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Abstract

We study possible signals of physiscs beyond the Standard Model that can be
observed at HERA. In particular we concentraie on the effects of a second 2’
taking the particular eases of Es Grand Unified theories and Left-Right Symmetric
Models, and those of a possible four-fermion coniact term derived from composite
models.

Mnvited lectures at XV International Winter Meeting on Fundamental Physics, Seviila (Spain), Feb. 1987
20p leave from Departament de Pisica Tedrica, Universitat Autonoma de Barcelona (Spain)

1. Introduction.

The Standard Model of the electromagnetic, weak and strong interactions is a extremely
succesful theory from the experimental point of view, From the theoretical point of view,
however, it still has some problems and shortcomings that led to the proposal of extensions
or drasiic modifications of the SU(3)¢ x SU(2)y, x U(1)y theory. The main problem stands in
the Higgs sector, in particular, there is no mechanism te prevent the higgs mass to be of the
order of the Planck scale, due to loop corrections to the bare mass. A rather unsatisfactory
solution to ihis problem is to fine tune the bare mass in such a way that a cancelation with
the loop contributions occurs leading to the desired mass < 1 TeV. Two possibilities have
been proposed to solve this problem: o

1. Supersymmetry [1], where there is a cancelation between the contribution of the fermion
loops and the one coming from the boson loops and

9. various types of composite models (2], where the higgs is assumed to be composite
in such a way thai the integrals in the loop calculations have to be cut-off at the .
compositeness scale, normaly of the order of 17eV. In these composite models one
would expect also to be able to understand some questions that remain unanswered in
the Standard Model, sach as: the masses of the particles, or the number of generatios.

On the other hand, although the Standard Model unifies the electromagnetic and weak in-
teractions, the strong interaction remains separated from the others. The Grand Unified
Theories (GUT) [3] attempt to achieve this further unification assuming a gauge gronp
larger than SU(3) x SU(2} » U(1) and such that contains the latter as a subgroup. Finally,
attemnpts to include gravity led to the formmlation of the superstring theories. These theo-
ries are, normally, formulated in & 10-dimensional space-time, but after the compactification
process lead to a 4-dimensional, supesymmetric GUT.

The phenomenologicat predictions of all the theories and models that have been proposed
are very similar to the Standard Model predictions at low energies, but deviations are expected
to appear when going to higher energies. The search for these deviations will, then, be an
important task of the new generation of accelerators. We cannot cover in these lectures all the
possibilities that have been studied, rather we are going to study the modifications expected
on the inclusive neutral current cross-sections in two different cases:

1. The presence of a new Z', taking as a reference some specific examples like B¢ GUT
and Left-Right symumetric models.

2 The effects of a four-fermion contact interaction due, for instance, to some composite
model.

Other cases, including the search for the supersymunetric partners of the ordinary particles
and exotic colored particles, will be discussed by Buchmiiller in his lectures [4].



2. Search for an Extra Neutral Gauge Boson.

2.1 Bzira U1} from un Eg Grand Unified Theory..

Since SU(3) x SU(2j » L'{1) is a subgroup of the GUT gauge group G, in any GUT the
number of gauge bosons will be larger than iu the Standard Model. In generai, these new
gauge bosons will be very miassive, but in special cases some of them are predicted to have a
mnass of the order of the Fermi scale, We will study the expected signat of a second 2’ for the
extended electroweak gauge group: SU(2); x U'(1) x (1) originated in the breaking of an
E¢ GUT. The phenowenological studies of this new gauge boson started some time ago {5
and has recently received much attention due to superstring theories. It has been shows {68!
that after the compactification process of the Eg x Ey heterotic superstring on a non-compact
Calabi-Yau manifold, one is left with a four dimensional Eg GUT effective theory. Further
breaking, through the wilson loop mechanism, of By leads to the SU(3) x $U{2) < U(1) x U(1)
group thal can remain unbroken until low energies [7}.

Since one can always rotate the neutral gauge sector in such a way that the first U1}
in SU(2); x U{1) x U(1) coincides with the normal weak hypercharge group, the modified
lagrangian thai describes the interaction of the neutral gauge bosons with fermions

L=el' A, + ThcZ + gy ™2, (1)

sin Oy cos Gy
only differs from the usual neutral current lagrangian in the presence of the last term. Thus,
A, is the photon field that couples to the electromegnetic current

Hhy
T = 2 I74Qsf, (2
¥
where the sum extends over all the flavors f and @y is the corresponding electromagnetic
charge, and Z, is the usual Z° field coupled to the current

fo =3 LT v (Tsy — sin® O Q) + fpy*{—sin® 8w Q ) fr) {3)
f

In (3) fi and fgr denote the left and right handed components of the fermionic field and Ty
is the third componeni of the weak isospin. Finally, Z'in the third term of eq. (1) is the new
neutral gauge boson fieid that couples to

I = Z(?L?’“Y;L o+ ?RTMY;RJ(")’ (4)
I

where T/, and Y/, are the charges to which the new Z' couples and depend on the model we
study.

To fix the new charges ¥/, and Y] we assume that the extra U(1) appears as the result of
the breaking of the grand unification group Es. The 15 fermiens belonging to one generation,
together with 12 new, exotic fermions are assigned to the fundamental representation of
E,. ‘The particular values of the charges depend on the breaking scheme of this group into
SU(3)¢ x SU{2)y x U{1)y x U(1)y:. To parametrize the extra U(1), consider the following
scheme.

Eg — SO{10) x U(1)y — SU(8) x U{1)y x U(1)y, (5)
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Table 1 Quantui nwnbers of the left-handed fields of a fermion 27-plet of Es.

[ SO(10) | SU(5) | L-felds [ 5TU(3)c : @ : Ty | Y’ -
16 10 e f 1 10! Trcosa + g sina
d 33172,
u 3 2/3 | 1/2 |
u® 3* -2/31 0
: 50 df 3 /3, 0 | ﬁcosoﬁg‘—}ﬁsina
e 1 -1 -1/
Ve 1 0 1/2
1 ¢ NS 1 0 0 ;%cosct+ﬁﬁsina
w5 B h® 3 /310 -71§cosrx+ﬁsma
E T 1 1/z
e 1 0 1/2
5 h 3 -1/3 0 —jgcosau ﬁsina
EC 1 1 | 1/2
J | NgS 1 ¢ [-1/2
1 l 1 n 1 0 0 :;Ecosa

where the Standard Model group SU(3)e x SU(2)p x U{1l)y is a subgroup of SU(5). The
extra [7{1) will in general be a linear combination of U(1), and U{1)y characterized by the
angle

Z'=Zycosa+ Z, sina, (8)
Note that this is just a parameirization of the extra U{1) and does not mean that Es must
actually be broken following this scheme. A second comment is in order here. As can be
seen in eq. (5) there are two additional U{1) groups in Ejs originating two new, neutral gauge
hosons: the one in eq. {6) and the orthonormal combination. We will introduce here the
symplifying assumption that only 2’ is light, while the orthonormal T/(1) is broken at a much
higher scale and does not affect the low energy phenomenology. With these assumptions the
charges for the left-handed fermions in the first generation are given in Table 1. Two identical
copies of it describe the second and third generations.

The only parameter in the lagrangian, eq. (1), that remains to be fixed is the coupling
constant gy:. We take for it the value

5 €
R 7
o \/;8 )

that comes from the assumption that the renormalization group evolution of gys is the same
that the one of gy. The normalization of the coupling constant in eq. {7) and the charges
in Table 1 are such that in the Eg limit {when sin? fw = 3/8) gy is equal to the SU(2)L
coupling constant g = e/ sin fw.

In general, the fields that will develop a mass in the symmetry breaking of SU(2), x
U{1)y x U(1)y: into U{1)er will not be Z and Z', but a mixture of these fields, Z; and Zs,
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given by

Z N cosf  sind Z s
Zy )]\ —sind cosé z'y’ (8)

where, without introducing new assumptions on the higgs sector, the angle # can take any
value in the range —7n/2 < 8 < w/2. We will assign the low mass eigenstate, Z,, to the
cbserved particle. In the absence of mixing the Z; mass coincides with the Standard Model
mass, mz, as can be seen in the relation

mh = mzz‘ cosd + m%}sinzﬁ {9)

that can be deduced directely from eq. {8). This limit can also be approached for large values
of mg, since
m} —m},

2

ian®f = T a
my, —mj

(10)
vanishes wher mz, - co.
The effective neutral current lagrangian written in terms of the mass eigenstates,

L=elt A+ (7120, + T 24,), (11)

sinfy cos By

whete
JY' = cos 8} + sin 9\/§ sin By J*

12
J¥ = ~sin8Jje + cos Gﬁsinl‘iw‘f"“, (12)

contains five free parameters. They are:

1. the angle o specifying the charges,
2, the two masses mz, and mg,,
3. the mass mixing angle § and

4. the Weinberg angle sin’fw .

To further reduce the number of free parameters, we can assume that the higgses responsible
of the electroweak symmetry breaking are all in doublets or singlets of SU{2)r, as it is
suggested in superstring theoties. In this case, we have an additional relation,

miy

= —-=1 3
’ m} cos ’ (:3)

that aliows us to write sin’f in terms of the two physical masses and the mass mixing angle

. 1 4y
sin’fy = 2 (1 —yl- m_}) , (14)
where mz depends on mg,, mz, and @ as it is expressed in eq. (8), and
2 Wﬁ(ﬁe)
= ee———— = 38,65 GeV . i5
BT RGe(1 - Ar) (18)
5

—_ - e _— — . i v e e e = =

includes the Standard Model one loop radiative corrections, Ar = 0.070 + 0.002 [9]. In our
numerical calculations we will take myz = 93.3 GeV and then calculate sin’#w according to
the preceding formulae as a function of mg, and 8.

We are now in position to calculate the cross-sections of deep inelastic ep zp scattering.
In terms of the usual variables @7 = —g? and z = —¢%/2pg, where g is the four-momentum
of the exchanged boson and p is the one of the incoming proton, 1t is given by [10]

dﬂ(fiblf{) _ 2ra’
drdQ* 20t

(1 + (1 —9)) (AR (2, @) + hw)e Fy (2, Q7)) (18)

where y = Q*/zs (/s is, a5 usual, the center of mass energy that for our numerical examples
we will take to be the maximum HERA energy /5 = 314 GeV) and R{y) = {1 —(1—3}*}/{1+
(1 —'¢)*}. The functions

Fii(z, Q") = $yloas(2, Q) + 22,2, )15, (QY),
. (17)
Fy (2, Q1) = T {egs(2,Q7) — zq,(=, @) B T(@)

contain the scaling violating quark and antiquark distribution functions in the proton, g;(z, @*)
and 7,(=, Q*), and the electroweak charges and parameters that enter in

oY) Q% + Vh{lvie £ ai ) (vif® + ai ' }P? - 2Q{vie + i )vif P}
+2('Ule + tl]e)(’qu_e + G,Qe}(’lflf'vzf -+ aljagf)Plpz,
(18)
FsL,'H(QQ) +2{T%, (('U-'e T, Pvipa B - Qplv, & as, )a,—,.P,-)

+H{v1, = a1 )(ve, £ ap. ) (V1027 + az ;) Py Pa},

where P, = Q%/(Q? -+ mgz,?) are essentially the Z; propagators and v, and @;, are the vecior

and axial charges that, taking into account the Z — Z’ mixng, take the form
vy, B i cos# sind Ts, — 20 sin’fu
U3, T sin26w —sinf cos# \/g sinfhw (Y] +¥15,)

a, _ 1 cosf  siné T,
az, = sin26w —sind cosd \/gsin Owi¥, - Y, ) |’

The positron cross-sections de(e] p)/dzdQ? can be obtained from eq. (16) replacing FHR
FZR‘L and mF{"R - f:cFER‘L. When taking the limit mz, — oo, that is P; — 0 and § = 0 we
recover the Standard Model expressions [11]. The cross-sections, however, are not the most
sensitive quantitics to look for the presence of the second Z. We will also be interested in
studying the deviation from the Standard Model predictions for the six asymmetries that can
be constructed if polarized electron and positron beams are available:

(19)




1. two polarization asyuumetries

. do’y —do'y
PR 20
LR = e ey (20}

2. two charge asymmetries
do- —do’
L i
4 R R (21)
L det 4 det -
RR L L
R R
3. and two mixed asymineiries
do~ -~ dot
L R
R L
AT e (22)
LR do~ +dot
RL L R
R L

Note that since there are only four independent structure functions, eq. (17), only four of
these asymmetries are independent. We will study, however, all of them because we do not
know a priori which one is more sensitive to the Z' presence.

We first want to identify what are the charges for which the effects of the second Z
are larger. So. in Fig.l we plot the six asymmetries as a function of cosa [18] ®. In these
plots we fix the osher free parameters to be: mg, = 200 Gel, 8 = 0. We have chosen the
kinematical point z = 0.3 and Q? = 20000 GeV?, whick gives a rather accurate idea of
the effects one can expect to see in a more realistic situation as will be shown later. The
dotted lines are the Standard Model predictions for each asymmetry. Since we have chosen
& particular kinematical point, this is just a number and appears as a horizontal line in
the plots. We already ohserve thai the effects of the presence of Z» will be very different
in different asymmetries in such a way that we will have to lock for the most sensitive
asymmetry in each model we study. This will never be Apf which, although has very large
values, tures out to show very small deviations in the whole range of cosa. In any case, for
cosa < —0.5 the difference between the Standard Model and the two Z model predictions,
§A = |A(Zy, Z2) — A{Z):, is very small for all the asymmetries (64 < 0.03), thus making the
search for for Z; in these madels very difficutt. We can also observe in Fig. 1 that for almost all
the asymmetries, except for A}, there are two values of cos o for which 64 = 0. Almost all of
them depend on the kinematical point we have chosen to plot these curves. The two exceptions
are cosa = 3v6/8in A7} and cosa = —+/6/4 in Az} These mixed asymmetries turn out to
be proportional to the ieft and right handed couplings of the electron to Z;, respectively, and
those values of a are such that L,,{cosa = 34/6/8) = 0 and R, (cosa = —/6/4) = 0. These
zeroes, however, will move when changing the value of § because of the contribution from
L, and R, that enters into L., and R,, through the mixing mechanism (see eq. (19)). Some
bounds on ™z, have already been obtained from the available experimental data [12,13,14].
Imposing that the agreement between the experimentally measured WVoal® + [V o+ [V =
0.9984 £ 0.0021 and the unitarity value of 1 is not spoiled by the contribution of Z; trhough

3In all our numerical calculations we use the quark distribution functions of Duke and Owens (set I} [19].
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the box diagrams of Fig. 2, Marciano and Sirlin |12; have shown that mz, < 200 GeV is
already excluded in the range —0.7 - cosn 8.4 The strongest bound, mz, < 2756 GeV, is
obtained for cosa = - 0,26, while in the range cosa = 0.67 and cosa < —0.91 no interesting
bound {lower than 100GeV) is found with this meihod.

Among al! the models shown in Fig. 1 there are three theoretically preferred possibilities
for Z'. Model A is defined by cos a = V’ET/S and appears in the no-scale supergravity scenario
1151, where Ej is broken at the compactification scale down to SU(3)c x SU{2) x U1}y x
U{1)y+ which remains unbroken until the Fermi scale. In models B and C one starts with two
extra [7{1) and one of them is broken via large vacuum expectation values of the SU(3)c x
SU{2) x U(l)y singlets n and N] respectively. Model B is then characterized by cosa =0
and model C by casa = —4/15/16. These two last models have the attractive feature that
can accomodate light neutrinos in a naiural way [16,17]. We choose these models for a more
detailed analysis of the dependence of the effects due to the Z; on the mass mgz, and mixing
angle §. We show in Fig. 3 the contours for 64 = 0.04 in the plane (§,mg,) for the three
models and for the most sensitive of the polarization {solid line), charge (dash-dotted line)
and mixed {dashed line} asyrnmetries in each case [18]. Preliminary analises show that this
precission can be achieved with a careful study of the Q* dependence (see [11] for a similar
study of the sensitivity of the asymmetries on sin’fy ). The kinematical point used here is the
same as in Fig. 1, namely =z = 0.3 and Q7 = 20000 GeV?. The present experimental bounds
from an snalysis of all the available neatral current data, including »-hadron, ve, eV, puN,
¢*e~ and direct production in the $ppS collider [13] for models A and B are also included
(thick line} and have heen extrapolated to larger values of mz, following their asymptotic
behaviour of 1/myg, {dotted line). If no effect with 64 > 0.04 is observed, the mass mz, and
mixing angle § are restricted to the interior of the curves {region of large mass and small

mixing angle).

Two regions can be distiguished in these plots. The region of lower mz, and smali mixing
angle, and the region of large mz,. In the latter region oue is probing the dependence of
the asymmetries on sin’fy, while the contribution of the terms including the exchange of
Z, is very small. For this reason, the contours are very similar in all models in this region
and the most sensitive asymmetry is Azg (see ref. [20]), while the mixed asymmetry Art
essentially provides no bounds. More interesting for us is the first region where the effects of
the Z, propagator manifest. The contours are now much more model dependent and open the
possibility of discriminating among different models if an effect is observed. As was expected
from Fig. 1 the effects induced by model C are rather small and it will be very difficult to
probe masses larger than ~ 150 GeV. Model B is slightly more sensitive and masses up to
~. 200 Gel" could be observed. Fimally, in model A the mixed asymmetry Agf allows to
probe masses up to ~ 300 — 350 GeV well above the present bounds {13].

To finish this section I will briefly summarize the expected effects of Z; in other future
colliders. In e*e~ collisions at the Z; peak direct effects produced by the Z; propagator will
be hidden in the huge background. A precise measurement of Z, properties will, however,
allow to get strong constrains in the vaiue of §. For example, comparing the values of the
Weinberg angle obtained from measurements of the W and Z; masses,

2
in’f :IAM_ 3
sin’fw g’ (23)



and from the couplinbg constants,

gv’

Y
sin‘fly = g——3+gy3’

(24)

we can deduce a model independent bound for the mixing angle. The Standard Model predicts
A = sin® 8y —sin® = 0, but in the two Z model the mixing mechanism induces & non-zero

value for A. In this way a bound A < 0.002 implies |#] < 1° for mz, = 100 GeV. In model

A a better bound |f] < 0.5° can be obtained using the polarization asymmetry defined by

Apop = ———, (25)

where o and ¢, are the total cross-sections for right and left handed incident electrons (the
positron beam is kept unpolarized) {21]. The required luminosity to achieve this precission
is L = 100 pb~!. To study the case # = 0 in an interesting mass range one has to go to
energies higher than those of LEP 1 or SLC {21,22]. If mz, < 190 GeV very clear peaks
in the cross-sections can be observed. The shape of the peak depends on the masses of
the exotic fermions appearing in the fundamental representation of Eg. In the case that
direct production is not kinematically allowed, effects of Z; can still be observed in the
asymmetries. The most sensitive asymmetry for models A and C is Apgy defined in eq. (25},
while the forward-backward asymmetry is the most suitable one to study model B {22]. As
an example we show in Fig. 4 the polarization asymmetry, calculated using the expressions
in Ref.[22], for the three models with mz, = 250 GeV and 6 = 0 and compare them to the
Standard Model prediction. We have taken 'z, = 27mg, /1008 which is common to all the
models and corresponds to the case where all the decays into pairs of exotic fermions and
all the supersymmetric partners are kinematically allowed (see Table 2). The conclusions do
not change if we take the other extreme assumption, namely that Z, can only decay into
known fermions. In this case, though, I'z, depends on the model. As can be observed there
are appreciable differences with the Standard Model predictions at as a low an energy as
166 GeV (in model A, for instance, §Apor/ApoL ~ 20%).

The most efficient way of observing a new Z in proton-(anti)proton collisions 1s through
its decay into electron or muon pairs. This has been, indeed, the way in which the Z has
been discovered at CERN collider [23]. One has to reconstruct the Z; resonance produced
via ¢ annihilation from the observed lepion pair. The cross-section and, consequently, the
detection limits depend on the branching ratioc BR{Z; — ete™,ptp™) and the total width
T'z,. We are going to consider here the two extreme cases: i) Z; is kinematically allowed to
decay only into the known fermions (including the top gquark as ’known’) and ii) There is
no kinematical suppresion for Z; to decay into exotic fermions and all the supersymmetric
partners. In Table 2 we list the total width I'z, and branching ratioc BR(Z; — ete™) for
the three models we are considering and cases i) and ii) {24]. Here and up to the end of this
section we take 6§ = 0.

With these quantities fixed one can calculate the cross-section o(pF — ete"X) as a
fuction of myz, and estimate the detection limits in the three models we are considering.
These are shown in Table 3 for the four present and future hadron colliders [24}: SppS
{(including ACOL) with a total center of mass energy /5 = 630 GeV and 2 luminosity

]

Fable 2. Z; total width and branching ratio into e*e” for cases i (and ii) [24]

model | I'z, (in units mz, /1000) BR(Z; — ete™)
A 45(27) 3.6(0.6)
B 8.2(27) 55(1.8)
C 4.5(27) 5.4(0.9)

Table 3. Detection lmits in hadron colliders. The masses are in GeV([24]

model SppS Tevatron LHC 58C
A [ 110(160) [13] | 170(280) [26] | 2200(3100) | 3400{5200) [27]
B 130(170) 230(310) | 2700(3300) 4500(5700)
C 100{160) 160(270} | 2200{3100) 3500(5200)

L = 10% ¢m~%s7", pp collisions at Tevatron with /s = 2 TeV and L = 10%¥cm~%57! and
pp collisions at /5 = 17 TeV (LHC) and 40 TeV (S5C) both with I = 10¥em %571, We
have requiered for the detection limit a total of 10 events per year of 107 seconds. Such high

values for the masses, however, do not allow to investigate what are the couplings of Z; to
the fermions and distinguish between different models. For that purpose one has to study
the forward-backguard asymmetry [24,27,28] and more than 10 events are clearly requiered,

2.2 Left-Right Symmetric Models.

The original motivation to consider Left-Right symmetric models is the attempt to under-
stand the origin of parity violation and introduce it through espontaneous symmeiry breaking
process as a non-invariance of the vacuum. A by product advantage is that they also allow
to understand the smallnes of the cp symmetry breaking {8]. The simplest of the Left-Right
models is based in the group SU(3); x SU(3)r x U(1)p_r and, due to the existence of a
discrete parity symmetry, g1 = gr before the symmetry breaking. The fermion quantum

numbers are
Ir =1(1/2,0,-1) ln=1(0,1/2,-1)
Qr =1(1/2,0,1/3) Qp=(0,1/2,1/3),
where the [7{1) generator corresponds to the difference between the baryon (B) and lepton
(L) quantum numbers. The electric charge is then given by Q = Tsr + Tan + (B — L)/2.
Notice that a right-handed neutrino naturally appears in these theories allowing for a natural
explanation of the smallness of the neutrino mass [29].

(26)

The neutral current eurrent lagrangian
1
L =g Wit Jsr, + grWinJsr, + igcc“-fs_.zru (27}

describes the interaction of the gauge bosons W3, Wig and € associated with the neutral
generators Typ, Tsgp and B — L, tespectively, with the fermions. In eq. (27) we have kept
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gr + g because the discrete syunnetry that keeps both coupling constats equal to each
other might be broken at a higher scale than the gauge group. This question depends on the
chuice of the higas structure one makes and Lere. as we did in the previous section, our ouly
assmption on the higgs sector is that the Liggses appear ouly in doublets and/or singlets of
SUE2); in suck a way that the relation p = 1 still holds. The neutral gauge bosons W, Wag
and € can be rotated to a basis containing the photon, 4, the normal Z aud the new gauge
Loson Z' threugh the transformation

Wap =) a4+ (1— e V22
Wip = :r."lq”A Az —xp)VEE (1 - 2p — 2RYHL - xR (28)
C= 1wy —2p) A4~ (1-a2p —xa) /(1 —2,) 22 - 2?1 — 2,22,

where w;, = €?/g2 can be identified with sin®f, zr = €*/g}, 1s the equivalent quantity in the

right-handed sector and the electric charge is given by 7% = g2 +gr° +¢7°- In this way we
can rewrite the lagrangian {27} in the form

€ €

L=eJt A, + —— I 2, +
T — e T 2w PO - ap - w2

"z, (29}

which has the same structure as eq. (1). The currents J%, and Jg are given by eq. (2} and
{3) respectively and
J¥ = zpdip + (1 — 2. )5, — =adl, (30)

with

Jf = Z; ?’T"‘Tsf,;fs (31)
JE = Zj 7T“Tanff:

From this peint on the analysis of the effects induced by the new gauge boson foliows the
steps of the previous section. The free parameters we have now are

1. mg,, the lowest mass eigenstate that we fix to be 93.3 GeV,

2. mgz,, the highest mass eigenstate,

3. 6, the mass mixing angle and

4. zg, that is equivalent to the right-handed coupling constant.
Notice that =z has been already excluded from the list of free parameters since we have fixed
p = 1, which allows us to calculate 2y, in terms of my,, mz, and # (see section 2.1).

In our numerical analysis of the effects of the new, neutral gauge boson we take as an
example Tz = 2. Indeed, we have already studied one case with z; # zp. Model B in the
previous sectioncan be cbtained as the result of the breaking of $U(2)g into a right-handed
U(1) ai & scale higher than the Fermi scale. The only difference is an overall sign in our
previous definition of the charges in modelB. This, however, has no physical significance and
only manifests as a change in the definition of the mixing angle § (§ — —#}. The value of
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2 corresponding to this case is given by rg = 311 - z1)/3. In Fig. 5 we show the contour
plots for §4 = 0.04 in the case ry = z for the most sensitive of the polarization (solid line),
charge (dash-dotted line) and mixed {dashed line) asymmetries. The present experimental
bounds taken from Ref. [13] arc also shown {thick line) with the extrapolation to larger
valuet of my, following the behaviour 1/mz, {dotted line). The kinematiocal point chosen
for this plot is, again, z = 0.3 and Q* = 2 x 10" Geo® in such a way that these curves can be
directely compared to the ones in Fig. 3. The Z; masses for § = 0 that can be reached in
this case are much higher {ingz, ~ 600 GeV') than the ones obtained in Sect. 2.1. This shows
the sensitivity of the bounds at zero mixing angle to the charges to which Z' couples and, in
particular when comparing to model B, to the coupling constant.

3. Contact Terms.

During the last years it has been speculated wether the quarks and leptons are elementary
or have themselves a substructure. Although there is no fully consistent composite model, it
is interesting to experimentally look for signals of the compositness. One has then to look
for rather general effects that should be shared by all the realistic models one could think of.
These effects can be clasified in two groups. First of all, one expects to have new particles,
like excited states of quarks and leptons or even exotic states (leptoguarks, leptogluons,....).
The search for these new particles is dicussed by Bfickmuller in his lectures [4]. Second,
The interactions between the fermions should show some departure from the Standard Model
predictions when going to an energy high enough to probe the substructure. We are going to
concentrate in this second case.

The radius of the quarks and leptons is characterized by the emergy scale A through
R = O{1/A). Of course, this is not a very precisc definition because A depends on the
process used to probe it. In deep inelastic scattering the principal sensitivity is to A At
momentum transfer of the order of A the interaction is dominated by hard processes among the
constituents, while at low @? the Standard Model is a good approximation for the effective
interaction. At intermediate energies some residual interactions shonld manifest. These
residual interactions are pormally described by higher dimension operators scaled by powers
of 1/A [30]. Of course, we only have to consider the lowest dimension operator involving four
fermions because the other terms will be suppresed by powers of /s/A.

The effective lagrangian that we are going to comsider [30,31],
2
g = -
Lgrr = Lsy + CF Xb:f Ci,,(e,,qr“e.,)(q,«;)‘uqi.): (32)

contains the Standard Model lagrangian, Lgar, cotrected by an electron-quark four fermion
contact term that conserves helicity {the helicity violating terms are expected to be suppresed
by powers of m./A). In eg. (32) the sum extends over the left and right components, « and b,
of the fermionic fields and over all the quark flavors f. € can take the values +1 and indicates
wether the new contribution adds or subtracts from the Standard Model lagrangisn. Finally,
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the coupling constant g is supposed to be large. We take g*/4m = 1, which is, indeed, a
definition of A. The constants C’i& determine what is the helicity structure of the contact
interaction for each quark flavor. To get an idea of what is the role played by the different
structures we will study the following cases separately:

1. LL-Cpp=1and Crp = Crp = CRr = 0,
2. LR-Cra=1and Crp = Cqr = Crr =0,
3. RL-Crr=1and Cpr = Crp = Crr =0,
4. RR-Crr=1and Crp =Crr=Crr = 0,
5. VV-Crp=Crr=Cri=Crr=1,

6. AA-Cr; =Cra=Crt =Crr = —1,

where the first letter refers to the eleciron and the second to the guark helicity structure that
enter in the contact interaction. In our numerical examples we take the favorable case € = 1.
The analysis for ¢ = —1 is similar to the one shown here (although slightly more involved due
to destructive interference effects) and leads to detection limits for A which are normally 1
or 2 TeV below the ones obtained for ¢ = +1 [32].

The cross-sections for scattering of polarized electrons on protons can be easilly obtained
from eqs. (16), (17) and {18) introducing P; = a@*/A* and the appropriate charges for each

model. In Fig. 6 we plot ;
o
dzdy

. _dxey
F(x,Qz) = 21ra2£1+(1¥y)2)
szly
as a function of Q% with # = 0.3 for the six models we are considering with ¢ = +1
andA = 3 TeV and for the four possible electron polarizations. Significant deviations from
the Standard Model predictions (dotted line) begin to appear at Q* ~ 5000 GeV* for all the
models, except for the RL and RR models in e and e}, cross-sections and for the LL and LR,
models in ej and e} cross-sections because these cases are not sensitive to the contact term.
The use of palarized beams allows to determine the helicity structure of the new interaction.
We can see in Fig. 6 that a VV contact term gives large effects in the four cross-sections, while
the AA case induces appreciable deviations from the Standard Model in all the cross-sections
except in efy. The LL model can be distinguished from the LR because the former only
gives large effects for the ep cross-section and the second for the e} one. Finally, something
similar happens for the RL and RR models, where the deviations from the Standard Model
predictions appear in the e} and ey respectively.

(33)

Similar comments to the ones in the preceding paragraph apply to the asymmetries, which
also allow for the differentiation among the models. We show in Fig. 7a the values of the
A;g asymmetry for the LL and RR models as a fuction of @? and for different values of A.
This is the most sensitive asymmetry for these models, so we can read from the figure what is
the maximum value of the compositeness scale that can be reached. As can be expected the
differences with the Standard Model prediction (dotted line} are very large for A = 1 TeV
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and decrease when increasing the value of A. In Fig. 7b, where we have plotted the predic-
tions of the A4 and LR models for their most sensitive asymmetry, Az} the same behavior
appears except in the AA model for A = 1 TeV for which an accidental cancelation occurs
at high @? in such a way ihat the differences with the Standard Model are better tested at
@* ~ 1x 10* GeV?. For higher values of A, however the cancelation disappears and the
signal is again clearer at values of Q* > 2 x 10* GeV?, Finally, in Figs. 7c and ¢ we show the
predictions of the VV and LR models for their most sensitive asymmetries: A7y and Az},
respectively. Requiring for the asymmetry measurement the same precission as we did in

_ section 2, we see that one can probe values of A up to 5 to 11 TeV, depending on the model.

The same values of the compositeness scale can be reached measuring the cross-sections with
a precission of ~ 12%. It depends then on the sistematic errors, that one expects to be larger
in cross-section measurements than in asymmeiry measurements, wether the best quantities
to look for contact term effecis are the asymmetries or the cross-sections themselves.

3. Summary.

We have studied the modifications to the neutral current cross sections and asymmetries

-produced by the presence of a new, heavy Z; and a possible eg contact term at HERA, For

definiteness, we have concentrated on four particular models in the first case. Three of them
are based in an Fg GUT and the forth is a left-right symmetric model. In all the cases
the effects on the cross-sections are small, even for a rather light Z; and at the highest Q?
values of attainable at HERA. If polarized beams are available, however, the study of the
charge, polarization and mixed asymmetries allows to probe higher values of mz,. Assuming
a precission in the asymmetry measurements of §4 = (.04 (0.08) and choosing in each case
the most sensitive asymmetry, one will be able to detect the effects of a second Z up io the
following masses (taking the case # = 0)

s Model A 300 (200) GeV
e Model B 250 (150) GeV
o Model C 150 GeV (no interesting bound)
e LR model 650 {400) GeV.
Moreover, if & Z' exists in this mass range, the comparison of its effects on the different

asymmetries will allow to determine some of its couplings and to separate it from from other
possible sources of modifications to the Standard Model asymmetries.

If leptons and quarks are composite objects, on the other hand, one expects that their
interactions should differ from the Standard Model predictions at high enough energies. These
modifications are normally parametrized in terms of four-fermion contact interactions. We
have also studied six different contact terms of the current-current type. In this case both,
cross-sections and asyminetries, show clear deviations from the Standard model predictions
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for values of A not already excluded by present experinental bounds. Cross-sections, however,
are expected 1o have larger systematic errors than asymmetries. Requiring the same precission
for asymmetry measurements as we did before the maximum values of A that can be probed
are

A5 10 (4—7) TeV, (34)
depending on the model. The higher values of A correspond to the RL model, using the Af
asymmetry, while the lower values of A are for the LL model using Ay Again, the use of
polarized eleciron beains ailow to study the chiral structure of the contact term at the same
time that improves the maximum value of A that can be reached.

I want to thank R. Riickl for many useful discussions on the subjects covered in this
lectures.

15

Figure Captions

1. Asymmnctries for mz, = 200 GeV and 4§ = © as a function of cosa. The dotted line
represents the Standard Model value.

2. Diagrains contributing to the corrections to Vg [12).

3. (a) Contours in the plane (myz,,d) for which 44 = 0.04 in model A for Azp (solid
line), Aph (dash-dotted line) and AR} (dashed liue). The thick line is the present
experimental bound from ref. {13] and the dotted ine is the extrapolation following
the rule # ~ 1/myg,.

(b} The same as Fig. 3a for model B and Ay} (solid Line), Azk (dash-dotted line) and
A7 (dashed line).
{¢) The same as Fig. 3a for model C.

4. Polarization asymmetry in ete” — utp” as a function of the center of mass energy
for models A (dashed line}, B (dash dotted line) and C (dotted line). We have taken
mg, = 250 GeV and I'z, = 2Tmz, /1000 with the corresponding branching ratios (see
Table 2) assuming # = 0. The solid line is the standard model prediction.

5. The same as in Fig. 3b for the Left-Right Symmetric Model assuming 1 = za.

6. Structure functions F (eq.(33)) for €f (a), ey (b}, €f (c) and ef (d) beams. The
predictions of the RL and RR modet for ¢, and €}, beams are the same as the Standard
Model prediction (solid line). The same happens for the LR and LL models with ey
and ef beams.

7. (a) Most sensitive asymmetry for the LL (long-dashed line) and the RR (long-dash
dotted line) models as a function of Q? for various values of A at z = 0.3. The
Standard Model asymmetry is given by the solid Iine.

(b) The same as Fig. 7a for the AA {dotted line) and LR {dashed line} models.
{¢) The same as Fig, 7a for the VV model (dash-dotted line}.
{d) The same as Fig. 7a for the RL model {dash double-dotted line).
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