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Abstract

The prospects for the measurement of the pseudoscalar admixturefinttoeupling to a Standard Model Higgs boson of
120 GeV mass are discussed in a quantitative mannerfer collisions of 350 GeV centre-of-mass energy. Specific angular
distributions in theh — t1tt~, ¥ — p*0; (v;) decay chain can be used to probe mixing angles of scalar—pseuddscalar
couplings. In the discussion of the feasibility of the method, assumptions on the properties of a future detecter tor an
linear collider such as TESLA are used. The Standard Model Higgsstrahlung production process is taken as an example. For
the expected performance of a typical linear collider set-up, the sensitivity of a measurement of the scalar—pseudoscalar mixing
angle turned out to be°61t will be straightforward to apply our results to estimate the sensitivity of a measurement, in cases
another scenario of the Higgs boson sector (Standard Model or not) is chosen by nature. The experimental error of the method
is expected to be limited by the statistics.
0 2003 Elsevier B.V.Open access under CC BY license,

1. Introduction future accelerator experiments. To address resolution
issues, it is necessary to perform Monte Carlo studies,
The transverse spin effectsirpair productioncan ~ Where the significant details of theoretical effects and
be helpful to distinguish between the scalaf¢ = detector conditions can be included. To enable such
ott and pseudosca|aﬁ73c = 0t natures of the studies we have extended the algorithm of Refs. [1,2]
spin zero (Higgs) particle, once it is discovered in ©Ofthe TAUOLAz-lepton decay library [3-5] to include
the complete spin effects ofleptons originating from
the spin zero particle.
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the TAUCLA spin interface, we devised a very promis- 2. Spin weight for the mixed scalar—pseudoscalar

ing method for the measurement of the Higgs boson case

parity, see Ref. [8]. It turns out that the spin effects

of the decay chaiif /A — 111~ — pTip v — Let us here, only very briefly describe the basic
7t 7%, 7~ 70, give a parity testindependentof both  properties of the spin correlations and their implemen-
model (e.g., SM, MSSM) and Higgs boson production tation in our Monte Carlo algorithm. We will not re-
mechanism (e.g., Higgsstrahlung, WW fusion). In the peat the detailed description of the method (which can
rest frame of thep™ p~ system we defined the acopla- be found in Ref. [3]) or the algorithm (which is given
narity anglep* as the one between the two planes in Ref. [6]). We will discuss the points necessary to
spanned by the immediate decay products (ife understand the case of mixed scalar—pseudoscalar cou-
and 9% of the two p’s. This angular distribution of  pling of hizz.

the r decay products, which is sensitive to the Higgs The main spin weight of our algorithm for gener-
boson parity, once additional selection cuts are ap- ating the physical process oflepton pair production
plied, is measurable using typical properties of a fu- in Higgs boson decay, with subsequent decay lefp-

ture detector at aa™ e~ linear collider. Using reason-  tons as well, is given by

able assumptions about the SM production cross sec- . 3 3

tion and about the measurement resolutions we have i
found that, with 500 fb* of luminosity ata 500 Gev '~ 2 (1 +2.2. Rifhlhﬁ)v
eTe™ linear collider, theCP of a 120 GeV Higgs bo-
son can be measured to a confidence level greater tharwhere 11 and hp are the polarimeter vectors that
95%. depend, respectively, ori™ decay products momenta;

In Ref. [9] we demonstrated that a measurement of R;; is the spin density matrix. For the mixed scalar—
ther impact parameter in one-pronglecay is useful pseudoscalar case, when the general Higgs boson
for the determination of the Higgs boson parity in the Yukawa coupling to the lepton
H/A° - tt77; t* > p*,(v,) decay chain. We .
estimated that, for a detection set-up such as TESLA, (@ +ibys)t @)
use of the information from the impact parameter s assumed, we get the following non-zero components
can improve the significance of the measurement of gf Rij:
the parity of a Standard Model 120 GeV Higgs boson '

@

i=1j=1

to ~ 450 and in general by a factor of about 1.5, Rit— Rop— a’p?—b?

with respect to the method where this information is ~ 2~ ~ n=Re2= g 2

not used. So far we have not exploited the possibility 2abB

of using decay modes other thaf — p* 9, (v;). Ri2=—R21= 221 b2 (3
Additional modes are expected to further increase the

separation power. whereg =,/1— 4m§/m§{. If we express Eg. (2) with

In this Letter we study the more general case where 4 help of the scalar—pseudoscalar mixing aggle
mixed scalar and pseudoscalar couplings of the Higgs

boson tor leptons are simultaneously allowed, see, TN(cos¢ + i Singys)t, 4)
e.g., Ref. [10].

Our Letter is organized as follows: in Section 2 we
present basic properties of the density matrix for the
pair of T leptons produced in Higgs boson decay. In cosp2p? — sing?
Section 3 we define our observable and in Section 4 R11= R22= c0sp2B? + sing?’
our Monte Carlo set-up. Our results are presented 2 cosp singp
in Sections 5 and 6, first with an idealized detector Rio=—Ry1= -
set-up and then with more realistic assumptions on Cosp<p= +sing
the detector and integrated luminosity. A summary, In the limit 8 — 1 these expressions reduce to the
Section 7, closes the Letter. components of the rotation matrix for the rotation

the components of the spin density matrix can be
expressed in the following way:

®)
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around the; axis by an angle-2¢:

Ri2=—Ro1=sin2p. (6)

The Higgs boson parity information must be ex-
tracted from the correlations betweeh andz ™~ spin

R11= Ry>=cC0s 2,

159

the previous papers only the range<Qp* < = was

interesting and thus reconstructed, as this was suffi-
cient to distinguish between two possibilities: scalar
or pseudoscalar Higgs boson, differing by the sign
of the transverse spin correlation. The angle was de-

components, which are further reflected in correlations fined with the help of its cosine and with the help

between the decay products in the plane transverse to
thet+z~ axes. The same will now apply to the mix-

of the two vectorsny normal to the planes namely
ny-n_
Nt =Pg+ X Pro0, COSP™ = -t

n-t- ... .
ing scalar—pseudoscalar case. To better visualize the ~Forthe presentuse, such aéefmmon is insufficient.

effect to be measured, let us write the decay probabil-

As can be seen from Eq. (7) the correlation, in the

ity for the mixed scalar—pseudoscalar case, using thecase of the Higgs boson of combined scalar and

conventions of Ref. [11]:

[(hmix— tHt7) ~1—sT'sT +sT R2) sT .

)
where R(2¢) can be understood as an operator for
the rotation by an angle¢? around the|| direction.
The s* ands™ are ther* polarization vectors,
which are defined in their respective rest frames.
The spin quantization axes are oriented in #e
flight direction. The symbol§/L denote components

pseudoscalar couplings of Eq. (4) and the mixing
angleg, is between transverse components 6fspin
polarization vector and transverse components of
polarization vectorotated by an angle 2¢. Therefore,

the full range of the variable & ¢* < 27 is of
physical interest. To distinguish between the two cases
¢* and 2Zr — ¢* it is sufficient, for example, to find the
sign of p,,— - n;. When it is negative, the anglg’ as
defined above (and in the range<Qp* < 7) is used.
Otherwise it is replaced by2— ¢*. If no separation

parallel/transverse to the Higgs boson momentum aswas made, the parity effect, in case of mixakdr

seen from the respective" rest frames.

coupling, would wash itself out (see Fig. 2, later in the

It is straightforward to see that the pure scalar case text). For the graphical representation of the definition

is reproduced fopp = 0. ThenR11 = +1, Ry = +1
and R33 = —1 are obtained, and the limft — 1 does
not need to be taken. Fgr= /2 we reproduce the
pure pseudoscalar case. We gt = —1, Roo = —1
and R33 = —1. Also in this case, thg — 1 limit was
not needed.

3. Theacoplanarity of the p* and p~ decay
products

To facilitate reading, let us recall here some ele-

of the anglep*, see Fig. 1. The figure visualizes the
relation between the observable and Eq. (7) as well.

Additional selection cuts need to be applied. Oth-
erwise the acoplanarity distribution is not sensitive to
transverse spin effects (and thus to Higgs boson parity)
at all. The events need to be divided into two classes,
depending on the sign of y2, where

E,+ —E_o E,-—FE_o

— Eqo. _ Ex- = Eao. ®)
E.++E_ o E.-+E_o

yi= y2
The energies ofr*, n° are to be taken in the

respectiver* rest frames. In Refs. [8,9] the methods

ments of the observables that were presented in Refs.of reconstruction of the replacemerit rest frames
[8,9] and can be used to measure the Higgs boson par-were proposed with and without the help of the

ity. We will stress only those points that required mod-

impact parameter. We will use these methods here as

ification. The method relies on measuring the acopla- well, without any modification.

narity angle of the two planes, spanned oh decay
products and defined in the" p~ pair rest frame. For
that purpose the four-momentast andz° need to
be reconstructed and, combined, they will yield the
p* four-momenta. All reconstructed four-momenta
are then boosted into the™ p~ pair rest frame. The
acoplanarity angle*, between the planes of the"
and o~ decay products is defined in this frame. In

4, TheMonteCarlo

If any non-zero CP-odd admixture to the Higgs
is present, not only is the distribution of the Higgs
decay products modified, but also the distribution
of its production angle [10-12]. In this Letter, we
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p* — 7%70 decay chain, the interface explained in
Ref. [6] was used, with the extensions discussed in
Section 2.

5. ldealized results
SAm— @ 5.1. Resolution parameters

To test the feasibility of the measurement, some
assumptions about the detector effects had to be made.
- We include, as the most critical for our discussion,
effects due to inaccuracies in the measurement of
P the 7%+, 70 momenta and of the* leptons impact
parameters. We assumed Gaussian spreads of the
measured quantities with respect to the generated ones
Fig. 1. Definition of thep™ p~ decay products acoplanarity distri- and we U_Sed the_follovying algorithm to reconstruct
bution angley*, in the rest frame of the* p~ pair. The range for the energies of's in their respective * rest frames,

»* is 0< ¢* < 27. Note that, for better visualization, we use inthis ~ exactly as in the case of the studies presented in
figure the momenta of * and p* (rather thant®’s from p* de- Refs. [8,9].

cays) to define the planes. The two ways of defining the planes are
equivalent if no reconstruction errors are taken.

X z

(1) Charged-pion momentum:
We assume a 0.1% spread on its energy and direc-
simulate production angular distributions as in the tjgn.
SM, but this assumption has no influence on the  (2) Neutral-pion momentum:
Valldlty of the anaIySiS. In particular, the detection We assume an energy spread ofwm For
efficiencies for pure CP-even and pure CP-odd Higgs the ¢ and¢ angular spread we assurég%). These
bosons do not differ significantly. In order to study 0 rasolutions can be achieved with a 15% energy
the sensitivity ofi — Tt~ observables, we assume a error and a 271800 direction error in the gam-
production rate independent of the size of the CP-odd 1,54 resulting from ther® decays. These resolutions
admixture, i.e., the SM production rate of a CP-even p5e peen approximately verified wigi NDET [14],
Higgs. _ a parametric Monte Carlo program for TESLA de-

The production process tector [15], as well as with other studies, see, e.g.,
Refs. [16,17].

(3) Thereconstructed Higgs boson rest frame:
has been chosen, as an representative example, and sMe assume a spread of 2 GeV with respect to the
mulated with the Monte Carlo prograRYTHI A 6. 1 transverse momentum of the reconstructed Higgs bo-
[13]. The Higgs boson mass of 120 GeV and a centre- son momentum, and 5 GeV for the longitudinal com-
of-mass energy of 350 GeV was chosen. The effects ponent, to mimic the beamstrahlung effect.
of initial state bremsstrahlung were included. For the  (4) Theimpact parameter:
sake of our discussion and in all of our samples The angular resolution of the impact parameter has
the t decays have been generated with T#JOLA been simulated for a TESLA-like detector. The sim-
Monte Carlo library [3-5]. As usual, to facilitate the ulation is based on the anticipated performance of a
interpretation of the results, bremsstrahlung effects in 5-layer CCD vertex detector, as described in Ref. [15].
decays were not taken into account. Anyway, with For Higgsstrahlung events withgy — t+r~ and
the help of additional simulation, we have found t* — p*i,(v;) at mpgy = 120 GeV and./s =
this effect to be rather small. To include the full 350 GeV, the angular resolution has been found [9]
spin effects in theh — t+r~, t* = pti (vy), to be approximately 25

ete™ = Zh - ptu (gg)tc™
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Fig. 2. The acoplanarity distribution (angl€) of the p™p~ decay products in the rest frame of the p~ pair. Gaussian smearing afs
momenta as described in Section 5.1 is included. However, generatot fevest frames are used. The thick line corresponds to a scalar Higgs
boson, the thin line to a mixed one. The left figure contains events wyith > 0, the right one is foy1y, < 0. In our Letter, that is for the
350 GeVete™ CMS (scalar 120 GeV mass) Higgsstrahlung production we fépk= 62.7 x 1073 [fb] for the scale of the plot. In general
caseN, = %ntotm(e*e* — XH)BR(H —» tTt)(BR(t — ,ouf))2 is a suitable choice.

5.2. Numerical results

7 lepton impact parameter, only 52% of events
are accepted. The relative size of the parity effect
increases. Results are presented in Fig. 3.

We have used the scalar—pseudoscalar mixing angle
¢ = /4 and, as the reference, we have used the pure

scalar case = 0.

In Fig. 2 the acoplanarity distribution angje of
the p™p~ decay products which was defined in the
rest frame of the reconstructed p~ pair, is shown.
Unobservable generator-levet rest frames are used
for the calculation of selection cuts. The two plots
represent events selected by the differencest°
energies, defined in their respectiv rest frames. In
the left plot, it is required that; y» > 0, whereas in the
right one, events witly1y» < 0 are taken. This figure
guantifies the size of the parity effect in an idealized
condition, which we will attempt to approach with

6. Simulation with detector effects

In order to assess the possibilities for a measure-
ment of the acoplanarity distribution described in Sec-
tion 2, we perform a detailed simulation of Higgs
bosons produced in the Higgsstrahlung process us-
ing PYTHI A 6. 2 [13]for the production process and
the modified version oTAUCLA described above to
generate samples of signal events. These events are
then passed through a simulation of the TESLA de-
tector Sl MDET [14]) accounting for the acceptance
and anticipated resolution of the tracking devices and

realistic ones. The size of the effect was substantially -5|orimeters corresponding to the detector proposed in

diminished when a detector-like set-up was included
for ¥ rest frames reconstruction as well, see Fig. 3, in
exactly the same proportion as in Ref. [8]. The general
shape of the distributions remained.

At the cost of introducing cuts, and thus reducing

the number of accepted events, we could achieve

some improvement of the method, as in Ref. [9].
If we require the signs of the reconstructed energy
differencesy; andy» (Eq. (8)) to be the same whether
the method is used with or without the help of the

the TESLA TDR [15].
Signal samplésof 1 ab! at 350 GeV centre-of-
mass energy were generated for scalar—pseudoscalar

1 Note that this integrated luminosity is larger by a factor of 2
than the one used in Refs. [8,9] to estimate the sensitivity of our
Higgs boson parity observable. Also, the Higgstrahlung production
cross section (see, e.g., [18]) is more than 2 larger at 350 GeV than
at 500 GeV centre-of-mass energy. On the other hand, here we do
not use the information from theimpact parameter, which can be
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do

do o) [T

1.25- N,

1.00 -
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Fig. 3. The acoplanarity distribution (angk&) of the p p~ decay products in the rest frame of th& p~ pair. Gaussian smearing ofs and
Higgs boson momenta, as described in Section 5.1 is included. Only events where the signs of the energy diffeagnioesare the same,

if calculated using the method described in Ref. [8] and if calculated with the help efithpact parameter Ref. [9], are taken. The thick line
corresponds to a scalar Higgs boson, the thin line to a mixed one. The left figure contains evenigavitiD, the right one is fo1y, < 0.

In our Letter, that is for the 350 Ge¥'e¢~ CMS (scalar 120 GeV mass) Higgsstrahlung production we fégk= 62.7 x 103 [fb] for the

scale of the plot. In general casg = %Utotal(ﬁ@

mixing angles¢ = 0, =/8 and /4. With detector
simulation thet leptons decaying tor*z? from

- > XH)BR(H — t717)(BR(t — pv))? is a suitable choice.

the above procedure was repeated 400 times with
acoplanarity distributions extracted from independent

Higgs decays were reconstructed as isolated jets with samples of 1 ab' luminosity each, with a nominal

only one charged track (the reconstructedl) and
additional neutral clusters (the reconstructef)).
The n* and 7% momenta were combined to form
a reconstructegp™. The acoplanarity angle* was
calculated in the reconstructed p~ rest frame. Two
event classes are formed according to the sign of,
wherey; andy» are calculated in the laboratory frame.
The resultingp™ distributions for the threg cases are

value of ¢ = /4. Unlike what was done before in
Fig. 4, the data for the two ranges of value yafy,
were appropriately combined into opé distribution
before the fit. The new value a@f* for the case of
y1y2 < 0 hadto be redefined a8 + 7 forO < ¢* <7
and ¢* —  for m < ¢* < 2. The distribution of
the fit results on @ for each of the experiments is
shown in Fig. 5. The mean value is627 4+ 0.014,

shown in Fig. 4 as histograms, each containing about compared to ther/2 input value. The resulting bias

0.5 ab™! statistics.

To extract the scalar—pseudoscalar mixing angles
the functions: x coqp™ — 2¢) + b (for y1y2 > 0) and
a*xCco9o*—2¢p+m)+b (for y1y2 < 0) were used to fit
2¢ to the reconstructed acoplanaritigs gained from
simulated detector signals. The constangsmdb were
additional free variables of the 3-parameter fit. The
resulting functions are also shown as lines in Fig. 4.

of approximately 3 can probably be corrected in
the future. The expected error o 2s obtained as
the width of this distribution. It amounts to 2D +
0.01 rad, or approximately 22Thus, a precision o#

of approximately 6 can be anticipated for a SM Higgs
cross section and — t+r~ branching ratio at/s =
350 GeV and 1 ab'. Note that so far backgrounds
neither from other Higgs boson decays nor from other

In order to assess the expected accuracy and aSM processes have been considered. While previous

possible experimental bias of thg measurement,

useful to improve the sensitivity of a measurement of the mixing
angleg.

studies [19] have shown that— z+7~ events can

be selected without large backgrounds, some small
deterioration and a further lowered signal efficiency
are to be expected. Because of the small observed bias,
it is not expected that systematic effects will limit the



K. Desch et al. / Physics Letters B 579 (2004) 157-164 163
g 25 | g 2
z | e
: 20 & : 20
) r )
s | c
a 15 4 15
1) F, 1)
g F 5
L 1= | i = 10
£ - £
- B =
= 5 - SIMDET = s

- 350 GeV

0 1 1 1 I 1 1 1 i 1 1 1 I 0 I
0 2 4 6 0 2 4 6
¢ * (rad) ¢™ (rad)

Fig. 4. Distribution of the reconstructed acoplanarity angtefor ¢ = 0 (full histogram),¢ = /8 (dashed histogram) angl= 7 /4 (dotted
histogram) fory1y» > 0 (left) andy; y> < 0 (right). The lines indicate the results of the corresponding fits (see text).

(]
m

6 =0.203 rad
mean = 1.627 rad

number of samples
— )
wm =]

—
=

LI L B B B B L L R

0 N L [
0.5 1 15 2 2.5 3
204,(rad)

=

Fig. 5. Distribution of the fit values forg from 400 independent
samples, each corresponding to a luminosity of Tabfor a
generated value of = n/4. The curve represents the fit of a
Gaussian to this distribution. Its width represents the expected
statistical error on @.

resolution even for production cross sections a few
times larger than in the SM.

7. Conclusions

We have found that for an integrated luminosity
of 1 ab!, at 350 GeV centre-of-mass energy, a high
precision LC detector such as the proposed TESLA,

in the case of a Standard Model Higgs boson of
120 GeV mass. The experimental error is expected to
be dominated by statistics.

However, if the production mechanism of the Higgs
boson happened to be non-SM and larger, the system-
atic errors not studied so far and possible new, un-
known phenomena may have some significant influ-
ence. On the basis of studies performed to date, we be-
lieve however that, if the cross section were somewhat
larger than the Standard Model one and thus the un-
certainty on the mixing angle due to statistics were not
smaller than 4, we do not expect the systematic error
to be a problem. In the case of Higgs boson scenarios
predicting even higher rates of observed> rt sam-
ples, the issue of the systematic error definitely needs
to be re-addressed before any conclusion on measur-
ing the scalar—pseudoscalar mixing angle in the
coupling with higher precision can be attempted.

Finally, let us note that this method can be applied
to measure the parity properties of other scalar parti-
cles, not necessarily only Higgs boson(s).
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