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We study the sensitivity of a 500 Ge& e~ linear collider toCP violating anomalous couplings. We find
that with 50 fb%, and taking only one non-zero coupling at a time, the proeéss — W™ W™ can be used to
place the 95% confidence level bourjds,|<0.1, |;<Z|<O 1 and|g4|<0 1 from CP even observables. By
studying certain distributions in the procesée™ —u* u~ vv one of the bounds can be |mproved|gf|
=<0.06. This process also allows the construction @Raodd observable which can be used to place bounds
on CP violating new physics. At the 95% confidence level we fjﬁq|s0.3, |x|=<0.2 and a much weaker
bound for|g%|. [S0556-282198)03207-X]

PACS numbdrs): 13.10+q, 11.30.Er

. INTRODUCTION Ver b
Lwv= gWW\/( — gy W, W, (d*V"+3"V¥)

In spite of its remarkable phenomenological success there i
are several aspects of the standard model that remain unex- +5 ;VGMWBW;W;V“B _ 1)
plained. Two of them are the mechanism of electroweak
symmetry breaking and the origin &P violation. A broad
class of models in which the electroweak symmetry is bro" Writing this equation we have already dropped terms pro-
ken dynamically by new strong interactions does not contaiportional to Nv because they are of higher dimension. The
any new particles sufficiently light to be produced at a 5o00verall  normalization is gww,=—€ and Qgwwz=
GeV e'e  collider. New particles in these models have —e cot 6. Electro-magnetic gauge invariance forbids the
masses in the TeV range and only manifest themselves indierm g} so we are left with three ne@ P violating param-
rectly in experiments at lower energies. In general theseters. One of theng;, violatesC and conserveB, whereas
models may violateCP and this would also manifest itself the other tvvo}'y and '« violate P and conserve.
indirectly at low energy. The next to leading order electroweak chiral Lagrangian
It is convenient to describe the phenomenology of thg3] contains threeCP violating operators whose couplings
most important features of this type of new physics in acorrespond to the lowest dimension contributions to the pa-
model independent way. This is accomplished by studying #ameters in Eq(1). They are[4]:
low energy (below a few TeV effective Lagrangian that

contains only the standard model fields and where the effect Lepodd™2a19Tr(TV,) Tr(V,WHY)
of the new physics appears as higher dimension operators.
) ) ; : . 1
These higher dimension operators modify the couplings of + Zalsgg'f“”"”BWTr(TW ’)

the observed particles, inducing “anomalous couplings”

whose phenomenology has been studied in dgtil 1
In this paper we study the effect of the lowest dimension + ga14gze“"P"Tr(TWM)Tr(TWp(,) 2

operators that violat€ P in the gauge-boson self-couplings.

In has become standard to parametrize the three gauge boso

couplingWWV following the notation of Ref[2]: Here we have used the notation of Rf]. The relation

between these couplings and those in H@) is FZ
=e (0113/CW a14lsy), ® e G Isq)(aigt ey and gi
=—e%(shch) a, [4].

We do not wish to reproduce here all the details of the
notation of Ref[4]; it is sufficient to remind the reader that

*Email address: likhoded@mx.ihep.su the factorT that appears in all three operators constitutes an
"Email address: valencia@iastate.edu explicit breaking of custodial symmetry. This implies that if
*Email address: yushchenko@mx.ihep.su the new physics violate€ P maximally (i.e. without sup-
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FIG. 1. Allowed (95% C.L) region from theCP even angular distribution &* e~ —W*W~ for (a) k;—gj with x,=0, (b) x,— g5
with k=0, and(c) x,— kz with g5=0.

pressions from dimensionless parameters such as mixingecay channel for thé/ bosons. At this stage we also ignore

angles, the natural size of the coefficients is that of the CP violating nature of the coupling'éy,;z,gf and look

2 2 H
(v7A%)Ap. These are the same arguments that give the,\ o4 the guadratic effects that they induce in the decay
natural size of the lowest dimension parity violating COUPI'ngdistribution. It is possible to study trulg P-violating effects

[5]. With =246 GeV and the scale of new physitsa few that are linear in the couplings in one of two ways. We could

TeV we thus expecty;, 1314~ 10 4 if the symmetry break- . : : | )
ing sector has a custodial symmetry to explain the smallnedgclude absorptive phases in the form factors associated with

of Ap. In Ref. [4] Appelquist and Wu discuss a specific Eq. (1)_ [2,4]. If these phases arise from the same sector re-
model in which they estimate that the coefficients, ;3,, SPONSible for the anomalous couplings then they do not in-
are indeed of order 10" and correlated withAp. On the  troduce additional suppression factors. This can be seen, for
other hand, ifAp is small accidentally, naive power counting €xample, in the model of Ref4]. Alternatively, we could
tells us that these couplings could be at the few percent levegonstruct aCP odd observable involving the polarization
O(v?/A?). These numbers will help us calibrate the signifi- vectors of thew bosons. This is equivalent to studying cor-
cance of the constraints that we discuss. relations that involve the momenta of the decay products of
The best indirect bound that exists on any of these couthe W bosons to a specific channel. We take the second ap-
plings is |x,|]<2x10"4, which arises from the neutron Proach in the following section.
e.d.m.[6]. This is a very tight constraint, but it is subject to  In this section we consider th& bosons to be final state
naturalness assumptions. As usual, it is not a substitute for articles and take into account the efficiencyYét W~ pair
direct constraint. Previous studies Wy production at an reconstructioney,=0.15[10] in our numerical simulation.
upgraded Tevatron have concluded that it will be possible t®ecause we are ignoring, for now, tBdP violating nature of
place the constraidt;y|50.1[7]. This is of the same order the couplings, it is possible to bound them using the same
as the bound that we find in this study for the 500 Ge\&~ CP even observables that we studied in Réfl]. The only
collider, but a precise comparison is not possible withoutifference between th€ P violating couplings that we study
further knowledge of the experimental setups. here and theCP conserving couplings that we studied in
There have been previous studies of @@ violating  Ref.[11] is that theCP violating couplings always appear
anomalous couplings in the processe™ —W'™W™ [8], but  quadratically in theCP even distributions used to place the
a detailed numerical analysis of the bounds that one can ggbunds' We use the same assumptions about systematic un-
at a Next Linear CollideNLC) has not been done. The certainties and the same analysis of the differential distribu-
processe*e”—vv Z has also been recently considef@l  tion that we described in detail in R¢fL1]. In particular, we
The authors of Refl9] find that one could place the bound use a systematic error 1.5%. This number arises from an
gfsoil by studying a forward-backward asymmetry with
50fb .

I. BOUNDS EROM OBSERVABLES IN e*e~—W+W- _1Again, this is because we are not including any possible absorp-
tive phases. We can justify thisposterioribecause the bounds that

We start with the process*e” —W*"W™ at a center of can be obtained from terms linear in the couplings and terms qua-
mass energy of 500 GeV without considering any specifidratic in the couplings are very similar due to the low statistics.
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FIG. 2. Standard model differential cross section for the proeéss — u* u~ vy at\s=500 GeV with the cuts of Ed4) as a function
of (a) cosdand(b) p,, .

uncertainty in the luminosity measurement 90.5%, an These subprocesses include 20, 21 and 11 Feynman dia-
error in the acceptance 1%, an error for background sub- grams respectively. The last one does not contain anomalous
traction=0.5% and a systematic error in the knowledge ofvertices, and constitutes pure background. Sufficient events
the branching ratio=0.5%. From a x® analysis of are generated with our Monte Carlo simulation to achieve a
do/d cosé with 5 bins, we find the 95% confidence level 1% statistical error in the value of the cross section.
bounds(taking only one non-zero coupling at a tijne We first generate events with a cut on the muon scattering
angle and on the muon pair invariant mass:
|k,|<0.1, |k|<0.1, |g4=<0.09 (3)
170°s#<10°, M,,=30 GeV. 4
The best bounds for this process are obtained using four bins,

as discussed in Refl1]. However, the bounds we obtain The anglef is the scattering angle between the and the

using five bins are indistinguishable from those for four blns.e, momenta in the* e~ center of mass frame. To stu@yP

We prefer five bins because this will be the optimal numberOdd observables we need to make sure that our CUtSGE *

+ A + = ; : ;
fore"e —u”u vy and using the same number of bins inpjing » 5o the same cut is imposed on the angle between the
both cases will facilitate a comparison. _ ™ and thee™ momenta. These cuts are similar to the ones
In Fig. 1 we present the allowed 95% confidence level gqq by the experiments at the CERNe~ collider? After

regions when we take one of &P violating couplings 10 jmposing these cuts we assume a muon reconstruction effi-
be zero. We see that the bounds are indeed similar to tho%‘?ency equal to 1.

that can be placed at an upgraded Tevaffdjp and of the

; +a— + o=
same order as the bounds that we found@dt conserving The total cross section for the'e —pu " pvv process

) L with these cuts is 7.65 fb, which resulisith an integrated
anomalous couplinggll]. The fact that we obtain similar luminosity of 50 f5'Y) in only 382 events. The resulting

bounds for couplings that contribute linearly to the differen_bounds will be limited by the small statistics so we will have
tial cross section and for couplings that only contribute qua—0 relax these cuts Iateryon
dratically already indicates that this process is not sensitiv& '

to the very small values predicted by naive dimensiona‘ We start by pIgcmg bounds on te&p V'O'a“”Q anoma-
analysis. ous couplings using the following observables:

Ill. BOUNDS FROM OBSERVABLES IN ete~—p*u~ vy _do  do do ,
dp;LX/.L

dcosé’ dp,

©)

We now wish to consider a specific channel for the decay
of the W bosons so that we can construct correlations that . . . _
could single outCP-violating interactions. With this in Whereeis again the scattering angle between heand the
mind, we need a final state that is easy to identify and thaf Momenta in thee"e" center of mass framep,, is the
transforms into itself unde€ P. We thus choose to identify Muon three-momentum in the same frame, ppd,, is pro-
the W pairs by theiruv leptonic decays. We calculate the portional to theT-odd correlationpe: [p,,+ X p,-]. Numeri-
amplitudes for the process*e*eﬂ*ﬂfvv_and generate cally we work in thee*e™ center of mass frame and use

events for the three following subprocesses:

The current experiments at LEP have a typical region for muon
reconstruction of 170 #<10°. We assume that the experiments
Subprocess lle" e —u* u v o ata NLC w_iII haye a similar georpetr)_/ so we use the same cut. The

ere cut on the invariant mass @f "~ pair, m,,>30 GeV serves to
- reject Dalitz conversion of soft photons and to insure good angular
Subprocess lll-e"e —utu v, v, . separation of the muons.

+ A= + -
Subprocess |l-e'e" —u u v, ,,
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FIG. 3. Deviations in differential cross section with the cuts of &j.from their standard model values as a functionafcos#, (b)
p, and(c) p,x, - In all cases the curves labeled 1, 2 and 3 corresporgi%d).l, k=05 and}'7=0.5 respectively.

4 . . tween theu™ and theu™ momenta in thee™e™ center of
D#xﬁzg[p,ﬁ XPu-lz, (6)  mass frame. Using a coordinate system withztais point-
ing in the direction of the.™ momentum, th@™ momentum
being in thex—z plane, and with¢, being the azimuthal

where the indexz denotes the component along the beamangle of thew* in this coordinate system, the correlation is
direction. With this normalizatiorp,, can take values proportional to:

from —1 to 1. If the polarization of the final leptons is not
observed, and the beams are not polarized, this correlation
serves to analyze thé P properties of the interactiofl2]. P.x,~Sin 6 sin 6, sin ¢, 7
CP even interactions give rise to symmetric distributions

(symmetric about the poimt, . ,=0) in p,x,, whereasCP

odd interactions give rise to antisymmetric distributions inWorking in the limit of massless muons, the anglg is
Puxu- The antisymmetric distributions in this correlation related to the invariant mass of the muon pair in the follow-
will arise from interference between standard model ampliing way:
tudes and the new P-violating physics and will be linear in

the new couplings. Notice that the correlatipp,, is also

odd under parity. This means that we will get terms propor-

tional to'E%Z from interference with the parity even standard
model amplitude and a term proportional gé from inter-
ference with the parity odd standard model amplitude.

In Fig. 2 we show the differential cross section predicted
by the standard model at lowest order, as a function ofécos
andp,, for Js=500 GeV. From these figures we see that
the events predicted by the standard model are concentrated
at small scattering angles and low muon momentum. Simi-
larly we find that the standard model events have a symmet-
ric distribution inp,,«, (as corresponds to CP conservajion

o(ete — ptpwo) (fb)
T I T I LI T I

20

10

N4

e e ST s

||;|I|||||1|||m\11

TTTITTTT T T PTTTTTI

T [T N T N

-05 =03 -0.1 0.1 0.3 0.5
that is very strongly peaked at, . ,=0. % (k,, k)
In order to understand the effect of the cuts that we im-
pose on the distribution with respectfg ., it is convenient FIG. 4. Total cross section with the cuts of E4) as a function

to express this correlation analytically. In addition to theof g% (solid line) and;Z,y (dashed lines indistinguishable in this
angle ¢ defined above, we need to defiflg, the angle be- figure).
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FIG. 5. 95% C.L. bounds taking one coupling to be zero at a time and using the cuts @ Ebfhe solid contours correspond to the
bounds coming from thp,, distribution, the short-dashed contours from the @dsstribution, and the long-dashed contours fromthe, ,
distribution.

Mfw The results for\s=500 GeV, integrated luminosity of
cosf,=1-s5—"——. (8  50fb™? 5 bins, and at the 95% C.L. are shown in Fig 5. In
pnrEp

this figure the solid contours correspond to the bounds com-
ing from the muon momentum distribution, the short-dashed
) ; X contours from the scattering angle distribution, and the long-
they remove the region of small sthwherep,, ., is small, . ~

B dashed contours from the correlatign,,.,. For «, , the

thus increasing the signal to background ratio; they re- . Sz
move the region of small muon pair invariant mass offec.lest bounds arise from the muon momentum distribution, at

tively enhancing the region where cagis negative about the same level as the bounds that this process places on
In Fig. 3 we show the deviations induced by the CP conserving anomalous couplinfk3]. For g the bound

Z . .
CP-violating couplings in the differential cross section. For 1S 92=<0.06, slightly better than what we got in E(B),

illustration purposes we use the valugé=0.1, x,=0.5, Wwhereas foficz , the bounds are worse than those in B).
and%.=0.5, with only one of them being nonzero at a time Since our bounds are probably limited by the low statis-
.y_ Jy A . .

The curves labeled 1, 2, and 3 correspond to the case tlfcs,we now study the effect of relaxing the cuts, and impose

s ~ ~ ) ] %nly the minimal cut:
non-zerogy , kz, and« , respectively. It is clear from these
figures that the kinematic regions where the new effects
would be most important are high muon momentum and
backward scattering. The distribution with respecpig.,, ,
is approximately symmetric about, ., =0 indicating that
for the cuts in Eq(4), the terms quadratic in the new cou-
plings (and thusC P-even dominate.

It is interesting to notice that for the set of cuts that we
have used so far, the total cross section is more sensitive to
the value ofgf than any of the distributions, we show this in
Fig. 4.

To place bounds on the anomalous couplings, we used a

We can now understand the effect of the cuts of @. (a)

M,+,-=5 GeV. 9

oete” — ptp~vp) (fb)
T T T T T T T
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standardy? criterion to analyze the eveni@ncluding the
0.5% anticipated systematic error in the luminosity measure-
men). We also investigated the sensitivity of the resulting
bounds to different kinematic cuts and binning, but we did
not find any way to enhance the sensitivity to the new cou-
plings. This is probably due to the very low statistics avail-
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FIG. 6. Total cross section with the cuts of Ef) as a function

able (382 events We find that the best bounds are obtainedof g5 (solid line) and ;Z,y (dashed lines indistinguishable in this

by dividing the events into 5 bins.

figure).
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FIG. 7. Standard model differential cross section for the proeéss — u ™ u~ vy at Js=500 GeV and the cuts in E¢9) as a function
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This is a very optimistic cut that still permits high efficiency populates the regions of small scattering angle and low muon
in muon detection. Relaxing the cuts in this way has themomentum preferentially. In Fig. 8 we show the change in
effect of increasing the cross section for the procsss™ the differential cross section when the anomalous couplings

AT vv to about 113 fb. With an integrated luminosity take valuesg4 0.1, Kz 0.5, andx ,=0.5. We take only
of 50 fo* this results in 5660 events and consequently muctyne non-zero anomalous coupling at a time and use these
better statistics. values for illustration purposes only. The standard model dis-
In Fig. 6 we present the total cross sectlon as a function ofyipution is largest nead=0 whereas the new physics con-
the anomalous coupling (solid line), k; (short-dashed tributions are largest near=90°. Nevertheless, we find bet-
line) and K7 (long-dashed line Comparison with Fig. 4 ter sensitivity to the new physics when we do not impose the
shows that the relaxed cuts increase the sensitivity to thangular cut that excludes the region of sm&llindicating
anomalous couplings. that our analysis is limited by statistics.
In Fig. 7 we show the differential distributions with re-  To place bounds on the anomalous couplings, we use a
spect to the muon scattering angle, @pand the muon mo- standardy? criterion to analyze the events, include the an-
mentum,p,,. Once again we see that the standard modeticipated 0.5% systematic error in the luminosity measure-
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FIG. 8. Deviations in differential cross section with the cuts of &j.from their standard model values as a function@fcosé, (b)

p. and(c) the CP odd correlation of Eq(6). In all cases the curves labeled 1, 2 and 3 corresporg;ﬁtoo.l, §Z=0.5 and§7=0.5
respectively.
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ment, and take the muon identification efficiency to be 1. Wep,,,,. In view of Egs.(7) and (8), the region of smaller
find that the best bounds are achieved by dividing the eventsiuon pair invariant massM,+,-<30 GeV). appears to
into 5 bins. The 95% C.L. results fofs=500 GeV, inte- contain the region where sﬂ)L is Iarge.

grated luminosity of 50 fb* and 5 bins for the bounds on Alternatively, taking only one non-zero coupling at a time
g%, kz, and, are shown in Fig. 9. In this figure we have We find[from the correlation of Eq(6)]:

taken one of the three couplings to be zero and looked at the
projection of the allowed region into the plane of the other
two couplings. In this figure the solid contours correspond to
the bounds coming from the correlatig),,, the short-
dashed contours from the muon momentum distribution, and
the long-dashed contours from the scattering angle distribu- In the previous section we have seen that the bounds that
tion. Comparing Figs. 5 and 9 one can see that with thean be placed on the anomalous couplings using the correla-
relaxed cuts, the best bounds are obtained from the correl&ion p,,, are of the same order as those that can be placed
tion p,,», . The improvement in the bounds is partly due tofrom other observables. Therefore, it is interesting to see
the increased statistics, and mostly due to the fact that whewhether one can isolate tl@P-odd components of the dis-
we relax the cut on the muon pair invariant mass we includdributions with respect t@ .., , and in that way be able to

a region of phase space that has the largest sensitivity tieally bound newC P violating interactions.

'k,|<0.27, [k,|<0.18, |g5]=<0.08. (10

IV. BOUNDS FROM A CP-ODD OBSERVABLE
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FIG. 10. Deviations in the differential cross section with the cuts of Eq(4) and (b) the cuts of Eq(9) as a function ofp,,., fo

P ,=0.5. We have separated the contribution from the term linear Jitantisymmetric curvefrom that due to the term quadratic my
(symmetnc curve
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FIG. 11. Deviations in the differential cross section with the cuts of Eq(4) and(b) the cuts of Eq(9) as a function ofp,,«, for

'k,=0.5. We have separated the contribution from the term linear,ittantisymmetric curvefrom that due to the term quadratic &y
(symmetric curvg

To understand the effect of the different sets of cuts on 1
these bounds we present in Figs. 10 and 11 the differential Ostat=————.
sta VOsm:® L- E,u,

cross section with respect to the correlatipp,, for ?y

=0.5 andk,=0.5 respectively. The best bounds come from using the relaxed cut of(Exg.
In these figures we have separated the contributions to thend are given by
differential cross section arising from terms linear in the — —
anomalous couplinggthe curves that are antisymmetric [kz+0.7-k,|<0.2. (15
aboutp,,«,=0) from those arising from terms quadratic in
the anomalous couplingéthe curves that are symmetric
aboutp,, ,=0). We also show how these results vary when
we go from the stronger cuts of E@}) to the relaxed cut of V. CONCLUSIONS
Eq. (9). ) o
Notice that the normalization of the curves with strong W€ have studied the Eff‘?Ct ‘ﬁf violating anomalous
and weak cuts is different as it corresponds to the respectivePUPlings on the process’e —W"™W". Using CP even
total cross section. From these curves we see that the relax@gservables we have found that a NLC wif=500 GeV
cuts are not only better because they increase the statistic)d 50 pb* can place the boundkx,,|<0.1 and |gj]
but they also increase the relative contribution of the truly<0.09. These bounds are comparable to those that can be
CP-odd term linear in7<'%z as we argued in the previous placed with an upgraded Fermilab Tevatron, and are of the

(14

It is also possible to obtain bounds gﬁ but they are much
weaker.

section. same order as the bounds that can be placed Brtonserv-
In order to quantify the bounds that can be placed in thid"d anomalous couplings. These bounds originate in the qua-
way, we introduce the integrateziP-odd observable drat|_c contr|but|o_ns of the couplings to the differential cross
section. By looking at the.v decays of the/V bosons we
do were able to construct@P odd correlation that can directly
AEI APy SON (P ) APy - (11 pound theC P-violating terms(linear in the couplingsin the

differential cross section. We found that it will be possible to

Specifically we take the sgp(. ) to be zero ifp,»,=0to  place the bound§y|<0.3 and|'xz|<0.2. We conclude that
exclude that point, and use the following criterion to placethe sensitivity of a NLC toCP violating anomalous cou-
bounds: plings is similar to its sensitivity t& P conserving anoma-
q lous couplings. From our dimensional analysis we also con-
o A . N
.san d <2.A (12 clude that it is unlikely thatCP violating anomalous
f dpuxu 9N (Pt ) APyt o (12 couplings will be seen by a NLC unless the smallnesa of

. . . . is accidental.
The right-hand side of this equation corresponds to two stan-
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