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HIGGS CP FROM H=A0 ! �� DECAY� ��Maªgorzata WorekInstitut für Theoretis
he Teil
henphysik (TTP)Universität Karlsruhe, D-76128 Karlsruhe, GermanyandInstitute of Physi
s, University of SilesiaUniwersyte
ka 4, 40-007 Katowi
e, Polande-mail: Malgorzata.Worek�ifj.edu.pl(Re
eived April 25, 2003)We show how the transverse �+�� spin 
orrelations 
an be used tomeasure the parity of the Higgs boson and hen
e to distinguish a CP-evenH boson from CP-odd A0 in the future high energy a

elerator experi-ments. We investigate the subsequent de
ays of the �� into ����� (�� ) and����� (�� ). The prospe
ts for the measurement of the Higgs boson paritywith a mass of 120 GeV are quanti�ed for the 
ase of e+e� 
ollisions of500 GeV 
enter of mass energy. The Standard Model Higgsstrahlung pro-du
tion pro
ess is used as an example.PACS numbers: 14.60.Fg, 14.80.Bn, 14.80.Cp1. Introdu
tionIn the Standard Model (SM) of elementary parti
le intera
tions, thebreaking of ele
troweak symmetry is a
hieved through the Higgs me
ha-nism. The simplest realization is provided by the introdu
tion of a 
omplexHiggs doublet, whi
h leads to the presen
e of a neutral CP-even Higgs bo-son in the physi
al spe
trum. Among the possible extensions of the SM,the Minimal Supersymmetri
 Standard Model (MSSM) has been 
onsideredmost seriously. The minimal realization of the Higgs me
hanism withinsupersymmetri
 extensions of the standard model requires the presen
e oftwo Higgs doublets at low energies. After the Higgs me
hanism operates,�ve real �elds remain, and there should be �ve spin zero Higgs �elds, and� Presented at the Cra
ow Epiphany Conferen
e on Heavy Flavors, Cra
ow, Poland,January 3�6, 2003.�� Report-no: TTP03-13 (4549)



4550 M. Worekthe spe
trum in
ludes also a pseudos
alar CP-odd state. This non trivial as-signment of the quantum numbers requires the investigation of experimentalopportunities to measure the parity of the Higgs boson states. The inves-tigation of the me
hanism of the ele
troweak symmetry breaking is one ofthe 
entral task of a future e+e� linear 
ollider operating at 
enter-of-massenergies between 350 and 1000 GeV. This a

elerator will allow to study
ompletely and with high a

ura
y also the pro�le of the Higgs se
tor.The problem of the Higgs boson(s) parity measurement was approa
hedin general form quite early in Ref. [1, 2℄ for Higgs de
ays into fermions andgauge boson pairs. It has re
ently been revived [3�9℄.In this study we investigate the 
ase of a Higgs boson whi
h is lightenough that the W+W� de
ay 
hannel remains 
losed. Then the mostpromising de
ay 
hannel of neutral Higgs parti
les is the b�b 
hannel,BR(H ! b�b) � 90%. This applies in the SM as well as in the minimalsupersymmetri
 extension like MSSM [10℄. However, due to depolarizatione�e
ts in the fragmentation pro
ess, it is very di�
ult to extra
t informa-tion on the b polarization state [11℄. A mu
h 
leaner 
hannel, though withbran
hing ratios suppressed by an order of magnitude, is the �+�� mode,BR(H ! �+��) � 9%. The �+�� 
hannel is useful in the SM for Higgsmasses less than � 140 GeV. Up to this mass, the Higgs parti
le is verynarrow, � (H) � 10 MeV. In supersymmetri
 theories, the �+�� 
hannel isuseful over a mu
h larger mass range. The main produ
tion me
hanism ofthe SM Higgs boson in e+e� 
ollisions in the future Linear Collider (LC)are the Higgsstrahlung pro
ess, e+e� ! ZH and the WW fusion pro
ess,e+e� ! W �W � ! ��e�eH. The 
ross se
tion for the Higgsstrahlung pro-
ess s
ales as � 1=s and dominates at low energies while the 
ross se
-tion for the WW fusion pro
ess rises as � log(s=m2H) and dominates athigh energies [10℄. At ps = 500 GeV, the Higgsstrahlung and the WWfusion pro
esses have approximately the same 
ross se
tion for 100 GeV� mH � 200 GeV.In our analysis, we will take as an example the e+e� ! ZH; Z !�+��; H ! �+�� produ
tion pro
ess. We dis
uss a method for the paritymeasurement of the Higgs boson with a mass of 120 GeV for the 
ase of e+e�
ollisions with ps = 500 GeV using H=A0 ! �+��; �� ! ����� (�� ) and�� ! ����� (�� ); �� ! ���0 de
ay 
hains. All the Monte Carlo samples havebeen generated with the TAUOLA library [12�14℄. For the produ
tion of the �lepton pairs the Monte Carlo program PYTHIA 6.1 is used [15℄. The e�e
tsof initial state bremsstrahlung were in
luded in the PYTHIA generation. Forthe � lepton pair de
ay with full spin e�e
ts in
luded in the H ! �+��;�� ! ����� (�� ) and �� ! ����� (�� ); �� ! ���0 
hains, the interfa
eexplained in Refs. [16,17℄ was used. It is an extended version of the standarduniversal interfa
e of Refs. [18, 19℄.



Higgs CP from H=A0 ! �� De
ay 4551The rest of the paper is organized as follows. In Se
tion 2 the theoreti
al
onsiderations used to understand the de
ay 
hain of the Higgs parti
le areexplained. In Se
tion 3 and 4 we de�ne the observables we use to distinguishbetween the s
alar and pseudos
alar Higgs boson in the �� ! ����� (�� ) and�� ! ����� (�� ) de
ays, respe
tively. In these se
tions we list our assump-tions on dete
tor e�e
ts and the imposed 
uts as well as the main numeri
alresults. A summary 
loses the paper.2. Higgs boson parityThe H=A parity information must be extra
ted from the 
orrelations be-tween �+ and �� spin 
omponents whi
h are further re�e
ted in 
orrelationsbetween the � de
ay produ
ts in the plane transverse to the �+�� axes. Thisis be
ause the de
ay probability, see e.g. Ref. [8℄,� (H=A0 ! �+��) � 1� s�+k s��k � s�+? s��? (1)is sensitive to the �� polarization ve
tors s�� and s�+ (de�ned in theirrespe
tive rest frames, the z-axis is oriented in the �� �ight dire
tion).The symbols k/? denote 
omponents parallel/transverse to the Higgs bosonmomentum as seen from the respe
tive �� rest frames. This suggests thatthe experimentally 
lean �+�� �nal state may be the proper instrument tostudy the parity of the Higgs boson.Now, a few representative examples of the � lepton de
ay will be dis-
ussed in more detail. In parti
ular, we analyze the � de
ay into one andtwo pions. 3. Higgs CP from �� ! ����� (�� ) de
ayExploring transverse spin 
orrelations in the Higgs boson de
ayH=A0 ! �+��; �� ! ����� (�� ) one 
an provide a model independent paritydetermination test. The method relies on the properties of the Higgs bosonYukawa 
oupling to the � lepton, whi
h in the general 
ase 
an be writtenas ��(a� + ib�
5)� . The method does not depend on the Higgs boson pro-du
tion me
hanism at all. Even though the �� ! ����� (�� ) de
ay mode israre, BR(� ! ��� ) � 11%, it may serve as a simple example that illustratesthe basi
 prin
iples.The spin of the �� leptons is not dire
tly observable but translates di-re
tly into 
orrelations among their de
ay produ
ts. To demonstrate thiswe de�ne the polar angles between the �� and the �� dire
tion in the ��rest frames by �� and the relative azimuthal angle �� between the de
ayplanes. The angular 
orrelation between �+�� de
ay produ
ts may then be



4552 M. Worekwritten as [20℄1� d� (H=A0 ! �+������� )d 
os �+d 
os ��d�� = 18� �1 + 
os �� 
os �+ � sin �+ sin �� 
os��� :(2)A simple asymmetry in the azimuthal angle that proje
ts out the parityof the parti
le 
an be derived [1, 3℄ by integrating out the polar angles1� d� (H=A0)d�� = 12� �1� �216 
os��� : (3)A useful observable sensitive to the parity of the de
aying Higgs parti
le isthe angle Æ between the two 
harged pions in the Higgs boson rest frame,i.e. the a
ollinearity angle [20℄. This deli
ate measurement will require,however, the re
onstru
tion of the Higgs boson rest-frame. It is generallya

epted that the Monte Carlo method is the only way to estimate whetherthe measurement 
an be realized in pra
ti
e, and whi
h features of the fu-ture dete
tion set up may turn out to be 
ru
ial. To enable su
h studieswe have extended the standard universal interfa
e [18, 19℄, of the TAUOLA� -lepton de
ay library [12�14℄, to in
lude the 
omplete spin e�e
ts for � lep-tons originating from the spin zero parti
le [16,17℄. The interfa
e is expe
tedto work with any Monte Carlo generator providing Higgs boson produ
tion,and subsequent de
ay into a pair of � leptons.Let us turn to the dis
ussion of numeri
al results. As an example wetook a Higgs boson of 120 GeV. Fig. 1 presents the distribution in the angle�� = ar

os(~n+ � ~n�) where~n� = ~p �� � ~p ��j~p �� � ~p �� j ; (4)i.e. the a
oplanarity angle. Thi
k lines will denote predi
tions for the s
alarHiggs boson and thin lines for the pseudos
alar one. The distribution isindeed, as it should be, proportional to � 1 � �216 
os�� respe
tively fors
alar and pseudos
alar Higgs boson, see Eq. (3). In Fig. 2 we plot thedistribution of the �+�� a
ollinearity angle (Æ�). The di�eren
e between the
ase of a s
alar and a pseudos
alar Higgs boson is 
learly visible, espe
iallyfor a
ollinearities 
lose to �.To test the feasibility of the measurement, some assumptions about thedete
tor e�e
ts have to be made. We in
lude, as the most 
riti
al for our dis-
ussion, e�e
ts due to ina

ura
ies in the measurements of the �� momenta.We assume Gaussian spreads of the `measured' quantities with respe
t tothe generated ones. For 
harged pion momentum we assume a 0.1% spreadon its energy and dire
tion.
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ay 4553Nevtsbin

��0:5 1:0 1:5 2:0 2:5 3:00:0Fig. 1. The �+�� a
oplanarity distribution (angle ��) in the Higgs boson restframe. The thi
k line denotes the 
ase of the s
alar Higgs boson and thin line thepseudos
alar one.
Nevtsbin

Æ�3:02 3:03 3:04 3:05 3:06 3:070:0 3:08 3:09 3:10 3:11 3:12 3:13 3:14Fig. 2. The �+�� a
ollinearity distribution (angle Æ�) in the Higgs boson rest frame.Parts of the distribution 
lose to the end of the spe
trum; Æ� � � are shown. Nosmearing is done. The thi
k line denotes the 
ase of the s
alar Higgs boson andthe thin line the pseudos
alar one.If the information on the beam energies and energies of all other observedparti
les (high pT initial state bremsstrahlung photons, de
ay produ
ts ofZ et
.) are taken into 
onsideration the Higgs boson rest frame 
an bere
onstru
ted. We may de�ne the �re
onstru
ted� Higgs boson momentumas the di�eren
e of the sum of the beam energies and the momenta of allvisible parti
les, that is de
ay produ
ts of the Z and all radiative photonsof j 
os �j < 0:98. In our study we will mimi
 in a very 
rude way the



4554 M. Worekbeamstrahlung e�e
ts, assuming only a �at spread over the range of � 5 GeVfor the longitudinal 
omponent of the Higgs boson momentum with respe
tto the generated one1.Fig. 3 shows us the distribution of the a
ollinearity angle (Æ�) buildfrom smeared �� momenta de�ned in the re
onstru
ted Higgs boson rest-frame. The di�eren
e between the s
alar and the pseudos
alar Higgs bosonsis only barely visible. We have studied several me
hanisms of Higgs bosonprodu
tion, in all 
ases depletion of the a
ollinearity distribution sensitivityto transverse spin e�e
t was quite similar. We 
an 
on
lude that our resultsare thus independent from the produ
tion me
hanism.
Nevtsbin

Æ�3:02 3:03 3:04 3:05 3:06 3:070:0 3:08 3:09 3:10 3:11 3:12 3:13 3:14Fig. 3. The �+�� a
ollinearity distribution (angle Æ�) in the re
onstru
ted Higgsboson rest frame. All smearing is in
luded. Parts of the distribution 
lose to theend of the spe
trum; Æ� � � are shown. The thi
k line denotes the 
ase of thes
alar Higgs boson and the thin line the pseudos
alar one.The beamstrahlung e�e
t taken into a

ount in the re
onstru
tion of theHiggs boson four-momentum degraded the method of measuring the Higgsboson parity using the de
ay 
hain H ! �+��, �� ! ����� (�� ) in a de
isiveway. Therefore, there is little hope for the elegant method to 
he
k the Higgsboson parity using its de
ay to �� ! ����� (�� ), whatever the luminosityof the future Linear Collider is assumed, unless other, unfortunately lesssensitive, to spin, than �� ! ����� (�� ), de
ay modes are used as well.4. Higgs CP from �� ! ����� (�� ) de
ayThe dis
ussion of the � de
ay to a two pion �nal state follows very mu
hthe same line. We may treat the hadron system as a single parti
le withde�nite spin and mass,m� = pQ2, or we may extra
t additional informationfrom the individual pion momenta. The �rst strategy leads to a simplegeneralization of the single pion 
ase. However, the e�e
t is diminished as1 The typi
al spread for the beam energy in a linear 
ollider is of the order of a fewper
ent [21℄.
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ay 4555
ompared with the �� de
ays to single ����� (�� ). This is be
ause for the�� ! ����� (�� ) de
ay the angular 
orrelation term is redu
ed by the fa
tor(m2� � 2Q2)2=(m2� + 2Q2)21� d� (H=A0 ! �+������� )d 
os �+d 
os ��d��= 18� �1 + (m2� � 2Q2)2(m2� + 2Q2)2 �
os �� 
os �+ � sin �+ sin �� 
os���� : (5)The mass of the hadroni
 system, Q2, 
an no longer be negle
ted relative tom2� [22℄.Let us turn to the 
ase when additional information 
oming from ��de
ay produ
ts 
an be used dire
tly [17℄. The �� ! ����� (�� ) de
ay isvery interesting be
ause it has, by far, the largest bran
hing ratio, BR(� !��� ) � 25%. The polarimetri
 for
e of this 
hannel 
an be improved ifinformation on the � de
ay produ
ts, i.e. on details of the de
ay �� !���0��� (�� ), is used. This is of no surprise be
ause the polarimetri
 ve
toris given by the formula hi = N�2(q �N)qi � q2N i� ; (6)where N is a normalization fun
tion, q is the di�eren
e of the �� and �0four-momenta and N is the four-momentum of the � neutrino (all de�nedin the � rest frame) see, e.g. [12℄. Obviously, any 
ontrol on the ve
tor q 
anbe advantageous. It is of interest to note that in the � lepton rest frame,when m�� = m�0 is assumed, the termq �N = (E�� �E�0)m� : (7)Thus, to exploit this part of the polarimetri
 ve
tor, we need to have somehandle on the di�eren
e of the �� and �0 energies in their respe
tive ��leptons rest frames. Otherwise, the e�e
t of this part of the polarimetri
ve
tor 
an
els out and one is left with the part proportional to the � (equiv-alently �� ) momentum.Let us now dis
uss a new observable whi
h we have introdu
ed to distin-guish between the s
alar and the pseudos
alar Higgs boson. We advo
ate theobservable where we ignore the part of the polarimetri
 ve
tor proportionalto the �� (equivalently �� ) momentum in the � rest frame. We rely onlyon the part of the ve
tor due to the di�eren
es of the �� and �0 momenta,whi
h manifests the spin state of the ��. In the Higgs boson rest framethe � momentum represents a larger fra
tion of the Higgs's energy than theneutrino. Therefore, we abandon the re
onstru
tion of the Higgs boson rest



4556 M. Worekframe and instead we use the �+�� rest frame whi
h has the advantage thatit is built only from dire
tly visible de
ay produ
ts of the �+ and ��. In therest frame of the �+�� system we de�ne the a
oplanarity angle, '�, betweenthe two planes spanned by the immediate de
ay produ
ts (the �� and �0)of the two �'s, see Fig. 4.
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Fig. 4. De�nition of the �+�� de
ay produ
ts' a
oplanarity distribution angle, '�in the rest frame of the �+�� pair.
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0:5 1:0 1:5 2:0 2:5 3:00:0Fig. 5. The �+�� de
ay produ
ts' a
oplanarity distribution angle, '�, in the restframe of the �+�� pair. A 
ut on the di�eren
es of the �� �0 energies de�ned intheir respe
tive �� rest frames to be of the same sign, sele
tion y1y2 > 0, is usedin the left plot and the opposite sign, sele
tion y1y2 < 0, is used for the right plot.No smearing is done. Thi
k lines denote the 
ase of the s
alar Higgs boson andthin lines the pseudos
alar one.The variable '� alone does not distinguish the s
alar and psuedos
alarHiggs boson. To do this we must go further. The �� ! ���0��� (�� ) spin



Higgs CP from H=A0 ! �� De
ay 4557sensitivity is proportional to the energy di�eren
e of the 
harged and neutralpion (in the � rest frame), see formula (7). We have to separate events intotwo zones, C and D, C : y1y2 > 0 ;D : y1y2 < 0 ;where y1 = E�+ �E�0E�+ +E�0 ;y2 = E�� �E�0E�� +E�0 : (8)E�� and E�0 are the ��; �0 energies in the respe
tive �� rest frames.In Fig. 5 we plot the distribution of '�, where the left-hand plot 
ontainsthe events where the energy di�eren
e between the �+ and �0 de�ned in the�+ rest frame is of the same sign as the energy di�eren
e of �� and �0 de�nedin �� rest frame (sele
tion y1y2 > 0). The right-hand plot 
ontains theevents with the opposite signs for the two energy di�eren
es (sele
tion y1y2 <0). It 
an be seen that the di�eren
es between the s
alar and pseudos
alarHiggs boson are large. If the energy di�eren
e 
ut was not applied, we wouldhave 
ompletely lost sensitivity to the Higgs boson parity.Unfortunately, sin
e the � -lepton is not measurable, su
h a sele
tion 
ut
annot be used dire
tly. We re
onstru
t the � lepton rest frames, and weassume Gaussian spreads of the `measured' quantities with respe
t to thegenerated ones. For 
harged pion momentum we assume a 0:1% spreadon its energy and dire
tion. For neutral pion momentum we assume anenergy spread of 5%pE[GeV℄ . For the � and � angular spread we assume 13 2�1800 .These neutral pion resolutions 
an be a
hieved with a 15% energy errorand a 2�/1800 dire
tion error in the gammas resulting from the �0 de
ays.These resolutions have been approximately veri�ed with a SIMDET [23℄, aparametri
 Monte Carlo program for a TESLA dete
tor [24℄. In Ref. [17℄ themethod of re
onstru
tion of repla
ement �� lepton rest frames was proposed.We will use this method here as well. We boost the �+; �0; ��; �0 momentato the respe
tive repla
ement �� lepton rest frames. The �� energies de�nedthis way are used in the y1 and y2 energy di�eren
e 
uts.When we use the sele
tion 
uts y1 and y2 and the repla
ement �� restframes as well as smearing the �� and �0 momenta, we obtain the resultsshown in Fig. 6. We see that the e�e
ts to be measured diminish but remain
learly visible.
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Nevtsbin

0:5 1:0 1:5 2:0 2:5 3:00:0Fig. 6. The �+�� de
ay produ
ts' a
oplanarity distribution angle, '�, in the restframe of the �+�� pair. A 
ut on the di�eren
es of the �� �0 energies de�nedin their respe
tive repla
ement �� rest frames to be of the same sign, sele
tiony1y2 > 0, is used in the left plot and the opposite sign, sele
tion y1y2 < 0, is usedfor the right plot. All smearing is in
luded. Thi
k lines denote the 
ase of thes
alar Higgs boson and thin lines the pseudos
alar one.SummaryWe have studied the possibility of distinguishing a s
alar from a pseu-dos
alar 
ouplings of light Higgs boson to fermions using its de
ay to apair of �+�� leptons and their subsequent de
ays to �� ! ����� (�� ) and�� ! ����� (�� ); �� ! ���0.The beamstrahlung e�e
t in re
onstru
tion of the Higgs boson four-momentum degraded the method of measuring the Higgs boson parity usingthe de
ay 
hain H ! �+��, �� ! ����� (�� ) in a de
isive way. Therefore,there is little hope for the elegant method to 
he
k Higgs boson parity usingits de
ay to �� ! ����� (�� ), whatever the luminosity of the future LinearCollider is assumed.For �� ! ����� (�� ) de
ay, we have dis
ussed an observable whi
h is verypromising. Using reasonable assumptions about the SM produ
tion 
rossse
tion and about the measurement resolutions we �nd that with 500 fb�1of luminosity at a 500 GeV e+e� linear 
ollider the CP of a 120 GeV Higgsboson 
an be measured to a 
on�den
e level greater than 95%. We emphasizethat the te
hnique is both model independent and independent of the Higgsboson produ
tion me
hanism and depends only on good measurements ofthe Higgs boson de
ay produ
ts. Thus, this method may be appli
able toother produ
tion modes in
luding those available at proton 
olliders as wellas at ele
tron 
olliders.
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