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Signatures of the anomalousZy and ZZ production at lepton and hadron colliders
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The possible form of new physidslP) interactions affecting th@ZZ ZZy, andZyvy vertices is critically
examined. Their signatures and the possibilities to study them, thiddgmdZy production, at the CERN
e~ e colliders LEP and LC and at the hadronic colliders, the Fermilab Tevatron and CERN LHC, are
investigated. Experimental limits obtained or expected on each coupling are collected. A simple theoretical
model based on virtual effects due to some heavy fermions is used for acquiring some guidance on the
plausible forms of these NP vertices. In such a case specific relations among the various neutral couplings are
predicted, which can be experimentally tested and possibly used to constrain the form of the responsible NP
structure.

PACS numbegs): 12.15-y, 12.60.Cn, 13.16:q, 14.70-e

[. INTRODUCTION (four CP conserving and thre€P violating for the photon
and separately for th& alsg was shown to be reduced to
During the last two decades intense activity has takeronly five independent coupling&hree CP conserving and
place about the possible existence of anomalous gauge bostwio CP violating) if one restricts to oneself dim6 SU(2)
couplings(i.e., nonstandard contributionsThe general form  XU(1) gauge invariant operators in the linear representation
of the three-boson couplings was written, in a model-[8], while in the nonlinear representation casehere no
independent way, in terms of a set of seven independedight Higgs boson exisjsone finds that four independent
Lorentz and Wl).,, invariant operator$l,2]. This general CP-conserving and thre€P violating SU2)xU(1) gauge
description has been applied to both charged/iV, ZWW) invariant operators contribute to triple gauge couplings, at
and neutralyyZ, yZZ, ZZ2) sectorg2]. the level ofd¢nhiai=4 [9]. Various other assumptions can
More recently, anomalous gauge boson couplings weralso reduce the number of independent couplirigs.
considered in the framework of the effective Lagrangians Experimental constraints have already been established
[3]. Here, the basic assumption is that, beyond the standattirough W*W~ production at the CERNe*e™ collider
model (SM), there exists a new physicdP) dynamics LEP2 andWvy, andWZ production at the Fermilab Tevatron
whose degrees of freedom are so heéviymass scale\) [11-13. Relations between the coupling constants and the
that they cannot be produced at present or in near futureffective NP scaleé\ have also been established through uni-
colliders. The only observable effects should then be anomaarity relations, which allow one to translate the upper limits
lous interactions of the usual SM particles. Under these conen these couplings into lower limits for the effective scale
ditions, by integrating out these heavy NP states, the obsery14]. Using this framework, a comparison of the experimen-
able effects can be described by an effective Lagrangiatal results already obtained or expected at future colliders in
constructed in terms of operators involving only SM fieldsthe various processes should allow one to establish interest-
[2,4]. As long asA is much larger than the actually observ- ing constraints on the possible structure of the NP interac-
able energy range, these operators are dominated by thosens. At least it should show what is the SM sector that NP
with the lowest possible dimension. Each operator should benay affect and what symmetry property it may preserve.
Hermitian, multiplied by a constant coupling, while contri-  Our first aim in this paper is to explore whether similar
butions from higher dimensional operators should be supinformation could be obtained in the neutral three-boson sec-
pressed by powers af A2. tor. Up to now, this sector has received less attention than the
The set of anomalous couplings can be classified and resharged one. Probably this is because charged boson cou-
stricted using symmetry requirements and constraints on thglings already received tree level SM contributions, whereas
highest allowed dimensionality. This procedure has beeihe neutral ones do not, so that they may be considered as
fruitfully applied to various sectors of the SM5]. Thus, it  purely “anomalous.” The situation in it is less simple for
has allowed a description of anomalous properties of severaleveral reasons. To the general Lorentz ardl)d,), invari-
processes, such as four-fermion, two-fermion—two-bosonance requirements, one should add the constraints due to
three-boson, four-boson interactions, where the fermions arBose statistics, as there are always at least two identical par-
leptons or light or heavy quarks, while the bosons ar&V, ticles. This forbidsZZz ZZvy, or Zvvy interactions vertices
Z, and Higgs. when all particles are on shdll]. The appearance of such
The charged three-boson sector has been explored in greatrtices is only possible if at least one of the gauge bosons
detail with this method, both theoretically and experimen-involved is off shell. The first discussions about these cou-
tally [6,7]. The general form with seven types of couplingsplings were given if15]. The most general allowed form
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involves only two independent couplings for each of W&z Vie(q1)
vertices =17, Z, oneCP conserving and on€P violat-
ing) and four independent couplings for each of M&y
vertices =1y, Z, two CP conserving and twcP violat-
ing). There isa priori no relation between these various cou-
plings. Explicit expressions for these vertices were written in Vas(az)
[2] and have then been widely used. However, we noticed
that a factori was omitted in the set 0¥ Zy vertices. This FIG. 1. Feynman rule for the genend{V,V; vertex.
factori is absolutely necessary in order for the related effec-
tive NP Lagrangian to be Hermitian. ence patterns for the case GP-conserving couplings. We

As in the charged three-boson sector, this effective Laemphasize the special role that longitudinal polarization
grangian may be written in an $2)xU(1) invariant form.  would play at the LC Collider for disentangling photon and
The only difference is that, while in the charged sector theZ anomalous couplings. We also devote special attention to
NP interactions may be generated already at the level ohe way these anomalous effects would be analyzed at had-
dim=6 operatord,in the neutral sector we need operators offon cpllide_rs and the respective merit; of transverse momen-
dimension 8 or 10 in order for NP to be generated. So, if Wetum, invariant mass, and c.m. scattt_arlng angle dlstrlb_utlong.
restrict ourselves to dim6 operators, no NP vertices in the Finally we summarize our observations and suggestions in
neutral three-boson sector are allowed. Thus, if such interac?€C- V-
tions exist, it would indicate either that some higher dimen-
sional operators containing neutral three-boson vertices with-|; pesScRIPTION OF ANOMALOUS NEUTRAL BOSON
out appreciable admixture from charged ones are somehow COUPLINGS
enhanced or that the NP scale is rather nearby, so that there
is no dimensional ordering on the size of the various opera- Assuming only Lorentz and ()., gauge invariance as
tors. But of course, in such a case direct production of thavell as Bose statistics, the most general form of\h¥/,V;
new degrees of freedom may be observable. This fact shouliertex function defined in Fig. 1, whekg,,V, are on-shell
also arise when one tries to write unitarity constraints andeutral gauge bosons, whil§{=2,y) is in general off shell
relate the neutral couplings to the effective NP scale definefut always coupled to a conserved current, has been given
as the energy at which the various amplitudes saturate unin? [2]:
tarity [14]. To be more precise we take one example of NP

%u(P) =1ie F?/;Q/;MVS (Q1,€12, P)

structure due to the one loop virtual effects of heavy fermi- i(P2—m2)
ons, and we discuss the corresponding pattern of anomalousi¢(q,,q,,P)= 5 v [fY(PegrPf+ PPgre)
couplings that are generated. It is found then that the strength mz
of these couplings may be enhanced compared to what the eV uaBpie
dimensionality of the related operators would had led us to fse (A1~ d2),], @
expect. Moreover, relations among the various couplings are
obtained in such models. It will be very interesting to see i(P2—md)
what constraints the experimental measurements will put oﬁgf\@‘(ql,qz,P)= > hY(q4g*?—q3g~#)
these couplings, i.e., to see how they compare to the above mz
theoretical pattern in the neutral and in the charged sectors. v
Thus, our motivation for reconsidering the variod +h_2Pa[(Pq2)g,uB_q;2LPB]
2

and Zy production processes at LEP2, CERN Linear Col-

lider (LC), Tevatron, and CERN Large Hadron Collider z

(LHC) is to see how they react to the presence of each of the v ){

anomalous couplings. In the next section, Sec. II, we explic- —hzet*Pray,— — P e 7P gy, ¢ -

itly write the correct neutral three-boson vertices and the mz

effective Lagrangian from which they derive. A toy model 2

for the generation of such couplings is also presented. We

then give the corr(Eponding NP contributions to the heIicityCOmpared t¢2], we have introduced in E42) an additional
amplitudes for thef—ZZ, Zvy processes. Our conventions factori in order for the related effective NP Lagrangian to be
are fully defined by the expressions for the SM parts of theHermitian. Of course, the choice of the sign of this factor is
amplitudes that we give in Appendix A. The expressions ofa convention.

the observable&ross sections and asymmetjias the vari- The effective Lagrangian generating the verti¢gs (2)
ous colliders are given in Appendix B. In Sec. Ill we give is®

explicit illustrations showing how the observables react to

each of the anomalous couplings, in particular the interfer———

2We definee®?3=+1.
3Some specific terms of this Lagrangian have been considered in
We assume here the linear scalar sector representation. [17].
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Lyp=—5| —[F1(0,F*P)+15(0,ZMP)Z (9°Zp) +[FLUOF ;) + TE(0°Z,,) 12 Z g~ [](3F ;) +hi(9°Z,,) 1 ZgFH#
z
2 = |h3 2 2
~[h3(9,F ") +h3(3,Z7°)1Z°F o= | —5[3a0pd°F 1+ —5[0,05(0+mM3)Z, ]t Z“FHF
mz mz
LR i [(O+m3)a7ze] Z,F 3
+{ —=[0¢"FP*]+— +m3)d7ZP t Z,F o |,
2m2 2m2 z P
|
Wherez v=12€,,,,2"7 with Z,,,=d,Z,—d,Z,, and simi- =2 (ff__>Z»y- NP)
\ v 172 :
larly for the photon tensodfF ,,. The coupllngsf , h h,
violate CP invariance, wh|lef , hy, hy respect it. e’(s—m3)\
The use of the equations of motion for the photon @nd =T TTamE sind*[i(h]Q¢+hig{)(1+ 717)
fields implies that the replacements mz
- —(m1+ 1) (h}Qs+h3g?)] for ry7,#0, (8)
alqu,VzlefFYVf! (4)

FST (ff>Zy;NP)

f, 2\/_3 m32)
© Y

1- 1+
I e L

————(1—\7ycos9*)

(s m2>

Z

1- 1+
ez e gy, T vk,

f X _|(hny+h gx)""(hny"'h 9)\)

(6)
(s—md)
+ Tz(hny"' h% g)\) TZT(hny"‘ h4g)\)

may be done in the first factor of each term in Eg), where 2

f is any fermion with couplings defined in E¢A4). Thus,
the effective Lagrangian in Eq3) is essentially equivalent ©)
to a set of contactfzz andfny interactions.

Of course, the computation of the NP scattering ampli-
tudes forff—2Zz andffHZy, either by using these contact _ o
interactions or working directly with Eq3), gives the same Toy model: Heavy fermion contributions at one loop
results. They are given below, and should be added to the In order to give at least one illustration of how such
SM ones, which are due to fermiaifi exchange in thé  anomalous couplings can be generated, we consider the vir-
channel. These SM helicity amplitudes appear in Appendixual effects of heavy particles at one lo@igangle diagrams
A and serve to define our notations and conventions. with y andZ external legg using standard gauge boson cou-

In ff—ZZ, the only nonvanishing NP helicity amplitudes plings. We first observe that heavy scalar particles cannot
induced by Eq(1) are those where ong is transverse,  generate such neutral self-couplings. Heavy fermions can
=r==+1) and the other longitudinalrg=0). In this case generatefy and hy couplings ¥/=y,Z). No CP-violating
we have couplings 3 ,hY,) and noh) coupling are generated at this
level. Higher order effects are needed to get them;[46¢
for a detailed discussion.

These results suggest that, indeed, the dominant anoma-

where of courser,=*+1.

FA\(fF=ZZ;NP)=F}* (ff—ZZ;NP)

ezgsxz lous couplings may béY andhy. In fact, at one loop, the
(1+N7cosd*)[i(fiQs results of the computation ifil6] for a heavy fermionF
mzz\/_ interacting withZ and y as

49>\) (nyf"'fsg%)BT], (7) _ e _
L=—-eQA Fy,F— mZ”F( YuOvE— ¥u¥59ar) F
where the same definitions as in E4.7) are used. (10

Correspondingly for the NP contribution tcﬁf_—>Zy
[compare Eq(Al12)], give
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FIG. 2. Standard and anomalous contributions to the unpolagzed —ZZ cross section at LEP.
€2Qrgyrgar m% suppressed by an extra pOV\n'aE/M2 , as compared to what
h§= —fi=- NfT(W> , (11 appears in Eqg11)—(13). This case is referred to as a spon-
96 sycy \ VIF taneous broken S@)xU(1) situation in[16].
5 2 2 Finally, if a single(or a doublet of aheavy fermion is
hl=—Ng e"Qr9ar mz (12) much lighter than all the other fermions in the family, then
3 487%sy Mz’ the couplings are as appearing in E¢E1)—(13), i.e., just
, . , proportional to (3/M2). This is obviously the most favor-
2N €°gar(59Vet+dag) [ Mz 13 able situation for their observability, and would essentially
5 N 9607253 c2 M_E ' (13 mean that S(2)xU(1) is strongly broken in the NP sector.
wEw A final important warning concerning the magnitude of
hi:hzzo, (14)  the above couplings must be made. Keeping only standard

gauge couplings, the facte#/4s, which naturally arises in
whereQg is theF electric charge, andyr, gar are defined the one loop computations, predicts anomalous couplings of
in Eq. (10). N is a(color, hypercoloy counting factor which  the order of 102 for M in the 100 GeV range. So without
may possibly include enhancement effects due to a stronglg strong enhancement factor there is little hope of observabil-
interacting sector, whilél . is theF mass. ity, except with the very high luminosities expected for the

In general there is no relation to be expected betwigen LC collider as we will see in the next section.

and hY couplings. Note though from Eq11) that in the
above model the remarkable relation

hi=—f?

Ill. APPLICATION TO ZZ AND Zy PRODUCTION

(15) PROCESSES

In this section we examine how the presence of any of the

should hold, which is independent of the fermion couplings. ’ i
aforementioned anomalous couplings reflectZ hand Zy

Another striking result is that there are hé or h} couplings X o .
in such a mode[16]. We also remark that such a model production at pr(_esent.and fufcueé’e and ha_ldron collldlers. _
would also generate anapoBWW and yWW couplings, The cor.respondlng differential cross sections are given in
when the heavy fermion is integrated out at the one-looPPeNdix B. They are expressed in terms of helicity ampli-
level. tudes for the basi¢f —ZZ andff—Zy processes.

Of course, a complete family of exactly degenerate heavy As expected, th€P-conserving couplings always lead to
fermions (leptons and quarks with the SM structureould real amplitudes interfering with the SM ones, so that the
lead to the vanishing of all the NP couplings in E¢sl)—  various observables are linearly sensitive to these NP terms.
(13). Because in this case the combination of the heavy ferOn the contrary, th&€P-violating couplings always lead to
mion contributions is the same as in tfreass independent purely imaginary amplitudes that do not interfere with the
cancellation in the triangle anomaly. This is the unbrokenSM ones’ Thus theCP-violating observables depend only
SU(2)xU(1) situation.

If, instead, one introduces a mass splitting of electroweak
size(i.e., =m3) among the multiplets, such as e.g., between 4a small interference could only arise f@ry production at ener-
the heavy lepton and quark doublets, then the resulting cougies rather close to the pole, whereZ-width effects may be non-
plings are of the ordem3/M#, which means that they are negligible.

073013-4



SIGNATURES OF ANOMALOUSZy AND ZZ . .. PHYSICAL REVIEW D 61 073013

7500 7500
g 6500 é 6500
: 5500 : i
= 5500
% %
o (=]
(&) ©
i 4500 i 4500
& Q
.l 3500 L 3500
|® 'w
L 2
i 2500 i 2500
| | I | | | I | | | I | | | I
1500 1509475 —04 0.0 ., 04 0.8
cos?

8000
i 54} =0.2Tev i
__ 7000 H! ]
a i SM ]
N L %‘ [P — \h‘1/|:‘9.25 ]
a ; & 6-0-0-0 |h2|=015 :
”i 6000 - , seess |hf1=0.4 e
= F o\t eeoos |hZ=0.25 -
: g ]
S 5000 .
2 E ]
2 g ]
2 i ]
Y 4000 - .
: g ]
|® : :
e g ]
& 3000 | .
=, B :
L L | L L | L L L ! L -
200055 0.4 0.0 0.4 0.8

.
cosy

FIG. 3. Standard and anomalous contributions to the unpolagzed —Zy cross sections at LEP.

quadratically on the NP couplings, and their sensitivity limitsfactors decreasing witls with an arbitrary scalgdenoted

are aCCr(])fdi?QW red_ucedl. 4o the di o g below asAg¢) are introduced. The form factor usually used
Another feature is related to the dimensi@im=6 an is (1+5/A2;) ", with n=3 for fX,s, h\1/,3 andn=4 for h\2’14

dim=8) of the couplings in the Lorentz and U(J,)invariant ; :
) . . . vV vV [13]. In our illustrations we shall neglect the form factor at
expressior(3). Obviously the din-8 couplingshz andhy, LEP2, but for comparison with previous works, we shall

associated with terms growing with one more powerspf keep it for LC where we takd .= 1 TeV, as well as for the

will b(? more easily con_straln.ed. than the c#@ ones, thus Tevatron for which we také\=0.75 TeV, and LHC for
affording a better sensitivity limit. . - .
which Agg=3 TeV is used.

When one analyzes experimental results at a gi\Fenit
A. Form factors is not of particular importance whether one chooses to use or
Especially at hadron colliders, it has become rather usudlot to use this procedure, as one can unambiguously translate
to analyze the NP sensitivity limits by multiplying the basic the limits obtained with form factors to those reached with-
constant anomalous Coup“ngs defined in Sec. Il by “formOUt them. However, at a hadron collider where tpe limits
factors” [19,6]. The reason for this procedure is the follow- often arise from an integration over a large ranges,0ho
ing. For a given value of these basic couplirtfys example, simple correspondence is possible.
chosen in order to give a visible effect at an intermed'&e In fact, the use of form factors is somewhat in contradic-
energy, the departure from the SM prediction grows rapidly tion with the basic assumptiom\& \/g) that allows one to
when s increases, and may even reach an unreasonabiork with effective Lagrangians, keeping only the lowest
(unitarity-violating size. In order to cure this behavior, form dimensions. The additiona dependence brought in by the
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form factor would correspond to the presence of higher di- In the case o e™ —Zy, the cross section is larger than

mensional operators with a specific form. Therefore, wetheZZone. It is a factor of 2 larger at large angles, and it has
would prefer a treatment where no form factors are used, and much larger forward peaking; see Fig. 3. Since the detec-
one instead tries to stay within the basic assumptions, i.e., tion of the final photon should be sufficient to characterize

keep working within the ranga > \/g and far from the uni- the process and all decay modes may be used, no reduction

tarity limit, by considering sufficiently small values for the factor is probably needed. This should lead to a number of
events an order of magnitude larger than £ Conse-

quently the observability limits should be much better. For
She CP-violating couplings we then expect one standard de-
viation effects like |h|=0.1, |h%=0.2, |h}|=0.07, and
|h|=0.12. Correspondingly, for th€P-conserving cou-
plings, we expect asymmetrical one standard deviation ef-

The results fore"e™—ZZ are shown in Fig. 2. As ex- fects of the formh= 10.02,h§=t0.12,h2{=t0.015, and
pected, the noninterferingP-violating couplings always hizto_og_

anomalous couplings for ead]‘g domain. We shall come
back to this point with some new proposal at the end of thi
section.

B. Application to LEP2 at 200 GeV

produce an increase of the cross section, wheil€Bs e difference in the sensitivities to theandZ couplings
conserving ones produce typical interference patterns witQgzn pe simply understood as a consequence of the fact that
the SM contribution. the exchanged photon has a pure vector electron coupling

The final sensitivity will depend on the integrated lumi- Q.. whereas the exchangedhas a weakefby a factor of
nosity, assumed here to be 150 Phand on the angular 45 ¢ ) and essentially purely axial coupling to the electron,
cuts and selection a decay modes needed for its identifi- g4 that the interference patterns with the SM amplitude differ
cation, which should reduce the number of events by roughlyy size and in sign for each helicity amplitude; the interplay
a factor of 2. In Fig. 2 we illustrate the additive effects of the of |inear and quadratic contributions generates further differ-
CP-violating couplings withf|=0.3 and|f4|=0.5, and the  ences.
interference patterns of th€P-conserving ones withf?
=+0.6 andfZ=+0.3. With the expected number of events
these values roughly correspond to one standard deviation
from SM predictions. This may be compared with recent At energies of 500 GeV and at large angles, the cross
results obtained at 189 Geléee, e.g9.[20]), in which ob-  section is weaker than at 200 GeV by about a factor of 10.
servability limits were given at the 95% confidence level: This should be largely compensated for by the expected in-

crease in luminosity{21] (three orders of magnitude for

C. Application to LC at 500 GeV

—1.9<ff<19, —5.0<f{<45, TESLA), which leads to a number of events larger by more
than two orders of magnitude. In addition, the NP amplitude
—-1.1=f}<1.2, -3.0sfl<209. (16)  increases likes (or evens?), producing at least an additional

order of magnitude in the sensitivity. So, finally, the statisti-
Note that around 200 GeV we are just above ZiZethresh-  cal sensitivity to the above couplings should be increased by
old where the beta factgcompare Eq(B2)] strongly affects more than two orders of magnitude
the cross section. Thus, in this region, the sensitivity to the We present an illustration in Fig. 4 f&tZ and Fig. 5 for

f},’ couplings strongly increase with the energy. Zvy, by choosing values for the couplings which make the
800 T T T T T T T T T

: 1/2 _ : T T T T T T T T T 7 \,
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FIG. 4. Standard and anomalous contributions to unpolazesf —ZZ cross sections at an LC.
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FIG. 5. Standard and anomalous contributions to unpolamzexi —Zy cross sections at an LC.

SM and SM+NP curves very visible on the drawing, but of x1074, 2x10°4, 4x10°3, 4x10°%, 3x10°4, for h?,
course the observability limits are found to correspond tchf, h}, h3, h, h5, h], h%, respectively. Indeed, the ob-
much lower values. To be more precise, a careful study o&ervability limits should be about two orders of magnitude
the background should be done. One can find some prenmbetter than the ones quoted in the LEP2 case.
nary studies of these effects in R¢ll8]. In the case of Another feature of LC is the possibility of having longi-
e"e —ZZ there is almost no background for trell tudinally polarizece™ beamga polarizece™ beam would be
mode, but there is some background in qt_e);mode due in fact SuffiCient, like at SLm We have therefore looked at
to the WW channel. Taking them into account, a fifata-  the effect of the anomalous couplings on the; asymmetry
tistical + systematicalaccuracy of the order of 1% should Whose expression is given in Appendix B. Note, from the
be expected, for a conservative integrated luminosity ofXpression of the SM amplitudes given in Appendix A, that
100 fb ', We may even expect a better sensitivity with thethe SM values of ¢ are independent of the scattering angle
higher luminosity of the TESLA design. In any case a 1%and energy, taking the values
accuracy in the cross section at large andle=e Fig. 4, Z\4_, 74
would lead to sensitivity limits forf}, f, fZ, f& such as ASM(e_eJ’HZZ):MZO.ZS 17)
2x1073, 4x10°3, 3x10°3, 7x10°% respectively, at LR (@%)*+(g5)? ’
the one standard deviation level.

In the case ok"e” —Zy at large angles|€0s6/<0.8) no SMy (9%)%—(g%)?
appreciable background is expectgl8]. With 100 fb 1, ALr(e"e _’ZV)ZWZO'M'
about 50000 events should be selected, leading to an accu- (18)
racy better than the 0.5% level. The sensiti\itye standard
deviation is now of 3x10 3, 5x10°3 3x10 %4 4 NP departures from these relations arise very differently for
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FIG. 6. Standard and anomalous contributions to left-right asymmetries & #ie— ZZ cross sections at an LC.

the anomalous photon aZdcouplings, especially in thEP- As far as the comparison of the sensitivities at hadron
conserving case, which interferes with the SM. Thus, oneolliders and ae~e™ colliders is concerned, we would like

observes a large sensitivity to the sign of certain anomalou® come back to the discussion we gave at the begining of
CP-conserving couplings. See Fig. 6 faZ and Fig. 7 for  this section about the use of form factors, by adding a few
Zy. It appears, therefore, that measurementé\gf should  (more or less obviolsremarks. This use of form factors is

be very useful for disentangling the anomalous photon and £Zommonly done when analyzing transverse momentum or
couplings. invariant mass distributions at hadron colliders, in order to
take into account the fact that any given nonvanishing value
of an anomalous coupling will eventually violate unitarity at

sufficiently higher energies. In spite of its apparent necessity,
this procedure forbids one to do any clear comparison of
observability limits among different colliders because they
involve an integration over a large range of invariant mass

is mostly used in the literatur¢l9]. But we have also \/§ \(Ve_wom_JIq therefore pr?fer.amther procedu_re that Wou_ld
) i =~ . .. consist in giving observability limits for the considered basic
checked that th&Z or Zy invariant mass d;) distribution couplings (without any form factor in restricted domains
shows roughly the same features and gives the same Sengiing of the subprocess invariant mass. At the same collider,
tivity to the anomalous couplings. These distributions reflectne could then establish a set of different observability limits
the fact thalCP-conserving amplitudes interfere with the SM py taking a set of such domains of invariant masses in which
ones, whereas th€P-violating ones always do not, as We ihere are enough events to analyze. These observability lim-
can see in Fig. 8 for the Tevatron and Fig. 9 for the LHC. jts could then be compared among each other and also with
These interference patterns are somewhat less pronouncggseryability limits obtained separately at different colliders
than in the illustrations foe~e™ collisions. This is due t0 g4 different energies.
the fact that thepy distributions that we are showing are the  Thjs js an additional motivation for our suggestion to

results qf integrgtipns over regions of phase space whgre thRake analyses in restricted domains of invariant masses,
quadratic term is important and partly washes out the interynich we already mentioned above.

ference term. In order to recover the same features as in the
e e’ illustrations, one should make severe cuts, selecting a
restricted domain in invariant mass and preferably large val-
ues of the c.m. scattering angle. In such a domain one can In this paper we have examined the existing phenomeno-
find values of theCP-conserving couplings producing a vis- logical description of the anomalous neutral three-boson cou-
ible effect dominated by the linedéinterfering term. Such a plings (yyZ, vZZ, ZZ2), and we have reviewed the basic
study, which should be carefully done taking into account allassumptions which allow one to constrain the number and
the event selection criteria, is beyond the scope of this papestructure of the relavant couplings.

but we think that it should be tried. For this purpose we have A first observation was that in the set of couplings which
given in Appendix B the expression of the differential crosswere commonly used for studyirigyy production, a factor
section with respect to invariant mass and c.m. scatteringvas missing, making the effective Lagrangian anti-
angle. Hermitian. As a result, the interference patterns of @

D. Application to ZZ and Zy production at hadron colliders

Finally we have made an illustration f@Z andZy at the
Tevatron(2 TeV) and at LHC(14 TeV). We have chosen to
illustrate the transverse momentumy] distribution of one
Z (both in theZZ and in theZy caseg as it is the one which

IV. FINAL DISCUSSION
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FIG. 7. Standard and anomalous contributions to left-right asymmetries & #ie— Zy cross sections at an LC.

conserving and th€P-violating NP amplitudes, with the SM  A| g asymmetry is much more pronounced than on the unpo-
ones, were reversed. Nevertheless, this observation does rlatized cross section.

seem to invalidate most of the presently existing experimen- As far as hadron colliders are concerned, we have sug-
tal observability limits, since they are so low that they aregested to try to make analyses in different restricted domains
mainly arising from the quadratic part of the NP contribu- (bins) of invariantZZ or Zy masses, with large values of the
tion. But of course, as the accuracy of the measurements tsm. scattering angle. In such a case, the inteference patterns
increasing, it would eventually lead to nonintuitive results. should be comparable to the ones observablke i@" colli-

We have therefore carefully rederived the SM and thesions, and much more pronounced than {ifutly integrated
anomalous(NP) amplitudes in order to clearly fix all con- transverse momentum distribution. Of course such an analy-
ventions and normalizations. We have illustrated the corresis was not possible in the 1.8 TeV Tevatron, but it may be
sponding effects that the various anomalous couplings inpossible, due to the much larger expected statistics, at the
duce onZZ andZy production ae~e* and hadron colliders. upgraded Tevatron and the LHC.

We have made applications for LEP2, for an LC of 500 GeV, This procedure would also allow one to get rid of the
and for the Tevatron and the LHC. On the angular distribu-multiplicative form factor introduced in many previous
tion, we have shown the interference patterns produced bagnalyses. The comparison of the various observability limits
the CP-conserving couplings and the additive contributionsobtained at differené"e* or hadron colliders, each one be-
given by theCP-violating couplings. ing defined for a given invariant mass range, would then be

In the case of LC, we have emphasized the possible rolstraightforward.
of longitudinal polarization for disentangling different sets of We have also mentioned that if we use, e.g., the linear
couplings, as in some cases the interference pattern in trszalar sector representation appropriate for a relatively light
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FIG. 8. Standard and anomalous contributions togpe~ZZ, Zy inclusive cross sections at the Tevatron.

Higgs particle, then at the level of all possible @UxU(1)  tween these two aforementioned cases is that, in the first one,
gauge invariant dirs6 operators, which predict a certain the couplings behave |ike/1ﬁlp, whereas in the second they
pattern of anomalousWW andZWWcouplings, no neutral go like 1/A7, leading to much poorer bounds on the NP
gauge boson couplings are expected. Thus, if such couplingg.aje. We should also state that, within this type of models,
are discovered, it may mean either that for some reasong orger to generate observable couplings at present colliders,
certain dim=8 or 10 operators are more important than thosgn. np dynamics must include a strong enhancement effect
of dim=6 or that the NP scale is nearby, thus invalidatinggha would compensate the one loapir factor. Otherwise
the dimensional ordering of the $2)XU(1) gauge invariant e could expect such virtual effects to be observable only at
operators. . o _ a very high luminosity LC. In any case this example has
We have made a specific application, taking as NP effeCkyqyn how experimental constraints established on each

the one due to the contributions of heavy fermions at 0N njing could give some indications on the NP properties.
loop. We have discussed two cases, one in which only one

set of heavy fermions is lighter than all others and one in
which the complete family is nearly degenerate. In both
cases one observes that only tﬁ,’eand h},’ couplings are
generatedtogether with the anapolBWW yWW couplings It is a pleasure to thank Robert Sekulin for very informa-
in the charged sectprthe other couplings requiring higher tive discussions and suggestions. This work was partially
order effects. In addition, we have noticed remarkable relasupported by the grants ERBFMRX-CT96-0090 and CRG
tions among these couplings. An important difference be971470.
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FIG. 9. Standard and anomalous contributions togpe~ZZ, Zy inclusive cross sections at LHC.
APPENDIX A: THE STANDARD MODEL HELICITY —\, so that the notat|0m:§ -, Will be used below. Thus,
AMPLITUDES FOR ff—ZZ AND ff—Zy there, two possible values fmrare)\:—l(Jr 1), correspond-
The invariant helicity amplitudes for the production pro- ing to anf g, fermion interacting with arig., antifermion,
cesses of the neutral vector bosaas V., respectively, so that th& and photon couplings in Egs.

(A3),(Ad4) may be written asg% and g}, respectively, as
f(ky A1) F(Ka N o) —Vi(0q,71)Va(02,72), (A1)  defined by the standard model interaction Lagrangian involv-
ing a fermionf of chargeQ; and third isospin component

i (3)
are denoted ast\zrlTZ, where the momenta and helicities

of the incoming fermionsf(,f) and the outgoing neutral vec- v (=) , (1+ys)
tor bosons are indicated in parentheses in(&d). Since at L=—eVH Ol = TV |f. (A2)
collider energies the mass; of the incoming fermion can be
neglected in all casésthe dependence of the amplitude on with
the initial helicities is only through the combinatior=
=Qx, (A3)
B . . 2 1 (3) 2 zZ_
Its sign is related to the sign of tH& matrix throughS}\lkz,lT2 g,_—?(tf —QsSw), gR—S
=1+1(2m)*0(p1=P)F sy e e (A4)
SExcept for the top quark, of course, which is of no relevance
here. For ZZ production,CPT invariance implies, at the tree level,
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APPENDIX B: CROSS SECTION FOR LEP, LC

(ffHZZ) P (ff—22), (A5)
AND THE HADRON COLLIDERS
while CP invariance would demand The full helicity amplitudes forV,V, (Vi=2Z, V,
o =Z,v) production through the process E4.1) are obtained
(ff—>ZZ) F_T —r (ff—22), (AB) by adding the SM contributions in Eq&A7), (A12) and the

NP ones appearing in Eq), (8), (9) as
even at higher orders. Since the standard model amplitudes

for ff—zz satisfy CP invariance, the tree level standard
helicity amplitudes are real and may be written, following
the notation of 2], as

P (fT=VaVe) =F) (- V1Vp SM)

+F) (ff=ViV,NP),  (B1)

\Z and they are normalized so that the unpolarized differential
F\  (ff—ZZ:SM)=—e?(g%)? 172 , Cross sections are given by
ol =G oo A o
(A7) do(ff—27) s 1 amz | do(ff—22)
d cosd* 2 s dt

where

Aﬁfy ., =2 sind*[2\ cosd* (%~ 7175)

—(1+ B?) (71— 71)] for 7,7,#0, (A8)
—712
23 leETZ[le Fin 7L (B2
AS’f:AﬁZT'O:T(l—Arcosﬁ*)[M—(1+ﬁ2)
do(ff—Zy) (s—m3) do(ff—2Zy)

dcos9* 2 dt

+2cosd*] for 7#0, (A9)

L (A10) ST S (e R

ANs=
2 ! 7'17'2 7'172
Y 128752 17T

and 9* is the c.m.Z scattering angle with respect to the (B3)

f-beam axis, while Note that in Eq(B2), the identity of the two finak is taken
into account by imposing the constrairsfosd* <1.
The left-right asymmetry measurable at an LC is defined

by
Ar(e"e"—=VVy)

(A11)

Notice that Eqs(A7)—(A10) define also our conventions on
the relative fermion and antifermion phases.

Correspondingly the SM helicity amplitudes féf—Zy =
are

do(e ep—V1V,) da(egel —ViVy)
d cos9* d cos9*

do(e et —V,V,) do(ege —ViVy) |
+

Ny

A 3 . _ 2.7
Frlrz(ffHZVISM)__e g}\g))\, 2 TITy! dCOS’ﬂ* dCOSﬁ*
zZ
. > LR P=1F
where _nn TlTZ e
. (B4)
A=1|2 A=-1)2
L > (IR PR

N 2 7172

72 ging*

To— T+ A COSO* (—1+7y7))
Finally the p; distribution at a hadron collider, with c.m.

m% energy\/§, is determined by
+ [+ 72+ N1+ 7y7p)cos9* ], (AL3)
S dU(H1H2—>V1V2+)

dp%dy,dy,

=73V1V2(x,,x,), (B5)

m
A)Y =2\/§)\7’2\/—§. (A14)
S

where
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=3 [xgre V14 x,re V2],
(B8)

q. a. a:% Y14 2],
S7(Xa X0) = 20 10)(%a)8)(X6) + (X ()] Xa= 3 [Xure"itxore2l X

da(qq—>ZZ) (86) where ;= (2/\/s)(p3+ m\z,i)l’z. In the integration over,
dt ' andy, we impose a cut dty;|<2. We will also discuss the
invariant mass and c.m. scattering angle distributions given
_ _ by
227<xa,xb>=§ [0}(Xa) 0} (Xp) + j(Xa) G (Xp)]
A~ — dU(H1H2—>V1V2+)
do(qa—2Z7y) A ——— =J73V1V2(x,,xp), (B9
g (B7) dsd cos9*dy (Xa: o), (BY)

The summation extends over all quark and antiquarks InSIdﬁ,hereJ(Z»y) (s— mz)/ZS JZ2)=
the hadronsi,, H,. Note that the distributions considered in boost

this paper are symmetrical i U interchanger=s/s, while

1J1-4m?/s. y is the

defined asy=y,;—yi=y,—y5, with thy}

— * * _ _ % * * _ (a_m2 -
(Xa,Xp) are fully determined in terms of the rapiditieg,( pi cost, thy; == pz cosd”, and f; =(s=mz)/(s
v,) and the(opposite transverse momenta of the two final ~M2), B3 =1 for Zy, but 8} =5 =\/1—4m/s for ZZ,

gauge bosons: With these variabless,=eY\/7, x,=e Y\/7.
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