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This talk consists of two parts. In the rst, the present experimental
bounds on the anomalous couplings of the gauge bosons, basedinly on
the LEP and Tevatron experiments, are reviewed. In the secod part, the
theorem of helicity conservation (HC) is presented, which bould be valid
in either the Standard Model (SM) or MSSM, for any two-body process
at high energies and xed angles. The energy-range for the HGsalidity
is discussed and, under certain conditions, it should well b within the
LHC or ILC range. Since all known anomalous couplings violag¢ HC, its
testing may provide a way for generically identifying the passible presence
of anomalous (non-renormalizable) contributions.

PACS numbers: 12.15.Lk, 12.60.Jv, 14.70. e

1. Introduction

The description of particle physics through renormalizabé SU3) SU(2)
U(1) gauge invariant interactions, has been impressivelyuccessful, up to
NOw.

The keyword here is_renormalizable which imposes that only operators
of dimensions less than or equal to four, can appear in the Lagngian. This
property, together with the group structure, determine the gauge and matter
interactions, leading e.g. to the most striking phenomenon of asymptotic
freedom which permeates contemporary particle and cosmology physs [1].

In order to thoroughly test experimentally these interactions, alternative
models are envisaged, which may be used as parameterizat®of any pos-
sible violation of their validity. As such, in the present context we consider
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anomalous gauge couplings [2 4]. These anomalous coupl®igan always
be assumed to obey SU(3) SU(2) U(1) symmetry [5]; but, due to their
higher dimensionality, they violate renormalizability.

Extensive phenomenological studies have already been made various
speci ¢ processes, comparing the signatures of such coumis, to those of
e.g. the Standard Model (SM). On the basis of these, experimentasearches
have been performed at LEP, the Tevatron and elsewhere; whicinvariably
impose ever growing constraints on the magnitude of any corivable anoma-
lous coupling. Thus, at present at least, SM (as well as its mormalizable
SUSY extensions), are fully consistent with Nature.

The strength of these constraints will most probably further increase
when LHC or ILC start operating, basically because the non-enormalizable
nature of the anomalous couplings bounds their e ects to inease strongly
with energy. Such a strong increase is in fact a common featerof all e ec-
tively non-renormalizable ways of going beyond SM or its SU8 analogs'.
In turn, this facilitates their exclusion, provided of course we adhere to the
usual practice of consideringe.g. only a few anomalous couplings at a time.

As the energy increases reaching the LHC range though, it bemes in-
creasingly di cult to motivate the idea that the anomalous ¢ ouplings may be
parameterized by a femdimension=6 operators only. Instead, higher dimen-
sional operators (as well as previously ignoredimension=6 ones) should be
considered together; particularly if the scale of new physss is reached there,
thereby seriously reducing the ability to constrain the ananalous couplings.

A patrtial solution to this di culty is o ered by the property  called helic-
ity conservation (HC), which in SM and its renormalizable SUSY extensions,
greatly reduces the number of non-vanishing amplitudes at ery high ener-
gies and xed angles [6]. Combining this with the observatio that all known
anomalous couplings violate HC, we obtain a generic test foall of them.

The importance of HC as a property of SM and MSSM, and in fact of
any renormalizable gauge theory, can hardly be overemphasd. Its valid-
ity, particularly for gauge amplitudes in SM, is only established after large
cancellation from di erent diagrams, which are only realizd for renormal-
izable couplings [6]. Because of this, HC is not directly obwus from the
SM Lagrangian, and it must somehow be related to the twistor gucture in
QCD [7]. The possible appearance of HC violation indicateshe presence
of some non-renormalizable contributions, an example of wibh is of course
the anomalous couplings [6].

In the rst part of this talk | review the present constraints on the
anomalous gauge couplings; while in the second part, HC is seribed.

! Similar e ects are observed e.g. in extra large dimension models determined by an
e ectively non-renormalizable Lagrangian.
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2. Anomalous electroweak couplings

As is well known, anomalous electroweak couplings may be iriduced in
SM or MSSM by including operators of higher than four dimensdn, which
preserve the SU(3) SU(2) U(1) gauge symmetry. These operators induce
anomalous couplings not only to the gauge bosons, but also tthe Higgs
particles [8], and the quarks and leptons, particularly of he third family [9].
Since no Higgs particle has yet been discovered, and the tomamalies are
covered by Wudka [10], we will concentrate here on the purelgauge anoma-
lous couplings.

2.1. W anomalous couplings

The most general set of the anomalous triple gauge couplingef GC)
describing all possible(W*W Z) and (W*W ) vertices, is traditionally
parameterized as [2 4]

(

LIS¢ = iegyww 1+ gy V(W W' W*'w )

+1+ YV WW o+ -V WP W
My
+igs " [(@W W' W (@WT )V
+igfW W@V + @V ) ~W W'v
)
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The anomalous couplingg gy; v; v @) respect CP, while(gy ; ~v; ~v)

violate it. For the photon couplings in particular, U ¢n(1) gauge invariance
implies that
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as the o -shell photon approaches its mass shell valug® = 0.

The phases in the e ective Lagrangian (1) have been chosen sbat all
couplings are real, in case the scale of the new physics (NRjducing them is
very high. If the NP scale is low though, pole and branch-poinsingularities
develop.
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All anomalous TGC are consistent with SU3) SU(2) U(1) gauge
invariance, provided they are combined with appropriate irteractions in-
volving more gauge and/or physical Higgs particles. To aclave this for the
actual couplings in (1) though, operators of dimension up tol2 need be
considered [5].

Of course, if the NP scale is not very high, likee.g.in a SUSY case with
the new particles at the LHC range, operators of any dimensio would be
allowed, seriously weakening our ability to constrain them

If, on the contrary, the NP scale is high though, and the phystal Higgs
particles are within the electroweak range, then the natur&couplings of the
induced operators should bgy 1= 9™ 4 allowing the contemplation that
dimension=6 operators’ could be su cient in describing NP.

Disregarding all such operators which are strongly excludg&due to their
tree-level contributions to physical observables, and assning also that only
one SM-like light Higgs patrticle exists, we parameterize th anomalous con-
tribution to the e ective Lagrangian describing the W TGC as [12]

e e e
TGC (Him — &Y —
Lyp (dim=6) = >— B O + >~ w Ow + > wOw
w Myy Sw Myy Sw Myy
e e
t e o mZ BW Opw + >—~wOw ; 3
SWchW szW

with
owzé(w W )W ; Oy =iD Y-W D ;
O =iD YB D ;
Ow=3W W)W Oy=0'% B ; (@

where the rst three operators conserve CP, while the rest tw violate it.
The anomalous couplings de ned in (1), are related to thosen (3), by

O z o=

’ - zZ — W - T
Sw

%
- S e "

Z —
1=

g9

Restricting to CP conserving couplings only, and using the d nitions

1+ z 1+ 2; g 1+ g¥;

2 Alternative ways of ordering the NP operators have been contemplated, in case no
light Higgs particles exist; see e.g. [11].
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we end up in a situation where only the three independent coumgs
o ; : ; (6)
participate, whose standard values are (1,1,0), respectdly. The tted LEP

ranges for these parameters from [13] are indicated in Fig. &nd Table |
obtained, respectively, by varying two or one parameter at aime.
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Fig. 1. The combined LEP2 results from [13]. In each case twofahe parameters
in (6) are varied, while the third is xed at its standard valu e.

The corresponding one-parameter Tevatron DO ts from [14],are given
in Table 1I. Due to the large energy scale there, the anomalaaicouplings are
replaced by form factors ase.g. z! z=(1+%= 2), and the presented ts
correspond to =1 and 1.5TeV.

As usual, theW TGC constraints become stronger with energy. Thus,
even stronger constrains are expected at LHC and ILC. One adiional rea-
son for this, applying to the speci c operatorsOw ; Ow ; Ow in (4), is that
they also produce quartic couplings of the formWWwW , WWZ ,WWZZ,
which may also be measured [15].
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TABLE |

The combined LEP2 results from [13]. In each case the listed grameter is varied
while the other two of (6) are xed to their standard values.

Parameter | 68% C.L. 95% C.L.

& 0:9913922 [ 0:949 1:034
0:984342 [ 0:895 1:069
0:016%% [ 0:059 0:026

TABLE I
One-parameter 95% C.L. ts from DO [14].
Condition =1TeV =15 TeV
g= 2z=0 0:53< 7 < 0:56 0:48< 7 < 0:48
z= 7z=0 0.57< gf < 076 0:49< ¢f < 0:66
z=0 049< gf= 7<066| 043< ¢gf= ;<057
z= gf =0 20<  z<24

Eventually, these constraints will become so strong, partularly for ILC,
that 1-loop or higher SM results will be needed for correctlytaking into
account the SM-background .

2.2. The on-shell anomalous triple neutral gauge couplings

Using Fig. 2 and [3, 16] the general triple neutral gauge veex is writ-
ten as

. 2y h i
zzv (G s P) = % fYPg +P g ) fd" (n @) ;(7)
i(s mV) h i
sy (e P) = —=% hY(bg g )+ P (Pk)g @P
Z Z
)
Vll hV n
hs3 o)) m2P P ; (8)

where (V3 = Z; ) is generally o -shell, while the other two neutral gauge
bosons are always on-shell. If the NP scale is very high, alloaplings in
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(7), (8) are real. Singularities develop only if the NP scalds nearby. The
couplings(fY; hY;hY) respect CP, while(f / ; hY ; hY) violate it. Finally, the
(hY;hY )-interactions may be relatively suppressed, since they aref higher
dimension.

Fig. 2. The de nition of the general triple neutral gauge boson vertex, with Vi;V,
taken on-shell, while V3 is generally o shell.

Based on [13], the tted LEP ranges for the ZZ -production couplings
are indicated in Table Ill, for the cases that only one or onlytwo anoma-
lous couplings are possibly non-vanishing. The correspoimdy results for Z
production at LEP are given in Table IV [13]; while the DO resuts appear
in Table V 3.

TABLE Il

The tted parameters for the anomalous neutral TGC from the L EP ZZ production
[13]. Only the listed parameters are varied in each case; one the left panel and
two in the right one. In each case, the non-listed parameter@re vanishing.

Param. 95% C.L. Param. 95% C.L. Correlations
fu [ 017, +0:19 fu [ 0:17; +0:19 1:00 007
£z [ 0:30; +0:30] £z [ 0:30; +0:29 0:07 100
fg [ 0:32 +0:36] fg [ 0:34, +0:3§ 1:00 0:17
fZ [ 0:34 +0:39 fZ [ 0:38 +0:36)] 0:17 100

The overall conclusion on the basis of Fig. 1 and Tables 1V, $ that
no indication for any anomalous TGC exists at present.

3 As in Table II, the anomalous couplings are replaced in [17] by form factors as hY !
hio=(1 + %= %)™ with n =3 for (i =1;3) and with n =4 for (i =2;4).
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TABLE IV

The tted parameters for the anomalous neutral TGC from the LEP Z production
[13]. Only the listed parameters are varied in each case; ona the left panel and
two in the right one. In each case, the non-listed parametersre vanishing.

Param. 95% C.L. Param. 95% C.L. Correlations
h, [ 0:056 +0:055 h, [ 0:16, +0:05) 1:00 +0:79
h, [ 0:045 +0:025 h, [ 0:11 +0:07] +0:79 100
hs [ 0:049  0:00§ hs [ 0:08 +0:14 1:.00 +0:97
h, [ 0:002 +0:034 h, [ 0:04 +0:11 +0:97 100
h% [ 0:13, +0:13 h% [ 0:35 +0:28 1:00 +0:77
h3 [ 0:078 +0:07] h3 [ 021, +0:17] +0:77 100
h% [ 0:20; +0:07 h% [ 0:37, +0:29) 1.00 +0:76
h% [ 0:05 +0:12 h% [ 0:19, +0:21] +0:76 100

TABLE V

The tted parameters for the anomalous neutral TGC from the DO Z production
[17]. Only the listed parameters are varied in each case, wblh are taken to be
either purely real or purely imaginary. In each case, the noristed parameters are
vanishing.

Coupling =750 GeV =1 TeV
i< e(hfo.30)i, J= M(hfo.30)i 0.24 0.23
i<e(h%o.40)i, = M("30,40)] 0.027 0.020
j<e(hyg;30)i, J=mM(hyg;30)] 0.29 0.23
j<e(hg0,40)i, J= M(hgg.40)] 0.030 0.019

3. Helicity Conservation and its possible violation

We next turn to the Helicity Conservation (HC) property, restricting
to processes of even order in the Yukawa couplings [6]. Singpkules are
then obtained, that generically test the presence of anomals couplings for
any two-body process at high energies and xed angles [6]. Tis, denot-
ing its helicity amplitudes by F(a ,b, ! c ,d ,), the allowed helicities at
asymptotic (s;jtj;juj)-values are constrained as

1+ 2= 3+ g4, 9)

unless the two initial (or nal) particles are fermions and the other two
bosons, where the stronger relation
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1+ 2= 3+ 4=0 (10)

is imposed. For the validity of (10) it is important that we re strict to pro-
cesses of even order in the Yukawa couplings, as stated at theeginning of
this section.

Particularly for transverse gauge bosons, the structure fothe asymptot-
ically non-vanishing two-body helicity amplitudes implied by HC is

F(fffof! Vvvov); I:(Vvvov! fffof); (11)
F(v,vo 1 9; F( % v,Vvo)); (12)
F(V f, ! vOfl)y, Fv, ! V0 9, (13)

where byf; ;V we denote fermion, scalar or vector particles, respectivel
Egs. (9), (10) remain of course true even in the presence ofrigitudinal
vector bosoné. For the vector boson amplitudes denoted ag=(V1V?2 !

V33V‘t1) F ., ;. they also imply relations like

Foiis =Fu +=F+ 4+ =F 44 =F +

=Fu=F + L=F+ L=Fu ' 0 (14)

since all HC-violating amplitudes should necessarily varsh at high (s; jtj; juj).

The most important ingredient for the validity of HC in eithe r SM or
MSSM, is renormalizability [6].

For processes involving fermions or scalars only, HC holdg a diagram-
by-diagram basis. For gauge involving amplitudes though, he situation is
more subtle. Large cancellations among the various diagrasnare needed
in order to achieve HC. This way, HC is established at the Born ével in
both SM and MSSM. When going beyond this though, intriguing d erences
between SM and MSSM appear, which we summarize below.

In SM, HC is only valid up to the In? and In terms of the 1-loop cor-
rections, provided (s;jtj;juj)  (mZ,;m%). The theorem is easier to be
established for processes driven by a non-vanishing Born cifbution. In
any case, it has been checked explicitly to the leading log aaracy, for
(e e ! . ZZ; Z; W W) using [18], and( ! ZZ; Z; ZZ )
using [19 21]. Constant high energy contributions in SM thaugh, usually
violate HC.

In MSSM, HC is valid to all orders in the gauge and Yukawa couplings, for
any two-body process, at(s;jtj;juj) M§USY [6]. Constant contributions
respect it also!

4 Obviously, the helicities of a fermion are  1=2, of a vector boson ( 1; 0), while
they are vanishing for a scalar particle. The longitudinal v ector boson helicity is also
denoted below by L.
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SUSY somehow knows of the cancellations among the variousadjrams
describing the gauge boson involving processes. The reasfam this is that,
at high energies SUSY associates each gauge boson of a deenitelicity, to
a corresponding gaugino carrying a helicity of the same sign Since, HC
is valid for fermions at a diagram-by-diagram basis; it shold be valid for
gauge bosons also. In the general proof, masses have beenlewgd [6].

The validity of HC, even for the constant asymptotic contributions in
MSSM, has also been observed in | ZZ; z;zZ , for which the exact
1-loop results are known [6, 20, 21].

We next turn to the anomalous contributions to the asymptotic two-
body amplitudes. Since the most we can expect about such colipgs is
that they are very small, we always calculated their contritution at the
Born level. For F(e €" | W W), the complete asymptotic anomalous
contributions to the helicity amplitudes are given in Table VI [22], where
(1) and the de nitions

1+4sd, 1 . ow 7.
= 7 = 1 Z= _gll
4SWCW 4SWCW W
C C
x = 5xz=( z D)Xy = ;yz= 2 2 (15
Sw Sw

are used. The CP violating couplings(z?;z3;29) in the last three rows of
Table VI, are linear combinations of the couplings(gs; ~z; ~z) de ned in
(1) [22].

As seen from Table VI, none of the TGC in (1), respects HC. Thus
bounds on the ratios

jFee I WoW™)j  jF(ee | W WJ)j
jF(ee I W W)  jFee ! W W)’

jF(e e I W W")j jF(ee I WyW5)j
jF(ee I W W)  jFee ! W W)’

measured at the high energy part of Linear Collider (ILC), caild constrain
all anomalous couplings.

As further examples of anomalous HC violations in other 2-bdy pro-
cesses, we give in (16) (21), the SM andOy contributions to the high
energy helicity amplitudes® [23]; compare (3), (4). In all cases, the HC vio-
lating amplitudes, indicated through a double arrow in the left hand sides of
(16) (21), are determined by the anomalous interactions. These are:

® In (16) (21), s denotes the subprocess c.m. squared energy.



TABLE VI

The leading largess anomalous contribution to F(e €° | W W) [22]. The helicity amplitudes are obtained from each
column by multiplying the factor on top, with the sum of all it s elements. The rst column indicates the anomalous coupligs
I(I:o_ntribluting. The amplitudes for = 1; °= 0 are obtained from the last column by substituting there ©! and
= 0= 1 = 0= 1 = 0=0 =0; °= 1"=1
% sin % sin % sin e (O—Cgﬁz—z)
z 2z(a 2b) 0 FSWQ—Z(a 2b) n?—jzz(a 2b)
X Xz 0 0 WSV?[X xz(a 2b)] nf—j[x xz(@a 2b)]
Ve w5l vzl@ 2] 0 0 2l vi(a 2b)
Zz 0 0 0 r:—vf 322 (a 2b)°
29 0 0 0 ir:—vfzf(a 2b )"
29 iz92 (a 2b) 0 0 ir:—vfzg Ya 2b)"
9 iz§2 (a 2b )Wsmz,_ 0 0 0

“* 1@ sBuidnod WSSIN INS 8U1 pue snofewouy ay) Bunsenuo)d
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dd; uu! wW w*

e? wS
Fr, =F- = 35— == sin
) ++ 345\2/\/ mw
. 1
Ff = --sin (1 acos)
2sy, 1+cos
. (1 scos)
Fly = =&-sin ="~
to2sg, 1 cos
e 1
Fhi = 3==>-sin  jQj 1+ —-
LL 32c\%v Qi 25\2,\,
e
FR = Qz=sin ;
LL QZC%V
where Q is the quark charge
) FLo=Ft = § M ws g
27282, mw
e sin
FL = p= cos
* " 20ys2, 1+cos A
e? sin sg,
FL, = p= cos WM
* "2oys3, 1 cos S 3
FL = —pe2—3|
- 2 2s5, ’
du! W
e S
) FL =FL = p—— sin 2>
2 2sw w
e sin
FL = p= 0s + =
2sw 1+cos
e sin
FL, = p= ! cos + = ;
2swy 1 cos
I " WW
8¢?

) Fiet =Fu += Fe 1o = F 44y =

(16)

(17)

(18)
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) F + = F + = F + = F+ = ez LS
My
2 3+cos wS 2
F =F = (1 cos +
o i ( ) 1+cos 16 My
) Fit =F 4+ = LS 2 + 3 cos wS
Myy 8 Myy
2 (cos 3) wS 2
= = + +
Fi + F + + e2(1 COS) 1 16 —
Fe 1L = F L =2¢€%; (19)
4 2
F++++ = F = 2 + LS E
1+ cos myy 4
) I =F4r += Fr 44 = F 44y =
1
)F +=F +=F+ =F+ eZ( COS) wS
2 Myy
1 cos )2
Fr +=F & = 2 g
1+ cos
F =F = € (l1+cos ) 1+ 3 cos ws °
+ + = + + = 16 My
— _ 2 wS
) Fit =F 4+ =¢€ —_—
Mw
+
1 cos (3+6cos cog )  ws
16 Myy
Fiso =F L L= 2821 (20)
The purely transverse amplitudes are identical to those forw ! W

in (20), provided we replacee? ! €’oy=sw. The amplitudes involving
longitudinal bosons are

& wS
F =F = ——CO0S —
) ++LL LL 4SW mw
F =F = —— (1 cos
+ LL +LL 25w ( )

(i‘2 wS
F =F = — (cos 3) X2
) +LL LL+ SSW ( ) My
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& (cos 1)
F =F = —_— 21
+LL+ LL Sw COos + 1 ( )
Egs. (16) (21) also indicate that the O contributions to the helic-
ity conserving amplitudes are always quadratic in  and, therefore, sup-
pressed. Thus, measurements of HC violations should be vesensitive to
Ow . Similar results apply also to any other anomalous interadbn.

4. Conclusions

There is no real indication at present that any anomalous coplings exist.
This is supported also by the LEP [13] and Tevatron [14,17] reults already
available. At the high energies accessible to LHC and ILC, wavould expect
these constraints to become stronger.

Since the energies available at LHC and ILC are very high, theubpro-
cess conditions(s;jtj;juj)  (m3,;m%) should be satis able, so that HC is
respected by the electroweak sector of SM to a high accurayIn any case,
we would expect HC to be respected to the 1-loop leadingn?;In) terms in

! 99;9;09Z;9W; ; Z;ZZ; W W ; W; ZW;
gq! 99; d; Zq; Wq;
99! 99; @;
ete ! ; Z;Z2Z;W ‘W ;
el e; Ze; W,
L ff,  Z,Z2Z, W W (22)

If SUSY is realized in Nature and(s;jtj;juj) MéUSY is also satis ed
within the LHC or ILC range, then HC should be valid for all processes in
(22), as well as in

gg! o9, o;
ee ! ff; <"~ ;H*H ; HH®;
I ff7 ~*~ :H*H ; HH®; (23)

where H® denotes any of the neutral Higgs particles in MSSM.

In either case, detail studies may identify those of the abow processes,
which are the most suitable for excluding the anomalous comibutions vi-
olating HC. Thus, searching for HC violations may be a usefulway for
constraining the anomalous couplings, and at the same timegny e ectively
non-renormalizable way of going beyond the standard modelSome realiza-
tions of extra large dimensions may fall in this later categoy.

6 At least if no top contributions are important.
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