonic atoms, and from lepton flavour-changing processes in the
K-system, i.e., from processes involving the coupling of a Z’ to first and second
generation fermions. Couplings to third generation are less constrained, but future
studies of rare top, bottom and 7 decays will help to further constrain these models.

If the Z’ couplings are diagonal but family non-universal in the gauge eigenstate
basis, flavour-changing couplings arise due to fermion mixing. In the examples
we assumed that these unknown mixing matrices are comparable to the CKM
matrix. If all the three families have different couplings we find contributions to
flavour-changing processes involving the first two generations, which are above the
experimental bounds by several orders of magnitude. We obtain particularly large
contributions to coherent pu—e conversion, u — 3e decay, meson mass splittings,
K1, decays and CP violation in the neutral K system. Since couplings of third
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Table 1. Fermion charges in the Z’ models motivated from
string theory and from precision electroweak data.

100Q’ 100Q’
Multiplet (String model) (EW fit model)
t
( ) —71 +132
b/,
tr +133 +100
br —136 +848
u ¢
s +68 —52
(0),(%),
UR, CR —6 +38
dr, SR +3 +172
< v ) +74 —924
T /L
TR —130 +3
( Vi > —65 —32
H )y
MR +9 —31
( Ve > —204 —32
€ /L
E€R +9 —31

generation fermions are much less constrained and we assumed that the fermion
mixing matrices have a structure similar to the CKM matrix, these problems can
be alleviated by assuming that the first two families, but not the third, have the
same U(1)" charges. Mixing with the third family still induces flavour-changing
effects involving the first two families, but they are suppressed since in the CKM
matrix those mixings are small. In the model considered, the new contributions
are too large for the B — B and B, — B, mass differences, and CP-violation in
the neutral K system. The experimental bounds for all the other processes are
respected.

All the constraints are model dependent. In addition to the Z’ mass mixing with
the Z, and charges, they are dependent on the mixing matrices for the left and right
chiral quarks and leptons. In the standard model, the right chiral mixing matrices
are unobservable, and only the combinations of the left chiral matrices in the CKM
matrix and its leptonic analog are observable. However, all these matrices are in
principle observable in the presence of non-universal Z’ couplings. For example,
the flavour-changing effects in the B and K systems could be eliminated if the
CKM mixing were due entirely to the u quark sector, i.e., Voxm = V[%, with
V¢ = Vi§ =1. Similarly, e conversion and p — 3e decay would be absent at tree
level if all leptonic mixing observable in neutrino oscillations originated in neutrino
(rather than charged lepton) mixing, i.e., Vi = Vj§ = 1. For models in which the
first two families have the same couplings, these conditions could be relaxed so that
VLd & mixes the first two families only. Much stricter bounds on these and similar
models, including models with alternative studied at Tevatron, LHC and a future
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ete™ collider, and more stringent bounds on bottom and 7 decays become available
from existing b-factories and planned charm-7-factories.
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