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istory

It is a great pleasure for me to talk about the subject which technically is rooted

directly into the work on early versions of TAUOLA and KORALZ, performed here in

ALEPH MPI group in years 1987-1989.
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ny LC programme must include Higgs boson parity
measurement

1.

�

here are many possibilities for the measurement.

2.

�

here are many scenarios of Higgs mechanism: SM, MSSM, ...

3.

�

e will concentrate on the measurement using

� � 
 � 
 �

decay; i.e. the

measurement of Higgs boson couplings to fermions.

4.

�

his measurement is to a large degree production independent.
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�The most frequent fermion decay mode is the

' ( '

channel,

)* + � 	 ' ( ' ,.- /0 1

.

�But fragmentation process destroys the

'

spin informations.

�Next available channel is then 
 �
 � , )* + � 	
 �
 � , - / 1

.

�Useful for 23 - 4 50 687 9

. Higgs is very narrow,

: + � ,; 4 0 < 7 9

.
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��'
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� "

��� �� ����� �� � �

�
 �
 � channel is useful over a much larger mass range.
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�The cross section for the process

7 � +��� , 7 � +��� , 	
 � +���
	 �� ,
 � + ��
	 �� ,

��
 � � � �� � � ��� � � + �� � �� � �� 	 �� , � � � � + 4 � ���� � �� ��� ,

�The partial width for the 
 �

decay is given by


 � +��� , 	 (���� + � , �
! +  � , 7 � + #" ,

� : ! � 4
$ < � (&% �� + 4 � '� � � �� , ��� � � + �� �  � 	  �
	  " ,


 � + �� , 	 �� +  (� , (��! + (� , 7 � + (" ,

� : ! � 4
$ < � ( % ( �� + 4 � '� � � �� , ��� � � +��� �  (�	  (� 	  (" ,

�The cross section for the combined production and decay process
��
 � � � �� � ( % �� � (% ( �� + 4 � �)� � ' �� '�� ,

��� � � + �� � �� � �� 	 �� , ��� � � +��� �  �
	  � 	  " , ��� � � + �� �  (�	  (�	  (" ,
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�

or

�

emileptonic � �

ecays

�The matrix element for
 +�	 � , 	 � � +� , � �

% �
6

� $ (�� +� ,	� � +	
 ��� �
 , � +� ,� �

�The squared matrix element reads:

� % �� � 6� 
 � �� �
$ +	� � �� � � ,

� � � � +� � � ��� � � 
 � , �� � 4
< + <� �� � � � � � � , + � 
 � � ��� � � � ,

� � � $ � +� ��� � ,� � � +� � � ,� �� � +� � � � , � � � � 
 � � $���� �� � 2� �� � � � �

� � � � �
$
 �


 � �� �

�When !#"$ % &

and ' ( % ) (

the polarimeter vector

*

in the 
 rest frame
reads:

' � � ��
�
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�

nital

�

tate
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nteractions

�The formalism presented above was explained on the case of
� � �

production processe (example from TAUOLA documentation).

�This is sufficient for our purpose, even a bit too much; .

& � �

would be

enough.

�If higher order effect are included, picture changes a little bit,

�we will omit this quite complicated point here.

�Most of details are in references. Transparency No 2.

�Some other, specially those important for future studies of theoretical

systematic errors, can be found in references for LEP Monte Carlos KORALZ

and KKMC.
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�Decay probability in formalism of Kramer et al.

� � � � � � � 
 � 
 � � � & � � � 	

 � � ��
 
 � � 	
� � � ���

� � � is the 
 polarization vectors.

� 
� �

denote components parallel / transverse to the Higgs boson momentum.

�The spin weight is given by the following formula

� � % �
�

� & � �
�� � �
� �� * � * � �

� � � % � &�� � � � % 
 &�� � ( ( % 
 &

�Components for pure scalar and pseudoscalar Higgs boson respectively.
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Density matrix

Only transverse spin correlations between 
 �

and 
 �

are different for scalar and

pseudoscalar Higgs

�The correlations can not be measured directly

�One need to measure distributions of 
 decay products�Precisely their transverse (to 
 direction in Higgs boson rest frame) momenta

�Most sensitive to spin is 
 � � �
� �

�The largest branching ratio (25 % ) has 
 � � �
�

�
� �

Classic approach

We take the most sensitive to spin 
 � � �
� � decay channels and we look at

�
�

� �

acollinearity in Higgs boson rest-frame.

We will reproduce analytical result of Kramer et al first.

Z. Was MPI Munich,

�

ctober 2003



� � �

11

Generator level look fine:

���� �� 	
��


�

��� �� ��� � � ��� �� ��� �� ��� �� ��� � �

��� � ��� �� �� �� �� � � ��� � � �� �� ��� � � �� ��
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But once beamstrahlung and detector smearings are in ...

���� �� ��	�


�

��
 �� ��
 � � ��
 �� ��
 �� ��
 �� ��
 � ���
 � ��� �� �� �� �� � � ��� � � �� �� ��� � � �� ��

CMS 350 GeV, � � � � � � 
, In LC experiments Higgs boson momentum can be

measured from the balance of the total energy momentum conservation. That is why

smearing of H momentum:

!"

GeV for #$ ,

!%

GeV for #&(' )* must be assumed.

Largest loss of sensitivity is from beamstrahlung.
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Let us look for � �

decay to � ��� for help

���	 
��
�

����� ��� � � �� � � � � �� � � � � � � � � � ��
��� � � �

� � � � �
�� � � �

Acollinearity for scalar and pseudoscalar look indisguishable


 � � �-decay channel looks tough


 �� �-decay channel looks hopeless
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�Case of 
 �� �� decay,

)* +
 	� �� , � $� 1

�The polarimeter vector is given by the formula where � for � � � � � , �

for �� .

* � % � � � ����� 	 � � � � � ( 	 � � ��� 	 % �
 � � � 
 � 
 ��� �

�Acoplanarity of� �

and� �

decay prod. (in� �� �

r.f.) and events separation.

π

π

π
π

ρ
ρ

ϕ∗

−

0

+

0

−
+

� � � ( � ��� � � � ( � �

(in 
 �

r.f.’s)

� � % ��� 	 � �� 
�� 	 � �� 
 � � ( % ��� � � �� 
�� � � �� 
 .
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�

esults ithout

�

mearing

� �

���� ���	


�
� � � � � � � � � � � � � � �
� ��
� �

� �

���� �� ���

�
� � � � � � � �  � �  � � !
� ��
� �

�The � �� �

decay products’ acoplanarity distribution without any smearing .

�Selection � � � ( � �
is used in the left plot, � � � ( � �

is used for the right plot.

�Thick line denote the case of the scalar Higgs and thin lines the pseudoscalar.

�Complete spin correlations of

* � 
 � 
 �

, 
 � �� � �,� � � �
�

�
�

incl.
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� �

���� ��	
�

��
 � � 
 � � 
 � � 
 � � 
 � ��
 ���
 �

� �

���� �� ���

��� �  � �  � � ! � � ! � � "�� ���� �

�Gaussian spreads of the ‘measured’ quantities with respect to the generated.

�Resolutions verified with SIMDET. Replacement 
 �

r.f.’s were used for � �$# ( .

�Clearly distinguish the different parity states � %'& effect (0.5 ab

� �

).

7 � 7 � 	 ( � 	) �) � � 23 � 4 $0 6 7 9 � � � �0 0 6 7 9
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�

eplacement � �

est

�

rame

�Take just laboratory frame instead of 
 �

r.f.’s.

�Better (but by invisible amount) replacement 
 rest frames.

– In the restframe of� �� �

pair define 
 �

momenta along direction of� �

,

– For 
 �

energies take half of the Higgs boson mass.

– Boost replacement 
 �

momenta to the lab frame.

�Many more, equally “good” options checked. Problem is that we can not

determine direction of �� because of Beamstrahlung.
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mpact

�

arameter � ethod

�

ptimization

�To a few GeV 
 energy can be determined from CMS and Higgs mass

constraints. 
 momentum must be localized on a circle around� .

ρ

π

π

0

DP
PCA

PP

τ

τ

�Direction of the 
 impact parameter, with respect to the �
�

track, can help.

�Alternative way to find the difference of �
�

, �
�

energies in 
 �

rest frames.
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�

andidates

�

or � omentum

�The intersection of the cone and the plane is calculated numerically.

ρ ρ
π

π

π
ρ

A) B) C)

� �

) � direction inside the circle � the solution is taken as the 
 direction.

� �

) � direction outside the circle � one of the two solutions is taken on the

random basis.

� �

) � direction outside the circle no crossing of dashed line with the circle due

to detection ambiguities of measured angles and energies � the direction on

the cone closest to the PCA- � plane is taken.
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�

esults ith � �

mpact

�

arameter

���� �����

	 


�
� � � � � � � � � � � � � � �
� ��
� �

���� �����

� �

�
� � � � � � � �  � �  � � !
� ��
� �

�The 
 impact parameter is used in the reconstruction of the 
 �

rest frames.

�Improvement � & � "

�Gaussian spread of impact parameter.

& #$ % �% �
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�

arameter � dditional
�

uts

���� �����

	 


�
� � � � � � � � � � � � � � �
� �

�
� �

���� �����

� �

�
� � � � � � � �  � �  � � !
� �

�
� �

�Only events where the signs of y1 and y2 are the same whether calculated

using the method without or with the help of the 
 impact parameter.

�Improvement � & � " "
.

�Only � % � "
events are accepted.

Improvement: � #%
$

% &
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ixed

�

calar �

�

seudoscalar

�

oupling

�

f
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�Both scalar and pseudoscalar couplings of the Higgs to 
 
 allowed.

�Measurement of the pseudoscalar admixture in the

* 
 
 coupling to

� �

Higgs.

�Spin weight and general Higgs boson Yukawa coupling to the 
 lepton.

� � % �
�

� & � �
�� � �
� �� * � * � � � 
 � ) � � � !�� � 


�Non-zero components of spin correlation matrix

� ��

� � � % � & � � � % � ( ( % $ �
	 � � � �

$ �	 � � � � � � ( % � � ( � % ($ �	

$ �	 � � � �

� ��
 ��� ��� ���� ���
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�
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�

or ixed

�
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�

seudoscalar
�

ase

�Higgs boson Yukawa coupling expresed with the help of the

scalar–pseudoscalar mixing angle

�

� 
 	 ��� �� � � � � ��� � !� � 


�Components of the spin density matrix

� � � % � ( ( % �	 
 � � 	 � � 
 ��
 � �

�	 
 � � 	 � � 
 �
 � � � � ( % � � ( � % ( �	 
 � 
 ��
 � 	

�	 
 � � 	 � � 
 ��
 � �

�In the obvious limit

� � & � the components of the density matrix coincide

with matrix for rotation by an angle � � �

around � axis:

� � � % � ( ( % � �� � � � � ( % � � ( � % � �� � �
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�
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�
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�

eneral

�
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�Decay probability for the mixed scalar–pseudoscalar case

� � *
� ��� � 
 � 
 � � � & � � � 	

 � � ��
 � � � 	
� � � � � � � � ��

� � � � � � � operator for the rotation by angle
� �

around the

�

direction.

� � � % � ( ( % � �� � � � � ( % � � ( � % � �� � �

�Pure scalar case is reproduced for

� % �

.

�For

� % �
� �

we reproduce the pure pseudoscalar case.
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�

bservable

�

or ixed

�

calar �

�

seudoscalar

�
ase

�For mixing angle

�

, transverse component of 
 �

spin polarization vector is

correlated with the one of 
 �

rotated by angle

� �

.

�Acoplanarity

� � � � � � � is of physical interest, not just �� � � �� � �� � � .

�Distinguish between the two cases

� � � � � � and

� � � � �

�If no separation made the parity effect would wash itself out.

� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �

� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �
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Scalar or Pseudoscalar ? 26
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 !"$# %& # %' # %( # %) # %* # %%# %
2φ

+ The acoplanarity distribution in the rest frame of the , - , .

pair.

+ Generator level / �
rest frames are used.

+ The thick line corresponds to a scalar Higgs boson, the thin line to a mixed one.

+ The left figure contains events with � � � ( � �

, the right one is for � � � ( � �

.
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Scalar or Pseudoscalar ? 27
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2φ

+ Only events where the signs of y1 and y2 are the same whether calculated

using the method without or with the help of the / impact parameter.

+ Detector-like set-up is included (SIMDET).

+ The thick line corresponds to a scalar Higgs boson, the thin line to a mixed one.

Precision on

� � 6

&

, for

& ) � . �

and 350 GeV CMS.
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Final points 28

�

ummary nd

�

utlook

+ Extended standard universal interface of the TAUOLA with the complete spin

effects for / leptons originating from the spin zero particle is available.

+ Interface works with any Monte Carlo generator providing Higgs boson

production, and subsequent decay into a pair of / leptons.

+ Promising method for the measurement of the Higgs boson parity using decay

chain

� �� � � / - / . � , - ���	� , . �	� �
 -
 � ���	� 
 .
 � �	� .

+ The , - , .

decay products’ acoplanarity distribution clearly distinguish the

different parity states � measurable using typical properties of a future detector

at an � - � .

linear collider.

+ This technique is both model independent and independent of the Higgs

production mechanism. Depends only on good measurements of the Higgs

decay products.
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�

ummary nd

�

utlook

+ This method may be applicable to other production modes including those

available at proton colliders as well as at electron colliders.

+ Impact parameter method in one prong / decay is useful for the measurement

of the Higgs boson parity � from � % & to � #
$

% & (or from � � & to � � &

for 1 ab

. �

and 350 GeV CMS.

+ Precision on mixing angle

�

of approximately 6

&

can be anticipated for a SM

Higgs cross section using typical properties of a future detector at � - � .

linear

collider.

+ Other final states such as / � �
 �
 -
 . ���� � �� �

can be used to increase

the statistical samples. But then optimalization becomes tough. Observable is

defined from distribution in 32 dimensions.
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Final points 30

�

ystematic

�

rrors

+ There was very little done into that direction

+ But case is ‘nearly’ the same as

�

decay at LEP. Necessary studies will need to

repeat those done for LEP era MC’s: KORALZ KKMC

+ Even though there is plenty of time to LC era, let us provide hint that we DO

think about systematics.

+ Examples will be for LHC and simulation of

� � / / background in Higgs

boson searches.
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�

lots

�

ndicating

�

ize

�

f

�

ystematic

�

rror LHC
�

ase

+ In case of LHC simulations it is ambiguous how to reconstruct kinematic of

effective

� � �

hard process used in calulation of spin correlations.

+ Two options lead to results which are somewhat different, pointing to systematic

error.

+ This must be carefully studied before high precision measurements at LHC (or

LC) are to publish their data.
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Final points 32

�

inal

�

tate

�

remsstrahlung

+ Final state bremsstrahlung in H/A/Z/ � � decays is straighforward to control with

the help of PHOTOS Monte Carlo.

+ Other systematic errors due to genuine electroweak and QCD interactions were

not studied at all so far.
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