PHYSICAL REVIEW D, VOLUME 62, 073012
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G. J. Gounaris
Department of Theoretical Physics, Aristotle University of Thessaloniki, Gr-54006, Thessaloniki, Greece

J. Layssac and F. M. Renard
Physique Mathmatique et Therique, UMR 5825, Universitdontpellier Il, F-34095 Montpellier Cedex 5, France
(Received 26 May 2000; published 11 September 2000

We establish the general off-shell structure of the three neutral gauge boson self-coupfige; , with
applications to th&*Z*z*, Z*Z* y* ,y* y* Z* cases. New coupling forms appear which do not exist when
two gauge bosons are on shell. We give the contribution arising from a fermionic triangle loop. It covers both
the standard moddlSM) and possible new physid®P) contributions such as those arising in the minimal
supersymmetric SM. For what concerns NP contributions with a high scale, we discuss the validity of an
effective Lagrangian involving a limited set of parameters. Finally we write the general expression of the
V¥ V3 V% -vertex contribution to the™e™— (ff)+(f'f') amplitude.

PACS numbdrs): 12.15~y, 12.60.Cn, 13.10:q, 14.70—e

l. INTRODUCTION general description of the Vi Vi off-shell couplings. We
proceed in several steps.

The phenomenological description of neutral anomalous In Sec. Il and Appendixes A and B, we establish the most
gauge couplinggNAGC) among the photon and was es-  general form for a/* V*V* vertex involving three off shell
tablished in Refs[1,2] and used for the discussion of their neutral gauge bosor®GB). For completeness, we also in-
observability at various types of present and future colliders¢lude the “scalar”qV terms, contributing in the case that
see Refs[3-7]. It has recently been reexamined and ex-one off-shellZ decays to a heavy fermion pair, through its
amples of new physicéNP) contributions have been dis- axial coupling. The only assumptions used are Lorentz in-
cussed8,9]. After the first events obtained at the Fermilab variance, Bose statistics andi(1),, invariance; separately
Tevatron[10], experimental data are now being collected atfor the CP-conserving andC P-violating cases. We make
the CERNe'e" collider LEP2[11] through the processes explicit applications to th@* Z* Z*, Z*Z* y* , andy* y* Z*
e'e”—ZZ and Zy. New possibilities will be offered by couplings, and we point out the new coupling forms which
lineare*e™ colliders(LC) [12] and the CERN Linear Col- do not exist when two particles are on shell, thus making
lider (CLIC) [13]. contact with the previous descriptid®,9]. These general

The description used in Reffl,8,9 applies to the case vertices apply to any standard mod&M) or NP contribu-
where one neutral gauge boswf is off shell and coupled  tion.
to e"e” (V¥=v* or Z*), while the other two neutral In Sec. lll we consider an effective Lagrangian parametri-
gauge bosonZZ or Zy are on shell. However, a large set of zation which could apply to the case when the NP saale
events collected at LEFM24] consists of four-fermion states very high; i.e.,A>m;. We show that the effective Lagrang-

(such asjﬁqa), in which the invariant mass of tHé or qa ian previously considered in RdB] when two NGBs are on

pair varies from about 10 GeV up to t@emass. For analyz- shell, already contains some of the off-shell forms; but new
ing these events through the processsse”—Zz*z*,  operators must be added in order to describe all possible
Z* y*, y* y*, taking into accouritcontributions fromv*  Ones. These operators involve higher dimensions, so a hier-

_.Z*Z*, Z*y*, y* y*, one needs a description of the off- archy may appear among the various possible off-shell ef-

shell ViV Vi vertex. The usual two-particle-on-shell verti- feclts,é/vhicr:\}s quitle nkatfural in thiﬁ.; mé case. | oridin of
ces forZ*z2z, Z*Zy, v*ZZ, y*Zvy, which are forced by n Sec. We ook for a possible dynamical orgin o

B tatistics t ish whenewet hell i these couplings. Virtual SM or NP contributions may indeed
ose stalistics 1o vanish whene goes on shefl, are no generate various off-shell NAGC. We describe them by gen-

adequate to describg™ V*V*, since additionak’ depen- _eralizing the procedure of Reff9] based on triangle fermi-

dences and new coupling forms may be generated, whichpic loops, already considered in Ref$6,17). In Appendix

cannot be ignored. Some attempts to treat these off-shell eg e give the complete expression of the Oﬁ'SW'\/T Vi

fects exist in the literature for theé* —Z*Z* case[15], but  \grtices generated by such fermionic loops. This is useful for

a complete treatment is still lacking. , the computation of the SM and the MSSM or NP contribu-

It is the purpose of this paper to present and discuss thgons and it also allows to illustrate how the type of off-shell

effects changes, as the NP scale increases from the 100 GeV
level to the multi-TeV one. Typical figures are presented,

IThis off-shell state is indicated below by an asterisk. illustrating the dependence of the various neutral gauge cou-
’Note that electromagnetic gauge invariance prohibits anyplings on the off-shell masses, the relative size of these cou-
y*y* y* vertex. plings as compared to their on-shell values, and the range of

0556-2821/2000/62)/07301227)/$15.00 62 073012-1 ©2000 The American Physical Society



G. J. GOUNARIS, J. LAYSSAC, AND F. M. RENARD PHYSICAL REVIEW B2 073012

Viela1) involve qV factors and they are called “transverse.” These
fi,g; are functions of;,s,,s; and satisfy the Bose symme-
try relations presented in EqA5). We note in particular

Vau(gs) from them, thatf;(s;,s,,S3) is fully antisymmetric.
In case two of theZ’'s are on-shell, say, e.gs;=S,
Vas(g2) =m2, Bose statistics force$Z 22", t3"7*Z" to vanish,
leaving only one nonvanishing transverse coupling, corre-
FIG. 1. The general neutral gauge boson veNeX,V;. sponding tofZ defined in Refs[1,8,9 and satisfying
the NP scales for which an effective Lagrangian description Sa—m2

in terms of low dimension o i 2T (2 m2 sg)= o L f2

perators, is adequate. 1 (mz,mz,s3)= >—f5(S3), (2
In Sec. V, we write, for completeness, the general struc- mz

ture of theV* V*V* contribution to four fermion amplitude
ete  —(ff)+(f’f’), including all off-shell contributions.
The results are summarized in Sec. VI, where the conclu-
sions are also given.

where we have emphasized the fact that genetf%llis not
necessarily constant, but rather a form factor dependn‘ig on
s3. In this on-shell case there remains also one “scalar” term

X 7% 7% 2
Il. DESCRIPTION OF OFF-SHELL NEUTRAL 93 (mz,mz,S3),

SELF-BOSON COUPLINGS . .
which contributes only when the off-shed* couples to a

The genel’al procedure for determlnlng the Off-She”hea\/y fermion pa"(such as, e. gt‘t) at a “mass” Squared
VIV3;V; couplings is described in Appendix A for the s,. Such terms had been previously neglected. Thus, com-
CP-conserving couplings and in Appendix B for the paring the on- and off-shell situations, we remark that in the
CP-violating ones. We use the notations of Fig. 1 for theoff-shell case we have in addition two more “transverse”
general oﬁ—shelI\/i"(ql)vg(qz)vg‘(q3) vertex(all g; being  couplings and another two “scalar” ones.
outgoing momentd. The results can be summarized IntheCP violating case there exist 14 independent forms,
as follows. listed in Appendix B. Defining the kinematics as before

through Fig. 1, we writ¢compare Eq(B1)]
A. Z*Z*Z* couplings

There are sixCP-conserving independent forms listed in FZ*Z* z* = JizrzE, |fz*z*z* S S, S
Appendix A, which are multiplied by six coupling functions (G102, 0s) E P (51.52.5%)
denoted as

~Z*7* 7%, "‘Z*Z z*
222" (s1,8,,85), (i=1-3), +'E Japu =" (81,52,83),
and ()]
gZ z*z* (51,55,53), (i=1-3). where the four' are transverse, while the 1) are scalar.
' They are listed in Eqs(B2),(B3) and imply the Bose con-
As in Eq. (A3) we write the vertex interaction as straints (B4),(BS) for the corresponding coupling functions
(fi.g))-

3

) e —m2 '
Fiﬁi 7% (Q1,Qz,Q3)=iE |§;i*z* 'fZ*Z 7% (S1.57,53) In case two of th&’s are onshell §;,=s,=m3), thenf,
=

f, vanish, while the other two transverse functions are oppo-

site to each other, because of Bose symmetry. So only one

+|2 Rrataball z*z z* (S1,55.53) transverse combination remains, related to the coupling con-
apu 102203 stantfZ defined in Refs[1,8,9, through

(1) fz*z*z*(mZ'mZ’S3)__ SZ*Z*Z*(m§’m§,53)
where the kinematics are defined in Fig. 1. 2
The thredl' and the thred' forms are given in EqA4). _mz~ 3fz(s ) @)
We note that thed' forms, associated tg;, involve at least 2m§ ar=sh
one scalaV factor, and they are thus are called “scalar.”
In contrast to them, the thréeterms associated i, do not  and the two scalar ones
3In previous workg8,9] P=— g5 was used for the initial off-shell 4A similar emphasis of their form-factor nature is made in this
boson. section for all NAGC defined in Ref$1,8,9.
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T (M2 mi.sy), 98 F P (M m2,sy). the five 32,2 7" (i=1-5) are scalar. They are listed in

Eqg. (B7). In terms of them, the corresponding neutral gauge
Comparing with the results of Appendix B and with those se|f interactions is defined througbf. Eq. (B6)]
of the on-shell treatment of Refgl,8,9], we conclude that in

the generalC P-violating off-shell case, there are in addition 22 z z A —
two transverse and eight scalar terms. | (Q1,Q2,Q3)—IE 12,257 2257 (51,85,8,)

B. Z*Z* y* couplings

i . ) + ETA AR INZ*Z y* )
Now, there are five CP-conserving independent forms de- IE Japu (S1,52,53)

fined in Appendix A throughcf. Egs.(A7),(A8)] ®)
Fiﬁi Y (ql,q2,q3)=i2 |§Bi*y* ifZ*Z y*(sleZySS) For Z**)ZZ with the two Z's being on shell §;=s,
= =m3), f1 34 Vvanish because of Bose symmetry; cf. E88).
s In such a case the only remaining coupling is a transverse
+i 2 Jib,i vHigZ 7" 7 (s,,s,,55).  one related td} defined in Refs[1,8,9] through

* ok % S3
® T s =5 5 fis). (9
* 7% K z
Three of themf? %" (s,,s,,8;) (i=1,2,3) are transverse; . .
while the (conserved vector current(CVC) constraint No scalar term remains becausg,q; give no on-shell con-

y* “ tribution.
r $1,S,,S3) =0 reduces the number of the “sca- )
0 Ty 7 (51,52,50) 74 ok _ For Z*—Zy with one realZ (s;=m2) and one real
lar” terms to the two onegy| < 7 (s4,S,,S3), (i=1,2).

These functions are submitted to tH&*¢*) Bose symmetry 7 (53=0), T, vanishes and is related tdf; because of the
relations appearing in EGAQ). CVC constraint. We thus end up with the two transverse

In case the twe's are onshell §,=s,=m2), Bose sym- functions related to thif , couplings defined in Ref§1,8,9
metry forces two of the transverse functions to vanish, whﬂé)y

the two “scalar” ones become inefficient, as they are pro-  ~z«z« x5 _ 2FTE TR 2
portional toq{ or 5. Thus, we end up with only ongrans- f2 (Mz,52,0)= = (s2=mz) T4 (mZ,52,0)
versg coupling, corresponding tb! defined in Refs[1,8,9: (32—m§)2 ,
=g M2(S2),
Z* 7% y* 2 2 — S3 b% z
fa (mz,m2153)=ﬁf5(53)- (6) ,
z FZRZF 2 S2— Mz z
f3 = 7 (mz,5,,0)0=———| —hi(sy)
If only one Z and the photon are onshélle., s;=m3, s; 2mz
=0), we remain instead with two transverse combinations o 12
corresponding to the couplingg , defined in Refs[1,8,9, + %rzhé(sz) ' (10)
z
2 2
.ok % ms—s ms—s o
57477 (m%,sz,O)zin—z2 h3(s,) + :Tzzhi(sz) : and the two scalar combinations
z z
- of © 7 (MZ,%,0-05 © 7 (m2,52,0)],
* 7%k Z
177 (M2, 5,0 =——7 - hi(sy), (7) S S
2 [gz z ')’ (m§15210)_g§ zy (mgvSZIO)]u
and one “scalar” term previously neglected. So the general off-shell case involves
two more transverse couplings and three more scalar ones.
7% 7% y* 2
92 (m213210)1

. . N C. y* y*Z* couplings
since the other scalar term contains a faai¢rmaking it

inefficient on shell. There are four invariant forms in th@P-conserving case,
Thus, in the general off-shell case, the three transverststed in Appendix Alcf. Egs.(A10),(A11)]
functions can be considered as a generalizdtihre to the 3
(sl,szz,sg) dependencg of the three on-shell coupllings FZ:;Z*Z*(QL%% =i2 |z;,y,,*z*’ifiy*y*z*(sbsz,ss)
fZ,h3,hy. There are also two scalar functions, previously i=1
neglected. S g
In the CP-violating case, there are nine coupling forms, +idap = 701 (S1,52,83),

IZZ’)/I

of which the fourl ;5.

(i=1-4) are transverse, while (17
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including again the three transverse functionsand no “scalar” term. Therefore, the general off-shell case
fiV* 72" (s;,s,,85) (i=1-3), but only one scalar forthis vertex has two more transverse terms and two more

97" 7% (s,,s,,53). We note that this reduction of the num- scalar ones.

ber of scalar forms is due to the two CVC constraints Il THE EFFECTIVE LAGRANGIAN DESCRIPTION

@ * *Z* * *Z*
I (51’32’33):qgrgﬁ/z (51,52,85) =0, The effective Lagrangian is an adequate formalism to de-
scribe the NP effects generated at a s¢gjavhich is much
higher than the actual ener@gr external magsin the pro-
cess consideredyl; or M>). In this case, it is natural to
Festrict the set of operators to those with the lowest possible
dimensions(the higher dimension contributions being de-
pressed by powers of /A?), and thus reducing somewhat
the number of free parameters. Of course, the dimension of
the operators needed to generate each specific form of inter-
actions vertex, may strongly depend on it.

Below, for each NAGC type of vertex Z¢Z*Z*,

and the Bose symmetry between the two photons.

When one photon and ong are on shell §,=0, s3
=m§), these forms reduce to two independent transvers
ones corresponding to the couplingg, defined in Refs.
[1,8,9:

1777 (5,0m2) = | hY(sy)— —h](sy)
2m3g| 2my

- ) Sy [ >—2S; Z*Z* y*, yv*y*Z*), we first establish a set of operators,
f3 77 (81.0mz) = 5ol hi(s) + — 2—hil(s) |, with the lowest possible dimension, which can generate the
o ‘ vertex forms established in Sec. Il. Each such lowest dimen-
s sional operator generating a given vertex form- (- or
fg*V*Z*(sl,O,m§)=——14h1(sl), (12 Ji---) produces a coupling functiofif;(s;,s;,S3) -+ or
2mz 0i($1,5,,83) - - -] characterized by the lowest power of

consistent with the corresponding Bose constraints presented
in Appendixes A, B. Thus, a constafjtappears in the case
. , of a fully symmetric function, a factors(—s;) for a function
g7 77 (s1,0m3). antisymmetric in the exchange sf,s; etc.
The lowest-dimensional operators contributing to NAGC

So one sees that the general off-shell situation has one morgve mainly dim=6. We therefore start by enumerating all
(transversg form than in the previously studied on-shell of them. It turns out though, that this list operators is not
case. sufficient to generate all vertex forms. We therefore proceed

In the CP-violating case there are only six forms to include also a minimal set of higher-dimensional operators
which generate the missing vertices. This constitutes what
we call the basic effective Lagrangian expressed as

and one previously neglected scalar term

4
* *Z* . ~_% *Z*’rv * *Z*
T, (ql,qz,q3>—|i_21 1750 2T 77 (51,52,89)

L=e 2 IiOi-I—E Ti@i , (15)
. ~ ok ok ki~ k| k ok 1 1

+li:123351 2097 2 (51,52,89),
’ where the operator®; and O; are CP conserving andCP
violating, respectively, whilé; andT; are their correspond-
ing (dimensional coupling constants.

(13

four of which are transvers&” 7" %" (s;,s,,55) (i=1-4)
and two scalar oneg? ”" %" (s;,s,,53) (i=1,2; see Egs. A. The Z*Z*Z* CP conserving operators(i=1,6)
(B10), (B11) in Appendix B.

Using the notation
When one photon and ong are on-shell, $,=0, s; g

= m%, qungO), one remains with only two independent - 1 .
transverse forms related to the couplimgs, defined in Refs. Zuvziewwzp v L= 0L, 0Ly, (16)
[1,8,9:

and similarly for the photon tensdF the set of the

ng

2 Z*Z*Z* CP-conserving operators defined as above, is

~ ko S S1—
7 (s1,0m) =5 5| hi(s)~ 5 hi(sy)|,
* 7% 7% ~

z z 07 %% =2,,0,2'2",
~ ok K ok ~ Kk ok Sy ZX7¥ 7% _ 5 " v
72 (s0,0m) =13 7% (s,,0mp) = — =5 hi(sy), O2 D225 027

mz

~ s
fZ’* v* Z*(Sl.O,mi) - _14hg(51), (14) SFor theC P-violating Z* Z* Z* case, there exists a single operator

8my of dim=4 which is of course also included, see below.
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05 =(0%Z,,)(0d°2"")Z,,

0F 7% =2,,(92")(5°2,),
0F ¥4 =27,,("2")(03°Z,),

OFTT =7 (*0Z)(0°Z,). (17)
The transverse terms are given B 2 2" (dim=6),
0%"%*7" (dim=8), and03"%"?" (dim=12). We note in par-
ticular that the operato®3 2*?" is required for generating
the fully antisymmetric structure df 2 2" (s;,s,,S3), (see
below. The scalar terms are?Z"Z'Z" (dim=6) and
0ZZ"%" (dim=8).
The corresponding coupling functiofsee Eq.(1)]) are

Z* 7% 7* Z* 7% 7*
f1 (S1,82,S3)=— 5(S1+S,—283)17

IZ*Z*Z*

+ 5(83(S1+S2) —25;8,)15

Nl = N| -

1
Y [5132( —s,)2—s5{s1(s3— 1)

+sy(s3—s) 15 27

fZ*Z*Z* )IZ*Z*Z*
2

3
(S1,82,83)=— 5(51_32 1

* 7% 7% 52__31
Sz)lz z*Z 5

553(51—

2 2
X{83[$1S,— ST~ S5+ 83(S1+S7) ]

7% 7% 7*
—25:S5(S1+55)}H3

fZ*Z*Z*
3

2 2
(51,S2,83) =[S1(S2—S3) +53(S1—Sp)

2 Z* 7% 7%
+s5(83—51)]l3 ,

7% 7% 7*

* 7% 7% * 7% 7%
o7 (51,55,85)=2l5 "% 421547

7% 7% 7% 7% 7% 7*
—2s4l5 —(Syt+s3)l5

* 7% 7%
+2(835,+ 855, — 5%5,)15 £ 72

7% 7% 7*

* 7% 7%
g2 (31132183)::2|% ze +

Z* 7% 7*

X 7% 7% 7% 7% 7*
—2s,l5 —(s1t+s3)l5

* 7% 7%
+2(s35,+ 825, —855,)15 £ %

PHYSICAL REVIEW D 62 073012

¥ 7% 7% _ 5| Z*Z*Z* Z*7* 7% Z*7* 7%
03 (81,S,,83)=2l7 +2ly —2s3l5

¥ 7% 7% 2 2
—(sptsylg —[s1(s5—5s3)

—S3(s2+83) +8,(s5—sD)]I5 £ 4
(18

We also remark that the on-shell couplifif defined in
Refs.[1,8,9 for the CP-conservingZ* ZZ vertex is related
to the relevant three transverse couplings defined here for the
off-shell case by

fE=mylIT =2 +m(13 2% 45315 7701 (19

Thus, going from the on-shell treatment of the
CP-conservingZ*ZZ NAGC case, to the present effective
Lagrangian off-shell one, we have to increase the number of
parameters from one to three.

B. The Z*Z*Z* CP-violating operators (i=1,14)

The relevant set of operators is
OFH 2 =—7,(572,)(3,2""),

05 7% =(0Z,)(6°2,)(0Z"),

TAZ*Z* 7% a 2
03 =27,(0°,)(0%Z"),

OF 7' =(0%0°Z5)(9*0Z,)(0°Z,,),
OFF T =7r7,(5°2,),

O 7% =(02"2,(°2,),

DT =707 (5°Z,),

05" =(092,)(9"2,)(5"2,),
05 %% =(0"2,)(03°Z2)(3°Z,,),

DL =(00°Z,)(9°2)(9PZ,),

DL 77 =00%(0Z,)(0PZ5)Z,,

D577 =00%(0°2,)(0PZ5)(0Z,),

DL T =020%(0°Z,)(0PZ5)Z,,

D577 =(0"Z,)(*Z,)(3"Z,). (20)
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The transverse terms are given 8 2 2 (dim=6), 0557 = (dim=8), and0% % %" (dim=12); while the scalar ones are
generated bz % (dim=4), OZ.54" (dim=6), og_znz* (dim=8) and®%,%,%" (dim=10). Note the presence of a
dim=4 operatorf’)é* zze multiplied by a dimensionless coupling, which would ind@R violation when on& has a scalar

component coupled to a heavy quark pair.
The corresponding coupling functions are

1 1

ZX 7% 7% _ 77575 7% 75 7% 7% ~ 7% 7% 7%

i (31,32153)—5(32_31)“1 +5513 )_5(51 513 ,
1 -

FZ*7*7* (R ARArANN pababa ¥ 7% 7% 7%
f5 (51’32133)— (S2—s3)(I1 +s415 )— (53_52)| )
~Z*Z*Z* 1 ~Z*Z*Z* ~Z*Z*Z* 1 Z*z*z*
f3 (Sl,Szass):E(Ss_Sl)(H +5,15 )_5(31 Ss)l ,

1

F7*7* 7% 7k 7% 7%
fs (51,32133)=§(al ax)ly )

~ 7% 7% 7% 1 TRz | vzrzRze L 5 pmzkzkgk
g1 (31,52,53)—_5(51"‘32)('1 +5s3l5 )_5(514'52)'3

* 7% 7%
+ 2T (54 8,)TE T =255 557
1
~ 7% 7% 7% T Z* 7% 7% * 7% 7% - 7% 7% 7%
gz (31,32,53):_5(53“‘32)('1 +s,15 )——(33+52)|
~ %7 * 7% 7%
+2E DT —(sg+5)TE 7 =255 57
~ 7% 7% 7% 1 TZRZRZX | T 7R ¥ 7 ~ 7% 7% 7%
g3 (S1,82,83)= (S1+53)(| +5,l5 )— (31+53)|
~ %k 7% 7%
+2IZZZ —(sl—i-sg,)lZZZ 25,1 5742
- 1. 1.

Z¥ 7% 7% z*z*z* w7k R ZK gk gk 7k

Oy (51,32153)— t35 (3-1"'3-2)I |s

l 1 * 7% 7%
+= (SZ+S3)|Z ey - sllZ 2z

L 1 ~ .
* * * 7k 7% * 7k 7% * 7%k 7% * 7%k 7%
05 F (s1s8)=511 CE H glantal)ly FF ST (sl+sg)lz “e

28
e
T (100,59 =g P T 4 S (ar g TF 2 TE P (s, TE T
+;%F”Vﬂ

- 1 1
7+ 7% 7% ~ 7% 7% 7% ~ 7% 7% 7% ~ 7% 7% 7%
g7 (51,32133)25(32 ayly + (32 s)lg +§(31 $2)1 1o

1 ~ S3 S | * 7k 7k
+§(51_32)|11+ 3( —s)I5 %7 +§(52 31)|Z e
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1 1
~ 7% 7% 7% _ i * 7% 7% - 7% 7% 7%
Jg (31132153)—§(31_32)|4 +z(52_53)| +5 (33 $2)1 1o
1 TZ°ZFz* il - 7% 7% 7%
+= (53 so)l i —(52 s3)l + = (52—53)I ,
~ 7% 7% 7% 1 corgrge L i - 7% 7% 7%
J9 (31152153)_§(a1_32)|4 +Z(53_51)| +5 (51 S3)l 1o
1 TZ°zF 7 - 7% 7% 7% - 7% 7% 7%
"‘5(51 S3)l 11 _(53 sl +5 (53 sHIf ,
~ 3 3 1 -
Z*z*z* Z*z* * Z*z*z* Z*Z*Z* Z*Z*Z*
glo (Sl,SZ,SS)—__Il __(al+a2)| 2|8 +§(Sl+32+53)|9
1 7% 7% ZX 7% 7%
4—§(sl+s:2+33)l1 —(sl+sz+s3)l
+ (513 5,53+ 51515 2 2 +(S2+ 2+ 2T 28 1477 21
1S3 S2S31 515, 1TS;TS3 14
|
with Z* 7% ¥ _ Z* 7% o*
f5 = 7 (51,52,53)=(s1—Sp)I7

&2 2 2
a1~ 8,=5(S,—S3) +53(S3—81) +53(51 - Sp), N %(32_51)(31‘*‘52)'%*2* "
a1+ a,=S7(S,+S3) +S5(S3+) +53(51+Sy). (22

R R
We also remark that the on-shell single paramdter 1557 (ussy=(si-s)I5 =7,
defined in[1,8,9,, is related to the present ones by G (5850 = — 127 12527
fr=maT7 2 2 +m2 5% 4 s+ m2) T 27

(23) +2|i*z* ’y* _251|§*Z* ’y*

Thus, going from the on-shell treatment of G&-violating 9577 " (51,5,,80) = — 1577 425,127
Z*ZZ NAGC case, to the present effective Lagrangian off-
shell one, we have again to increase the number of param- +21277 5,1 207 (25)
eters from 1 to 3.
Comparing now to the parameters defined in Rfs8,9],
C. The Z*Z* y* CP-conserving operators(i=1,5) we remark that when tw@’s are on shell one obtains

The operator set is * ok K * % %
P fl=mi(15 %7 —mi5 =)

g=mz(l3 , (26)

OF T = —F,, 29,27, OF ¥ =7M7,(5F,,), _ |
while when oney and oneZ are on shell one obtaifis
Z*z* *_ o a ~ Z*z* *_~ v o
03 Y _(Dﬁ ZP )ZUFPQ, 04 Y —FMVZ'“ ((9 ZU), hgzmé(l%*z*y*_mglg*z*y*) hZ > 4|Z*Z* ¥*
ZX7x ;= (27)
05 =7 =F,,ZFT(37Z,). (24
R * 7%k % )
Here trle*tr?nsverse terms are given ®@y,” " (dim=6) 8t is important to note that, contrary to the case of the form
and(’)§ 277" (dim=8); while the scalar ones are induced by s s
Oi*z*y* (dim=6) and@é*z*y* (dim=8). I 4 =a5[d10z0a]+ 5[ d1021 8],

The corresponding coupling functions are the formq5[q,0,18] associated to tha” couplings, defined in

Refs.[1,8], has not a well-defined Bose symmetry property. In fact

under Bose symmetr;h?7 and hi’ get mixed. The same remark

1

* 7% Kk * 7% %k * 7% .k
f£7 277 (51,5,,53) =535 £V — =sy(s1+5,)15 47
1 (S1,52,53) =S5l 2 s(s1t 82l applies to theC P-violating couplingh3'” .

073012-7



G. J. GOUNARIS, J. LAYSSAC, AND F. M. RENARD PHYSICAL REVIEW B2 073012

So when considering these two on-shell processes we have P VAT AR " v
H OG _((7 Za’)(a F/.LV)Z y
the same number of transverse parameters as in the general
off-shell case.
ANZ*Z*F y* o m7V
07 =0(0"Z,)F ,,(9*Z7),
D. The Z*Z* y* CP-violating operators (i=1,9)

Z**

These operators are (7)5* 7 =(972,)F ,(O0"Z"),

OF 7Y = —FrbZ4(0°Z,,),

057 =00"(0°2,)(3Z5) *F ,,

05 7Y == (0,050Z,)Z°F+#, (29)
D57 = —(0,F*P)Z,(5°Zp), The transverse terms are given H§7.° 7" (dim=6),
- 05,77 (dim=8); while the scalar ones are generated by
04 :ﬁ#F#D(D& Za)Z , OZ*Z v* (d|m 6) OZ Z* y* (d|m=8) and ag*z*,y* (d|m

« —10)
O 27 =(0"Z,)F . (9*Z"), The corresponding coupling functions are

- S3
Z*z* * Z*z* *
T 27 (81,8,8)=>% 2 ( —Sy)l 4 ;

Z**

1 Z*Z* * 1 T Z*
583l 3 —5[51(52_51—53)+52(31 S;—S3) 15 ,

~Z*Z* *
fy 7 (s1,5,83)= )

FZ*7*
f3

1
* Z*Z* ZZ* *
7 (81,52,83)= 5 5(81=87)13 - [52(82+53) Si(s1t+s3)]l5 ,

1
~Z*Z* * _ Z*z* *
fa 7 (81,52,83)= g5 ( —Sy)l5 )

1 * 7% Kk * 7% %k 1 * *
* 7% 7*7 7*7 7*7
91 v (51,32153)— 53| ) 3| 7 _5[51(52_51_53)4'52(51 So— Sa)]'
1 TZ*Z* ~Z*Z* 7575
+ 253| 7 sslg s [(52 $1)2—s3(s1+ )14

*

1 ~ 2% 7%
—Z[(32—31)2+53(31+52)]|§ £,

1
=Z*Z7F _ 7k 7k ok
g2 °7 (31,52153)—§[52(52+53)_31(51+33)]|2 ’

Z* ,y*

~ 7%
+5(s2—s)l5

N

Z**

1 . *
+Z[(S§_S§)_S3(Sl_52)]l7 Zry = [(51 52)"“33(51 32)]|Z ,

~ 1 S,+s 1 1 ~
7% 7% K _ 7% 7% % 1 20 7% 7% 7% 7% 7% 7% o *
95 = 7 (s1,82,83)=— le 7 8 15 Z|5 _5(514‘32)'7 7
1 * 7% *
g(sl+52)| g5 e,
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~ 2% 9% k% 1 ~ 2% 9% %k 1 ~
9; =7 (51132153):—5(51—32”72 2 +§(Sl_52)|81

32_51~Z*Z* » 1 ~ k7% & 1 ~ 7k 7k %
8 1327 +Z(32_51)|7 7 +Z(Sl_32)|8 7

~Z*Z* * _
g5 “ 7 (S1,52,83)=

1 ~ 2%k 7%k k&
_553(51_52“92 . (29
Comparing to the parameters defined in Rg1s$8,9], when twoZ's are on shell, one obtains

2
~ 2% 7% k& m~***
fz=m§<|3“7—72|2”7), (30

while when oney and oneZ are on shell, we get

2
~ ok 7% Kk mz~*** I~ 7% 7% Lk
e T2 - TETE | nemF T @
So the off-shell case has one more transverse pararﬁé?@r* (/*) than the on-shell one.
E. The y* y*Z* CP-conserving operators(i=1,4)
The four operators of this case are

*Z*

Oy 7T =—F (3,F72Z°,  0F "F =OF(F,,)Z,,

Oy E (O FPNZF,., O VT =F, F(3°Z,). (32)

pa

The transverse terms are given @){* vz (dim=6) and(’)g;’*z* (dim=8); while the scalar term b@f 7z (dim=6).
The corresponding coupling functions are

1 1
* *Z* _ * *Z* * *Z* 2 * *Z*
fy (Sl.sz,ss>—§(81+sz)l{ T dssl) Y _5(31_52) 13-,

* k7% 1 * k7% 1 * k7%
£ 7 (51,52,53)=§(sl—32)li/ e +§(51—32)(33—231—252)I§ e

fg*«/*z*(sl132,33):(52_31)%*y*z ,
9l " (s1,5,,50) = (s1+ )11 Al (33)
When oney and oneZ are on shell, one gets
hi=m217 72" hy=2mi] "%, (34)

when comparing to the parameters of R¢fs8,9], and one observes that there is one less transverse parafﬁéfé??) than
in the off-shell case.

F. The y* y*Z* CP-violating operators (i=1,6)

We now have

Z")I*V*Z*z—((?‘TFU#)Z'gFM’B, '(7)%/ ”*Z*=(DF”V)F,,Q((7#Z“)'

OF "7 = (04050, )ZFHE, DF 77 = (00, F ) (9F 1) (9,2%),
OF "2 =(9,Z0FHF . OF 75 =0,(0,27)F"(7F ,). 39
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The transverse terms are given B 7% (dim=6), 0},”" %" (dim=8) and 0} *'%" (dim=10). The scalar terms are
Oy 7% (dim=6) andOY 7" %" (dim=8).
The corresponding coupling functions are

1 1
~ % *Z* _ ~_ % *Z* ~ % *Z*
fy7 (31,52153)—5(51_32)”/ 7 +Z[Sz(sz+33)_51(31+53)]|g ’

1 ~ % k9%
z
+z(51—32)(53—51_52)|§ T,

2 2
+s
1 ZT%/*)/*Z*

1 — % S¢S ~
_ Z 192 * K 7k
(51,32a53)—_z(51+52)|1y ’ +T _T(Sl"‘sz)'z e

22
~ S;1—S $1S: ~
* % 7% 1 D kK 7% 192 * % 7%
7(S2=s)I7” +T|g 7 +T(Sz_31)|z T

Frvrz* —
f3 (81132183) 4

- 1 - 1 -
* *Z* * *Z* * *Z*
f77 (51-52a33)=§(31_52)|2y y _§(51_32)|§ T

~ Kk K

1 1
Z* ~ _% *Z* ~ %
a7’ (51,52133):§(Sl+32)|f y +2[51(52_51—53)+32(51_52—53)]|27 7

*Z*

~ *

1 ~
— 2 (S8 (Ss= 51— ) 1Y 7 F — 25— 5y =) 1Y 7

~**Z*

1
+ 5[51(51_32_53)““32(52_31_53)]'g 4

1
~**Z* _ ~**Z* ~**z*
937 (51,52,33)—§(Sl+52)|27 7 +§(51+32)|§ 7
""-',y*,y*z* 1 ~,y*,y*z*
+17 + Z(sﬁsz)l6 . (36
|
When oney and oneZ are on shell, one obtains ﬁ*z*z* le*z*z* |1z*z* V* |22*z* y* le*z* V*
2 ~_ % *Z* ~_ % *Z*
hjy_:mz(li/ Y —Sl|%’ Y ), TZ*Z*)'* |'y*y*Z* Ty*y*z* 38
3 N N (38)
~_ % k7% ~_% k7% . .. . . .
hy=-m3(Ty 74 =T V%), (37)  If in addition, the higher dimensional operators above are

also included, we have to add to this set of parameters the
which express the on-shell parameters of Rgis8,9, in  following:

terms of the present ones. We observe irgéty*z* is not

. i Z* Z* Z* I Z* Z* Z* T Z* Z* Z* T Z* Z* Z* T Z* z* Z*
involved and that only two transverse parameters appear inz v 13 v 12 v 13 v s '
stead of four in the off-shell case.
Ig*z*,y* Tzz*z*,y* Tf*z*,y*
G. Comments about the lowest-dimensional parametrization
p IZ*Z*,y* IZ*Z* ')'* TZ*Z*’Y* TZ*Z*,Y* TZ*Z* ,y*
As already said the effective Lagrangian of E@5) is 2 v o2 v o4 (3'9)

suitable for describing NP effects generated at a very high
scale. If this occurs, then it may turn out to be adequate to Thus, within the context of the effective Lagrangian of
restrict to operators of dim6. Keeping only transverse thijs Sec. Ill, we need 21 parameters to describe the off-shell
terms (which is absolutely legitimate, provided that no effects for all “transverse” NAGC. These parameters would
events involvingZ—tt decays are considerethen we end be related to those defined on-shell in R¢fis8,9 by Egs.

up with just fourC P-conserving and four CP-violating cou- (19),(23),(26),(27),(30),(32),(34),(37). Furthermore, if the
plings; namely, NP scale is very high, then it is natural to expect that the
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dim=8 terms(which are proportional to %), should be
strongly suppressed. The suppression should even be stron-
ger for the higher din¥10,12 terms. In this case the set of

eight parameters in E¢38) should be the dominant ones. F
Let us insist on the merit of the effective Lagrangida®)
which allows through Eqs(18),(21),(25),(29),(33),(36), to F
get the precise off-shefi dependence of the amplitudes con-
sistent with Bose symmetry and CVC. Provided the NP scale F

is high, these should the suitable expressions for a model
independent data analysis.
On the other hand, if the NP scale inducing NAGC is near
the energy scale of the measurements, then the effective La- FIG. 2. The fermionic triangle.
grangian description becomes inadequate. In such a case, dy-
namical models such as those considered in the next section The sybstitution€40) generally change the dimensional-
can be much more useful in providing hints for the descrip-ty of the various operators. If after performing them, we
tion of the possible new physics. make the further restriction that only the lowest i op-
Finally, if Z—tt decays are also included in the NAGC erators are retained, then we just end up with the two opera-
analysis; then the “scalar” couplings should also be in-tors
cluded. Altogether, there exist 23 such couplings in the ef-

fective Lagrangian listed above. Eleven of them correspond OSU(z)XU(l)Ziéw(ﬁgB”“)(@TDV@),

to dim=6 operators, and constitute a set of the three

CP-conserving Osuxu)=iB 4,(3,B7) (@D ®). (41)
A S A D A A These are the only dim8 SU(2)x U(1) invariant operators

which in the unitary gauge only involve either purely neutral
and the eighCP-violating triple gauge couplings, or couplings affecting three neutral
gauge bosons and a Higgs field. They are closely related to
' the (9\1/1\/2\/3 and (~,)\1/1v2v3 defined in the various subsections
above.

TZ*Z*Z* "I"Z*Z*Z* TZ*Z*Z* TZ*Z*Z* TZ*Z*Z*
5 6 7 8 14

Tg*z* ,y* TGZ*Z* ,y* T5,y* ,y*z*

, , o , _ IV. A TOY MODEL: THE FERMIONIC TRIANGLE LOOP
couplings, while the remaining 12 describe higher-

dimensional scalar NAGC. In Ref. [9], we have discussed the possible dynamical
Before concluding this subsection we add a few com-origin of the triple neutral gauge boson interactions, when
ments concerning SU(2QU(1) gauge invariance. Strictly two of the gauge bosons are on shell. The first conclusion
speaking the NP vertices introduced to the effective Lathere was that, at the one-loop level of any fundamental
grangian by the NP operators in Eqd7),(20),(24),(28), renormalizable gauge theory, nonvanishing contributions
(32),(35), should only be used in the unitary gaug&his  could only arise if fermions run along the loop; the bosonic
restriction can be easily cured though, by making the substiloop always giving a vanishing result. The second point was

tutions that noC P-violating NAGC couplings are generated in such
a context. Here we explore the consequences of this model
20w .- R when all three neutral gauge bosons are taken off shell.

Z——SwBp— — (BTrd)- W,
v A. General structure of one-loop couplings

The triangle diagram is depicted in Fig. 2. The fermion

Fur—CwB,, > (d)*r(l))-ww, couplings are defined through the gauge Lagranf@dn
=— ME~y F— ey _
Asuow L= QA Ry, F = 5 o 2 F(Vulor— 7, 760ar ) F.
Z#—>I v2 (CI) DM(I)), (40) (42)

The complete expressions of the resulting off-shell
CP-conserving NAGC are given in Appendix C, where for
simplicity we take a single fermion running along the trian-
gular loop. These expressions are directly applicable to any
fermionic contributions. Thus, e.g., the SM prediction for the
neutral gauge boson self-interactions is obtained by summing
"We would like to thank E. Boos for discussions on this point. the contributions of the leptons and of the quarks.

which transforms them to a gauge invariant form. In &d)
® is the SM Higgs doublet; its vacuum expectation value,
andD, is the usual SU(2X U(1) covariant derivative.
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To present these results, we first observe that the one-loop - e?
. . . . . 7% 7 —
fermionic diagrams strongly reduce the six independent  J7 (51.82,83)——r§8

2
D Syfle
forms that could exist in the general cgsempare the most 7 w

general type of such forms in Appendix.AMore explicitly, X 9ar(30%:+02£) G4 (51,55,53),
the only nonvanishing coupling functions contained in the
one-loop diagrams are the two nonvanishing transverse ones (43)

;aysedgl'zs(s)l’lsr']z ,pszi?t,icﬁlnzfr id?lmtg;l; esgf (I;?)ru:)lljiggcg?fomnwag:ge where the functionsg;(s;,s,,s;) andg; are given in Appen-
o128 R dix C in terms of Passarino-VeltmaB, and C, functions

Refs.[1,8]), is allowed by such diagrams. This has already,

: . . 18].
been noticed in the on-shell cag®; where it has been re- [ . . . .
marked that higher order or nonperturbative effects are re- As required by the anomaly cancellatiGamd explained in

quired for generatindp, couplings. Appendix Q, all the G; andgj’ functions vanish in the large

To establish contact with the effective Lagrangian of SecMr limit. Moreover, at the WI: level, they satisfy
[ll, we consider the heavy fermion limit of the above func-

tions. In such a limitretaining only the dominant Wz con- Gr=3G,= 51+32_2253 Go=3G,= 3(52—_?)
tributions the heavy fermion loop predictions are identical 40Mg 40Mg
to those of aCP-conserving effective Lagrangian in which
the only nonvanishing couplings are , 1
G,= 24M2’ (44
|Z*Z*Z* Iz*z*z* IZ*Z* ,y* |Z*Z* '}’* Iz*z* ,y'k
1 v g ] v 12 v g

' from which the leading contributions o , andg; are cal-
culated using Eq(43). As expected, these lardé( results
coincide with those of the effective Lagrangian description,

I 7* ')’* Z* I y* 7* Z* - ;
1 v 4 ' with the only nonzero parameters being
Of course, if the mass of the fermion in the loop of Fig. 2 |ZF 22 Jar 2 (502 +g2.)
is comparable tqor lighter than the energies considered, 1 B 3OM§ 327725\3;\,03, 99F T Yar)s
additional structures appear in the, andg; functions, that
cannot be described by the above effective Lagrangian. If 5
NAGC are ever observed, then the experimental search for ~ |z*z*z*_| _YaF ( )(592 +302F)
. . . 2 23 ~3 vF aF/-
such structures, will provide a very important means for 60ME | | 32m sy Ciy
identifying the responsible NP degrees of freedom. (45

Combining this with Eq.(18) for the on-shell casez*

—2ZZ (s,=5S,=m2), for which Eq.(44) impliesG, ,=0, we
Following the results in Appendix C, the fermionic tri- obtain( 1= 52~ M) a.(44) imp 24
angle contribution is written as

1. The Z*Z*Z* couplings at one-loop

S3—m32

2 (727 (MG mE s9) = (s mo)IF 777 = == 1i(sy),
Z* 7% 7% _ € 0ar z
f1 (51:82,83) =~ —— 55
32m Sy Z*7% 7% 2 2
5 5 f2 (mz,mz,s3)=0, (46)
X{(39yF *+ Jar) G1(S1,52,53) _ _ o
5 5 which agrees with the expression given in Héf.
— (92— 9yr) G3(S1,52,83)},
2. The Z*Z* y* couplings at one loop
2 The formalism in Appendix C leads to
277 (5 ) 55)= — D2
? pes 327725\31\10\3;V 7% 7% % ezQFgangF
s f1 (81,82,83) =~ ——, 5 5 [G1(51,5,,83)
X{(39;F +9ar)Ga(S1,52,S3) 8msyCy
_(gele_ggF)gzl(slrSZ:SS)}v +05(81,82,83) ],

2
fg* 75 (Sl S ,53) _ € QFg:ngvF
8Depending on the NAGC coupling considered, there may by ad- 8msycly
ditional scalar functions such @s(s;,s,,Ss) and/orgs(s;,S,,S3);
but these functions are relateddg(s; ,s,,S3) by equations such as
Eq. (C7), sincefs(s;,S,,53)=0 for the diagram in Fig. 2.

G2(51,S,S3)

1
+ §g4(51 +S2,S3)
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2 (51,8,55)=0% £ 7 (55,51,59) e’Qfg
01 (81,52,53) =05 (S2,81,S3 gy y*Z* (51152,53)=Z—Fang(Slysz,Sa)-
’Qr9ard,F 2 SwCw
= %gl(sl ,S2,S3), (47) (52)
2mTSy,Coy

At the 1/1\/I,2: level, the leading heavy fermion values of the
where the needed; functions are again given there. To de- Gj-combinations appearing in E¢2) are
rive the leading contribution to these couplings in the large

M2 limit, we need first the leading contributions to the Ge(S1,59.53)+ Go(S1.50.5 )~52+51
G; deﬂned in Appendix C. Keeping terms only up to the R A T VA
1/MZ order[as in the derivation of Eq44)] this is given by
(s1—s2)

S3 1 (Sp—51) , 1 G6(51,S2,S3) —G7(S1,52,83) = 1oMZ

GitGs=— o7, Gt qUs=—"-7, G1= 5,7, F
12M2 3 12M2 24M2
(48) ;1
. . gl: 24M_2 ) (53)

which, substituted to Eq47), result to values of the cou- F

plings functions consistent with those obtained in Ezp),
provided

2
_ZXZX oy ZFZFy* 5 ZFZF ¢ 1 € QFgangF
12825 =122 = g =

12M2) g2l
(49)
while all otherl?"#"”" should vanish.
Comparing to the on-shell cases:
(@ y*—ZZ, 8,=S,=m3, G,+G,/3=0 leads to
* 7k |k * ok |k 3
7 (M me s =853 “ 7 = fl(s),
z
157277 (m3,m3,59)=0; (50)

(b) Z* —Z7y, s3=0, s,=m3, G;+Gs=0 impliesh5=0,

and

f%*z* 7*(m%13210) :0,

Z**

2
PAL AR z* m;
f5 = 7 (m2,s8,,0)= (m —Sy)l7 =

2 hg(sl)1
z

(51)
which agree with the expressions given in Héf.

3. The ¥* ¥*Z* couplings at one loop
The results of Appendix C give

22
€ QFgaF
8’7T25WCW

+G7(51,5,2,83) 1,

* *Z*
172 (81,8,83)=— [Ge(S1,S2,S3)

22
€e“QrJar

* *Z* _
f3 7 (s1,52,8) =~ ——
8 SwCw

[Ge(S1,S2,S3)

—G7(81,52,83) ],

which as expected coincide with the effective Lagrangian
results of(33) provided the only nonvanishing couplings are

22
e°Qrdar

|7 ” 4| 5 .
8 SWCW

(54)

<l

When only one photon and ongare on-shelli.e., s,=0,
s;=m3, G;=0), we obtain

* *z* 2 * *Z* 2
772 (s1,0mg) =11 7" < (s,0m3)

S1 % k% S1
=177 “oml hi(sy), (55
which agree with the expressions given in Héf.

B. Quantitative discussion of the one-loop off-shell effects

After having shown the structure of the NAGC generated
at one loop, we now make a quantitative discussion of the
off-shell effects. These effects are described below by three
sets of ratios which quantify the following featurda) The
ratios R}?, R3%, R%, R%, R®” are sensitive to thg; de-
pendences of the type of couplings existing already on shell;
(b) the ratiosR’3%, R'3%, R’5?, R"32, R'3” study the rela-
tive size(versuss;) of new types of couplings as compared
to those already existing on shelt) the ratiosRZ%4, R5%%,
RZ%Y, R#7?, R”7* aim to quantify the range of the malk:
of the fermion running along the loop, for which the effec-
tive Lagrangian structuréwhich already contains somg
dependengeis adequate.

For each ratio, we indicate below their value in the large
Mg limit. As shown in the previous section, these values
agree with the predictions of the effective Lagrangian. We
have compared these values to a numerical computation
done with the exact expressions for finltg- values and for
some choices aof; values falling inside the range accessible
at LEP2(0.2 TeV) or at LC(0.5 TeV). In Figs. 3 —6 we have
selected some typical examples of theand M behaviors.
The above three points are discussed in turn for each NAGC
vertex.

073012-13



G. J. GOUNARIS, J. LAYSSAC, AND F. M. RENARD PHYSICAL REVIEW B2 073012

T T T T T T T T T T T T T T T T T T T 3 T T T T T T T T T T T T T T T T T T T T T T T T
L (a '\ ] C (b e
St () RY”, o F ) — R, .
o R;" P - - Ry" ]
- o N 2r seeos  RYT P
4 C \ ‘l ] L 58000 R'3z e J
: A s ]
I~ 3 3 =] L ° 7
3 - C 1 @~ B 7
I 1 E : :
- 2—_ II - O;::Q:EQ=€B%:i/—O—\ _—_-___:
N C ] I B \ 7
= 1 :__ __________ h 2= 2 Q\\ 1
i a-- -ir T i
) SRR R S e R - sY/?=0.5Tev ol -
- e T 5,/%=0.09TeV . ]
- Vi —2f  My=0.1TeV S ]
-1+ v - N 4
C v | LN i
N \’: L \&\ B
_ol v by oy ey oy T _ I B SN B S S A U R S S A B R \?\_
02.00 0.05 1z 0.10 0.15 0.20 8.0 . R 0.3 5
sz~ (TeV) sz’ (TeV)
4 T T T T T T T T T T T T T T T T T T T T T T T T
£ (c) .
E 1/2_ b
e 87 =0.09TeV
: s2/*=0 ]
b —— R (s¥°=0.5TeV) |
oF AV - RyZ © (0.5TeV) |
T 26942 R 0.2TeV
E E \I‘ o000 Rgzz 0.2TeV |
N 1
1F
0F K i
r / 7
g / | | | | |
4.0 0.1 0.3 0.4 0.5

0.2
My (TeV)

FIG. 3. Z* Z* Z* off-shell effects compared t0* —ZZ: RatiosR3? andR5Z show they/s, dependence of the contributions to tietype
of coupling; ratiosR/?Z and R’gz give the relative size, versuss,, of the new contributions as compared to the ones already existing on
shell; (a) at \s;=0.2 TeV,(b) at \s;3=0.5 TeV. RatioRZ** andR5%* show the departure versi of the exact 1-loop contribution, as
compared to the effective Lagrangian prediction/gg=0.2 TeV and 0.5 TeV(c). The definitions ofs,,s,,S; are given in the text.

1. The off-shell one-loop effects in ZZ*Z* compared Note from Eq.(2) the way thatfz*z*z*(sl s,,S,) is related
to Z* 27 z - . e
to the on-shelifg coupling of Refs[1,8].
(@) The ratiosR}* and R3* show the evolution of the  (b) The ratiosR’3* andR’3* give the relative size of the

contributions to thefZ 2" %" (s,,s,,s,) type of coupling as  new f2"Z"%" coupling as compared tt¢ 2" %" already ex-
defined in Eq.(43), from s;=s,=m3 up to some off-shell isting on shell:
value

_ G,(81,57,S3) 3(s1—S2)

G1(S1,5,,8 2S3—S,—S R/ = ,

57 1(S1,52,53) ! 22’ 1 gl(Sl,Sz,Sg)_)SlJrSz*ZSs
Gu(mz,m3,s5)  2(S3—Mz)

sz 93(51,5,,S3) 283—851—%; R’gz=g4(sl'sz’33)ﬂf 3(51~%p) )

Ry™= 2 2 - 2(s5—m2) (56) G3(81,52,83) S1+8,— 283
Gs(mz,mz,s3) 3T 1z (57
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FIG. 4. Z*Z* y* off-shell effects compared t9* —ZZ: Ratio R®” show they/s, dependence of the contributions to thetype of
coupling, whileR'5? gives the relative size, versugs,, of the new contributions as compared to the ones already existing on shell; at
Js3=0.2 TeV and at/s;=0.5 TeV(a). RatiosR??” show the departure versiy of the exact one-loop contribution, as compared to the
effective Lagrangian prediction afs;=0.2 TeV and 0.5 TeV(b). The definitions of; ,s,,s; are given in the text.

The four ratios in Eqs(56), (57) are plotted versus/s, in 2. The off-shell one-loop effects in ZZ* y* compared
Figs. 3a) and 3b), for \/s;=0.2 and 0.5 TeV, respectively. to y*—2Z

The fixed values of/s; andM are indicated in the figures. The corresponding ratios are
It can be seen there, that the quadratiedependence pre-

dicted for the largeM ¢ limit, starts to be valid already at a G1(81,52,83) + Gs(S1,52,53)

Sy=
rather low Mg, apart from threshold violations as$, R G1(m2,m2 ,s3) + Gs(M2,m2 ,s3) -5 59
~4M2.
(c) The ratiostZZ and R%ZZ, RISy 3G5(81,82,83) +G4(51,52,S3) S;—S1
= — — s
3G1(51,52,83) +30s(S1,S2,S3) S3
72727 (253_ S1— Sz)gz (60)

e N
1 AR
Gi(s152) illustrated versus/s, in Fig. 4(a) for ys;=0.2, 0.5 TeV and

2y (285—5,-5))Gs fixed \'s;, Mg and the ratio
= o L, 58
2 3g3(sl_52) ( ) RZZ'y S3(3gz+ g4)

which are equal to 1 at largd ;, show how much the exact 3(51752)(G1+ Gs)
1-loop contribution at finite values d#l¢ differs from the  presented versuM in Fig. 4(b), for \s3=0.2, 0.5 TeV,
effective Lagrangian prediction. They are presented in Figand typical values of/s; .

3(c) versusMg, for \/s3=0.2, 0.5 TeV, and fixed typical ’ .

values of /s, ,. For these ratios also, we observe that they 3 The off-shell one-loop effects in ZZ* y* compared

are close to their larghi ¢ limits, provided thatM is away to Z*=Zy

from the threshold/ss/2. Similar ratios are next constructed ~ The relevant ratiogtogether with their largeM g limits)
for the other NAGC processes. are

—1, (61

37_ 3G2(51,52,S3) +Ga(S1,S2,S3) —3G1(S1,S2,S3) —37s(S1,S2,S3) ~ S)+S3—S;
3G,(M2 ,5,,0) +Ga(MZ,5,,0)— 3G, (MZ,5,,0)— 3Gs(M2,5,,0)  S2— M3

: (62

3G1(51,572,83) +3G5(81,S2,S3) S3

R!3Z:_ — y
3G5(51,52,S3) + Ga(51,S2,S3) —3G1(51,52,S3) —30s(51,52,S3)  S2—S1+S3

(63
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FIG. 5. Z*Z* y* off-shell effects as compared B+ —Zy: Ratio R shows theys; dependence of the contributions to llhétype of
coupling, and ratidR’ 32 gives the relative size, versu;, of the new contributions as compared to the ones already existing on (shell;
at+\s,=0.2 TeV,(b) at\/s,=0.5 TeV. RatioR%*? shows the departure versh of the exact one-loop contribution, as compared to the
effective Lagrangian prediction ajEzzo.Z TeV and 0.5 TeV(c). The definitions ofs; ,s,,S; are given in the text.

presented versus's; in Figs. 5a),5(b), for \/s,=0.2, 0.5

TeV, and fixed values of/s;, Mg. On the other hand, the

ratio

RZyZ_

We

S3[ 3G2(S1,83,S2) T Ga(S1,S3,S,) |

3(s1—52)[G1(S1,S3,S2) + Gs(51,S3,S,) ] o

(64)

is shown versusM¢ in Fig. 5c) for \/s,=0.2, 0.5 TeV,

and fixed values of/s .

073012-16

to y*—Zy
now have

3y_ Ue(S1,52,53) .
Ge(51,0m3)

G7(81,52,83) S,

R’37:7—> -~
G6(S51,52,83)  S1

4. The off-shell one-loop effects in* y*Z* compared

(65



OFF-SHELL STRUCTURE OF THE ANOMALOUZ AND . .. PHYSICAL REVIEW D 62 073012

6 [ T T T T T T T T T T T T T T T T T T T T T T T T ] 5.0 F T T T T T T T T T T T T T T T T T T T T T T T T R
- (a) sY/?=0.09TeV ! H(b) -
r Mp=0.1TeV ] £ ]
5 B £ 1/2 31
i i 4.0 [ s3', 50.09TeV ]
C i o s3'"=0 ]
4L RY (s17°=0.2TeV) ] - ]
N B 00999 R (0.2TeV) A E iy 1s2 3
g L eoses RY 0.5TeV) ] E —— R7(s1/°=0.5TeV) ]
N R™  (0.5TeV) - 30 Bl - R7%(0.2TeV) ]
(-1 -
) - 1 % £ ]
= 7 a4 F B
8 B i C! :
mo RL ] 2.0 ! ]
1_ =8 - 90— 0- -0- Lo ‘,4/: E ;
il ool - ] E ]
L . ;577‘/77_9,,-9-—_0_,&_&_9_6; 1LOF Vv ON. L ]
0 b6 0me=e=%" 4 ] B \\\ 3
_d'g)l T R T N R B | 'I2|1 |2 | b'|3l L1 ‘I L1 |0j5 O'%‘:OI L1 ‘| - IO.IZI TN T T T Y N T N N :5

s7/> (TeV) My (TeV)

FIG. 6. y* y* Z* off-shell effects as compared t¢" —Zy: Ratio R®” shows the\/s, dependence of the contributions to thtype of
coupling, and ratidR’3” gives the relative size, versu;, of the new contributions as compared to the ones already existing on (shell;
at+/s;=0.2 TeV and at/s;=0.5 TeV. RatioR?*? shows the departure versi: of the exact one-loop contribution, as compared to the
effective Lagrangian prediction afs;=0.2 TeV and 0.5 TeV(b). The definitions of; ,s,,s; are given in the text.

presented versugs, in Fig. 6a) for \'s;=0.2, 0.5 TeV, and e.g., their decay. This is obviously true, e.g., for NP of the

Vss, Mg while the ratio SUSY type.
S $1,52,S
RWZ:M_) , (67) V. GENERAL OFF-SHELL NAGC CONTRIBUTION
$2G6(51,S2,S3) TO e~e*—fff'f’

versusM in Fig.6(b) for \/s;=0.2, 0.5 TeV and fixed typi-

The NAGC contribution to the*e™— (ff)+(f'f’) pro-
cal values ofys; 3.

cess is depicted in Fig. 7. The complete Feynman amplitude
has the general form
5. General comments
We have made many other runs with differepandM g
values. The following are the general conclusions we draw _ _
from these. 4=_= 3 Vi(ff) er(f'f')rijk Vi(eTe)
The first is that the off-shell effects cannot be ignored in T miE D D oTp D
. . z 1] i j k
detail experiments such as those performed at LEP2, where
data with a fermion-pair invariant mass ranging from very
low values up to abouty, have been collected. That will be where the summation ovejk covers all possible off-shell
even more true at a linear collider in the future.
Our one-loop calculations indicate that the laMe pre- .
dictions are quite adequate, even at IMy values, so long e /
asM¢g is not too close to a threshold. This is the same situ-
ation as in the previous on-shell analy§®§. It is further-
more a welcome situation, since it encourages us to analyze
the data, by using the effective Lagrangian formalism, in
which only operators of dirg6 are retained. Ignorin@ Ve

—tt events, this means that the eight parameters inN&gj.
may be adequate, provided of course that we are not too Vg
close to an NP threshold.
If on the other hand we are close to an NP threshold, then
we might even have direct production of new particles. In
such a case, the study of NAGC will provide useful comple- et i
mentary information on their nature. Particularly because the
set of new particle parameters entering their loop NAGC FIG. 7. The VVV contribution to thee™e —(ff)(f'f’)
contribution, is certainly different from the one determining, process.

. (68)

V‘l’ Qj fl

i
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combinations ofy* and Z*, namely,Z*Z*Z*, Z*Z* y*,
Z* ,y*Z*, Z* ,y* ,y*, ,y*Z*Z*, ,y*z* 7*1 and,y* ,y*z*, W|th
the propagators

Di k=07 for »* or of) —mi+im,I'; for z*

and the initial and final fermionic vertices
V() =u(f)y7 (gl —ghry®)u (D),
VI T =u(t) vy —ghe ¥2)u(f),

Viete ) =v(e")y(g¥e—gkerPu(e”)
(69)

with givf, giaf being the vector and axial vector, photonZyr
couplings to the fermionf (including the factor—e or
—e/2sycw).® In Eq. (69), F'(itp are the general vertices given

in Appendixes A,B and discussed throughout the paper.

One should be careful in reordering the indices and mo-

menta in the variousi(j,k) combinations in order to use the
formulas written forZ* Z* y* andy* y*Z* in Appendixes A
and B, so for clarity we list them explicitly:

,y* ,y* Z*

Ff;py* 7*(Q1,QZ:QS: —P)=1].7 “ (43=—P,02,01),
(70)
LY 27 (01,05,05= —P)=T2 7" %" (91,95=— P,qy),
(71
277 (41,95,03=—P)=T% 77 (q;,03=—P,0),
(72)
FZi,;Z*Z*(Q1vQ2yQ3: - P):F;Z)jaz* y*(%: —P,02,01).
(73

The basic SM(or MSSM) contributions are assumed to be
included in thel' vertices expressed in terms 6f and T,

defined in Sec. Il, using the analytic expressions given iy arising at one loop

Appendix C.

PHYSICAL REVIEW B2 073012

VI. CONCLUSIONS

We have established the general Lorentz &{d )., in-
variant form of the off-shell three neutral gauge boson self-
couplings ViV3V3, with applications to zZ*Z*Z*,
Z*Z*y*, and y* y*Z*. In it, we have kept all types of
transverse and scalar off-shell vector boson components and
considered botl€ P-conserving andC P-violating couplings.
They are given in Appendix A and B, respectively. We have
pointed out the new coupling forms which do not exist when
two particles are on shell, thus making contact with the pre-
vious description valid only when two gauge bosons are on-
shell[1,8,9].

In the Z*Z*Z* case, we have foun@hree transverse-
three scalarC P-conserving andfour transverser ten sca-
lar) CP-violating coupling forms; which reduce in the pre-
viously considered* —ZZ on-shell case t¢1+1)+(1+3).

In the Z* Z* y* case we have foun+2)+(4+5) coupling
forms. They reduce tq¢1+0)+(1+0) in v*—ZZ, and to
(2+1)+(2+2) in Z* —Z~. Finally in the y* y*Z* case we
found (3+1)+(4+2) coupling forms, which reduce t@+1)
+(2+0) in y*—2Zy.

These vertex forms apply to any kind of standard or non-
standard dynamic§SM, minimal supersymmetric standard
model (MSSM), ... ]. In general the functions which multi-
ply these coupling forms depend on the three off-shell
masses &, ,S,,S3). If the NP scale inducing NAGC is very
high (A>m;3), then we have found that an effective La-
grangian involving a minimal set of operators should be ad-
equate for generating all possible vertex forms consistent
with Bose symmetry and CVC. Some of these vertex forms
can be generated by din6 operators, while other ones re-
quire higher(dim=8, 10, 13 operators. So a hierarchy is
obtained among the various possible off-shell effects. In each
of thez*Z*z*, 2*Z* y*, andy* y* Z* cases, this allows us

a simple description in terms of a limited set of constant
parameters. This should constitute a useful tool for data
analysis. For that purpose we have explicitly written the ver-
tices with both the complete set as well as with the set re-
stricted to the dir+6 operators. They are given in Eq$8),
(21),(25),(29),(33),(36).

As an illustration of the SM and NP contributions, we
have considered the neutral anomalous gauge couplings gen-
erated by a fermionic triangle loop. In Appendix C we have
given the complete analytic expression of the coupling func-
using general gauge couplings to
any fermion. The use of this is twofold. First, it allows us to

For an experimental determination of possible unknowny e an exact computation of the SM contribution. And sec-

additional contributions, a simple parametrization of the

ond, it provides an illustration of what type of off-shell ef-

fi(S1,52,55) and gi(sy,;,83) is needed. If the NP effects focts can appear for any kind of NP fermion generating
arise at a high scale, then the the effective Lagrangian of Segagc.

[, in which only the lowest-dimensional operators are re-

tained, may be adequate.

To this aim we have quantitatively discussed through
Figs. 3-6, the dependence of the neutral anomalous cou-
plings on the off-shell masses; as well as the relative size of
the new NAGC as compared to those already existing in the

We mention for completeness that conventions are sucton-shell case. The M,Z: limit of the heavy fermion contri-
that the effective Lagrangian for a gauge boson fermion interactiolution appears to coincide with the effective Lagrangian de-

IS
L=V, VI(TT).

scription restricted to the dim6 operators. Thus, we have
found that the effective Lagrangian description is also valid,
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so long the fermion masisl is not too close tdMl, or the S

energy threshold/s/2 of the process considered. rzze (ql,QQ,Ch)—lE 1250 2 527 (s1,5,,53)
We emphasize though, that the one-loop results should

also be very useful in analyzing possible NAGC deltzse to

the th_resholdfor actually producing the new particle_s re- +|2 Ji;i*Z*j VAP AP (31152'53),
sponsible for these NAGC. In such a case the effective La-
grangian formalism is not applicable, and the NAGC analy- (A3)

sis must be done taking into account the above one-loop

predictions; thus, providing important complementary infor-yith

mation on the nature of the responsible NP particles. Finally

we have written the complete structure of the off-shell — z*z*z*.1 |Z¥Z*Z* 2

— a =[ai—qeuapl, 1y =[azuapl,
Vi V3 V3 contribution to theee™ — (ff)+(f'f’) ampli- pr v pr ’

tude, which should be used in the analysis of the events Farabak g 1+q%( ]
observable at present and futieée™ colliders. app "= A3l daGzpal tAs[A10218],

As an overall conclusion we should stress that the off- R
shell effects in the neutral gauge boson self-interactions can- J% 7% " **=q5[ Basuq,], Jﬁﬁi 22— 0Bl aqz1q ],
not be ignored in detail experiments such as those performed
at LEP2, and will be performed in the future at a lineae™ 7*7%7* 3

) R g J “=qf , A4
collider. This is certainly related to the fact that these cou- = *A# As1Ad1aq:] (A4)
plings have to vanish whenever all three gauge bosons par- —— . ) .
ticipating in the vertex are on shell. we obtain thatfj (51,S7,S3) is a fully antisymmetric

function of (s;, S,, S3), while the other transverse and scalar
ACKNOWLEDGMENTS functions satisfy the Bose relations

It is a pleasure to thank Robert Sekulin for discussions f§*2*2*
and suggestions. This work was partially supported by the
European Community grant ERBFMRX-CT96-0090.

(81,8,,85) =17 2 %(s,,5,89), (A5)

7% 7% 7* _ e7¥7*z*
f2 ($1,82,83)=—"15 (S2,51,S3),

APPENDIX A: THE CP-CONSERVING V3iV3V} VERTEX

1
7% 7% z* 7% 7% 7*
fl - f1 (

The general interaction among three, possibly off-shell (sl,s3,sz)=§ $1,52,53)

neutral gauge boson®AGC), is defined following the no-

tation of Fig. 1 ands; —q,2. Note that allg; momenta are Hz*z*z*(Sl S,.,55)
outgoing, so thatj; +q,+q3;=0. Since a vertex involving 2 e
three neutral gauge bosons is necessdtilyiolating, the S+ 81783,y pk o
construction ofC P-conserving couplings requires the use of T f3 (S1,52,83) |,
P-violating forms involving thee*"?? tensor, conveniently
denoted as 3
7% 7% 7% Z* 7% 7%
e*"P"A B C D :[ABCD] (Al) f2 (Slls3152)=§fl (51132183)
u=rv~p=o "
The most general Lorentz-invariantCP-conserving " }fz*z*z*(s $5.52)
V3 V3 V3 vertex involves at most six independent forms, two 2 12203
of which are linear in theg; momenta, while the rest are 3
cubic. For an easy comparison with the forms written in the S2—S3™ Slfz*z*z*(Sl $9.59)
on-shell cas¢1,8,9 we choose the basis 4 3 ey
- o , o , * 7% 7% * 7% 7%
[di—dauaB], [dspap] 9% z7*7 (31152,53)=g§ 225, 5,,84),
B a
Azl a:0zma]+as[a102u8], . R
9% ez (51a52:53):9§ 277 (s9,51,59),

a5 BAsmdz], G5ladsudi], O4[Baiady]. (A2)
Viaiavid

_ N Z*Z7*7*
The last three forms in EqA2) imply at least one scalar 91 (51,52,55) =01 (51,55,52)
q,V* term and they are called “scalar,” in contrast to the ¥ 7% 7*
other forms called “transverse.” +2fy (51:53,5),
The Z*Z*Z* case Here the additional constraint of full S S
Bose symmetry among the quantum numbers, &), 95 (51,52,53) =03 (51,53,52)
(92,8), (qs,u), describing the three off-shefl* should be

imposed. Writing thus —15 2%

Sl!SS!SZ)y
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A i _ 7F7F7*
O3 (81,82,83)=05 (81,83,S)

3
* *Z* . * *Z*" * *Z*
Lol (Q1yQ2,Q3)—|z | 2ph ijy 72 (81,8,,83)
* ok 7% =1
¥z
3

(S1,S3,S2)-
3 * *Z*,l * 2k 7%
+id2g0 797 7 7 (51,52,83),

Note that Eq.(A5) together with the antisymmetry of Bps

1577 (s,,5,,55) imply (A10)
1 with
9% Ze (51,32’53):§[gf #%(53,55,51)
* k7% q%
Pp—— 17 51 - o -
gD (s, 508)]. (A6) aBu [d1—dapaf] s [BA3md2]
B
The Z*Z* y* case Restarting from the generadl} V5 V3 —q—z([aq3,uq1]),
vertex in Eq.(A2), with (g3,u) corresponding to the photon S2
ang gnposing thetC\/fng;TcStraing;;i* 7 -(til’SZ’ss)To "
and Bose symmetry , we end up with general ver- Y y*Z* 2 4
tex containing the five independent forms: namely, Vapu [Aspap] S [AAsn0e]
: A
Fiﬁi 7 (Q1aQ2,CI3):i1‘21 Iiﬁi 7 ']fJ’Z Z (81,52,83) +s—2([aq3,uq1]),
HZ I (s809), 1 2h © = di[ 010zl + a5 A10218]
=1
$2—S1—S3
(A7) + =g U1l Bdsuas]
1
h
where S1-5S
~ g deladsudy],
7* 7k ok zqg 2
loge 7 =01 Aapapl+ S—S[CI1CI2CY,3],
s =4[ Basaq,], (Al1)
|Z¥Z* v 2 aB],
“bu [Gapxf] and the Bose symmetry constraints
IZ*Z*Y*B: s altqs ) * Kk % * Kk ok
aBu 03[ Q102 ]+ 03[ d19218] 72 (51 59,89 = 117 2 (50,5,50),
JZLZ 1= q5] Basuds]
af 1 3mQz], K Kk ok * Kk ok
g f77 z (81,82,83)=—"17" z (S2,81,83),
gy 7 P=dblagzuay]. (A8) . -
) ) f3 7% (s1,82,53)= =11 7 7 (s2,51,53),
Bose symmetry imposes the constraints
P — yyrzr S1,S,,S3)= ek S»,51,S3).
f% Z*y (Sl,Sz,Sg)fo Z*y (S5,51,S3), 9i (S1,82,83) =07 (S2,81,S3) (AL12)
Z*Z*y* _ Z*Z*'y*
f2 (81:82,85) =~ T2 (52,81,55) APPENDIX B: THE CP-VIOLATING FORMS
e x . FOR THE V¥V}V# VERTEX
527 (s1,52,83)=—15 % 7 (52,51,53), _ _ o
These vertices arB-conserving andC-violating, and can
7% 7% _ zRzr g most generally be expressed in terms of the following 14
91 (51,52,53) =02 (S2,51.53)- (A9) independent Lorentz invariant fornfimdicesi, j, k run from

1 to 3: three terms similar to\(;.V))[V\.(qi—q;)]; three
terms similar to V;.V;)(Vi.qy); eight terms similar to
[Vk-(@i—q;) or V.ol -[Vj.(ak—q;) or Vj.q;]-[Vi.(q;

) PR —qy) orV;.q;]. Four of these terms are “transverse,” while
the two CVC constraints qi I'jg) “ (S1,52,5)  the other 10 contain at least one “scalag¥/ coefficient.

The y* y*Z* case In the generalViV3V} vertex of
Eqg. (A2), (g3,u) corresponds now t@*. Imposing then

=q§l“g;z*z*(sl,sz,sg)=0 and Bose symmetry foy* v*, The Z*Z*Z* case Applying full Bose symmetry among
we end up with the four independent vertex forms the threeZ*, we obtain the structure
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~ 277 (s,,5,,80)= — T2 2" % (s,,51,5
i;i*z*(Q1vq21q3 Z 5;5*2*'ijz*z*z*(31152,33) (51:52.80) (52:51.50)
= ~Z*Z*Z*
=—1; (S1,83,52)
* 7%k 7%k i~7% ~ 7% 7% 7%
+|2 N B 77 (51,5,,59), =15 7% (s3,52.51), (B4)
(B1)  While for the scalar ones we get
where the transverse forms are 0 7% (51,55,89)=0% “ 7 (5,,51,83)
~Z*Z*Z*
~ 7% 7% 7% ~ 7% 7% 7% :gZ (53152131)
12,2727 = goB(q—qp)¥, TZ,2 % ?=gPH(qs—dp)", .
=03 (83,51,S2)
TZ*Z*7* 3_ L« -~ *
Ia,BM =4 ,u,(ql_q3),8’ gg*z*z (51,53,32)
~7*7*7*
~ =03 (S2,S3,51),
¥ 7% 7% 4_
lge & =(d2—03)“(91—03)’(a1—a2)%, (B2)
~7*7*7* ~z7*7*7*
. S1,57,83) = $5,51,S
while the scalar ones are £ (51:%2:5) =G (52:51.53)
_BZ*Z*Z*(S s S)
Y4 3192191
~z*z*z*,1:ga,3q# ~z*z*z*,ngﬁ,an koo
P 31 Tabu L =05 “ % (53.51,52)
~ ok 7%k 7%
jZ;Z*Z*':%:gang :gé e (51183132)
afu ’
=§§*Z*Z*(sz S3,51)
32507 =g (a1 dg) P(dr— d2)*,
o ! g%*z*z*(sl,sz,ss)—_g§ zz (S2,81,S3)
~7*7%7* 5 ~7*7*7
s =05(d2— d3)“(da— gp)*, =0g "(53,52,81)
~7*7*7*
S3,51,S
JZE 8= a4 (a3~ 0P (qa— )" ?8* N .
abu ° , =05 “ % (51,535
~ % 2% 7% ~Z*Z*Z*
fﬁi Z=qra8(a,— ), —9s (S2,83,81),
~7*7*7* ~7*7*7*
~zrzézé g o 910 (81,52,53) =01o (S2,51,S3)
Jasu 2(d3—02)", SO
=010 (83,52,51)
~ 7% 7% 7% ~ 2% 7%k 7%
‘]fﬁi 2 9=q1a5(q,—q9)”, =0%° % (51,53.,5)). (B5)
N The Z°Z*y* case Restarting from the initial list of
3250 7 %=0a5abas. (B3)  CP-violating V¥ V3 V3 forms, with (g3, ) corresponding to
the photon and imposing the CVC constraint
;I'he Bose relations obtained from them for the transversgu FZ*Z 7 (s1,5,,55) =0 and Bose symmetry foZ*Z*,
orms are
we get
Tf’lz*z*z*(511827s3):_?f*z*z*(SZISlis3) * K i~ ok ok %
. (ZIB,ZL 7 (Q1,Q2,Q3)—|E |i55 7 ’lsz 7 (s1,8;,53)
=777 (s3,5,51)
~ 7% 7%k 7% ~
:_fZZ YA (33151152) +|2 Jiﬁi y*] Z*Z y*(Sl,SZ,SS),
~ 7% 7%k 7%
:f?% 2727 (s1,53,5) (B6)
FZXZ7*7* . . .
2,53,S1), involving four transverse and five scalar forms. These are
—f3 (s2,53,51) | four t df lar f Th
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~ ok ok % (SZ_Sl)
lapn 71 =9 ()"~ ——a5],
3
U as(dz—q1)P(dz—gy)“
[2,2°7" 2= giB(gy— ) “ + g**(ds—qp) P — —

S3
94 s s a 8
+ 55 192(d3—02)“+az(ds—aq.)"],
3

| Z*Z*y 3

,u
a5 a
=0"(da— o) "~ 9" (0s— A1) P+ 5 - [45(0s — 02)* ~ 4 (A5~ 4],

S,—S
S O4(Gs— 0 (s )",

Tz z* 4

aBu = (02— 03)“(d1—03)P(01— )~

~ ok ok ok @ o q1q2q3
Vgn T i=gMai+gtiaf— 5 [ql(qs 60"+ a5(03= )1+ =5 —

~ ok ok % « o q’g o w
R e e CHUSRL AL HE R DR

JZLE T P= g (a1~ 03)P (A~ 02)* + A5 (02— 03) “(d2— )
+ 22 410500~ )P~ 4E(Ga— )",
32,57 4=q1(a1 - d3)P(d1— d2)* ~ A5(02— da) “(Go— dp)*
+ 22 g1 7(as - )P+ (05— 60) 7],
320 *=qidf(ay—a, (B7)
implying the Bose relations
?f*z*y*(SLSZ’SS):_?f*z*y*(52151133)1 722*2*7*(31:32-53):722*2*y*(32151:53),
‘fg*Z*y*(sllsz,%):_'fg*z*y*(szlsl,%), 75*2*7*(51152153):_Aff*z*y*(sz,slvss),
Zﬁ*z*y*(sl,SZ.Sa)=§f*z*7*(52,sl.83), 55*2*7*(51,52,83)=—65*2*7*(52,51,83),
65*2*’*(51.52,53)=6§*Z*’*(82.51,53), éi*z*’*(sl.52,83)=—55*2*’*(52.51.83),
98 77 (51,55,89)=— G 2 7 (5;,51,59). (B8)

The y* y*Z* case Imposing on the generadl} V3 V3 vertex the two CVC constraints and Bose symmetry for the two
photons leaves six invariant forms

4

Pk © (0,02,09) =1 2 T20 2T (s ,sp,89)+1 3 T0p0 297 (51,52.50), (B9)

where @3,u) correspond t&Z* and
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[e3

~_ % k7% q
B l=g*h(g,—qp)H - _(Q1 d3)”(q1— )"
qﬁ
B o o
+25 (92— dz)“(gz2—a)*+ a2)*,
2
~ Kk ok S;—S3 a 1S3 a
[ © *= 94205 0) "+ 9" (03— A~ — 59 ~ ——afg”
+q—g(q — ) “(Q2— a0+ 5 i (q d3)%(d1—q oot = q 195(a1—qp)*
232 2 3 2 1 17 43 17 Y2 ZS S 1 17 Y2
a5 8 L 95 5, 283" S17S , 5
+2—SZQz(Q3—Q2) +2—S‘1Q1(Q3—Q1) +Tlsquqzq3,
ok ko S,—S S;—S
1752 2" 3= gHB (43— d)“— g**(ds— 01) P~ ——qjg*P + ——qfg~*
B «
az q
+ 2_32((312_(313)&((12_(11)”_2_311(Q1_Q3)’8( QZ)M"‘ Q1QZQ3

a5 L 95 28381~
+ 55, 02(0s— 82) "~ 5 0i(Gs— )+

25:5, Q1QZ(Q1 a2)*,

* % S,—S
750 7 4= (02 09) (01~ 09)P (01— G)*~ 5 4§(d1— Gg) (a1 — )

S3—S (s3—s2)(S3—s1)
= AB(0— d3) (A~ A e a55(ay— )%,
192
~ kK o% QQL q
Vg ” ’1=g“‘*q§+2—52<1§(q3—q2)“+ a5(da—02)” 4
JZ/;Z 72 (Q3—Q1)B(Q3—Q2)a—
S,—S Sp,—S3)(S1—S
- 3q§qf(q3—q1>ﬁ+w faas, (B10)

$1S, 3

with the Bose relations

~ _ % *Z* _ ~ _% *Z* ~ % *Z* _~ * *z*
f1 7 2 (s1,82,83)=—1] 7 (52,81,83), 13 7 7 (81,5,,83)=1} " “ (s;,81,83),

~ ~**Z*

* *Z* ~ % *Z* ~ % *Z*
f%’ 7 (51152153):_1:% Y (82151153)1 fz v (51182153):_1:Z v (52151583)1

~ %k k7% ~ %k Kk 7k ~ %k Kk 7k

~ _ % k7%
97 7 7 (51,5,89) =07 7 % (52,51,83), 93 ¥ (51,5,83)=03 7 © (S2,51,S3). (B11)
APPENDIX C: FERMIONIC TRIANGLE ONE-LOOP CONTRIBUTIONS TO THE OFF-SHELL
V¥VAEVE COUPLINGS

The basic triangle diagram is depicted in Fig. 2. For simplicity we only consider the case that a single fermion is running
along the loop with the couplings defined in E42).2° Only a restricted set of P-conserving NAGC are generated by this

%0 models such as SUSY we could also have fermion loops, where two different charginos mix throughcthestings, while running
along the loop. Such contributions were calculated in R&fin the case that only one of the neutral gauge bosons were off shell, and they
were found to be rather small. Here they are neglected.
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triangle loop(no C P-violating coupling appear They are explicitly given below in terms of the Passarino-Veltman one-loop
functiong! [18].
Application to ZZ*Z*:

2

* 2% 7% €°0ar

f 22 (51-52’33):_ﬁ{(3g§F+ggF)gl(Sl’SZiS3)_(gasz_glzzF)g3(SleZ!S3)}i
327°sy,Cwy

z* 7% 7* ezga,: 2 2 2 2
f5 (51,52,83) = ——— 3 3 1(305r +92F) G2(S1,52,53) = (95— U,r) Ga(S1,52,83)
fg*z*z*(sleZ!S3):oy

Z*7* 7% e? 2 2 N
9j (81,52,83) = mgaF(3gup+gap)gj(31152153), (CY

where
1 2 2
gl(sleZaSS):F Co(S1,52,83)[83(283— 51— 52) = (S1—S2) I (AME+28;5;,S3)

1
- E[BO(Sl)_ Bo(sz)](sl_52)[)\(2M§+53)+12513253]

S3
- E[BO(Sl) +Bo(S2) — 2B(S3) [ 2AME + S5(S, + S5) — 255(ST + 55— 45;Sy)

282—54(S1+S,) — (S;—S,)2
+(51+32)(51—52)2]]+ 3%l 3;) (5:17%) ; (C2
Go(S1.59,53) = — (31_32)(3)\3_51_52)
1 2
+F —3(S1—5,)(S3— 51— S2) (AME+25:5,53)Co(S1,S7,S3)
1
— 5[Bo(s1) = Bo(s2) [ 2\ME(S3— 25, 25) — Sa($1+ S2) (S5 + S+ 55+ 145, 5)
+253(S2+ 55+ 65;S,) — 45;S,(S1— 5,)?]
1
+ 5 [Bo(S1) + Bo(S2) ~ 2Bo(S3) (51~ ) (2AME+ A3+ 12515583) 1 (3
2
gs(slyszass):T{_[ng_53(51+52)_(51_52)2]00(51152153)4'3(51_32)[50(51)_Bo(sz)]
+383[ Bo(S1) + Bo(S2) —2Bo(S3) 1} (C4

e follow the same notation as in the last paper in RES], but we omit the common fermion masée from the arguments of the
one-loopB, andC,, functions. We also note that in this caBg(s;,s,,S;) is a fully symmetric function o6;,s,,S; .
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2
Ga(81,S7,83)= TF{(Sl_ S2)[ (8351 —52)Co(S1,S2,S3) — Bo(S1) —Bo(S2) +2Bo(S3) ]

+(83—28,—28,)[ Bo(S1) — Bo(S2) 1},

while the scalar functions are determined through

G1(81,S2,83)= N

1

+ 5 [Bo(S3) ~ Bo((S1) I3[ ST+ 25,(25,— S5) + 55+ 4535, — 555
1

+ 5 [Bo(S2) ~ Bo(S1) 152l ST+ 25,(253—S;) + 55+ 4555, — 58]

A
- 5(51_33—32)
and the Bose result
G3(51,82,53) =G5(52,51,83) = G5(S1,S3,52) = G(S2,53,51) = G1(S3,52,81) = G3(S3,51,S7),
derived from Eq(A5) andf 2"%*=0. In all cases we define

N=85+52+55—25,S,— 255(S1+S,).

Application to 2 Z* y*:

75 7% o eZQFgangF
f1 (81,52,83) = — —— 5 5 [ G1(51,52,53) + Gs(S1,52,83) ],
8 sy, Cwy

2
e“Qrgarg 1

Z* 7% F9ardur

£ = 7 (s1,52,88) = ——— 5 5 | G2(S1,52,83) + 594(31,52,53) ,
8T sy,Cwy

Z* 7% 4% L 7R 7E _ezQFgaFguF ,

91 (81,52,83) =05 (S2,51,83)= ——— 5 Y1(S1,52.S3),

where the only new function not already appearing inZh&* Z* case is

Mz
Gs(81,82,83) = TF{_ [S3(S1+S2) = (S1—52)2]1Co(S1,52,53) + [ Bo(S1) — Bo(Sy) ]

1
X (81— S2) +S3[ Bo(S1) + Bo(Sz) —2Bg(S3) ]} + 3
Application toy* y*Z*:

202
* ok 7% € QFgaF
fy e (S1,82,83)= = ————[Ge(S1,52,83) + G7(51,52,53) ],
8 SWCW

212
€ QFgaF

* *Z* _
£} 7 % (51,%,83)=— >
877 SWCW

[Ge(S1,52,83) —G7(51,S2,S3) 1
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22
e“Qrdar

00" 7 (51,52,80) = — —01(53.,52,50), (C11)
o

SwCw
1 2 3 2 2 2
Ge(S1,S2,83) = N2 —251C(S3,52,81) [AME(S;—S3—Sp) — S35+ 5352(2S,— S1) +5352(2S1—$1S,—S5) ]

S
— 5 [Bo($1)~ Bo(S2) 183~ 283(51+ 355) + 85(5 + 12515, + 353)

2y S3%1 2
+28,(81—-5,)°]— T[Bo(sl)+Bo(SZ)_ZBo(Sg)][S3+ 2s3(2s,—s1)

S1(S1—S3—S»)
+S§+48182—5S§]]——1( - )\3 z, (C12
1 2 3 2 2 2
g7(31,32153)zv —25,C0(83,52,51) [AME(S2—53—51) — S35, +5351(251 — Sp) —S381(ST+ 515, 255) ]

S2 3 2 2 2 2
+ E[BO(Sl) —Bo(Sp) [[S3—283(S,+ 3s1) +S3(S5+ 12515, + 357) + 251 (51— S,) 7]

S253 2 2 2
- T[Bo(sl)"’ Bo(s2) —2Bg(S3) [S5+283(25; = S5) + 55+ 4515, — 557

S5(S,—S3—S
 Sa(S;—S3 1)_ (13

N

In principle the triangular graph in Fig. @vith a single fermion of mas#1 running along i, could also include
ambiguous axial anomaly contributions. Such contributions do not have the structure of a self-interaction among three neutral
gauge bosons, and they are presumably cancelled by @ibssibly extremely heayyfermions. The cancellation of these
anomalous contributions is easily imposed by requiring thaGaknd gj’ functions defined above vanish in the IimMé
>|s4|, |s|, |s3]). Thus, for cancelling the anomaly in the actual calculation of the functions above, we occasionally needed
to subtract an appropriatd .-independent term.
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