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1. Introduction

The physics of Z' bosons addresses two main questions: Which is the
reason for extra weak interactions? How does a new neutral gauge boson
manifest at the electroweak scale? The first question is a model building
one and it is believed to be related with the physics at the Planck scale. The
second question is a phenomenological one and it will be our main interest
in these lectures.

The standard model gives a description of Nature below 100 GeV in
impressive agreement with experiment [1]. As a result present data put non-
trivial bounds on possible extensions of the standard model, in particular
on any electroweak gauge extension. However, these limits are very model
dependent and rather weak for some models. There is a large literature on
the subject to which we refer in the text. For more detailed lectures on Z'
bounds from LEP see T. Riemann at this School [2].

We organize these lectures revising first the simplest (Eg) gauge ex-
tensions of the standard model. In a short version of the second lecture
we summarize present indirect limits on new gauge interactions. Whereas
the third lecture is devoted to recent developments on the diagnostics of Z'
gauge couplings to known quarks and leptons at large hadron and lepton
colliders.

* Presented at the XVII International School of Theoretical Physics “Standard
Model & Beyond ’93”, Szczyrk, Poland, September 19-27, 1993.
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2. Simplest (Eg) gauge extensions of the standard model

The purpose of this lecture is to introduce a general, convenient para-
metrization of (minimal) extended electroweak models in order to compare
with experiment.

The simplest gauge extension of the standard model results from adding
only one extra neutral gauge boson, Z'. The corresponding gauge group
enlarges the electroweak standard model by including one extra U’(1) factor:
SU(2)LxU(1)y xU’(1). In this case and in what follows we will assume that
the new charge Q' commutes with the SU(2);, generators Ti: [Q',T;] = 0.
We will also assume family universality.

Prior to the introduction of popular (Es) gauge extensions of the stan-
dard model, let us discuss the general parametrization of the gauge interac-
tions for a gauge group with two abelian U(1) factors [3].

2.1. General tree level Lagrangian for U'(1) x U?(1)

For the sake of definiteness we consider n massless Weyl fermions ¢, k =
1,...,n, with different U%(1),a = 1,2, charges Y}?, and then unmixed. Call-
ing Az, b = 1,2, the massless gauge bosons, the most general Lagrangian
reads

L=-1Fb F* & idpe + Orr 0, Yt Yigan Al (1)

where summation on repeated indices is understood. This would be the
standard QED Lagrangian but for two different gauge interactions if g4
were diagonal. However, g,; is not diagonal in general. There is no sym-
metry reason for being so, and, moreover, the off-diagonal gauge couplings
are observable!

¢ Looking for known examples, the neutral sector of the standard model
U(1)1yxU(1)y is not general enough. In this case g, is diagonal! But
there is a symmetry reason: gauge invariance. U(1)7, is within SU(2)L
and no mixing among the non-abelian SU(2);, and the abelian U(1)y
massless gauge bosons is allowed.

o Usually when illustrating the electroweak gauge extensions of the stan-
dard model by adding an extra U’(1), the possible mixing with the
standard U(1)y factor is not discussed. This is only justified under cer-
tain assumptions. At any rate, in the particular cases usually discussed
the numerical effects of this mixing are small.

o These off-diagonal gauge couplings are necessary when working to higher
orders in perturbation theory for quantum corrections bring them back.
They are also necessary to renormalize the theory because a full set of
renormalization conditions is required.
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o This mixifig allows for a general parametrization of an extra neutral
gauge interaction and for the possibility of fitting to precise data min-
tmazing within the corresponding class of models. This class includes
the popular Eg models used often for illustration.

Using the invariance of the previous lagrangian under the rotation of
the gauge bosons we can always assume that the matrix g,; is triangular,
gab = 0,a > b." The resulting %N(N +1) (= 3 for N = 2) couplings become
then physical. Once a basis for the chaeges Y? defining U'(1)xU%(1) is
chosen, the fixed triangular matrix g,; can be measured, and it is not correct
in general to assume it to be diagonal.

2.2. General tree level parametrization for SU(2)y, x U(1)y x U'(1)

This parametrization was first introduced in Ref. [4]. The explicit
form discussed below was presented in detail in Ref. [5]. The interacting
lagrangian in Eq. (1) for SU(2), xU(1)y xU’(1) and the standard model

fermions reads:
-Lnc = JJk‘Y”{Tsk9W3u+YkgilBL+Ykg;zZé,ﬁQ'kgélBL+Q'IC£]§22§#}%(51¢),
2

where T3 and Y are the standard isospin and hypercharge charges (see Table
I) and Q' is the extra U’(1) charge. As emphasized above g!, can be made
triangular by rotating the abelian gauge bosons:

~Lne = Ve {TaxgWspu + Yig11Bu + Yig12Z2, + Q922 22, 00k, (3)

where B), = ¢'B,~s'Z;,, Z, = s'B,+¢'Z;,. ¢' and s’ are the cosinus and
sinus of the corresponding rotation angle fulfilling g1 = g3,¢' + g3,5' = 0;
whereas g11 = g};¢' + 9155, 912 = —91,8' + g}5¢’, 922 = —ghys' + gy’ are
measurable couplings. The photon is defined as a combination of W3, and
Bu: W3, = swA,+ cewZiy, By = cwA, — swZi,. The extended neutral
current lagrangian for the standard Dirac fermions can then be written in
general [6]:

—Lnc =) gidir bid, + ﬁ Yo Bkt - atys)iZas
i i
tom 2P ("~ a s iZas, (4)

with the charges given in Table II, e = <\/§ggn) / (\ /g% + %g%l) is the

positron charge, and sy = sinfwy = g— is the electroweak mixing angle
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(ew = cosfw ). Hence any extra neutral gauge interaction can be written
in the current eigenstate gauge boson basis adding an extra term for the
new gauge boson similar to the standard model one but allowing for a linear
combination of the extra charge Q' and the standard model hypercharge Y:

922Q' + 912Y in Eq. (3). Once the charge of the extra U’(1), Q', is specified,

v'* and a" in Eq. (4) can be calculated (see below for popular models). They
are functions of g2 = g2 and %121 However, g2 is often the only coupling
strength introduced in the literature for the new interaction. It is also often
taken equal or similar to g1; = \/§ o . But in general the neutral current
lagrangian for SU(2);, xU(1)y xU’(1) depends on 4 independent, measurable
parameters: e, sy, g2 and g12/92.

TABLE 1

Isospin Ts, hypercharge Y, and new charge Q'
assignments for ordinary fermions.
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TABLE II

Elcctnc charge, Q =T} + fY and vector and axial couplings for Z,,:
v' =ty — 2gisin?0w, o' = t3;, and Za,: Lv" = g[(glL + qlr) + \/—( —t3i + 2¢i)}

‘w

;‘w—a" = g2[(qiz — 9ir) + 9::1\/%_(—:;;)}, for ordinary fermions in Table L

Q Vv A ;-}v-V' ;’;A'
w3 p-tein’ow §oeldh - )+ 92VEE allen +alg) + 22VE(-1)
d -} —h+ deintow —} aallan —ax) + B2VE-D) ealle +aig) + 92V3)
v]io L galal, +22/3(-1) galai, +22/3(-1)
e |-1 —1+2sin?0w -} gllgl, —ai) + 82\/3(-1)] wallai, +ate) + 82\/3}]
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2.3. §0O(10), Es, superstring-motivated and LR models

Popular extended electroweak models are particular cases of Eq. (4) and
Table II:

e model x occurs when S§O(10) breaks down to SU(5)xU(1)y;

o model ¢ occurs when Eg breaks down to SO(10)xU(1)y; and

¢ model 1 occurs in superstring-inspired models in which Fg breaks di-
rectly to a rank 5 group (7).

The corresponding charges are given in Table III.
TABLE III
Popular Z’ model charges

Q' 2V10Q, 2v6Qy 2V15Q,
99 -1 1 -2
g: -1 1 -2
qu 3 1 1
a, 3 1 1
Qes -1 1 -2

o The general Eg extra U(1) depends on a mixing angle, 3, which fixes the
combination of two extra, independent U(1)’s arbitrarily chosen within

Eg, e.g., U(1)5 and U(1)y: Qg = cos BQ + sin Q.

X, ¥ and 7 correspond to 8 = 0, 7, — arctan -§~, respectively. In all these

models g, = \/g ﬁ, g1z = 0. The neutral current Lagrangian for left-right
(LR) models is also a particular case of Eq. (4) and Table II.

¢ LR models are parametrized by the ratio x = %% of the gauge couplings
gL R for SU(2)L R, respectively. & > %;WV— for consistency (8].

The extra charge QLr = Qy, because it is the only extra one within
. 2 38%—2
SO(10). In this case, however, g = ﬁ-‘/gégi, 9’}22 = \/%2%?,[3 =

k2 cot? @y — 1. Although g2 and 9;2? are more convenient for compar-
ison with experiment, unification of gauge couplings at a very high scale
motivates an alternative parametrization [5}:

5 e s1c0(A% -1
g2 — e (‘Rl“’}' s )’912 _ 1 1( ) (5)
Cw

3¢ g2 s2A2 + 2 ’
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where s1(c1) = sinf;(cos#;),0; € [-F,5),A > 1. B is also replaced by
f; = —f - arctan \/g (In any case care must be taken with the different
ranges of variation and sign conventions existing in the literature.)

2.4. Z' Lagrangian parametrization
In extended electroweak models heavy gauge bosons can mix. Thus,
Z],_,,=C3Z#+S3ZL, Zzp,: —83Z“+C3ZL, (6)

in Eq. (4). Z is the observed heavy neutral gauge boson and Z' is the new
gauge boson; whereas s3(c3) = sinf3(cos03) is the Zy Z' mixing.

2.5. Relevant couplings for large hadron and lepton colliders

We can look for indirect Z' effects in precise electroweak data and for
direct Z' production at large colliders. Precise low energy and in particular
LEP data test mainly the Z, current (see Eqs (4), (6)):

T o IR P

Cw

As no indication for new effects beyond the standard model is found, it is
deduced that only a small gauge boson mixing is allowed. (See Ref. [9] for
a recent discussion. See also Riemann lectures at this School [2].) Present
limits require s3 < 1%.

For Z' physics at future colliders more convenient sets of effective charges
can be defined [10, 11]. Production bounds test mainly the Z), current:

-cg;.f"‘ = -2-%; Zi:d_)g‘y“ [(v'ic;; +vis3) — (a'cs + ais;»,)'ys] Yi.  (8)

The precision available at large colliders and the experimental limit on s3
permit to neglect the Z;Z' mixing. The Z' couplings to ordinary fermions
is fixed by five normalized charges §f*, = §f, = §f,, 98, 08, 32, = 8§, =
g}iz, gR, and the gauge coupling strength g»:

. 9 iy i
9291 2 = 57— " +a"). (9)
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The signs of the charges will be hard to determine at hadron colliders. The
following set of four normalized couplings is probed directly [10]:

i (31)° ,
(512) + (98,)°

9 = (12) ,

BT (8L,)? + (3Ry)°

U= (9i%,)" D= (95:2)” . (10)
(91,)%’ (91,)?

At large lepton colliders the main effects of a new gauge boson far off-shell
result from its interference with the photon and the Z boson. Since the
photon couplings are only vector-like and the ! couplings to Z are almost
axial, it turns out that the probes in the two-fermion final state channels
single out the Z' leptonic couplings primarily in the combinations §£2 14R,-
To trace the combinations of the normalized charges to which the probes
are sensitive, it is advantageous to choose either of the two combinations
to normalize the charges. We choose the g£2 — Jf, combination, which
turns out to be a convenient choice for popular models. We then define the
following four independent normalized charges [11]:

~] ~€ ~q “u’d
pe =92t9R  pa_ _ 92 pud - IRz 11
v ~1 ~ e L ~1 e R q
9L2 ~ YRz 912 ~ 9R2 91,2

In Table IV we give the values of the couplings in Egs (10), (11) for models
X, ¥, n and LR for the special value « = 1.
TABLE IV

Couplings in Eqgs (10), (11} for models x, ¥, 7
and LR (with k = 1 and sZ, = 0.23).

X ¥ n LR
1, 0.9 0.5 0.20 0.360
7 0.1 0.5 0.80 0.040
U 1.0 1.0 1.00  37.000
D 9.0 1.0  0.25 65.000
P 2.0 0.0 —3.00 —0.148
P? —0.5 0.5 2.00 —0.142
Py -1.0 —1.0 —1.00 —6.040
pPg 3.0 —1.0 0.50  8.040
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2.6. Model independent analyses and model building constraints

In this lecture we have revised the parametrization of an extra U(1) in-
teraction, specifying the values of the new couplings for typical models; and
we have introduced convenient sets of normalized charges for comparison
with experiment at hadron and lepton colliders. To finish we discuss some
predictions for these couplings from unification near the Planck scale.

Models with an extra abelian gauge interaction are fixed by two extra
gauge couplings: g2, g12. Their values near Mz result from their evolution
from the Planck down to the electroweak scale. Hence they are a window
to all intermediate scales and matter contents in between. For illustration
we gathered in Table V the A, §; values at the electroweak scale for some
(grand) unified models [12], as well as the corresponding g2, 912 values. In
all cases gy = 0 at the unification scale. We also quote the values for the
x and LR models. The (grand) unified models assume a minimal matter
content and ac = 0.12,ag = 12871 and s, = 0.23 (which fixes the inter-
mediate scale) at Mz. The required intermediate and grand unified scales
for these examples are probably too low/large, but there are many non-
minimal matter contents which give acceptable models and a large variety
of A, 81 (g2, 912) values [13]. The x, LR models with a minimal matter con-
tent and no intermediate scale do not unify. In conclusion, if a new Z' exists
and then A, f; can be measured, they will provide precious information on
the physics at and well beyond the TeV scale.

TABLE V

A, 6; values and the corresponding gauge couplings gz, g1 for'some unified models
and for the x, LR models.

-1

G —SU(3)e x SU(2)L xU(1)y xU(1), X6 g (\/7';-'_;) 22
B3: SU(4)e x SU(2)LxSU(2)xU(1) 137  1.20 1.28 0.17
B4: SU(3)c x SU(3)Lx SU(2)x U(1) 1.18 —1.02 1.09 ~0.14
B7: SU(4)cx SU(2)L x SU(2)r xU(1) 1.08 0.7 0.93 0.03
Bs: SU(3)c x SU(3)LxSU(2)r xU(1) 1.23 —0.69 0.98 -0.21
C1,...,C5,D : SU(3)cox SU(2)xU(1)y xU(1), |1.04 —0.89 1.01 -0.04
X 1.00 - 1.00 0.00
LR 1.88 0.68 1.07 0.62

3. Indirect limits on extra gauge interactions

We give a short summary of the second lecture. At present there are
only limits on new weak interactions. These are direct bounds on Z' pro-
duction at TEVATRON (see next lecture) and indirect bounds from fits
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to precise electroweak data. (We do not consider cosmological bounds in
these lectures.) Indirect limits are very model dependent. The experimen-
tal precision is at the level of radiative corrections and new effects must be
very small. Hence, one must wonder not only about modifications of tree
level expressions but about extra loop contributions. Enlarging the stan-
dard model consistently often requires to add many new particles and then
many new parameters. As a matter of fact often indirect Z' limits must be
understood as an order of magnitude estimate.

In practice the extra interaction is taken into account in fits at tree level
only. This approximation is better when the limits are more stringent [14].
There are two approaches for reducing the number of free parameters: stick
with simple, well-defined models and/or use phenomenologically relevant
parameters. An example of the first approach can be found in Ref. [15].
The simplest class of extended models within Eg is the class defined by the
extra charge within SO(10) : @, = QLR in Table III. These models contain
right-handed neutrinos, which we assume to be heavy, and a minimal Higgs
sector which makes the Z; Z' mixing a well-defined function of the Z' mass.
The class is then fixed by the Z' mass, Mz, and two gauge couplings,
g2, 912 parametrized by A, 68; (see Eq. (5)). See Table V for examples. In
Ref. [15] the Mz lower bounds (90%ec.l. for one variable) implied by 1991
precise electroweak data are plotted as a function of A and ;. The standard
model limit corresponds to §; = 0, A — oo.

The second approach prefers a parametrization adapted to available
data. Low energy electroweak data as well as LEP data are mainly sensitive
to the Z' mass and the Z; Z' mixing. These redefine the p parameter and
the Z current:

-1
o={1- s3 (M2, — M%)c},
M3, ’
Jz =c3Jz, —s3Jz,. (12)
p (Jz) is mainly constrained by low energy (LEP) data. A detailed analysis

is more involved. The present limits can be summarized saying that once
fixed the Z' charges, for a large class of models present data require {9, 16}

Mg > 200 GeV, s3 < 0.01. (13)

See Riemann lectures for a detailed discussion of these bounds, in particular
from LEP [2].
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4. Determination of Z' gauge couplings to ordinary fermions
at future colliders

In this lecture we study the potential of large hadron and lepton colliders
for the discovery of a new neutral gauge boson and for a model independent
determination of its couplings. We use popular models for illustration only.

4.1. Hadron colliders

If heavy gauge bosons turn out to have a mass in the few TeV region,
future hadron colliders, e.g. LHC, would be an ideal place to discover and
study them. In the main production channels, p(3) — Z' — (I = e, p),
one would be able to measure

e the mass Mz,

e the width I'z: and

e the total cross section oy, as well as

o the forward-backward asymmetry Apg (5, 17] and

o the ratio of cross-sections in different rapidity bins ry, [10, 18].

The Z' can also decay into WW and ZH. These decays are observed,
however, as four fermion final states for W, Z, H decay into two fermions.
(A heavy Higgs decays mainly into two gauge bosons.) Hence, the next
dominant Z' decays are those involving four fermions. They have small
cross sections and are difficult to isolate in general, but they are important
to determine the Z' couplings [10]. The main probes are

e rare decays W — Wiy, [19, 20] and
e associated productions pp — Z'V with V = Z, W,y [21].

4.1.1. Two fermion final states: pp —1v,2 2" — lX;
jet jet X

The unpolarized differential cross section for the process 5 — 7,
Z, 7' — UX (with | a definite charged lepton) depends on the lepton-
antilepton invariant mass M, where M2 = (p; + p;)?, on the rapidity y,
where %’I—(ey —e™¥) = (p;+ PI)longitudinal, and on 8", which is the scattering
angle pl in the center of mass of the parton system ¢g [5, 17]. The general
form of this cross section is, for tree level amplitudes, (quark and lepton
masses are neglected)

do _
dMdydcos6*

* *
Z 1927 [g‘}s(y’ )Sq(M)(L + cos®0™) + g;l(y,M)Aq(MﬂcosH ] ,
q=u,c,t,d,3,b

(14)
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where Sg, A, (which are the only model dependent quantities) involve the
gauge couplings to quarks and leptons,

Sq — Z (gzgaggﬁz-‘_ gflagl%,,@)(gll_,ag]’iﬁ '*;gll:{agll:{ﬁ) ’
a‘ﬂ:,y,z’zl(M - Ma + zMoz-raz)(M2 - Mﬂ - ZMﬂPﬁ)
pe F et hathslelatis —dhathg) (g
s OFF ~ MTF ML L7 — 3 — M5 T)
and gf s g;‘ are the parton distribution functions of the colliding hadrons
(22},
924y, M) =

zazs [ £ (20 M) £ (20, M?) £ £ (20, M2 £ (20, M?)], (16)

where the sign + correspond to §, A. a and b are the two colliding hadrons
at the center of mass energy 1/s; z, and z; being the momentum fractions

of the colliding partons in a and b respectively, z, 5 = %eiy. The gauge

couplings were discussed in the first lecture:

gi,R Y = €4¢;,

glf,,R 7 = é_f; [(viq — v''s3) £ (a'cs — a'is3)] ,

gf;’R g = gzgi’n 7t = -2-;% [(v'iC3 +vis3) £ (a'tcs + ai33)] . (17

At large hadron colliders the v, Z contributions and the Z; Z' mixing can
be neglected in two fermion channels. The statistics eventually available
and the limit on s3 from precise electroweak data discussed in the previous
lecture allow for considering only the Z' contribution (no v, Z interference)
with zero gauge boson mixing (s3 = 0). Then Eqs (9, 10) apply.

In the absence of a positive signal the Z' total cross section

\/3 lnlg 1
= / dM / d / deosg*——27
= y €08 dMdyd cos6*’
0 ln% -1
(with a, 8 = Z' in Eq. (15)), (18)

for each given model (with the gauge coupling strength and I'z: also fixed)
puts a limit on Mz. TEVATRON limits on an excess of isolated lepton
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pairs with large invariant mass translate into limits on Mz. In Table VI
we gather the Z' couplings to ordinary fermions and the minimal Z' width
for the popular models discussed in the first lecture. For an integrated
luminosity of 4 pb~?! the Mz (95% c.l.) bounds for these models are [6,
23, 24]

M

x,%,n,LR > 340, 320, 340, 310 GeV. (19)

TABLE VI

Popular Z' model couplings gLR 7 = 9251,;{ g and widths I'z:.

X P 7 LR
92 0.461 0.461 0.461 0.493
Lz =82 =0l o NG . 0.253
9% 7 s —ﬁg 7!1? —-0.341
Lw =0tz =0 ~ 37T % —Aw  —0.084
R 2 5T -5 = 0.509
§‘}’1 z' T2 310 _21% T2 115 —0.678
% 0.012 0.006 0.007 0.021

If a new gauge boson with a mass < 5 TeV exits and couples to ordinary
fermions with a sizeable strength (g, ~ 0.1), it should be observed in the two
lepton channel at LHC. Once a new Z' is observed in the two lepton channel
and its mass Mz and width Iz measured, one must try to measure the Z’
couplings to fermions in a model independent way. With no v, Z interference
no determination of the signs of the Z' charges is possible (see Eqs (14),
(15)). Therefore it is convenient to use the gauge coupling strength g2 and
four normalized couplings with no sign ambiguity, e.g. 'yL, 7L’ U D in
Eq. (10) (their values for typical models were given in Table IV), as free
parameters. What matters is which couplings can be measured at LHC. In
the two lepton channel the relevant ohbservables are the total cross section
o1, the forward-backward asymmetry

In %45 0 1 ) p
_ _ * 4 1
ArB _/dM( / / dy / dcosH deydcosH* (ou)”
0 In M 0 -1
Vs
1-0.750U — 0.25D
=0.38(29 — 1) ~ =, (20)

1+ 0.68U + 0.32D
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and the ratio of cross-sections in different rapidity bins (y; is chosen in a

range 0 < y; < Ymax 50 that the number of events in the two bins are
comparable, y; = 1 at LHC where /s = 16 TeV) [10, 18]

JdM f dy [ dcos 0" rprr e

Ty = =
Jam( I f )dyfdws("m
“~Ymax
_ 155140640 4+036D 1)

1+ 0.73U + 0.27D

Another observable is the ratio

4] 1 0 d
fdM(f [ )dy (J“J;)dcoso*m;;ﬁss—ﬁ
o E
ArB,, = Ymax  —¥1 10
JaM( [ - [ ) dy(({ deOSf"mmz:sT
—¥Ymax
:0.601—0'739—0°27D. 22)

1-0.76U - 0.24D

The numerical expressions above are calculated assuming Mz = 1 TeV
and the EHLQ structure functions set 1 [22]. A numerical analysis shows
that A FBy, is not a sensitive enough function of the gauge couplings to
provide useful information for the projected luminosities [10]. Thus only
three combinations out of five gauge couplings can be determined in the two
lepton channel. In particular App,ry,, and Ap By, fix two combinations
out of the four normalized couplings. Other observables do not provide more
information if the Z' interference with the 7y, Z bosons is neglected [18]. At
any rate, a poor energy resolution would erase any interference effects from
data.

The two lepton final state does not constrain 7. This process is pro-
portional to the product of the Z' coupling to quarks times the Z' coupling
to leptons. Hence, a simultaneous increase (decrease) of the quark coupling
and a decrease (increase) of the lepton coupling by the same factor does not
change the Z’ cross section into leptons at LHC. The relative size of the Z'
couplings to quarks and leptons could be determined by a measurement of
the Z' cross section into quark pairs. In particular, the ratio

1 o(pp — Z' - q3)
3o(pp— 2' — It17)

=12+ U + D) (23)
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(counting all three families) would yield the left-handed quark coupling 7{
[10]. However, this appears difficult [25].

The 7 polarization in pp — Z' — 77~ would be another useful probe
if it can be measured [26]. Similarly, if proton polarization were available
the measurements of the corresponding asymmetries in pp — Z' — I1T1~
would also be useful {27].

4.1.2. Four fermion final states: 2Z2'— WW,ZH, ffV;2'V

A new Z' with a mass < 2 TeV can also show up in four fermion decays
[19, 21, 28]. The WW, ZH decays have a rate similar to the Z' decay into
two fermions plus one heavy gauge boson, ffV,V = W, Z. All of them are
observed as four fermion decays; and then they must be considered together
because they can interfere. Associated production Z'V,V = Z,W,, cross
sections are of a similar size, too.

The Z' four fermion cross sections are relatively small on one hand,
and on the other it is difficult to isolate the corresponding samples. More
detailed analyses (simulations) are still needed to decide on the actual rel-
evance of these processes. Below we discuss the main four fermion cross
sections, assuming full efficiency in the identification of the final states, and
perform a fit to know how well the Z' couplings could be ideally measured,
including only statistical errors. After, we comment on the isolation of four
fermion signals.

o Z' - WW [28]. The Z' decay rate into W pairs is proportional to the
square of the trilinear Z'WW coupling &,/ :

Mg 6%,
n(z - ww)= 3= —lz—fm%“f-(l —4nw)*/2 (14 200w +12n3y) , (24)
w

with nw = (M%V/M%,) This trilinear coupling is equal to the Z; Z' mixing
times the Z; WW coupling, which is the product of the SU(2)1, coupling
times the W3 Z; mixing, [29}:

[4
6Z’WW = 83— Cw . (25)
Sw

In typical models s3 ~ (M%/MZ%,) and I'(Z' — WW) is not very large.
pp — Z' — WW is the only process probing directly the gauge symmetry
breaking coupling & ziyw and then s3. As W’s are observed through their
decays, to isolate this signal requires refined cuts (see below).

e Z' — ZH [30, 31]. This decay is somewhat model dependent. We will

not consider it here.
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o Z' = ffV [19]. Recently it has been emphasized that this decay rate is
enhanced due to the collinear singularity associated to soft vector boson
ernission:

2 f2 2 f2
Mz(sf7 9z + 9ha )
19272
72
X [lnznz +3lnz +5- —+ O(nz)] » (26)

rz - ffz)=

with nz = (M%/M%,) < 1. I'(Z' — ffZ) has a similar expression but
Mgz must be replaced by Mw and the Z couplings by g{w = (e/V2sw),
g{{W = 0. The photon emission decay Z' — ffv is a correction of the Z'
decay into ff and it does not provide new information on the Z' coupling
to fermions.

o Associated Z' production: Z'V [21]. These cross sections are typically
1% the Z' production cross section. The different electric charge of
up and down quarks makes Z'y production at LHC a useful probe to
measure the Z' couplings to quarks.

The only rare decay which provides new information on Z' couplings
to fermions and which seems possible to isolate is Z' — IvW (see, however,
Ref. [32]). Normalizing to the Z' decay into lepton pairs (I = e,u) and
assuming Mz = 1 TeV and the EHLQ structure functions set 1, the four
fermion probes can be written (as a function of the normalized charges
defined above) at LHC [10]:

o(pp — Z' — (W% — hadrons)!{Fv)
o(pp — 2' — I117)
o(pp — (Z2' - 1117)Z)
olpp— 2" - 1+17)
_37.94+0.960 +0.11D
1+ 0.680 + 0.32D
R _alpp— (2' = IT1IT)W)
z'w = U(pp — Z' - l+l_)
25.7
1+0.687 +0.32D°
o(pp = (Z' = IH)y)
olpp— Z2' - 1T17)
o1t 0.890 + 0.11D
1+ 0.687 + 0.32D

= 0.06771,,

i

Tlww

RZIZ =

= 10

=103

}zzl,y =

=10"35.6

(27)
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(with a transverse momentum cut p; > 50 GeV). As can be readily seen
these expressions do not contain (constrain) 7{'4, because they are quadratic
in the Z' couplings to quarks as well as to leptons. Hence when fitted
with the two lepton Z' observables, they fix three out of four normalized
couplings, leaving v{ unconstrained. In Table VII we write the values of
these observables for typical models. Errors are statistical only. (We as-
sume an integrated luminosity of 10° pb~1.) Performing a fit to these
values we can determine 7£,I7 ,D. The results are given in Table VIII.

TABLE VII
Values of two and four fermion Z’' observables for popular models. Errors are
statistical only. Error bars for r,,r,w, Rz are for e plus g channels, while
Arp,Ars,, are for e or u.

X L n LR
App -0.134 4 0.0070 0.0+ 0.0160 —0.025+0.0140 0.098 £+ 0.0060
Ty, 1.79 +0.0200  1.55 + 0.0400 1.49 + 0.0300 1.62 + 0.0140
Arsp,, 0.68 4 0.0800 0.68 -+ 0.8800 0.61 3 0.0800
TILW 0.060 4+ 0.0014 0.034-4 0.0020 0.013 +0.0010 0.024 £+ 0.0008

Rziz 0.0022 + 0.0002 0.0045 £ 0.0008 0.0051 £ 0.0007 0.0011 % 0.0001
Rzw 0.0056 + 0.0004 0.013+0.0010 0.015+0.0010 0.00055+ 0.0001
Rz 0.0035 - 0.0003 0.0056 + 0.0009 0.0061 4 0.0008 0.0049 £ 0.0003

TABLE VIII

Values of 7{‘,7{, [7, D for the X, ¥, n, LR models. The error bars indicate how well
the coupling could be measured at the LHC for Mz, =1 TeV.

X (4 7 LR
7£ 0.94+0.018 0.540.03 0.240.015 0.36 £ 0.007
+ 0.1 0.5 0.8 0.04
U 1+0.180 14+£0.27 1+ 0.140 37+ 8.300
D 9+0.610 1+4+0.41 0.2540.290 65 4+ 14.00

Four fermion Z' decays have large backgrounds. No detailed simulation
of the different Z' rare decays has been published. To illustrate the reduc-
tion factors we have to pay to isolate a relatively clean sample, let us discuss
the Z' decay into an electron and a muon plus missing energy [20]. To this
" signal contribute Z' — (W — ev)(W — w),(W — ev)ur,(W — pv)ev.
Wondersome backgrounds are W+ W ~ continuum, Z' — 7, and (QCD) tf
production. In Fig. 1 of Ref. [20] there are plotted the missing transverse
momentum, §,, and ep angle in the transverse plane, 0;%, distributions.
They are simulations at the parton level. The signal corresponds to the x
model with Mz = 1 TeV. The top background was estimated assuming
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a top with a mass of 150 GeV and that ¢ decays into bW, and W into
lv, isotropically. How large the top quark hackground might be depends
on how good the top quark reconstruction is. Lepton isolation is enforced
demanding the distance in the lego plot

ARy = 1/(89)? + (An)? > 0.75; (28)

whereas misidentification of the top (bottom) quark decay is taken into

account requiring p: ® < 50 GeV and a good balancing of the transverse
momentum of the sample

ﬁ:ut = (. + Put+7) <25 GeV. (29)

The g/, and 65" distributions examplify what we want to emphasize: Z' rare
decays have large backgrounds at LHC. In particular, the extremely large
QCD cross sections require, in order to isolate the signals, identification of
isolated leptonic tracks and stringent cuts on transverse energy. To obtain
a relatively clean Z' — eup sample a set of cuts, which reduces the signal
by at least a factor of 3, is needed; e.g. the 450 events produced reduce to
120 after requiring g, > 200 GeV, p;*'* > 50 GeV, cos ;" > —0.95.

4.2. Lepton colliders

If a new Z' exists with a mass much larger than the available center
of mass energy, its main effects at a large lepton collider result from its
interference with v, Z. (The (tree level) cross section for ete™ — v,7,2Z' —
ff can be found in Ref. [33].) This interference allows for measuring all
Z' gauge couplings to ordinary fermions, including their relative signs. A
convenient set of four normalized charges, P‘I,,Pg,Pﬁ,Pf{, was defined in
Eq. (11). A fit to ete™ — ff,f = l,u,d, observables is presented for
Mgz =1 TeV at NLC (center of mass energy /s = 500 GeV and integrated
luminosity Line = 20 fb™1) in Ref. [11]. (See also Ref. [34].) The values
used in the fit for the different observables correspond to typical models.
Errors are only statistical. The results of the fit are gathered in Table IX.
100% efficiency for the heavy flavour tagging and 100% polarization for
the electron beam are assumed. (Error bars in parentheses correspond to
unpolarized electron beams.)
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TABLE IX

Values of the couplings Pf,,Pg,PI'{,Pg and errors as determined at NLC. 100%
heavy flavour tagging efficiency and 100% longitudinal polarization of the electron
beam are assumed for the first set of error-bars, while the error-bars in parentheses
are for the probes without polarization.

X ¥ U] LR
Pg 24 0.08(0.26) 04 0.04(1.5) —3+ 0.50(1.10) —0.15 + 0.018(0.072)
P? | —0.5+0.04(0.10) 0.5+0.10(0.2) 2+ 0.30(1.10) —0.14 + 0.037(0.070)
P¢ | —1+£0.15(0.19) —140.11(1.2) —1+£0.15(0.24) —6.0 = 1.400(3.300)
pg 3+0.24(0.51) —1+0.21(2.8) 0.5+ 0.09(0.48) 8.0 + 1.900(4.100)

5. Concluding remarks

In these lectures we have presented a general parametrization of an
extra abelian, gauge interaction, we have commented on present limits on
new gauge bosons, and we have discussed the Z’' potential of LHC and
NLC. Both colliders are complementary. (We did not consider f-channel
limits from HERA. They are not competitive with the s-channel limits from
large hadron and lepton colliders.) If a new Z' exists in the TeV range, it
should be observed at LHC, where its mass and width can be measured.
At a large hadron collider the strength of the new interaction and three
out of four normalized charges fixing the Z' couplings to ordinary fermions
can be determined for Mz < 2 TeV. The determination of their relative
signs is difficult. At NLC all the Z' couplings to quarks and leptons can be
measured, including their relative signs. The average errors tend to be larger
than at LHC, however. In Table X we give the errors for the normalized
observables defined at LHC, which are implied by the NLC analysis in Table
IX. These errors have to be compared with the errors expected at LHC in
Table VIII. For other reviews on Z’ physics see Refs {31, 35].

TABLE X

Errors for the normalized observables defined at LHC implied by the NLC errors
in Table IX.

X ¥ n LR

0.9+0.010(0.031) 0.5+ 0.04(1.5) 0.2 4+ 0.04(0.09) 0.36 = 0.02(0.07
0.1:40.017(0.045) 0.5+ 0.20(0.4) 0.8+ 0.34(1.03) 0.04 £ 0.02(0.04
(
(

1.0 £ 0.300(0.380) 1.0+0.22(2.4) 1.0+0.30(0.48) 37 + 16.8(39.6
9.0 + 1.440(3.060) 1.0+0.42(5.6) 0.25+0.09(0.48) 65 = 30.4(65.6

o R 2

1
0
2
5

p— p—~ p—, p—
R e e
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