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The model-independent determination of the Higgs-boson CRoroper-
ties at the Photon Collider at TESLA has been studied in detall, for masses
between 200 and 350 GeV, using realistic luminosity spectrand detector
simulation. We consider a generic model with the CP violatirg Higgs ten-
sor couplings to gauge bosons. We introduce a new variable seribing
angular distributions of the secondaryWW and ZZ decay products which
is very sensitive to the CP properties of the Higgs-boson. Uderstanding
of the detector performance turns out to be crucial, as the inuence of the
acceptance corrections is similar to the e ects of CP violaton. From the
combined measurement of invariant mass distributions and @rious angu-
lar distributions the phase describing a CP violation can bedetermined to
about 50 mrad after one year of Photon Collider running.

PACS numbers: 11.15.Ex, 11.30.Er, 12.60.Fr, 14.80.Cp

1. Introduction

The physics potential of a Photon Collider [1] is very rich amd comple-
mentary to the physics program of thee* e and hadron hadron colliders.
It is an ideal place to study the mechanism of the electrowealsymmetry
breaking (EWSB) and the properties of the Higgs-boson.
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In paper [2] we performed a realistic simulation of the Standrd Model
(SM) Higgs-boson production at the Photon Collider forW*W and ZZ
decay channels, for Higgs-boson masses above 150 GeV. Frdm tombined
analysis of W*W and ZZ invariant mass distributions the  partial width
of the Higgs-boson, , can be measured with an accuracy of 3 to 8% and
the phase of ! h amplitude, , with an accuracy between 30 and
100 mrad. In paper [3] we extended this analysis to the gendiged Standard
Model-like scenarioBy, of the Two Higgs Doublet Model II, 2HDM(I1), with
and without CP violation. In case of the solution B;, with a weak CP
violation via H A mixing, the mixing angle pa can be constrained to about
100 mrad for low values oftan . We found that for a general 2HDM (1)
with CP violation, only the combined analysis of LHC, LC and Photon
Collider measurements allows for the precise determinatio of Higgs-boson
couplings and of CP violatingH A mixing angle [4].

In this paper our aim is to establish CP-property of the Higgsboson
in a generic model with a direct CP violation. The measuremenof the
Higgs-boson properties at the Photon Collider at TESLA is stidied in de-
tail for masses between 200 and 350 GeV, using realistic lurmosity spectra
and detector simulation. The model with generic, CP violathg Higgs-boson
couplings to vector bosons [5] leads to dierent angular diibutions for
a scalar- and pseudoscalar-type of couplings. From a coml@d analysis of
invariant mass distributions and angular distributions of the W*W and
ZZ decay-products the CP-parity of the observed Higgs state cabe deter-
mined independently on a production mechanism [6]. Resultgiven in this
paper supersede results presented in the second part of ouarber work [7].

2. Generic Higgs model with CP violating couplings

Following the analysis described in [5] we consider a genermodel with
a direct CP violation, with tensor couplings of a Higgs-bosa, H, to ZZ and
W*W given by:

_ .. Mz " (PL+ p2) (P P2)
OHzz = Igcosw H 0 *+ A M22 ;
. +
Gww = igMw  n g + A " P pz)M(zpl P) .
w

where p; and p; are the 4-momenta of the vector bosons. Contributions to
gauge couplings with y have a structure of the CP-even SM Higgs-boson
coupling?, whereas the ones with o correspond to a general CP-odd cou-
pling for the spin 0 boson. Coe cients y and A can be written as:

1 Other possible CP-even tensor structure, (p1 + p2) (p1 + p2) , gives the angular
distributions similar to that of the SM Higgs-boson and, the refore, we will not consider
this case separately.
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H = COS cp,; A= sin cp: (2)

The couplings of the Standard Model Higgs-boson are reproaded for =1
and cp =0 (i,e. 4 =1and A =0). Below we will limit ourselves to

land| cpj 1 region, corresponding to small deviation from the
Standard Model coupling. However, we do not make any assumjains con-
cerning Higgs-boson couplings to fermions and we allow foregtiations from
SM predictions in and . Therefore, our results do not depend on
the assumed Higgs-boson production mechanism and our ap@ch can be
considered as model-independent. To simplify the analysisve only assume
that the H branching ratios to W*W and ZZ are the same as in the Stan-
dard Model. No substantial deviations in the W*W and ZZ branching
ratios are expected unless Higgs-boson Yukawa couplings tg- or down-
type fermions become very large. Possible small deviatiomithe branching
ratios are equivalent to variation.

3. Angular distributions for secondary decay products

Here we consider the Higgs-boson decays to gauge bosons. Emgular
distributions of the secondary W*W and ZZ decay products turn out
to be very sensitive to the CP properties of the Higgs-boson5]. Angular
variables which can be used in the analysis are de ned in Figl. To test
CP-properties of the Higgs-bosons the distributions of thepolar angles 1

\\fl

Fig. 1. The de nition of the polar angles y, 1 and », and the azimuthal angles
1 and , forthe process ! h! zZz ! A4f. is the angle between twoZ
decay planes, = 1. All polar angles are calculated in the rest frame of

the decaying particle.
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and , as well as the distribution, where is the angle between two
Z- or two W-decay planes, are used. Here we propose to consider, instea
of two-dimensional distribution in (cos 1, cos »), the distribution in a new
variable, de ned as
sin? 1 sin? » . 3

(L+cos?2 1)(1+cos? )’ 3
The -variable corresponds to the ratio of the angular distribuions expected
for the decay of a scalar and a pseudoscalar (in a limiMy > M z) [5].
It proves to be very useful and complementary to  variable.

The angular distributions in and , expected for a scalar (cp =0)
and a pseudoscalar (cp = =2) Higgs decaysH! zz ! I*I jj, are com-
pared in Fig. 2. They clearly distinguish between decays ofcalar (H) and
pseudoscalar A) Higgs. For the scalar Higgs the distributions are almost
at in both and . For the pseudoscalar case these two distributions
have totally di erent character. From the measurement of ore or other, or
both of these distributions it is possible to establish the @ properties of the
Higgs-boson, even without taking into account the producton mechanism.

2
—— scalar M =300 GeV [

—— scalar M =300 GeV

- - pseudoscalar

1/s ds/dDf
1/s ds/dz

15F \‘\ --- pseudoscalar
0.2 [

0.1

0 2 4 6 0 0.2 0.4 0.6 0.8 1
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Fig. 2. Normalised angular distributions in (left plot) and  (right plot), ex-
pected for scalar and pseudoscalar Higgs decay$; A | ZZ ! 1*1 jj, for the
Higgs mass of 300 GeV.

Note, that the theoretical distribution of the Higgs decay-angle y is
expected to be at both for scalar and pseudoscalar Higgsesgs this is char-
acteristic to spin 0 particle. However, the measured y distributions for
H and A decays can di er due to the di erent acceptance correctionsand
interference with a non-resonant background. Therefore,ni the observed

n distributions, as well as reconstructed invariant mass distributions
for W*W and ZZ decays, some sensitivity to the Higgs-boson couplings
can show up.
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4. Reconstruction of the angular distributions

Our analysis uses the CompAZ parametrisation [8] of the reddtic lu-
minosity spectra for a Photon Collider at TESLA., We assume that the
centre-of-mass energy of colliding electron beams, Sge, is optimised for
the production of a Higgs-boson with a given mass. All resul presented
in this paper were obtained for an integrated luminosity coresponding to
one year of the photon collider running. The total photon photon lumi-
nosity increases from about 600fb! for "~ Sge = 305 GeV. (optimal beam
energy choice forMy = 200 GeV) to about 1000fb * for P See = 500 GeV
(My =350 GeV).

Measurement of the angular distributions has been studied gsing the
samples ofZZ events generated with the PYTHIA [9] and SIMDET [10]
programs, as described in [2]. The resolutions of the recamscted decay
angles and , for the scalar Higgs-boson with mass of 300 GeV (primary
electron-beam energy of 209 GeV) are compared in Fig. 3 for éhleptonic
and hadronic Z decays.
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Fig. 3. Resolution in the reconstructed Z-decay angles and , for the leptonic
( 1, 1) and hadronic ( j, ) nal states. Events were simulated with the
PYTHIA and SIMDET programs, for a primary electron-beam energy of 209 GeV
and Standard Model Higgs-boson mass of 300 GeV.

A very good resolution is obtained for all considered distfutions, nev-
ertheless the measured angular distributions are stronglya ected by the
selection cuts used in the analysis. Because of the cut on thegdton and jet
angles, applied to preserve a good mass resolution (see [@] more details),
we observe a signi cant loss of the selection e ciency for tle events with lep-
ton or jet emitted along the beam direction. Also the Durham jet algorithm
used in the event reconstruction imposes constraints on thangular separa-
tion between leptons and jets. Both e ects result in a highly ron-uniform an-
gular acceptance. The obtained selection e ciencies for | zZzZ I 1*] jj
events, as a function of the angle , are presented in Fig. 4. Additional cuts
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on the reconstructedZZ invariant-mass have been introduced to optimise
the signal measurement: for Higgs-boson mass of 300 GeV thecapted mass
range lies between 286 and 312 GeV. The e ciencies fafZ events coming
from decays of scalar, pseudoscalar Higgs and non-resondrackground are
compared. The polar-angle distributions di er among thesethree classes
of events, therefore, signi cantly di erent acceptances a&e obtained. Un-
derstanding of this e ect is crucial, as it can mimic a pseudscalar type
of distribution. For the rst time such e ect is taken into ac count in the
analysis of the considered process.

In the following analysis, the reconstructed  values range fromOto ,
since we are not able to distinguish between quark and anticark jet.

>
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Fig.4. Selection e ciency as a function of the angle between two Z decay
planes, forZZ ! 1*1 jj events coming from the scalar Higgs decays, pseudoscalar
Higgs decays and non-resonant background. Events were siated with the
PYTHIA and SIMDET programs, for a primary electron-beam energy of 209 GeV
and Higgs-boson mass of 300 GeV. Only events with the recomnsicted Higgs mass
between 286 and 312 GeV are accepted.

5. Analysis

For arbitrary values of model parameters and cp we calculate the ex-
pected angular and invariant mass distributions forzZ and W*W events
by convoluting the corresponding cross-section formula wh the analytic
photon-energy spectra CompAZ [8]. To take into account detetor e ects,
we convolute this further with the function parameterising the invariant-
mass resolution and the acceptance function containing thengular- and
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jet-selection cut$. For the measurement of the event distributions in
and we introduce the additional cuts on the reconstructedZZ invariant
mass (forZZ events) or on the reconstructedW * W invariant mass as well
as on the Higgs decay angle 4 (for W*W events). The cuts were opti-
mised for the smallest relative error in the signal cross-sfion measurement.
The expected precision in the measurements of the - and of the -dis-
tributions, for I ZZ!' 1*l jj eventsand ! W*W ! 4 events
is illustrated in Figs. 5 and 6, respectively. Calculationswere performed for
the primary electron-beam energy of 152.5GeV and the Higgseson mass
of 200 GeV. The results are compared with the expectation offte generic
model with cp =0 (as in SM) and cp = =2. For better comparison
of the shape of distributions, results for pseudoscalar Higs-boson couplings
( cp = =2) are normalised to the Standard Model expectations. We see,
that even after taking into account beam spectra, detector escts, selec-
tion cuts and background in uence, the di erences between Bapes of the
angular distributions for the scalar and pseudoscalar coumgs are still sig-
ni cant. Therefore, we should be able to constrain Higgs-bson couplings
from the shape of the distributions, even if the overall nornalisation related
to the Higgs-boson production mechanism is not known. For te Standard-
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Fig.5. Measurement of the angle 7z between twoZ-decay planes (left plot) and
of the variable 7 calculated from the polar angles of theZz ! |I*] andZ ! jj
decays (right plot) for ZZ ! 1*1 jj events. Points with error bars indicate the
statistical precision of the measurement after one year of Roton Collider running
at nominal luminosity. The solid and dashed lines correspod to predictions of
the model with pure scalar ( cp = 0) and pseudoscalar (cp = = 2) Higgs-boson
couplings, respectively. Grey line represents the SM backgund of non-resonant
ZZ production. Signal and background calculations are perfomed for primary
electron-beam energy of 152.5 GeV and the Higgs-boson mass2n0 GeV.

2 To simplify acceptance calculations, we neglect e ects of the nite angular resolution.
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Model Higgs-boson decays t&ZZ, about 675 Higgs-boson events and 145
non-resonant background events are expected after all seleon cuts, in the
selected mass window from 180 to 210 GeV. For thé&/ W channel about 8000
signal events are expected, compared to about 170 000 backgnd events.
In both cases a statistical precision of the signal measureamt is similar.
However, due to overwhelming background contribution, theWW analysis
is much more dependent on systematic uncertainties.
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Fig. 6. Measurement of the angle ww between two W -decay planes (left plot)
and of the variable \w calculated from the polar angles of twoW ! jj decays
(right plot) for WW ! 4j events. Points with error bars indicate the statisti-
cal precision of the measurement after one year of Photon Chdler running at
nominal luminosity. The solid and dashed lines correspondd predictions of the
model with pure scalar ( cp = 0) and pseudoscalar (cp = =2) Higgs-boson
couplings, respectively. Grey line represents the SM backgund of non-resonant
W*W production. Signal and background calculations are perfomed for primary
electron-beam energy of 152.5 GeV and the Higgs-boson mask290 GeV. The in-
sets show the relative deviations from the Standard Model pedictions ( cp = 0)
for pseudoscalar Higgs-boson couplings.

Each of the considered angular distributions discussed ale can be t-
ted with model expectations, given in terms of the parametes and ¢p
describing Higgs-boson couplings to gauge bosons, pararast and
describing the production mechanism, and an overall norm#ation. Statis-
tical errors in the determination of ¢p, resulting from ts to the di erent
distributions for ZZ events, are compared in Fig. 7. The remaining model
parameters, except for the normalisation, are xed to the Sandard Model
values. Out of the three considered angular distributionsparameter turns
out to be the most sensitive to the angle cp describing the CP violation
in the Higgs-boson couplings. Surprisingly, the smallestreor is obtained
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Fig. 7. Statistical error in the determination of cp, expected after one year of
Photon Collider running, as a function of the Higgs-boson masMy . Fits were
performed to the shape of the three individual angular distibutions measured
for ZZ events, as indicated in the plot, and to the reconstructed ivariant mass
distribution. Results of the simultaneous ts to three angular distributions and

to all distributions are also shown. All other parameters, except for the overall

normalisation, are xed to the Standard Model values. Errors were calculated
assuming cp O.

from the t to the invariant mass distribution. This is becau se, due to the
di erent selection e ciencies for the scalar and pseudoschkar decays and also
to interference e ects, the relative normalisation of the Hggs-boson signal
to the non-resonant background depends on the anglecp. Therefore, we
include the invariant mass distributions for W*W and ZZ decays in the
combined t. When all parameters are allowed to vary in such at, the
invariant-mass distributions constrain mainly the and

6. Results

We calculate the expected statistical errors on the parametrs and
cp, from the combined t to angular distributions measured for ZZ and
W*W decays, and to the invariant mass distributions. Results a& shown
in Fig. 8. The two photon width of the Higgs-boson, , the phase and
normalisations of both samples are allowed to vary in the t, so the results
are independent of the production mechanism. One observe$adt for low
Higgs-boson masses below 250 GeV, better constrains are aioted from the
measurement ofW*W events, whereas for masses above 300 GeV smaller
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errors are obtained from the measurement o¥Z events. The error on cp
expected from the combined t is below 50 mrad in the whole cosidered
mass range. The corresponding error on is about 0.05.
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Fig. 8. Statistical error in the determination of ¢cp (left plot) and  (right plot),
expected after one year of Photon Collider running, as a funigon of the Higgs-boson
massMy. Combined ts were performed to the considered angular distibutions
and invariant mass distributions for ZZ events andW*W events. Results were
obtained assuming small deviations from Standard Model prdictions, i.e. 1
and cp 0. Two photon width of the Higgs-boson, , the phase and
normalisations of both samples are allowed to vary in the t.

7. Summary

An opportunity of measuring the Higgs-boson properties at he Pho-
ton Collider at TESLA has been studied in detail for masses bgeen 200
and 350 GeV, using realistic luminosity spectra and detectosimulation. We
considered measurement of the invariant mass distributios and the various
angular distributions. A new variable is proposed to desche the polar angle
distributions of the secondaryW* W andZZ -decay products. Eventrecon-
struction and selection procedure result in acceptance cogctions which are
highly non-uniform and depend on the Higgs-boson CP propers. Under-
standing of these e ects is crucial in the analysis of anguladistributions.
From the model-independent study the angle describing a CP ielation in
the generic Higgs-boson couplings to vector bosons can betelenined with
accuracy of about 50 mrad.
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