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In order to explain possible departures from the standard n{&#é) predictions forbb andcc production
at theZ peak, we propose the existence & avector boson with enhanced couplings to quarks. We first show
that this proposal is perfectly consistent with the full set of LEP 1 and SLC results. In partiétdarmixing
effects naturally explain the fact thBt andI". deviate from the SM in opposite directions. We then show that
there is a predicted range for enhan@djq couplings which explains, for a precise and interesting range of
Z' masses, the excess of dijet events seen at CDF. with such couplings and mass would produce clean
observable effects ibb and in total hadronic production at LEP [550556-282(196)00813-2

PACS numbsrs): 12.60.Cn, 13.38.Dg, 14.70.Pw

I. INTRODUCTION free. Working in this spirit, we will then derive in Sec. Il
experimental informations on th&Z’ mixing angled, and
The precision measurements in the leptonic sector at then thez'ff couplings showing that, indeed, the anomalies in
CERN e+67 collider LEP 1 and the SLAC Linear Collider bb and Cc_productions can be described by such a hadro-
(SLC) agree with the standard mod&M) predictions at the  phjlic z’. In particular, from the absence of anomaly in the
level of a few permillg 1], which leads to drastic constraints tgta| hadronic width},.q at theZ peak we shall explain in a
on any type of new physio$NP) manifestation. As of today, natyral way the fact that the SM departuresIip and in
the situation in the quark sector is slig_htly different. ThroughrC have opposite signs.
measurements of the—bb and Z—cc widths and asym- The next relevant question to be answered is that of
metries, LEP and SLC have given indications for possibleyhether the values of the’ couplings that we determined in
departures from the SM predictions forandc couplings at  this way do not contradict any already available experimen-
the level of a few percent. In thkb case such anomalies tal constraint. In particular, we shall focus in Sec. Il on the
could be interpreted as a signal for NP in the heavy quarkignificant excess of dijet events for large maséstsove
sector, driven, for example, by the large value of the topso0 Ge\j at the Collider Detector at Fermilal€DF) [12].
quark mass, whose effects already appear at standard leVgle shall show that this phenomenon could be naturally ex-
[2]. Several models of this type have been propdsedma-  ained in terms of a hadrophilie’, whose mass lies in the
lous top quark propertiel3,4], extended technicoloiETC) e petween 800 GeV and 1 TeV and whose couplings are
models[_5], anomalqus gauge poson couplirig, SUPET= restricted by the request that tEé behaves like a not too
symmetric contributions, new Higgs bosons,. gaugines, .. \yiqe resonance, identifiable in different processes.
[7,8]. A common feature of all these explanations is that they o . : S
— ur second step will then consist of examining in Sec. IV

fail to explain the possible existence of anomalies, which . : .
cannot be enhanced by the large top quark mass. So, it see consequences of this solution for other processes, in par-
. S0, : . , o

more difficult to describe the presence of anomalies in botfiicular possiblez” effects ine”e” —ff at LEP 2. .

bb and ¢c channels, without drastically modifying the fer- Here, the natural _flnal channels to be considered in our
mionic sector, for example, through the mixing of quark c@S€ are the hadronic Oones, where Zieeffect would d?'
multiplets with higher fermion representations as proposed if?énd on the product o’ couplings to leptons time&

[9]. couplings to quarks. In this paper, we shall consider the pes-

In this paper we would like to propose a simple explana-Simistic case where the leptoni couplings are not suffi-
tion based on the existence ohadrophilic Z' vector boson, ciently strong to give rise to V|S|ble.effects in the leptonic
i.e., one which would couple universally to quarks morechannel. Starting from thIS' conservative assumption, we shall
strongly than to leptons. We shall not propose here a specifighoW that it would be still possible to observe effects in
model, although the concept & differently coupled to hadron_|c channels. We will proceed in two steps. F|rst,_|n a
quarks and to leptons has already been considered in the pd8pdel-independent way, we shall establish the domain of
[10]. We shall be limited to extracting from LEP 1 or SLC Z'bb couplings that would lead to visible deviations in the
experiments several suggestions about the requitegrop-  bb cross sectiomr,, and in the forward-backward asymmetry
erties. To achieve this, we shall first rely on a modeI-AEB. We shall show that this domain largely overlaps the
independent framework for the analysis®#Z’ mixing ef-  ones suggested by our analysis of LEP 1 or SLC and CDF
fects. This is available from a previous wadrkl] in which  results. We shall then examine the total hadronic cross sec-
the Z' couplings to each fermion-antifermion pair were left tion o,,qat LEP 2 and we shall find again that the domain of
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Z'bb andZ’cc couplings leading to visible effects contains v;=0.1516, we will consider as “natural’(i.e., nonen-

the values selected by LEP 1 or SLC and CDF. hancedl magnitudesén =1, &y=1, &éxr=1 for f#1, but
We can, therefore, conclude that, if a hadrophflicis at ~ &y=6.

the origin of the present observed anomalies, a quantitative The total fermionicZ’ width is given by

study of these three hadronic observables at LEP 2 would

allow to confirm this relatively simple explanation. In this M 2\ 1/2 2
ferm_ a Z’ f 2 2
case, it would become relevant and meaningful to constructa T fl 1= —| | &i99¢ 1+ —o
full and satisfactory theoretical model. 131(71 f Mz, Mz,
am?
II. ANALYSIS OF LEP 1 AND SLC RESULTS IN TERMS +§ifgf\f( 1— —Zf , (7
OF Z-Z' MIXING Mz,

We considerZ-Z' mixing effects at theZ peak in a )
model-independent way following the procedure given inNt P€ing tf)e lepton € 1) or quark (=3) color factor.
Ref.[11]. As is well known, the two relevant effects consist 1 N€Z-Z' mixing effects onZ peak observablesZ(partial
in a modification of theZ couplings to fermions, propor- widths and asymmetrigsdue to&Z and to the modifications
tional to a mixing angle= 6y,, and in aZ mass shift which of the Z couplings (of the form 6wy A) are analyzed in

induces a contribution to thé, parameter: Appendix A. Using the most recent LEP and SLC dgth
5 we obtain information orZ’ couplings. They are summa-
52— g2 M7, rized below in the form of allowed bands, at two standard
) = Ou M2 (D) deviations, assuming tha#,,| saturates the bound, E(B),

(so in a sense these are minimal banalish the two possible

The quanutyéZ is aposmve quantitythat can be extracted SI9NS7y=*1.
Z'll couplings

from the ratioc2=M3/M3 and its comparison to the quan-
tities measured at the peak and defined in the conventional
way [13]. My
From the latest available daf4] and under the assump- M fVI:(_2'25i6'25)( 1TeV) (LEP),

tion that no other significant contribution ), (e.g., from
one extraW’) exists, we obtain, at two standard deviations,

M,
0= 62'<+0.005. () ”Mf"'z(ﬂj&aza( 1TeV)(SLC) ®
In this way we derive an upper value for the mixing angle: M,
7méar=(—0.2+0. 5)( 1TeV) 9

M
|6, | < +/0.00 M—ZZ 3)

. i . Z’b?couplings
Note that for our nextcoming qualitative analysis, values of

63 not unreasonably larger than the limit of E§) would

not modify our conclusions. We shall come back on this 7wévp=(—3.45+20 73( Mz )(LEP),
point later. We then normalize th& ff couplings, 1TeV
e(0)
“ra! —a! A0 Mzr
' 2501 a7} @ M éve=(—24.245 25.98( 1Tev)<su:), (10

in the same way as tHeff ones:

MZI
e(0) nMgAb:(+4.58i9.84)< )(LEP),
i 7 1Ovi— A’ (5) 1Tev
1%1
. M,
with gyi=—v1/2; ga=—3; Gvi= ZSle, gar=17; Pméap=(+14.54+ 12.47)( z )(SLC), (11)
vi=1-4s?; s’=1-c?=0.2121 from sici=mra(0)/ 1Tev
V2G ,M2Z. o
This allows us to define the ratios Z'cc couplings
v OAr M
= = — zZ'
§vi= f, Eat Oar’ 6) Mwméve=(—6.94% 26-60( 1TeV)(LEP)'
which will significantly measure the magnitude of tReff — ( Mz
couplings. Keeping in mind the fact thg{, is depressed by Maéve=(~20.38240.62 1TeV (SLO), (12
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7.88+8.46| 2| (LEP Mo _osie 18
Mwéac=(—7. 48| T7ov| (LEP) T, = 5T, (18)
M, Thus, in a natural way, the relative shiftslig and inT"; are

Mméac=(—6.01=9.70

1TeV) (SLC). (13 predicted to be of opposite signs, with a ratio consistent with

the experimental data and errors, which is a peculiar feature
of the model, valid for all the values of its quark couplings
that obey the universality request.

Finally, note that the values of these suggestédcou-
lings grow linearly with the masM,,. This is a natural
onsequence of assuming a giv&Z' mixing effect on the

Z peak observables. Whevl,, grows, 6,, decreases. Con-
sequently, for a giverZ-Z’' mixing effect the required’
couplings increase.

Because of the various uncertainties, both theorefitsd
assumption abou®y,|) and experimentaldisagreements for
various measurements and large errors in the quark)cases
take these results just as indicative and we call the resultin
values suggested’ couplings. Several important remarks
are nevertheless in order.

First, as expected, lepton couplings are strongly con

strained: and lie within the “natural” range men- X .
tioned abgc;/\lle. Ea g Our model-independent analysis of the LEP 1 or SLC

Second, on the contrary, there is room for very large valconstraints on th&@’ parameters is thus finished. In the next

ues for quark couplings. In one case, from SLC data, a def€ection, we shall investigate whether the large “suggested”
; . .

nite nonzero value fokyy, is suggested. Obviously, the ex- Z'qq couplings are not ruled out by the data available from

treme quoted values are to be taken as purely indicativén€ hadronic colliders.

A priori we would not trust values larger, for example, than

the QCD strength ¢<=0.12), which implies| &, <7 and ll. ANALYSIS OF CDF DIJET EVENTS IN TERMS

|évi|<Tlhs, ie.,|&yp <10 and| &y <16. We will conven- OF A 2’ RESONANCE

tionally define as “reasonable” the values of the couplings

lying within this range. Further, restrictions canpriori be

set by considering their effects on the total fermioiit

width, Eq. (7). This will be discussed in the next section.
There is one more important information to be extracte

from Z-Z' mixing effects at theZ peak. From the very pre-

cise measurement @fy,,4 leading to

The CDF Collaboration has reported the observation of an
excess of events with two-jet mass above 500 GeV, com-
pared to the QCD prediction. The jets have been required to
dsatisfy|77|<2 (7 being the pseudorapidityand the events

are required to havieos#*|<3, #* being the parton scatter-
ing angle in the partonic center-of-mass frame. This kine-
matical restriction favors the appearance of NP since the
QCD cross section is peaked aroyeds#*|=1. The two-jet
=+0.003+0.0017 (14) production in hadronic collisions has been computed at next-
Ihag to-leading order in QCI)14]. The aim of this section is that
of investigating whether the observed dijet excess may, or
may not, be explained in terms of a hadrophifi€, thata
priori represents in our opinion a reasonably natural possi-
Mul4vcévet 126act+ 1208 yp+ 18Epp] bility. In order to pursue this program we have to calculate
the effect of the addition to the dominant QCD component of
(15  the weak contribution. In the SM this comes fraMZ and
photon exchanges. In our analysis we will add the extra con-
tribution due to th&Z’ with couplings taken within the range
uggested by the LEP or SLC analysis. The practical calcu-
tion is rather lengthy and will be summarized in Appendix

or had

and Eq.(A7), one obtains

MZI
1TeV)’

—(10.6+ 15.4)(

where v;=1—4|Qq|s?. In practice, up to a small uncer-
tainty, this relation reduces the four-parameter quark case
a three-parameter one. This result, valid for the most gener
type ofZ', will introduce a quite useful simplification in our
nextcoming calculations.

From Eq.(14) we can derive a strong correlation between
o'y, and 8T that is peculiar to ouZ’ hypothesis. Our uni-

versality assumptionss? T'y=8%T, and 6% T4=6%T,

The weak contribution being evaluated at leading order,
we shall perform the calculation of the strong part at the
same level. It has been shown [ih4] that the difference
between the ordes? calculation and the Born calculation is
small provided that we fix the arbitrary factorizatibh and

= 5T}, allow us to rewrite Eq(14) as renormalizationu scales to
or or r or r 0.5M
hadzz(_c)(_cd)+3(_b)<_bd) (16) |\/|=IU“=—JJ , (19
I had e J\Tha Iy [\ Tha 2cosli0.77,)
leading to the conclusion whereM ;; is the dijet mass ang, = | 7,— 7,|/2, »; being

the pseudorapidity of jat. In the following we will use the
2\ [Re)[ol¢ 1 \[6lhag prescription given in Eq(19). The deviation from the QCD
3 I, + 3_Rb : 17) prediction appears as a resonance bump in the-2000
GeV M;; mass range, suggesting, therefore, an indicative
Numerically, the second term on the right-hand side is negZ’ mass range around 76000 GeV. Since the bump is
ligible in first approximation, which finally gives wide, the hadrophiliZ’ cannot be narrow.

STy
T,

Ry,

r had
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FIG. 1. Fractional difference between dijet CDF dfta] and FIG. 2. Fractional difference between dijet CDF dft&] and
QCD, compared to a hadrophilie’ of massMz =800 GeV for  ocD, compared to a hadrophil@’ of massM =900 GeV for
Evo=4 Eab=3, fve=4, ANdEac=3. Evb=4, Epp=3, &vc=4, andéa.=3.

The results of our investigation are shown in Figs. 1 and I . o .
2. As one can see, the observed dijet excess can be satisfééf—cmr bosons contr|but|qns are qu[te negligible in the high
torily explained forM,, around 800—900 GeV and for rea- et Mass range we are mtereste_d n. .
sonableZ'qq values, i.e.,|£x] and |&y]=3. We have Th|s_ conclu_dgs our confrontation of.hadrqthZd hy-
checked that these values satisfy the correlation constraiffOthesis to existing data. We shall now investigate the future
due tol',,4, EQ.(15), and lead to an acceptable enhancemenpP©SPects from LEP 2.
of the Z’' width, Eq. (7). Note that|£,¢| and|&y¢| cannot be
simultaneously too smalli.e., all =1-2), otherwise the |v. z' EFFECTS IN HADRONIC PRODUCTION AT LEP 2
width would be too narrow. To fix a scale in our analysis we ) ) ) ) o
allow theZ’ width to lie in the rangd , = 150—200 GeV. In this section, we sh_aII examine possible V|_S|ble conse-
Larger values of th&’ qq couplings would lead to an unrea- duences of our assymptlon that a hadrqpfiilioemsts, with
sonably wide resonance and the observed peak would b&uggested” couplings and mass derived by an overall
much less pronounced. analysls of LEP or _SLC and CDF data. As r_ather natural

The excess of dijet events could also be explained by gxperimental quantities to b_e considered for this purpose, we
hadrophilicZ’ of massM,, =700 GeV or even 1 TeV pro- shall concentrate our attention on the three hadronic observ-
vided that its quark couplings are all suitably larger, i.e., foraPles that will be measured in a very near future at LEP 2,
|éas] and|&y;| values between 3 and 5. For what concerng €., thebb cross sectionr,(g), the bb forward-backward
possible effects at LEP 2 these situations would lead to mor@Symmetry Acg 1(g°), and the total hadronic production
dramatic consequences. For this reason, we shall rather cofross sectionr,(q?), where/g? is the total center-of-mass
centrate our analysis on the configuration of Figs. 1 and 2gnergy that will vary in the rangehosen for theoretical and
which corresponds from this point of view to a more conser-experimental reasor{46]) 140 Ge\s Jg?<190 GeV. The
vative attitude. calculated shifts on these three quantities due @' awill

A few technical comments about our calculation are nowdepend on products dt’ quark couplings withZ’ lepton
appropriate. We have used the Kwiecinski-Martin-Roberts-couplings. For the latter ones, we have seen from our previ-
Stirling (KMRS) set B of parton distributiongl5]. The un-  ous investigation that no special “suggestion” exists that
certainty due to our imperfect knowledge of the structuremotivates some anomalously large values. In fact, a more
functions is small since we calculate a ratio. The dominantletailed investigation of the constraints on #ielepton cou-
weak contribution is due to th&’ pole. We are, therefore, plings derived from LEP or SLC would lead to the conclu-
not sensitive to the sign &' qq couplings and the SM weak sion thatZ’ signals in the leptonic channel at LEP 2 are not
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forbidden, but are also not specially encouraged. In particu —
lar, in the extreme configuration of a saturation of the bounc
on |6y|, the lepton couplings would lie in a domain which st
corresponds roughly to the domain of nonobservability for
the various leptonic observables at LEP 2, which has bee
derived very recently in another detailed pafE#]. Follow-

ing a conservative attitude, we shall assume therefore that tt
leptonicZ’ couplings lie in the previous domain of nonob-

servability at LEP 2. With this input, we shall look for pos-

sible effects in the LEP 2 hadronic channels, motivated by
the suggested anomalously largé quark couplings. Of of
course, should an effect be produced in the leptonic channe
the corresponding situation in the hadronic one would be
come more favorable than that in the configuration that we
shall consider from now on.

The treatment of th&' shifts on various observables can |
be performed in various ways. We shall follow in this paper
a theoretical approach that has been proposed very recen
[18], in which this effect can be formally considered as a -5}
one-loopZ’ correction of “box” type to the SM quantities
containing conventionay and Z exchanges. These correc- 10 =5 ¢ = 10
tions enter in a not universal way in certain gauge-invariant o _ ) _
combinations of self-energies, vertices, and boxes that have FIG. 3. Domainsirz’bb vector and axial coupling ratios scaled

e 2 2 2 2 by the factor M,./1 TeV). Observability limits fromo, at LEP 2
been calledda(q7), R(q%), V,2(d7), andVz,(q7), whose with two possible accuracies, 5¢entral dark, 10%(central gray.

contributions to the various observables have been cony; 2
- . . pper and lower rectangles correspond to the more restrictive SLC
pletely derived and thoroughly discussed in Sec. Il of Ref'suggested domains, Eq.0) and (11)

[18]. We shall not repeat here the derivations of these con-

tributions, and defer the interested reader to the aforemer{he domain of nonobservability at LEP 2. As has been shown

tioned reference. For our purposes, it will be suff|C|e_nt toj, [17], this corresponds to the limitations on the leptonic
remember that the relevant one-loop corrected expressions pf; <

an observablé; of the procese e —ff (wheref is a
certain quarkwill be of the type

022, [M3,—q?
_ |§V||S(v—) 2_2 (25
0y1(q?) =0{E°™[1+a,A1"(q?) + by R'V(g?) 1 g
+e, VD (g?) +di: VID(g?)T, 20 M2, — g2
1tVyz (0%) +disVz, ' (99)] (20 I£0]=(0.18) Zq2 (26)

where @,b,c,d); are certain numerical constants given in
Ref.[18] for the various relevant cases a@¢®°™ is a cer-  The calculation of the shifts has been performed without tak-
tain suitably defined “effective” Born approximation. For ing into account the potentially dangerous effects of QED
the casé =b, theZ’ contributions to the four one-loop cor- radiation. From our previous experiend?] we know that,
rections turn out to be provided that suitable experimental cuts are imposed, the re-
alistic results will not deviate appreciably from those calcu-
Zgb>(q2):_22|22b, R®)(q?)=2,,z;x2,  (21) lated without QED convolution. This is particularly true if
one is interested in large effects, as in our case. We defer the
reader to Ref[17] for a complete disussion of this point.
From now on, we shall concentrate on the configuration
g°=(175 GeVY since, for the purposes &' searches, it
has been shown il 7] that within the three planned realistic
LEP 2 phases this is the most convenient one. In this case,

Vg?(qz)quZszz, VQB)(q2)=Zz|21bX2, (22)
where we use the reduced couplings

2

_ q we can rewrite for sufficiently larg®lz, (which we are as-
Z16™ € MZZ,—q ’ 23 suming Eqgs.(25) and(26) as
M, Mg,
3vp q° |gV||58.02(—), |5A,|51,o]( ) 27
Zzb=(@)(§vr§\b) \/m, (24 1 TeV 1TeV

In Figs. 3 and 4 we present our results for &b cou-
and x?= (g>—M32)/q?. plings rescaled by the factdd,, /1 TeV. The observability
From these expressions we have computed the relativeegions of Fig. 3 correspond to a relati# effect in
shifts 5a,(q%)/ o, and 5A,:B,b(q2)/A,:B,b dueto aZ’, assum- Soy/oy oOf at least five percenfdark area and ten percent
ing, as previously discussed, that the lepton couplings lie ifgray area In Fig. 4, numerical effects of five and ten per-
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FIG. 4. Domains irZ’ bb vector and axial coupling ratios scaled ~ F!G- 5. Domains irz’cc vector and axial coupling ratios scaled
by the factor (/1 TeV). Observability limits fromAR, at LEP 2 P the factor Mz,/1 TeV). Constraint due to th&’bb-Z'cc cor-
with two possible accuracies, 5éentral dark 10%(central gray. ~ relation, Eq.(15) and the observability of a 5% effect an,, at
Upper and lower rectangles correspond to the more restrictive SLEEP 2, for [évp|<2, [éxp/<1.5 (white domain, for [£ye|<4,
suggested domains, Eq4.0) and (11). |£abl<3 (gray + white domain.

cent on the relative forward-backward asymmetryexpressed in terms of the eight quantities corresponding to
SArg,/Ars, are depicted. Following the analysis presentedEds.(21) and(22) for up quarks €) and down quarksk). A

in Table Il of Ref.[17], theseZ’ effects would be visible in  priori they depend on fouZ’ couplings §vy, £ap, &ve,

the chosen LEP 2 configuration. Note that we have restrictedac- We imposed the strong correlation E@5) implied by

the variation domain of variables in the figures to values thathe absence of effect ifip,q, Which practically reduces the
we called “reasonable” in Sec. Il i.e., that contain, in fact, freedom to a small domain around a three independent quark
the strip |£ap| =|&yp| =3 suggested by our previous CDF parameter case. As above, we kept the leptdnicouplings
analysis. Note that we did not fix thil,, value. To be inside the nonobservability domain at LEP 2, E2j7).
consistent with our preferred CDF choité,, =800— 900 With these inputs we looked for visible effects in
GeV, we should, in fact, rescale the values of the couplingg's(d°). The results are shown in Fig. 5, demanding

shown in Figs. 3 and 4 by éscarcely relevant10-20%  dos(g%)/ o5 larger than 5%. Following the experimental
factor. analysis of Ref[17], this relative shift would represent a
As one can see from an inspection of the two figuresspectacular effect. One sees from this figure that indeed val-
values of the couplings lying in the neighborhood of theues of coupling$éap| =&yl =|éac =|&vcl =3, lying around
“suggested” representative set of couplings the suggested CDF ones, would be able to generate a clean
|€apl=]&vbl=3 would produce in both cases a large effect.and impressive effect both in theb and in the total hadronic
In other words, a hadrophili@’ with such couplings and observables. This would represent, in our opinion, a spec-
mass should not escape indirect experimental detection in thacular confirmation of th&’ origin of the apparent LEP or
final bb channel at LEP 2. SLC and CDF anomalies.
We discuss now the possibl effects on the total had-
ronic cross sectiowr,,4 (hereafter denoted ) at LEP 2. V. CONCLUSIONS
For up quarks we use the reduced couplings

In order to explain possibl@?and cc anomalies ob-

B / q° served in LEP 1 and SLC experiments at thpeak, we used
Z1c= €nc M2,—q2' (28) a model-independent description @-Z’' mixing effects
z starting with arbitrary mixing angle and’ff couplings.
30, 7 With this description, using_ the full set of LE’P lor SLC data
sz(@) (Eve—Eno) ﬁz——q (29) i';lt theZ peak, we have derived “suggested’ couplings to _
7/ eptons and quarks. The presence of anomalous effects in

hadronic channels at th&peak as opposed to very stringent
and the quantities corresponding to E¢&l) and (22) with constraints in leptonic channels would be explained by a
the replacement df by c. The expression afs(q?) is taken  Z’ more strongly coupled to quarks than to leptons, a hadro-
from Ref.[18] and we considered the relative shiitrs /o5 philic Z'. We notice, as a support to our assumption, that the
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absence of effect i}, leads naturally to the prediction of ol

effects with opposite signs ifi, and inT'¢, in agreement T, =55 +20uén, (A1)
with experimental data.

We considered the consequences of this hypothesis for 1
other processes. We have firgt investigated theyc?bserved ex- SA=38, +20uv1éu, (A2)
cess of high mass dijet events at C_:DF. Thi; excess can be ST 8 3
naturally explained by the hadrophili¢’ provided that its SR AT = Oyl vuévut 3éall, (A3)
couplings to quarks are reasonable, its mass range lies r, 57 5
around 800-900 GeV, and its width is relatively large 5Ty 19 6
I';, =200 GeV. - ’
( %Ne have a}io examined the observability of hadrophilic T_d f’ﬁ’% " 1_30M[2Ud§Vd+3§Ad]’ (A4)
Z' effects at LEP 2. We have checked that for leptonic chan- A
nels, the ‘“suggested” strongly constrained leptonic cou- u '
plings do not particularly motivatg’ effects at LEP 2. A, ?5127 + 5 OmlBvudvu= Eadl, (AS)
On the contrary, the suggestetibb couplings would
produce large effects ire"e” —bb (cross section and oA¢ 15 , 5
forward-backward asymmetrat LEP 2. Within the assump- A_d: 52% T 2_60M[3”d§Vd_2§Ad]' (AB)

tion that theZ’ leptonic couplings are such that no effect is
seen in leptonic observables, we have established modefssuming universality with respect to the three families of
independent observability domains in the space of vector angquarks, we also get
axial Z'bb couplings. These domains correspond to visible 89 3

H ’ H h !
effects if theZ'bb couplings have a reasonably enhancedr_: §)5§ + 5gOml4vuévut 128aut 120 aévat 186ad]-
magnitude. There is a large overlap with the domains sug-!n
gested by LEP 1 or SLC and CDF. So the existence of a (A7)
hadrophilicZ’ producing LEP 1 or SLC and CDF anomalies : . i
could be confirmed by such measurements at LEP 2. We can solve this set of equations and expresZtheou

We have then analyzed what information the total hadPlings in terms ofgy , &7, and the experimental values for
ronic cross section could bring off cc couplings. The in- the Shlft$ to the observables. The values that we shall give
teresting feature is the strong correlation imposed by the ad2elow will always correspond to the upper bound, ),
sence of effect i, at the Z peak. With this constraint or [6u|, with the two possible signgy = =1 and to experi-
included in the analysis of j,q at LEP 2, we have deter- Mental data taken at two standard deviations.
mined the observability domains in the space of vector and L€pton couplings are obtained as
axial Z'cc couplings. We have established them in correla- 1
tion with various ranges of “reasonableéZ’ bb couplings. It Eyl==——[6A _355'], (A8)
appears that visible effects would also be preseratig for 2010y
similar “reasonable” values oZ’'cc couplings. Should this
happen, a deeper theoretical analysis on the origin of such a §A|=i
hadrophilicZ’ would become mandatory. 206y

g A9

T, % | (A9)
The experimental measuremerf;=83.93-0.14 MeV
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A.(SM)=0.144+0.003. We then consider both cases. Com-

bining these results witlﬁﬁ’ in Eq. (A8), we obtain

(A10)

APPENDIX A: Z-Z' MIXING EFFECTS ON Z PEAK

OBSERVABLES
From the gnglysis of Re[ll] we can derive the shifts to ™ §V|2(—2.25t6.25)( Mz )(LEP), (ALD)
the SM predictions for the various peak observables, par- 1TeV

tial Z decay widthg I';=I"(Z—ff)], and asymmetry factors

A;. Forgetting systematically terms that are numerically - . Mz
negligible, we get Maén=(+1.7556.29| 737/ (SLO).  (AL2)
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b_quark Coup”ngs are obtained from APPENDIX B: DIJET-INVARIANT MASS DISTRIBUTION
IN HADRONIC COLLISIONS

ng:; 3_25%4_ 10511’_55%’} (A13) The observable that we consider is the dijet-invariant
30upbu| 13 Ap Iy mass M ;;) distribution:
1 —86A, 56I', ) 2
Epp= + _55§ } (A14) do _ %Iﬂ f”max
1OUb0M Ab rb dMJJ 2S *ﬂdnl 7min d772
We used for the bb anomaly the  shift 1 d
ol'p/I'y=+0.03+0.008, but forA, we have different re- x>, ?fi(xl,Mz)fj(xz,Mz)g' (B1)
sults from LEP and from SLC to be compared with the SM 7 cost(7) dt

result A, (SM)=0.934. From A2, at LEP,

Ap=0.916+0.034, we obtairdA,/A,=—0.02+0.04 and where thef;(x,M?) are the parton distribution evoluted
at scaleM?; 7 has been defined in Sec. lly; and
n, are the pseudorapidities of jets 1 and 2,
Nmin= Max — 77:|nMJJ/\/§j N1l Mma=MIN[+ 7, — M,/
N whereasdo; /dt is the partonic cross section for

M,
)(LEP), (A15)

M f\/bz( —3.45¢ 2073( 1TevV

Mz the subprocesg — 2 jets. The momenta fractions carried by
méap=(+4.58% 9'84)( 1TeV) (LEP). (A18)  initial partons read

Using the SLD result, A,=0.841+0.053, we obtain M,
SA,/Ap=—0.1+0.05 and X1=——=exp 7g) (B2

Vs

M Z!
mévp=(—24.24+ 25.98( 1Tev> (SLO). (Al7)  4nd

Enp=(+14.54+12.47 Mz (SLO). (A18) —% — (B3
IMSAL™ . . 1TeV . Xo= \/é exq nB) )

For c-quark couplings the solutions are where 7g= 71+ 72)/2.

156A, 56, 35 _, The_ expression for the partonic cross sections can be
A + . §5’Z) } (A19)  found in[19]. The pure QCD terms fogg—gg, qg—dg,
c c g9—qqg, qq—gg as well as the QCD ang, Z, and W
exchange contributions to the subprocgss—qq are given
c _55’2)’} (A20) i Egs.(A1)=(A) of [19]. The su_bprocesqq_—>qq_is ob-
tained by performing the crossing—u. The QCD and

) i W,Z,y exchange contributions tqq’'—qq’ are given by
Experimental data are less precise than forkihguarks. We Egs.(A7)—(A14) of [19]. By crossings« u, one obtains the

haV(_a 5Fc/_1“c= —0.1+£0.05 but for the asymmetry there is g9’ —qq’ subprocess and by crossisg-t and thent« u
agcjaln a discrepancy between LEP and SLC. At LEP, fromye qg—q'q’ subprocess. One has also to add the plire
Arg, Ac=0.67+0.06, whereas at SLB=0.606-0.09, 0 eychange processes involving four distinct quarks:
be Compared with the SM predICtIOhC=0.67i 0.002. So qq’_)q”q”’, qq_”’_)q”wl as given by Eqi_Als) and(AlG)
with 6A./A.=0x=0.1 at LEP, one obtains of [19].
M We have now to add th&’ contribution to these various
méve=(—6.94+ 26.60( z' )(LEP), (A21) subprocesses. TPEZ’, Z'y, Z’W, andZ'g squared matrix
1TeV, elements can be directly obtained from #&, Zy, ZW, and
Zg ones given in[19], by performing the replacement of
Mz Ovg bY &vOvg and ofgag by €aq9 More precisely one
~(— a DY &vqdvg Aq OY $aq0Aq-
Méac=( 7'8&8'46)( 1Tev)(LEP)’ (A22) has to replace th€, andCg Z couplings to left-handed and
right-handed quarks by

1
e~ 100 16y

1 55AC+56F
§A°_100m 4A, T,

whereas with6A./A.=—0.1+0.15 at SLC,

1 1
Mg, 0 1=5(0ugt 9l =5 + , (B4
7]M§VC:(_20-38t40-63( z (SLC), (A23) q,L 2(qu gAq) 2(§ngVq §Aquq) ( )
1TeV
1 1
Iméac=(—6.01=9.70(M, /1 TeV)(SLC). (A24) C(;,Rzi(g\,/q_g,Aq):E(ququ_gAquq) (B5)

Note that all above results correspond to the upper bound,
Eqg. (3), for |#y| and to experimental data taken with two The contribution due to the interference between Zhand
standard deviations. theZ’ is the only one that cannot be directly read off from



54 A Z’ WITH ENHANCED COUPLINGS TO QUARKS: A BRIDGE ... 797

2

their expressions. We have computed it explicitly. For the s ,
tztz (Ca1CaCarLCqr1

subprocess|q—qq, we obtain(using the same notation as TZZ,:2a§
in [19])

2
u
! ! ’ !
+ Cq,RCq,RCq’,Rqu,R) + E(CQ'LCQ,LCq’vRCq’,R

Typ=2a2ls — ¢ — it 1 , :
2227202 ST, T uguy | 3\ Uy | ugty +Cq.rRCq,RCar 1 Cqr 1) |- (B7)
><(C .C’ 2L+C rC’ 2R) For subprocesses involving antiquarks the same crossings, as
U2 2 previously given, have to be performed.

/ , The complete expression fdio; /dt is then obtained by
+2Cq1Cq1CarCq R( tots UzLIZr)} - (B6) summing over the quark flavofare have not considered top

quark production since its decay involves als¢/deading to

a different topology and adding to doj; /d)(s,t,u) the
crossed contnbunonc{o,, /dt)(s,u,t) due to the indiscern-

For the subprocessq’ —qq’, we obtain ability of jets.
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