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We examine the standard and the new phy&id3) contributions to th&ZZZ, ZZy, andZy+y neutral gauge
couplings. At the one-loop level, if we assume that there isCri® violation contained in NP beyond the
standard modelSM) one, we find that onl{C P conserving neutral gauge couplings are generated, either from
the standard quarks and leptons, or from possible new physics fermions. Bosonic one-loop diagrams never
contribute to these couplings, while the aforementioned fermionic contributions shﬁisfyfg, hfzh}
=0. We also study examples of two-loop NP effects that could generate nonvanﬁﬁfﬁngouplings. We
compare quantitative estimates from SM, minimal supersymmetric standard (W#eM), and some specific
examples of NP contributions, and we discuss their observability at future colliders.

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

I. INTRODUCTION nary parts of the neutral gauge couplings, in terms of the
fermionic ones §,;, g,;) and the fermion masséd;, as
Recently there has been a renewed interest in the possibleell as the squared masof the off-shell vector boson. To
existence of anomalous neutral gauge boson self-coupling§!ucidate the remarkable properties of these results, we study
This is due to the acquisition of new experimental results apoth the highs behavior of these gauge couplings at fixed
the CERNe*e™ collider LEP2[1] which, together with the ferr?lon mgssi\/lj , as well as their high fermion-mass limit
Fermilab Tevatron resultg], begin to produce interesting (Mj>S$, mz). As we will see, the behavior in these limits is
constraints on such couplings, which should further improvém'rlnatgly related to the way the anomaly cancellation is
in the future at the next collidef8]. realized. . -
This has led to a reexamination of the phenomenological The quantitative aspects of these fermionic contributions

description commonly used for these couplings. The necesgre_mscussed in Sec. IV, where we consider the SM contri-
) . d ; .- L~ ~butions to the real and imaginary parts of the couplings, as
sity of certain corrections was discovered and their implicas

. . A ! well as the relative magnitude of the lepton, light quark, and
tions forZZ andZy production ate”e” and hadron collid- the top quark contributions. We observe that the anomaly
ers were discussdd].

L i _._cancellation is intimately accompanied by considerable can-
For what concerns the quantitative theoretical pred'Ct'on.%ellation between the lepton and quark contribution to the

for each of these neutral couplings, very little has been saidysjcal neutral gauge boson couplings at high energy. We
up to now [5-8], in contrast to the chargedZWWW and  then consider the supersymmetric contributions due to the
YWW) self-couplings for which several types of predictions charginos and neutralinos in the minimal supersymmetric
have been given for a long timM&-11]. A reappraisal of the standard modelMSSM). And finally we discuss the possi-
theoretical expectations for these neutral couplings is stilbility of heavy fermions associated with some form of new
lacking. Therefore, the purpose of this paper is to fill thisphysics(NP) with a high intrinsic scale\ \p.
lack and study the standard mod8M) predictions for these Section V is devoted to contributions that could arise be-
couplings, as well as the predictions arising from possibleyond the fermionic one-loop level, either though higher-
new physics beyond it. order perturbative diagrams or through nonperturbative ef-
In Sec. Il we first recall some general properties followingfects. Finally, in Sec. VI, we summarize our results and their
from Bose statistics, Lorentz symmetry, a8t(2)x U(1) consequences for the observabi!ity of neutral self-boson cou-
gauge invariant effective Lagrangians. The most notable oPlings at present and future colliders.
them is that the neutral gauge couplings vanish whenever al
three gauge boson are on-shell. Thus, at least one of th
gauge bosons need to be off-shell, for such couplings to ap-
pear. Then, in Sec. Il we consider the perturbative contribu- Because of Bose statistics, tlZeand y self-couplings
tions to these couplings arising at one loop. When standardanish identically, when all three particles are on-shell. The
vertices for the gauge boson interactions are used, and @eneral form of the couplings of one off-shell bosov (
particular noCP violation in the photon- an@ couplingsto ~ =Z,7) to a final pair of on-shel£Z or Zy bosons, is
fermions is considered, then of course o@ly? conserving i(s—m2)
neutral gauge self-couplings can arise. At the o_ne-_loop Ievehrczy%(ql,qu)z . v [fX(PagMﬁ+ pAgHa)
such couplings can only be induced by a fermionic triangle
diagram, involving either new or SM fermions. We give the v
exact expression of these contributions to the real and imagi- —f5ePP(q1—a2),], (1)

|. GENERAL PROPERTIES OF NEUTRAL SELF-BOSON
COUPLINGS

z
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invariant operators in the linear representatiad|, then at
the lowest nontrivial level of dir¥6 operators several
anomalous ZWW and yWW couplings are generated

h){ [15,16. However, at this level, neither the anapad&vw
—hge”"ﬁ”qu— —ZP"e"BP”quZU , coupling of Eq.(3), nor any neutral gauge couplings ever
mz appear. These couplings require higher dimensionak@m

) operators, which means that their magnitude should be de-
pressed by at least one more powernﬁ[,/Aﬁ,P and behave
where the momenta are defined as in Fig. 1 aad®?, ist like? (my/Anp)*.
used. The expressionis), (2) follow from the general forms It is, therefore, interesting to examine more precisely the
written in[12,13 and the corrections made|id]. The forms  conditions under which such couplings can be generated and
associated withfy , hY, hy are CP violating, whereas the What type of NP effects determine their magnitude.
ones associated withy , hy, hy areCP conserving.
The CP conserving forms in Eq91), (2) areC and P [ll. FERMION LOOP CONTRIBUTIONS

violating and in this respect they are analogous to the ana-

pole ZW'W~ and yW' W~ vertices[13,12,1Q, We have first looked at the perturbative ways in which the

neutral couplings in Eq9l), (2) could be generated. One
. immediately observes that at the one-loop level the relevant
I‘{fﬁ‘(}va(ql,qz,P)=' m—\;{f”mrppa(%—%)ppﬁ grfilphs are trlangular ones of the type of Fig. 2. For 5(_:alars or
w W= bosons running along the loop in such graphs, with stan-
dardZWW and yWW couplings, we always get identically
vanishing contributions. In particular for tf&P-conserving
gpuplings, the reason is that thké&”?“ tensor can never be
generated from them. Only a fermionic lodgither with a

; Single fermionF; running along the loop, or with mixeld,,
tree level in the standard modé&M). At the one-loop SM . e
ST P F,, ... fermionic contributions can generate suck*’*’

l:r\]lsltg:%ugoh’bzss\;\g%“l;S;;?:;ZY;;&;E couplings do appe %rms, through the axial coupliqg_(;ee Fig. 2 To describe
Since theCP-violating couplings in Egs(1), (2) can them, we use the standard definitions

never be generated, if the NP interactionsZoand photon o e o

conserveCP, we concentrate below on ti@P conserving L=—-eQA*Fy,Fi— Z—ZMFj(yﬂng— YuY59aj) Fj

couplingsfy, hy, hY. As already observed these are analo- Swew

gous to the anapole ones. But the situation in this neutral

anapole sector is rather different from the one in the sector of -

the general charged WW and yWW couplings. This can

been seen by comparing the results of the calculation of thgnere Q, is the F; charge, whileg,;, g,; and the mixed

triangular graph of Fig. 2, with the generic expectations fromcoyplingsg, ;,, ga,, determine theZ-fermion interactions. If

a dimensional analysis in the effective Lagrangian framethere are noCP-violating NP sources, then all these cou-

work. More explicitly, the contribution of a heavy fermion of plings must be real, and hermiticity requireS;,=d,»:
massAyp to the aforementioned one-loop triangular graph ’

results in anfy or hy coupling, which may occasionally be-
have like my/Anp)?. On the other hand, when one writes
the effective Lagrangian in terms &U(2)x U(1) gauge-

—€e"PPP (01— a2) P (3)

as well as to the corresponding gauge boson-fermion anom

25w ZHF( Yu9v12~ Y ¥59a12) Fo, (4)

°The same conclusion should also be valid if the nonlinear Higgs
representation is used. In this later caseZhéW anapole coupling
can be generated at the domin&ny,;,,;=4 level; but the genera-
tion of neutral self-couplings still requires higher dimensional op-
10123 1 erators[17].
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Oa12=0a21- As already stated, in such a case only the In both these limits, the relation

CP-conserving neutral gauge boson couplings in Eas.

(2) can, in principle, be generated. hs=—f? (12
Using standard techniques for preserving conserved vec-

tor current and Bose symmet(gr equivalently for isolating holdsindependenthof the fermion couplings. Nevertheless,

the anomaly contribution we get the one-loop fermionic this relation cannot be exact. Indeed, as one can see from the

contributions to theC P-conserving couplingi;é'y andfé” expressions of the Feynman integrésel),(B1), the approxi-

presented in Appendix A in terms of Passarino-Veltmanmate equality(12) is violated by the different threshold ef-

functions, and in Appendix B in terms of the Feynman pa-fects associated with théy andZZ final pairs, in the trian-

rametrization. These expressions are used below for compugular graph in Fig. 2. It turns out though that these threshold

ing the precise predictions of the standard model and of theffects are rather small and moreover, they rapidly diminish

MSSM. Before presenting these though, the following re-as soon as goes away from threshold. In this respect, we

marks are in order. have checked that in a highl; expansion, the violation of
We first note that at the one-loop level, we can neverthe equality(12) is very tiny and of the order crhglM?. The
generatehf andhj: ie., overall conclusion is therefore, that E¢l2) is approxi-
mately correct for most of the range of teandM; values.
hi=h}=0. (5  This s also shown by the numerical applications presented in

Sec. IV below.
Therefore, the neutral couplings most likely to appear are \ye next mention the fermion contribution to the anapole
fg’Z andhg'z. From the expressions given in the Appendixesz\ww and YWW couplings[18,19, since they are of the
A or B, it is easy to obtain their behavior in the high- and same nature as the above neutral couplings. Indeed, when
low-energy limit. Athigh energy -M?, mZ, we get one computes the triangle loop with a doublet of fermibns
5 F’ of masse, Mg/, one obtains the result given in Eqgs.

€%Q{0,Jaj (@) © (B2D-(B23 in Appendix B. Using then Eq3B24)-(B20
87725\2,\,c\2,\, s )’ for the case of standard couplings and a degenerate fermion

isodoublet pair satisfyindlg=Mg,>m,,, that result sim-

hi=—fZ=Ng

lifies to
2y E9al gl +303)] ( m_%) - P
° 48m2s3cd, |\ s/ S e? miy 1+4s+2m{‘,‘\,
27 owY F11527%sycn | M2 15M2 |’
2 2
v ©Q1909aj [ Mz (13
ha—NF—4Tr2$ o |5/ (8
WW for quarks, and
whereM; is the mass of the single fermidf, assumed to ) 5
run along the loop in Fig. 2 and¢ is a counting factor for o Sw_ N e? My 4s+2my
color and/or hypercolor. 2= BT T 38anTs o | M2 EYEA
In the oppositéeavy fermion Flimit where M#>s, mZ, (14)
we get
for leptons.
. ezga,-NF m% ) 5 Note however that, contrary to the neutral case in which
f5= 9607253 c3 M_JZ 50,03 only anapole type of couplings arise, fermion logasd also
W~W

boson loop} contribute to all types of chargedWW and
yWW couplings. Complete one-loop calculations for these
, (9) later couplings have been presented in the SM £&8kand
in the MSSM cas¢19].
The numerical predictions for the fermion contributions to

(2s+3m2)(792,+93))
21|\/|j2

e e eQ;0,;9ajNr m_% fY andhy, are strongly affected by the way the anomalies
5 967725\2,\,0\2,\, M,—Z are (presumably cancelled in the complete theory. Conse-
quently, in the final part of this section we discuss their ef-

2(s+md) fect. Such anomalies are generated by triangular fermion

X[ 1+ ———— (100  loop diagrams. In SM they are cancelled whenever one or

15V more complete families of leptons and quarks are considered.

In the MSSM the total chargino or neutralino contributions

hy eszzgajNF ( m%) 2s+ m% (11) are separately anomaly free. However, since these anomalies
3 4872S,Cyy W sz ' are proportional to the quantities
which is the situation applying to NP contributions charac- 2 91940 2 9,02 2 Q,
— Jvjdaj¥jr 4 daj<jr 4« Ko
i j j

terized by high scalé\ yp=M;.
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and independent of the masses of the fermions running alorfgrmionsg is much lighter than all the other fermions in the
the loop, their cancellation may involve fermions with very family, then the couplings are directly given by the leading
large mass differences. Consequently, three distinct possierms in Eqs.(9)—(11); i.e., just proportional to r3/M32).
bilities arise. Either all participating fermions are almost de-This is obviously the most favorable situation for their ob-
generate at scal&p; or they have mass differences of the servability, but it would essentially mean th&U(2)
electroweak size; or finally certain fermions are much lighterx U(1) gauge symmetry is strongly broken in the NP sector.
than others, the contributions of the heavier ones to the neu- In the next section we give some quantitative illustrations.
tral couplings being then negligible.
These different situations lead to very different predic-|v. CONTRIBUTIONS FROM STANDARD MODEL AND
tions for the size of the neutral couplings. In the first case, a BEYOND
complete family of exactly degenerate heavy fermicius
example degenerate heavy leptons and quarks with the SM
structure would lead to the vanishing of all the NP cou-  The SM contribution arises from the three families of lep-
plings. This arises because, in this case, the combination @abns and quarks, and the anomaly cancellation occurs sepa-
the heavy fermion contributions is the same as in the masgtely inside each family. To the coupling§” andf? only
independent cancelling triangle anomaly. This is the unbrothe charged fermions contribute; whilg receives contribu-
ken SU(2)x U(1) situation. o tions from the neutrinos also. In Fig. 3 we have drawn the
If instead, one introduces mass splittings of the elec-gy contributions to the real and the imaginary parts of these
troweak size(i.e., =m3) among the multiplets; like, €.9., couplings. The respective magnitudes of the contributions of
between the heavy lepton and the heavy quark doublets, theRe leptons, the five light quarks, and the top quark are also
the resulting couplings are of the ordery/Mg, which  shown. The consequences of the anomaly cancellation are
means that they are suppressed by an extra pm&éﬂé as clearly reflected in the behavior of the predicted couplings at
compared to Eqg9)—(11). This case corresponds to a spon-high energy, i.e., fos>m2,M2. Indeed it can be seen in
taneous brokenSU(2)xU(1) situation. ldentifying Mg Fig. 3 that although each fermionic contribution decreases
with Ayp, we then indeed get a contribution of the orderlike ~1/s in agreement with Egs(6)—(8), their sum de-
1/AYp, similar to what is predicted by dim8 gauge- creases like~Ins/s’.
invariant operators. The neutral couplings get imaginary parts as soors as
Finally, if a single heavy fermiofor a partial set of heavy >4M§ or M§>4M§. After a spectacular threshold en-

A. The standard model contributions
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TABLE I. SM contributions in units of 10%.

Js f2 f§ h} h3
200 2.05-0.15x107“ i 1.85-0.48<10°% | —7.21+0.81x1072 i —2.10+0.40x1072 i
500 0.25+0.62 i 0.46+0.53 i —0.88-1.82 i —0.26-0.62 i

hancement though, the imaginary contribution of each fer- 3 , 1

mion behaves likergzMZ/s?)In(sM2) for s> (M2, 4M2). 9u1=5 ~ 28wt 7[0S 2p + oS 2],

Therefore, the light fermion contribution to the imaginary

parts of the couplings is strongly suppressed, and only the 1

top quark effect is visible on Fig. 3. Ja1=— Z[cos 25, —C0Ss 2¢pg], (16
Summarizing, the SM neutral couplings are in general

complex but the relative importance of the real and imagiyhile for the Zx,x» couplings

nary parts is strongly energy dependent. Below the, 2

threshold, the imaginary part is negligible. Above2 real , 1

and imaginary parts have a comparable magnitude; with the 9v2:§_25w_ Z[COS 2p\ +cos 2pR],

imaginary part being somewhat larger. In Table I, we collect

these SM contributions at LEP2/6=200 GeV} and at a 500 1
GeV linear collider. The results in Fig. 3 and Table | indicate 9az =7 [COS 2 —COS 2pr], (17)
also the extent to which E@l2) is approximately correct for
any s andM; values. where
B. The MSSM contributions Sin 2= — 22my(p cOSB+ M, sinB)

As a first example of new physics effect, we have com- D
puted the additional one-loop contributions arising in the 22m B+ M )
minimal supersymmetric standard mod&ISSM). They are sin2¢, = — w(p SinB+Ma cosp
rather simple, as the only new fermions are charginos and D

neutralinos. The two charginogf2 contribute to the four

2_ 2,502
h% andfZ” couplings; while the four neutralingg]_, con- M2~ u”+2my cos 28

: 7 i COS 2= — ,
tribute only tofg. Charginos couple to the gauge bosons D
through both their gaugino and higgsino components,
whereas neutralinos only contribute through their higgsino M3~ u?—2mg, cos 28
components. The new feature, as compared to SM contribu- COS 2 = — D ' (18)

tions, is that there now exist triangle loops with mixed con-
tributions, for example k4, F,, F5) in the chargino case. with
This is caused by the nondiagortl;», ga1» Z couplings in

Eq. (4). The explicit expressions of these new contributions D =(M3+ u?+2m,)?—4(M,u—mg,sin 28)2.

are also given in Appendixes A and B. However, because the (19
nondiagonal couplings are generally weaker than the diag-
onal onegsee beloy, these mixed contributions turn out to
be notably smaller than the unmixed contributions. sgr(M,)

Finally, the mixedZy,x» couplings are

Let us first discuss the chargino contributions ufand Opi=— ————
the soft breaking supersymmetriSUSY) parameters are 4
taken to be real, as would be the case if no @R violation 2 o ; ;

J X[sgn M,u—mg, sin 2B8)sin 2¢g+sin 2¢, |,
source, beyond the one contained in the Yukawa couplings [SgrM = miy A) r ]
exists; then the chargino masses are givehag)} sgnM,)

Ja12= — T

1
2 _ 2 2 2
MX].,Z_ E{Mz"_ﬂ +2mW

X [sgn( M o — ma, sin 28)sin 2z —sin 2¢, ],
FV(M3+ u2+2ma) 2 — 4[Mou—mg,sin(28)12}. (20)

(159  where sgnX) means the sign of. As expected, the anomaly
cancellation in the chargino sector arises when one sums the
The photon couplings in Eq4) are then fixed byQ, ,  mixed and unmixed contributions of the two charginos.
=+1. For the numerical applications we used the sets of param-
For theZy,x, couplings in Eq.(4) we have[20] eters at the electroweak scale presented in Tal21il
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TABLE II. Sets of MSSM chargino parameters at the elec-threshold enhancements just abO\M)?, where their mag-

troweak scale.

Set M, i tanB M X M X5

(1) 81 —215 2 94.71 237.94

(2) 215 —-81 2 94.71 237.94

(3) 120 300 25 96.13 328.57
(4) 200 800 4 193.95 809.43
(5) 152 316 3 127.89 345.55
(6) 150 263 30 132.34 294.88

The main feature of the data in Table Il is that almost

always one of the charginos is considerably lighter than th
other. Thus, at energies arouni2 but considerably below

Zszv the dominant contribution comes from the lighter

chargino, while the heavier one gives a weaker contributioryrder to have an estimate of the largest possible neutralino

of opposite sign. At energies higher than both charginceffect, we have taken the case in which the lightest neutrali-
thresholds, these two contributions tend to cancel; the carhos are of Higgsino type. As the contribution # is pro-

cellation being a relic of the anomaly cancellation in theyotional to the cubic power of the-neutralino coupling, it

chargino sector.

nitude is comparable to that of the real part. These features
can be seen in Figs. 4 and 5 where we have illustrated the
cases of the Sets 5 and 6. The results for the Sets 1, 2, 3 are
quite similar; although it may be remarked that the chargino
contribution, particularly tdZ or f2, is somewhat more pro-
nounced there. In Set 4 the chargino contribution is very
small, because there, the lightest chargino is relatively heavy,
and theZ-axial couplings are very small. The latter is due to
[1|>|M,| in this model, which force, , ¢ to have simi-

lar values and thereby th&axial couplings to have very low
values. The cases of Sets 5 and 6 are identical to the low and
high tanB scenarios suggested [@2] as a benchmark for
SUSY studies. In Table Il we give the precise predictions

for these sets af's=200, 500 GeV.

In addition there is a neutralino contributionftg. It only
arises from theZ couplings to the Higgsino components. In

would become rapidly negligible if the neutralinos were not

More quantitatively, as the chargino couplings are of eleC-dominanﬂy Higgsino-like. So we have taken pure axial
troweak size, when one chargino is light enodgfound 100 7_piggsino couplings

GeV or lesg, then their contribution is similar to the SM

ones, for what concerns the real parts of the couplings. Simi-
larly to the top quark SM case, the imaginary parts get

4.5

gv)(gzgv)(gzoi ga)(?:_ga)(g:]-i (21)

3.5
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FIG. 5. Chargino contribution
for the Set 6 SUSY scenario. For
comparison the SM contribution is
also shown. The relevant param-
eters are indicated in the figure.

and only considered the contribution from two neutralinos.respectively; i.e., comparable to the SM and to chargino con-

The results for the masséis GeV) [23]

(M,o,M,0)=(71,130, (78,163, (93,165, (170,195,

fects nevertheless appear when one neutralino is light
enough. The largest effects are obtained for the coupl

(71,130GeV.

For this couple, at 200 and at 500 GeV, the contribution

to fZ in units of 10 are

tributions. The same type of comment about the behavior of
the real and of the imaginary parts can be made.

(22)

o tion by a factor of 2 to 3.
are shown in Fig. 6. They are somewhat smaller than those

due to charginos for comparable masses, this being due to
the difference in th& couplings. Remarkable threshold ef-

Let us finally note that, if there is nearly degeneracy of the
lightest chargino and neutralino, their cumulative effectﬁn
can be occasionally important and increase the SM contribu-

C. Other NP possibilities

The above study of the MSSM contributions gives already
El good feeling of what can arise from any other perturbative
NP contributions at one loop. We now want to extend the
Siscussion by considering quantitatively, in a model-

independent way, the contribution of a new fermfnSuch
new fermionic states arise in many extensions of the SM, as

—0.26+3.3i and —0.32-0.22 i, (23 in grand unified theory or in technicol@TC) models.
TABLE lIl. Chargino contributions for Set5,6) in units of 10 4.
Set Js f f2 hy h%
5) 200 GeV 0.29 0.49 -0.19 -0.31
(5) 500 GeV —-0.17+0.13 i —0.39+0.11 i 0.11-0.101i 0.26-0.09 i
(6) 200 GeV 0.43 0.70 —-0.29 —0.46
(6) 500 GeV —0.34+0.25 i —0.57+0.151i 0.22-0.20 i 0.39-0.12 i
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We take couplings of electroweak size, which means typi- As they stand, these results would describe the most fa-
cal values of the order @f,r=g.-=3, Qr=1, and keep the vorable NP case in which a single fermion is lighter than the
color-hypercolor factoNg=1. In Fig. 7 we show how the other ones. With the chosen electroweak couplings and tak-
resulting couplings depend on the fermion miaks, at fixed ing Ng=1, such a contribution becomes nevertheless
energies\s=200, 500 GeV. The cusps in the real parts andquickly unobservable when the mads reaches the level of
the peaks in the imaginary parts that occur arolid  afew hundred of GeV. It could only be sizeable if the heavy
= \/s/2, are clearly visible there. They have the same strucfermions have enhanced couplings to the photon or t&Zthe
ture as in the previous SM and MSSM cases and with thésee Sec. Y, or if the color-hypercolor factoN is large.
chosen couplings, their magnitude is similar, i.e., a fewConsequently, it is unlikely that such a new contribution
104, (even without the depressing effect of the anomaly cancella-

However, forM g3 /s/2, which is the case that we now tion), can appreciably modify the SM prediction.
want to discuss, th&1 dependence is smooth and the re-
sulting neutral couplings angurely real Thus in this limit, V. HIGHER ORDERS AND NONPERTURBATIVE
they can be well approximated by the energy-independent EFFECTS

empirical formulas )
At the one-loop level we have exploited so far, only the

1 TeV\? fermionic triangle diagram can contribute to the generation
My ) , (24 of neutral gauge couplings. In such a case, the
CP—conservingﬁ'Z couplings are never generated. This is a
5 direct consequence of the symmetries of the fermionic trace
1 TeV) (25) of the triangular diagram and of Shouten’s relation. It is,
Mg ' therefore, interesting to examine if there is any other way to
generate suckh}{'z couplings and enhance its magnitude;

h=—0.02x 10—4(

hi=—f!=—0.01x 10—4(

1 TeV2 compare Eq(2).
fgzo_oogx 104( ) , (26) Perturbatively this may happen at a higher-loop level.
Me We have thus explored diagrams of the form of Figa)8

where the hatched blob denotes a fermion one-loop diagram
[compare with Egs(9)—(11)]. generating an anapolWW coupling. We have found that
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such an anapolEWWVvertex, inside the W loop of Fig.(8), It is conceivable thanhonperturbativeeffects could en-
generates ah‘{'Z coupling of the size hance the above neutral gauge boson couplings. In this re-
spect we may consider strong vecldrp-like) and axial.A
o (A;-like) resonances coupled to the photon @nduch as in
h)“~ Eh;{’z; (27)  technicolor(TC) models[24], through the junctions

: : : . (1-2s%)
i.e., the size of a typical electroweak correction to the NP egy,—eFM,, egy=e————F,M,,
prediction toh}. Of course the resul27) should only be 2SwCw

considered as a rough order of magnitude expectation, since

a complete model prediction would require the computation e

of other diagrams appearing at the same two-loop order, like egAzszAMA, (28)
those depicted in Fig.(B).

where we expect that in the strong-coupling regir24]

w
- FV,AZO< 1 ) 29

My, 4 N

w should hold. New strong interactions can generate nonpertur-
bative couplings among th® and .4 vector bosons; like,
e.g., those expected in the vector dominance modBIM )

(a) (b) of hadron physics for thg andA; vector mesonf25]. Such
couplings, depicted by the central bubble in Fig. 9, could
have the same Lorentz decomposition as in @y.but with
strengths determined by

FIG. 8. Additional bosonic contribution to the fermionic tri-
angle. Thew lines represent bottW* and Goldston& * contribu-
tions. (a) Bosonic triangle and fermionic trianglgepresented by
the hatched blob (b) Bosonic bubble and fermionic bokepre- hS/A2 hS/A4
sented by the hatched blpob 3/ NPy 4l ANPy
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According to a previous studf4], such values should be
unobservable at LEP2, but marginally observable at a high
luminosity LC[26].
Subsequently, we have computed the supersymmetric
(chargino and neutralinocontributions in MSSM, varying
the input masses inside the currently reasonable ranges ap-
pearing in Table Il and E¢22). The results strongly depend
on the mass of the lightest SUSY stdtehargino or neu-
tralino). If this is close to 100 GeV, then the SUSY contri-
bution can be comparable to or even largéthe chargino
and neutralino effects cumulatéhan the contribution from
FIG. 9. Contributions from strongly interacting vector mesons.the top quark, or even the total SM one; compare Figs. 4,5
pouble Iine.s denote the heavy vector bosOsA), while the wavy  \yith Fig. 3, and the results in Table lll. As in the SM top
lines describeZ, or y. case, a non-negligible imaginary part is again generated just
s o above the chargino or neutralino thresholds.
where h3 ,~4m. By multiplying these strengths by the 1 summarize, the “low mass” contributions, both in SM
junctions given in Eq(2_8) and t_Jsing the correspon_dingor and in MSSM, predict complex and strongly energy-
A propagators according to Fig. 9, one then obtains the Colgenendent values for these couplings, with remarkable cusp
rezspontzjlng przed|ct|ons for neutral gauge couplings. §0r 5nq peak effects which could, however, only be observed at
mz<My, 4=A{p we then get a high luminosity LC. Note also that for such small values of
the couplings no effect from the imaginary parts should be

5 m% 5 m% 2 observable inZZ or Zy production cross sections, because
hy 7= ——h37= v (300 there is no imaginary tree-level contribution with which they
VA V,A could interfere, se@].

_ To acquire a somewhat more model-independent feeling,
For vector meson mass#s, 4 not too far in the TeV range, we have also considered the contributions of a single heavy
these values may be somewhat higher than those predictégrmion, supposed to be the lightest one of a new physics

by the previous perturbative computations. spectrum. Keeping its gauge couplings to photon Zraks
standard, we have studied its contribution versus its mass
VI. CONCLUDING REMARKS Mg . Results are presented in Fig. 7 for medium values of

Mg, while empirical formulas have been established for

We have studied various ways to generate neutral tripldigher values. Obviously, as soon as the fermion is too heavy
gauge boson couplings among the photon Znflince these to be produced in pairs, no imaginary part is generated by
couplings are actually form factors involving at least onesuch NP. The real parts decrease likél/and become of
off-shell vector boson, they depend on the correspondinghe order of 10° for a massM in the TeV range; compare
energy-squared variable The simplest way to generate Egs. (24)—(26). So one would need either a large color-
them is through a fermionic triangle loop, involving fermions hypercolor factor or enhanced couplings of the heavy fer-
with arbitrary vector and axial gauge couplings. Such dia-mion to the photon or to thg, in order to get observable NP
grams only generat€ P-conserving couplings satisfying contributions of this type.

We next briefly comment on the possibilities offered by

hgz_fg, hiz h}=0, (31 e"e” colliders with much higher energies, like, e.g., an LC
[26] at a center-of-mass energy of 1 or 1.5 TeV, or the
for almost anys and fermion mass. CERN Linear Collider(CLIC) [29] at 4 or 5 TeV. The ob-

We have then studied the high-energy behavior of thesgervability limit for a coupling constant likég'” or hg”
couplings at a fixed fermion mass; as well as the high ferscales with the luminosity and the center-of-mass energy
mion mass limit at current energies. This last case allows ugduared, like~1/(£s)" However, a heavy NP fermion
to illustrate different possible situations, that depend on thavith @ massM comparable or higher thags, gives contri-

NP mass spectrum and on the way the anomaly cancellatidputions which should scale like MIZ~ 1/s, so that our con-
takes place. The most favorable situation arises whenevelusions are the same as for a lower energy collider.

one of the states needed to cancel the anomaly is much Finally, we have discussed how high-order effects could
lighter that the rest. feed the couplingd , which are still vanishing at one loop.

To acquire a feeling of the expected magnitudes we havelowever, such contributions are always accompanied by an
presented in Fig. 3 the SM prediction for these coupling as additional a/4+ factor, which make them totally unobserv-
function of the energy/s. These SM predictions are found to able. Thus the only chance to generlat{eis through some
be at the level of a few 10 for LEP (200 GeV}, while for  kind of nonperturbative contributions. An example of such
a linear collider(LC) (500 Ge\} they reduce to a few I¢;  an effect based on analogy with low-energy hadronic physics
see Table I. Just above then2threshold, an imaginary part and the vector dominance model has been considered. But
of the order of 10* appears due to top quark contribution. even such a rather extreme model only leads to
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Y m2 APPENDIX A: FERMION LOOP CONTRIBUTIONS
_fﬁ TZ (32) IN TERMS OF PASSARINO-VELTMAN FUNCTIONS
hy A

3 NP Using the short-hand notation of the Passarino-Veltman

which for reasonable values ofyp should rendeh) unob-  functions[27]
servable. e )

Our overall conclusion is that it is very unlikely that the Bo(s:1])=Bo(s:Mi ., M), (A1)
neutral gauge couplings would departan observable way
from SM prediction; provided of course that the new states
couple to the photon and through standard gauge cou-
plings. Exceptions to this statement could come, either from
low-lying (order 100 GeVY new stategfor example, light Gy 2 e M. M.
charginos or neutralingsor from enhanced photon-new fer- Cz,(Si1Kk)=Colmz,05:M;, My, My, (A4)
mion or Z-new fermion couplinggfor example, due to some | heres= P2, and observing the symmetry relations
resonant states of the vector dominance m¢deIM) type].

B.(S;i])=Bo(siM; ,M})—Bo(m2+ie;M; ,M)),  (A2)

Czz(siijk)=Co(mZ,m2,5;M; , M , M), (A3)

B(sij)=B(s;ji), (A5)
ACKNOWLEDGMENT
C,(s;ijk)=Cs(s;kji), (A6)
This work was partially supported by the European Com- z2(S1] zz(sik]l)
munity grant ERBFMRX-CT96-0090. we get for the contribution of j-fermion loop

NFQjezmigajgvj

f2(j)=— 2B,(S:jj )m2(s+2m3) + (s—2m2)(s—4m?>
(1) 87728\2,VC\2,V(S—4m§)28{ z(s;]j)mz( 7) +( 2)( 7)
+2C55(s;jjj )IMF(s—4m3)(s—2m3) +2m3(s—m3) ]}, (A7)
. Nre’mZg, (305, +02)(s—4m5)  By(sijj)
f2(j)=- T (Sz_jmz)z — =+ Sz_mz [4g3MZ(s—4md) + (392, +g3) m3(s+2m3)]
W Z zZ
+2C2(S; ] )[(gi;+g§j>Mf<s—4m%>+m‘é(sgiﬁgi,-)]] , (A8)
NE€e’Qfga;m? m;
h(j)= 172 1+2M2C,.(s;jjj)+ B,(sijj)|, A9
3(J) PRIy p—_ iCzy(siji}) p—— z(sii1) (A9)
Ne€?Q;9,i0amz | smg s+mg
hZ(j)= B,(s;jj)+ 2C,.(s)jjj IM?+1]¢, A10
3(J) PRIy 1) P 281+ —5—[2Cz(sjij )Mj+1] (A10)

whereM is theF; mass, andNg denotes anycolor hypercoloy counting factor.

The mixed term contribution arises when two different fermions, having the same charge butzRi¥egdcouplings, are
running along the loop in Fig. 2. We consider mixg&,F, couplings of the type appearing in the second line of @g.
which arise, e.g., in the chargino and neutralino casBsus, for theZZy* case we obtain

2 2
NeQ18°MZ0a120,12

872s3,ca,(s—4m3)%s

f2(12)=— Rzzy%, (Al

where

3For simplicity we disregard the case where three different fermions run along the loop in Fig. 2, which could, in principle, only arise in
the case of three light neutralino states.
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Rzzy+ = 4(s—m3)(M5— M%)[Bo(s;11) — By(s;22) ]+ 2(s— 2m3) (S— 4m3) + 2m5(s+ 2m3)
X[Bo(s;11) + By(s;22) — 2Bo(m3+i €;12) ]+ 4(s— m2) (M ]+ M3+ m5— 2M5M3— 2M2m2 — 2M3m2)
X[ Cz2(8;121) + C5(s;212) ]+ 25(s+ 2m2) [ M2C,(s;121) + M3C,(s;212)], (A12)

andQ;=Q, is the common charge d¢i,, F».
Correspondingly for th&ZZ* case we get

412 e guu(ghurt Py + 2 IR
= + + v v
5 16772$WCW(S am2) 9a1(9a12" 9y12) T 29a128v129,11Na
+[9ar(GE121 0512 — 201200129, 1]Rs+ Gar (9510~ 921 Re + (1 2)}, (A13)
where

2(M2—M3)(s+2m3) 1

Ra=1+ [Bo(m3;12)—Bo(mZ;11)]— 5 5
s(s— 4mz) (s—m3z)(s—4my)

C,(s;112)

%[ 2M7s®— 2 (M3 (MZ—M3)—m3(7M2+3M5—4m3))+ 4smp(MIM3— 2M2m3 — M3+ mj3)
+4m5(M3—M3)2]— Cyx(s;12D)[s*M3+S(M]—3M3M3—3M2m2+ 2M5— 2M2m32+ 2m3)
+2m2(M3—M35+2M2m3—m3) ]+ B,(s; 1)[(Mi—m2)(s+2m3) — 2M3(s—m2)]
+By(s;12)[ —3M2(s—2m3) + (M3—2m3)(s+2m32)]¢, (A14)

2

Ry=——51(M3=M3—m2)[ C,#(5;112 — C5(S; 12D ]+ (5— M3) C7(S; 112 + By(s;11) + 2B,(s; 12)}, (A15)
s—mz
M1M; 2 2 . . 2 . . .

R.= {(2M2—2M2+5)[C75(5;112) — C;5(s;121) ]+ 2(s— M2)C5(s;121) + 2B4(s;11) + 4B,(s;12)}.  (A16)

2
s—ms

Finally, for theZyZ* mixed case we have

F€°Q10,120a12M% | 25N

h(12) = B,(s:12)+ (s+ m2)[M3C,.(s;122) + M2C,(s:211) + 1] { . Al7
3(12) PRCCyy - iz( )+ ( 2)[M3C7.( ) +MICz( )+1] (A17)

We note that there is no mixed contribution fo}.

APPENDIX B: FERMION LOOP CONTRIBUTIONS IN TERMS OF FEYNMAN INTEGRALS
The contributions of a singlg;-fermion loop in terms of Feynman integrals are
e%Q;0,;0a; y

262 o2 5’
4mesyCy

fL(j)=Ng (B1)

2
€ gaj

967723\3}\, 3 ([ga1+3gvl]|21+[gvl gaj]lzz (B2

f5(i)=—Ne

2
(i) = Ny S (B3)
27T SWCW
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Z(j)= —Np Sl 2 (84)
472 Swa
with
1 1-xq xl(l—xl—xg)mi
I7=j d f d B5
5 0 X1 0 X2 DZZ(S) ( )
21 6m3 f fl A HE XX (M= $4) +Xo(1- 3x) (8% + My(2x,~ 1)
s—m3Jo Dzz(s)
M1 X3 = Xp) (X3 = XE) + Xp( 1= 3Xy) (X4 + 2%~ 1) &6
D22(m3)
6M2Zm =% (1—3x,)
|22—#f dxf dX B7
S s—mz Jo o ? Dzz(9) ®7
|
where wherel’Z is given by the same expression as in HEg5)
with D,,(s) replaced by
2 2
Dzz(S)=M{+sx (X1 +X— 1)+ maxa(X,— 1), (B8)
D72(S)=MI+(M3—ME)xo+ 8% (X +Xp— 1)
and 2
+mZXo(Xo—1). (B15)
1 1-x  Xg(1—X;—Xp)mM3 .
|7:f dxf dx , B9 Finally,
3 o 1 " 2 DZy(S) ( ) y
2
z e 2 2
f fl ey (sxl—mixz)(l—xl—xz) f5(12)= NFW{[gal(galergulz)
- Dz,(s) ’
7 (B10) +20,10a120a12]18°
where +M3[Ga1(9215+ 9712 — 29, 102120,12)1 5
+2M1M0a1(95 1o 9212151+ (12),
D2,(S)=M?F+5x(X1+Xp— 1) +MZXp(X; + X~ 1). HrzgalBuiz Szt
(B11) (B16)
The mixed contributions due to two different fermiofgth with
the same chargearound the loop are
7a 3mZ 1-xq
o I5 . X1 dXz [sXa(1=X;—=X2)(X2—1)
z _ €°Q10,19a12 7
h3(12)=— FTI 51t (1-2), (B12
A W W

wherel ’% is given by Eq.(B10) with Dz,(s) replaced by

D7,(S)=M5+(M5=M$)(1—X;—Xp)

+ 5% (X1 +Xp— 1)+ M2Xp(X, +Xo— 1).
(B13)
Correspondingly,
€°Q19,10a12
f3(12)=Ng———5—5—1"§+(1<2), (B14)
A4Sy Coy

+mix5(1— Xz)]

b,
+(1—3x2)(InD1+2InD2)], (B17)
3mZ 1- X1 1-%x, 2X%;

T mZJ f [ _D_z] (B19

3 X1
mzf lel X2[2x2 2(1— 2x2)], (B19

smZ D

and
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D,= Mi+ (M%— Mi)x2+sxl(x1+x2— 1)+ m%xz(xz— 1), For comparison we also give the fermion doublet contri-
bution to theyWW and ZWW anapole couplings defined in

D,= M§+ (Mg— Mi)xﬁ SXg(X;+Xp— 1)+ mgxz(xz_ 1). Eq. (3). Denoting the “up” and “down” fermions a$- and

(B20) F’ and defining theiZ couplings as in Eq(4), we get
Some of the unmixed parts of these expressions can be e?

derived from the results obtained[i6]. We have checked by 2z~ ~ NF 327725WCW([(9vF+ arlle+[(9ur +Gar 1),

doing a direct numerical integration that they agree with the (B21)

numerical results obtained from the Passarino-Veltman ex-

pressions and thEF packagd28]. e?
It is easy, from the above analytic expressions, to derive?y™ _NFW(QF|F+QF'| Fr) (B22)
the asymptotic expressions given in E¢8)—(8) and (9)- W
(17). where
1 1-x X1(1—X1—X,) M3
'F:f dx1J Ty 1l — 2)Miy ) (B23)
0 0 ME+sX (X +X— 1)+ mMyXa(Xy+X— 1)+ (Mg, — ME)X;

andIF,=IF(M,2:HM,2:,). In the case of a degenerate doulgt= M., with standard couplings, this result simplifies to

Sw e?
Z;=——12

Cw y:NFWVlW' (824)

for a doublet of quarks, and
Sw e?

Cw yZ—NFmM. (B2Y5)

for a doublet of leptons, with

1 1-xq xl(l—xl—xz)m\z,\,
Iw=1d d , B26
w fo leo X2M§+sx1(x1+x2—1)+m§vx2(x1+x2—1) (B26)

which, for Mg>m,,, leads to Eqs(13) and (14).
Note that for a completely degenerate standard farf@lydoublet of lepton and a doublet of colored quarke total
contribution vanishes.
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