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s, University of SilesiaUniwersyte
ka 4, 40-007 Katowi
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ien
e, Jagellonian UniversityNawojki 11, 30-072 Cra
ow, Poland
CERN, PPE, 1211 Geneva 23, SwitzerlanddInstitute of Nu
lear Physi
sKawiory 26a, 30-055 Cra
ow, PolandeCERN, Theory Division, 1211 Geneva 23, Switzerland(Re
eived January 25, 2001)The proper in
orporation of spin e�e
ts in � lepton de
ays is often ofimportan
e. In the present work the 
ase of the Z=
 ! �+�� produ
tionme
hanism is studied in detail. As an example, the e�e
ts due to the spin
orrelations on the potential for the Minimal Supersymmetri
 StandardModel (MSSM) Higgs boson(s) sear
hes in the �� de
ay 
hannel at theLarge Hadron Collider (LHC) are dis
ussed. For these pro
esses, the Stan-dard Model Z=
� ! �� -pair produ
tion is a dominant ba
kground. Thespin e�e
ts in high energy physi
s rea
tions, 
an be implemented up to 
er-tain approximation, independently of the algorithm and matrix elementsused by the produ
tion program. Information stored on every generatedevent 
an be su�
ient. The algorithm based on su
h approximation isdo
umented. Question of the theoreti
al un
ertainty is partly dis
ussed.PACS numbers: 14.60.Fg 1. Introdu
tionIn a study of �dis
overy potential� and data analysis of present highenergy experiments the problems of pre
ise predi
tions in
luding, simulta-neously, signal signatures of the new (or studied) physi
s, ba
kgrounds, aswell as all dete
tor related e�e
ts should be analysed. It is generally believedthat a Monte Carlo simulation of the full 
hain from the beam 
ollision todete
tor response is the most 
onvenient te
hnique to address su
h question.� Work supported in part by the Polish State Committee grants KBN 2P03B118192P03B05418 and by the European Commission 5-th Framework 
ontra
t HPRN-CT-2000-00149. (1277)



1278 T. Pierz
haªa et al.In general it is indispensable to divide Monte Carlo simulation into separateblo
ks: physi
s event generation and dete
tor response. Later event gener-ation 
an be divided further into parts, des
ribing for example produ
tionand de
ay of the intermediate states.In the present paper we will 
on
entrate on the parti
ular 
lass of thepro
esses involving polarised � leptons. The two main goals of the presentpaper are: (i) presentation of the algorithm for mat
hing � lepton de
ay andits produ
tion, with some 
ontrol over spin e�e
ts; in parti
ular in 
ase ofZ=
 ! �+�� produ
tion me
hanism, (ii) dis
ussion of physi
al observablessensitive to the spin 
orrelations in the � pair produ
tion.Spin 
orrelations in the de
ay of � leptons not only 
an help to suppressirredu
ible ba
kground to the possible resonant � pair produ
tion at LHC,su
h as the MSSM Higgs bosons de
ays, but also help to determine the spinnature of this resonan
e.In the papers [1�3℄ TAUOLA Monte Carlo pa
kage for simulation of� lepton de
ay was des
ribed. Re
ently, in Ref. [4℄, te
hni
al details 
onve-nient for using the 
ode in multi-purpose environment were 
olle
ted, anduniversal interfa
e for 
ombining the simulation of � lepton de
ay, with dif-ferent pa
kages for generation of physi
s event was proposed. S
heme ofRef. [4℄ relies on the information stored in the HEPEVT 
ommon blo
k [5℄only, and not on the details spe
i�
 for the produ
tion generator, su
h asPYTHIA [6℄ (used in our examples). In fa
t, su
h an interfa
e 
an be 
onsid-ered as a separate software proje
t, to some degree independent both fromthe spe
i�
 problem of � produ
tion and its de
ay.Our paper is organised as follows: in the next se
tion we will des
ribe newalgorithm for extra
ting elementary 2! 2 body rea
tion for f �f ! Z=
 !�+��, whi
h is ne
essary for properly introdu
ing spin 
orrelations into gen-eration 
hain. In Se
. 3 we analyse spin 
ontent of su
h an elementaryfun
tion. Se
. 4 is dedi
ated to the dis
ussion of their 
onsequen
es for thedistributions of physi
s interest. In Se
. 5 we dis
uss few observables wherespin e�e
ts 
an improve separation of the Higgs boson signature, in 
ase ofthe 14TeV pp 
ollisions. Summary 
loses the paper. In Appendix, we ex-plain the spin treatment used in our 
ode. It 
ompletes the program manualgiven in Ref. [4℄.2. The � polarisation from the Z=
 ! �+�� de
ayThe exa
t way of 
al
ulating spin state of any �nal state is with thehelp of the matrix element and the rigorous density matrix treatment. Thisis however not always possible or ne
essary. Often, like in the 
ase of theprodu
tion and de
ay of parti
les in the ultra-relativisti
 limit a simpli�edapproa
h 
an be su�
ient. Su
h an approa
h was developed for KORALZMonte Carlo program [7℄ and its limitations were studied with the help of
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ts in � Lepton Pair Produ
tion at LHC 1279matrix element 
al
ulations of the order � [8℄. In the following, we study thequestion whether the approa
h 
an be generalised, and the approximate spin
orrelation 
al
ulated from the information stored in the HEPEVT 
ommonblo
k �lled by �any� � produ
tion program.The approximation 
onsists of re
onstru
ting information of the elemen-tary 2 ! 2 body pro
ess e+e�(q�q) ! �+��, buried inside multi-body pro-du
tion pro
ess. Let us stress that su
h a pro
edure 
an never be fully
ontrolled, as its fun
tioning depends on the way the produ
tion program�lls the HEPEVT 
ommon blo
k. It will be always responsibility of the userto 
he
k if in the parti
ular 
ase the implemented algorithm is appli
able.Nonetheless our aim is not to repla
e the matrix element 
al
ulations, butrather to provide a method of 
al
ulating/estimating spin e�e
ts in 
aseswhen spin e�e
ts would not be taken 
are of, at all. Needless to say su
h anapproa
h is limited (for the spin treatment) to the approximation not betterthan leading-log, and to the longitudinal spin degrees only.The prin
iple of 
al
ulating kinemati
 variables is simple. The 4-momen-ta of the 2! 2 body pro
ess have to be found. The 4-momenta of the out-
oming � 's are used dire
tly. Initial state momenta are 
onstru
ted fromthe in
oming and out
oming momenta of the parti
les (or �elds) a

ompa-nying produ
tion of the Z=
 state1. We group them a

ordingly to fermionnumber �ow, and ambiguous additional parti
les are grouped (summed) intoe�e
tive quarks to minimise their virtualities. Su
h an approa
h is internally
onsistent in the 
ase of emission of photons or gluons within the leadinglog approximation.Longitudinal polarisation of � leptons P� depends on the spin quantumnumber of the � mother 2. It is randomly generated as spe
i�ed in Table I.The probability PZ used in the generation, is 
al
ulated dire
tly from thesquares of the matrix elements of the Born-level 2! 2 pro
ess f �f ! ���+:PZ = ���M���2f �f!���+ (+;+)���M���2f �f!���+ (+;+) + ���M���2f �f!���+ (�;�) ; (1)where f = e; �; u; d; 
; s; b. It 
an be also expressed (following 
onventionsof Ref. [9℄), with the help of the ve
tor (and axial) 
ouplings of fermions tothe 
 ( and Z) bosons. Expli
it expression for the di�erential distributionsis used. The resulting formula, given below, will be useful for the dis
ussionof the numeri
al results and tests of the next se
tions.1 The Z=
 state does not need to be expli
itly 
oded in the HEPEVT 
ommon blo
k.Note that if available, information from the history part of the event, where the4-momenta of gluons quarks et
. are stored, will be used.2 The spin quantisation axes are 
hosen in the same way as in Ref. [7℄.



1280 T. Pierz
haªa et al. TABLE IProbability for the 
on�gurations of the longitudinal polarisation of the pair of� leptons from di�erent origins.Origin P�+ P�� ProbabilityNeutral Higgs bosons: h0; H0; A0 P�+ = +1 P�� = �1 0.5P�+ = �1 P�� = +1 0.5Charged Higgs boson: H+ or H� P�+ = +1 P�� = +1 1.0Charged ve
tor boson: W+ or W� P�+ = �1 P�� = �1 1.0Neutral ve
tor boson: Z=
� P�+ = +1 P�� = +1 PZP�+ = �1 P�� = �1 1� PZOther P�+ = +1 P�� = +1 0.5P�+ = �1 P�� = �1 0.5
PZ(s; �) = d�Bornd 
os � (s; 
os �; 1)d�Bornd 
os � (s; 
os �; 1) + d�Bornd 
os � (s; 
os �;�1) ; (2)d�Bornd 
os � (s; 
os �; p) = �1 + 
os2 ��F0(s) + 2 
os �F1(s)�ph�1 + 
os2 ��F2(s) + 2 
os �F3(s)i : (3)with the four form-fa
tors:F0(s) = ��22s �q2fq2� + 2Re�(s)qfq�vfv� + ����(s)���2�v2f + a2f��v2� + a2��� ;F1(s) = ��22s �2Re�(s)qfq�afa� + ����(s)���2 2vfaf 2v�a�� ;F2(s) = ��22s �2Re�(s)qfq�vfa� + ����(s)���2(v2f + a2f ) 2v�a�� ;F3(s) = ��22s �2Re�(s)qfq�afv� + ����(s)���2 2vfaf �v2� + a2��� ; (4)and �(s) = ss�M2Z + is�Z=MZ : (5)Analyti
 expression for the 
oupling 
onstants, and their numeri
al valuesare given in Table II.
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ts in � Lepton Pair Produ
tion at LHC 1281TABLE IIThe 
; Z 
ouplings to fermions. Lowest order approximation, the numeri
al valuesare given for the e�e
tive sin2 �W = 0:23147.Flavour: f qf vf afLeptons: f=e; �; � 1 �1+4 sin2 �W4 sin �W 
os �W =�0:044 �14 sin �W 
os �W =�0:593Quarks : f= u or 
 2/3 1�(8=3) sin2 �W4 sin �W 
os �W =0:227 14 sin �W 
os �W =0:593Quarks : f= d; s or b -1/3 �1+(4=3) sin2 �W4 sin �W 
os �W =�0:410 �14 sin �W 
os �W =�0:593In the �rst step of our dis
ussion the P� is shown as a fun
tion of 
os �, forseveral 
entre of mass energies and initial state �avours. The angle � denotes�� s
attering angle in the Z=
� rest-frame. It is 
al
ulated with respe
t tothe e�, u or d e�e
tive beam. The Z mass mZ = 91:1882GeV, was takenfrom Ref. [10℄, as well as e�e
tive sin2 �W = 0:23147 and �Z = 2:49GeV.In Fig. 1, the angular dependen
e of the � polarisation for the e+e� !�+�� pro
ess at the peak of Z resonan
e and for the three di�erent values ofthe 
entre of mass (
ms) energies above it (upper plot). The � 's are stronglypolarised in the forward dire
tion, where polarisation approa
hes the valueapproximately twi
e as big as the average one (the polarisation of Z dueto e � e � Z 
oupling sums with the one due to � � � � Z 
oupling). Thepolarisation is very small in the ba
kward regions. For 
os � = �1 it is equalto zero, independently of the 
entre of mass energy. The reason is the uni-versality of both the Z and 
 
ouplings to all leptons. As 
an be observed,the � polarisation 
hanges signi�
antly (espe
ially in the forward region)with the 
entre of mass energy. At 
ms energies above the Z-peak, � polarisa-tion is smaller, due to signi�
ant 
ontribution from the s-
hannel
-ex
hange � produ
tion me
hanism not 
ontributing dire
tly to the polar-isation.Let us now turn to the produ
tion from quarks. In Fig. 1 we show the� polarisation for the u�u ! �+�� and d �d ! �+�� elementary pro
essesand the same 
ms energies as in the previous 
ase. For the 
ms energy
lose to the Z-peak, the � 's produ
ed in the forward as well as in the ba
k-ward dire
tions are strongly polarised. The polarisation seem to be almostzero for 
os � = 0, but in reality is equal (nearly) to the same value as inprevious 
ase of produ
tion from ele
trons at 
os � = 0. Also, the average� polarisation is 
lose to the 
ase of produ
tion from ele
trons. It is, as itshould be, independent from the initial state �avour, the Z was produ
edfrom. The initial state 
ouplings of the Z, a�e
t the angular dependen
e of
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Fig. 1. Tests of the TAUOLA universal interfa
e. The � lepton polarisation as a fun
-tion of 
os �. We have used ps =MZ , 210, 350 and 700 GeV.the � polarisation only, and give sizable angular asymmetry in polarisation.Obviously, the larger the initial state ve
tor 
ouplings to Z the larger angu-lar dependen
e of the polarisation. The above arguments hold, be
ause the
ontribution from the 
 ex
hange is small. This is the 
ase, in the region ofthe Z peak only.Quite di�erent polarisation pattern 
an be observed for quarks and 
msenergies far above the Z peak (see Fig. 1). Contribution from the 
 ex
hange
annot be negle
ted. The 
 � Z interferen
e 
ompli
ates the pattern even
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ts in � Lepton Pair Produ
tion at LHC 1283more. Let us 
omment brie�y on the numeri
al results. In the 
ase of u andd initial state, polarisation is negative and nearly 
onstant over the forwardhemisphere; also the average polarisation is negative. This is be
ause ofrather large and positive forward�ba
kward asymmetry, and polarisationforward�ba
kward asymmetry. The average polarisation in
reases above theZ-peak and approa
hes, respe
tively, �35% and �61% in the 
ase of u�u andd �d annihilation3. Let us point, that in the 
ase of � produ
tion from thed quarks in the ultra high-energy limit, polarisation of the � leptons in theba
kward dire
tions approa
hes zero (independently of the numeri
al valueof sin2 �W ). 3. Towards spin sensitive observablesOn
e we have understood the pattern of the � polarisation, let us turnto the question of its measurement. We will follow the reasoning similarto the one of Ref. [11℄. The � polarisation P� 
an be measured from theenergy distribution of its de
ay produ
ts. To simplify the dis
ussion of spine�e
ts, the de
ays � ! �� were used only4. We will 
ompare the 
ases ofve
tor Z=
� and s
alar neutral Higgs boson, produ
ed in hadron 
ollisionsand de
aying into pair of � leptons. The � rest-frame 
annot be a

essedexperimentally5, the spin e�e
ts 
an be seen, however, through the e�e
tson �+ �� energy distributions and 
orrelations, observed/de�ned for thelaboratory frame.Let us start with the following example, where for the produ
tion of the� lepton pairs Monte Carlo program PYTHIA was used, and for the de
ayMonte Carlo program TAUOLA, and our interfa
e. It was assured, that theinvariant mass of the pair of two in
oming quarks was ps = mZ = mH .For the time being we dis
uss energies de�ned in the �+�� pair rest-frame.With the help of variables z� = 2E��=ps, the spin e�e
ts are visualised.In Fig. 2 we observe the slope (as expe
ted) of � energy spe
trum due to� polarisation. The slope of the distribution is simply proportional to thepolarisation (small dip at z� ' 0 is due to kinemati
al e�e
t of the � mass)d�dz� � 1 + P� 2 (z� � 0:5) : (6)3 This may open the way for measuring the �avour of the quarks leading to � pairprodu
tion.4 In 
ase of the 3-body de
ays, su
h as � ! e(�)��� sensitivity is smaller and dependson energy of leptons; in 
ase of � ! �� to exploit sensitivity in full, the re
onstru
tionof �0 is ne
essary.5 In some 
ases the invariant mass of Z=
� or Higgs boson, 
an be re
onstru
ted fromtotal balans of the observed transverse energies for all tra
ks in the event.
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Fig. 2. Single � energy spe
trum in the 
ase of � produ
ed from H (left-hand side)or Z (right-hand side). ps = mH orps = mZ respe
tively. Energies are 
al
ulatedin the rest frame of Higgs boson (or Z).In the 
ase of the plot on the right-hand side of Fig. 2, i.e. de
ay of the Z,polarisation was about �14:7%. In the 
ase of the plot on the left-hand sidethe spe
trum is �at, as would be in the 
ase of s
alar neutral Higgs boson(or pure 
) where there is no polarisation.If polarisation was P� = � 100%, then the distribution slope would bemaximally negative and tou
h zero at z� = 1. For P� = 100%, slope wouldbe reversed and distribution would tou
h zero at z� = 0. These are the 
asesof 
harged Higgs boson and 
harged W boson de
ays into ��. Respe
tivedistributions are shown in Fig. 3.Let us now turn to the question of the spin 
orrelations. As we 
an seefrom Table I, the � pairs are produ
ed with the well de�ned spin 
on�g-urations ( +;+ or �;� for ve
tor bosons; +;� or �;+ for neutral Higgsboson), thus, the spin e�e
ts are to be
ome visible on the two-dimensionaldistribution build on z� and z+ variables. Indeed, for the ve
tor bosons weexpe
t more events when both �+ and �� are on the upper side (
ase I)(z+ > 0:5, z� > 0:5 ) or lower side (
ase II) (z+ < 0:5, z� < 0:5 ), withrespe
t to the mixed ones: z+ > 0:5, z� < 0:5 (
ase III) and z+ < 0:5,z� > 0:5 (
ase IV).The appropriate asymmetry is:AFastSlow = �I + �II � �III � �IV�I + �II + �III + �IV = 0:24 : (7)
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Fig. 3. Single � energy spe
trum in the 
ase of � produ
ed from H� (left-handside) or W� (right-hand side). ps = mH� or ps = mW� , respe
tively. Energiesare 
al
ulated in the rest frame of H� (or W�). Continuous line with spin e�e
tsin
luded, dotted line with spin e�e
ts swit
hed o�.This 
an be 
ompared to the Higgs boson 
ase, where asymmetryAFastSlow=�0:25. For the Higgs boson 
ase the AFastSlow is insensitive on the 
hoi
eof 
ms energy, as there is no interferen
e e�e
ts at all. The sign di�eren
eis due to the ve
tor boson nature of Z, as opposed to the s
alar nature ofHiggs boson.In order to better visualise the spin 
orrelation e�e
t we have introdu
edvariable zs de�ned as the signed part of the following phase spa
e part: asurfa
e in z+, z� variables between the lines z+ = z� and z+ = z� + a(the sign of a should be taken). In Fig. 4 respe
tive plots are given for theH and Z de
ays. The dashed lines (whi
h in both Z and H 
ases are �at)
orrespond to the 
ase when spin 
orrelations are swit
hed o�. As we expe
tin the Z=
 ! ���+ de
ays, due to spin e�e
ts a Fast (Slow) �� is mostlikely asso
iated with a Fast (Slow) ��. The solid line has maximum atzs = 0 and approa
hes zero for zs = �0:5. Pre
isely the opposite is true inthe 
ase of H ! ���+. The maximum is now at zs = �0:5 and minimumfor zs = 0.Let us now turn our attention to the quantities whi
h (at least in prin-
iple) 
an be measured experimentally. Fig. 5 shows the invariant massdistribution for the 
ase of pure (+;+) and (�;�) 
on�gurations of the �polarisation and the mass of the resonan
e equal to the Z mass. The spin
orrelations enhan
e fra
tion of the Fast�Fast and Slow�Slow 
on�gurationswhi
h are lo
alised mostly at the shoulders of the �+�� invariant mass dis-tributions, the Fast�Slow 
on�gurations would be lo
alised in the 
entre ofthe distributions.
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Fig. 4. Expe
ted number of events as the fun
tion of zs variable. Left-hand sideplot forH , right-hand side for Z. Continuous line with spin e�e
ts in
luded, dottedline with spin e�e
ts swit
hed o�.

Fig. 5. The �+�� invariant mass distribution for ps = mZ . Continuous line forpure (�;�) dotted line for pure (+;+) spin 
on�gurations.In Fig. 6 we show �+�� invariant mass distribution for the Higgs bosonand Z 
ases. Continuous line with spin e�e
ts in
luded, dotted line with spine�e
ts swit
hed o�. Left-hand side plot 
orresponds to the Higgs boson 
ase,right-hand side to the Z. In the 
ase of Higgs boson, the mass distribution ispeaked 
entrally, whereas in the 
ase of Z=
� shoulders of the distributionsare more profound, espe
ially the one at lower invariant mass additionallyenhan
ed by the polarisation.
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Fig. 6. The �+�� invariant mass distribution. Left-hand side plot for H ; right-hand side for Z=
�. Continuous line with spin e�e
ts in
luded, dotted line withspin e�e
ts swit
hed o�. In the two 
ases respe
tively ps = mH = mZ .For the ve
tor 
ase the spin 
orrelations enhan
e fra
tion of the Fast�Fastand Slow�Slow 
on�gurations whi
h are lo
alised mostly at the shoulders ofthe �+�� invariant mass distributions. The relative height of the shouldersis sensitive to the average polarisation. For the s
alar 
ase, the enhan
ementin the fra
tion of the Slow�Fast 
on�gurations e�e
ts in the enhan
ement ofthe events lo
alised in the middle of the �+�� invariant mass distribution,leading to the slightly narrower shape.If all polarisation e�e
ts are swit
hed o� (dashed lines) the distributionsin the two 
ases are identi
al. That observable, well de�ned distributionof invariant mass built from the visible de
ay produ
ts of the � 's, 
an behelpful in separating Higgs boson signal from the Z=
� ba
kground.The same distribution have been also studied for the o�-peak produ
tionof Z=
�, i.e. for the larger 
ms energies. In these 
ases the average polar-isation is large and negative, also distin
t for the u�u and d �d annihilation.As illustrated in Fig. 7, the e�e
t on the �+�� invariant mass distributionis noti
eable. The shape of the distribution might give the insight to thestru
ture fun
tions of the 
olliding protons, on
e the invariant mass of theZ=
� state 
an be re
onstru
ted.
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Fig. 7. The �+�� invariant mass distribution for u�u! Z=
� (left-hand plot) andd �d ! Z=
� (right-hand plot) produ
ed with 
ms energy of 300 GeV. Continuousline with spin e�e
ts in
luded, dotted line with spin e�e
ts swit
hed o�.4. Case of the Higgs boson signatures at LHCIn the sear
h for new phenomena in a

elerator experiments, importantparameter to estimate dis
overy 
han
es is the signal sensitivity, equal tothe ratio of number of expe
ted events from the new physi
s divided by thesquare root of the expe
ted ba
kground events. Any possible in
rease of su
ha ratio 
an improve 
han
es of dis
overy (or improve limit of the ex
lusion).Use of more sophisti
ated 
uts 
an be of a great help in a 
ase when it
an be 
ombined with the physi
al properties of signal and/or ba
kgrounddistributions. Equally important is the possibility for the veri�
ation ofthe nature of observed new physi
s, e.g. the quantum numbers of the newresonan
es.The � leptons are 
onsidered as a very promising signature for the sear-
hes of the Higgs bosons in the Minimal Supersymmetri
 Standard Model(MSSM) at LHC 
ollider [12, 13℄. Below, we will brie�y dis
uss possibleappli
ations of the dis
ussed spin 
orrelations in the 
ases of the neutralHiggs bosons H and A de
ay into �+�� pair and the 
harged Higgs bosonH� de
ays into �� pair.The neutral Higgs bosons H and A de
ays into �+�� pair, are enhan
edfor the large values of tan� (tan � denotes the ratio of the va
uum expe
-tation values of the Higgs doublets in the MSSM model), with the bran
h-ing ratio of about 10% for most of the range of the interesting Higgs bosonmass values (150�1000GeV). A

essibility of the hadroni
 de
ay mode of the�+�� pair has been studied re
ently by the CMS Collaboration [14℄. The
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ts in � Lepton Pair Produ
tion at LHC 1289triggering on su
h events, signal extra
tion from the irredu
ible ba
kgroundZ=
� ! �� and the redu
ible ba
kgrounds QCD jets, t�t and W + jets,and re
onstru
tion of the resonan
e peak in the �+�� mass distributionsseems feasible for the Higgs boson masses roughly above 300 GeV. In thatstudy the � identi�
ation is based on the presen
e of a single hard isolated
harged hadron in the jet using tra
ker information. The two hard tra
ksfrom �� and �+ in the signal events have an opposite sign while no strong
harged 
orrelation is expe
ted for the QCD jets orW+jets events. The sen-sitivity of 5� 
an be rea
hed for the large fra
tion of the MSSM parameterspa
e after three years of data 
olle
ting at low luminosity. The expe
tedsignal-to-ba
kground ratio is very large, being of the order of one for 5�sensitivity, with the ba
kground dominated by the 
ontinuum Z=
� ! ��produ
tion. The resolution for the re
onstru
tion of the Gaussian m�� peakis � 10% of the mass of the Higgs boson. The above performan
e seemsvery promising but hopefully 
an be still improved by exploring the spin
orrelations and polarisations e�e
ts. The possible improvements may 
omefrom the additional suppression of the ba
kground.But it is also important that exploring e�e
t of the spin 
orrelation onthe invariant mass of the hadroni
 de
ay produ
ts might allow to verifyhypothesis of the s
alar versus ve
tor nature of the observed resonan
e peakin the re
onstru
ted invariant mass of the �� pair. As we have seen in theprevious se
tions, the main di�eren
e between produ
tion me
hanisms dueto Higgs boson versus Z=
� 
onsists of the 
orrelation in energies of the� hadroni
 de
ay produ
ts.Let us 
on
entrate on the 
ase of � de
ays to �� � most sensitive tothe spin 
orrelations. In Fig. 8 the � energy spe
trum is shown in the labo-ratory frame for the H (left-hand side) and Z=
� (right-hand side) de
ays.The sele
tion, roughly 
onsistent with what is foreseen in the experimentalanalysis [12℄, was applied. The minimal transverse momenta of the �'s wererequired to be above 15 GeV and the pseudorapidity j�j < 2:5. Solid lineshows results with in
luded spin e�e
ts, dashed line with the e�e
ts swit
hedo�. Spin 
orrelations lead to the softer spe
trum of � in Z=
� de
ays, whi
hmay slightly suppress the identi�
ation e�
ien
y of the � with respe
t tothose produ
ed from the Higgs boson de
ay. The slope in the distributionfor the Z=
� (sensitive to the large negative average polarisation), dependsalso on the relative fra
tion of the u�u and d �d produ
tion pro
esses simulatedin the proton�proton 
ollision, hen
e the parametrisation of the stru
turefun
tions. Events were generated with the Monte Carlo PYTHIA 5:7 [15℄ andCTEQ2L stru
ture fun
tions; the Higgs boson mass of the 300 GeV andthe width below 1GeV (as for tan � � 10) was assumed. For the 
ontin-uum Z=
�, the 
ms energy of the produ
ed �� pair was taken in the range300 � 10 GeV.
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Fig. 8. The � energy spe
trum in the laboratory frame, after basi
 sele
tion asspe
i�ed in text, for Higgs boson (left-hand side) and Z=
� (right-hand side). Con-tinuous line with spin e�e
ts in
luded, dotted line with spin e�e
ts swit
hed o�.Fig. 9 shows the e�e
t of the �� energy�energy 
orrelations in the 
msframe as dis
ussed in the previous se
tion. Although the e�e
t seems strongenough to dis
riminate between s
alar and ve
tor 
ases, exploring this e�e
twould require good experimental re
onstru
tion of the e�e
tive 
ms framewhi
h might be very di�
ult.

Fig. 9. The expe
ted number of events as a fun
tion of the �+�� energy�energy
orrelation variable zs, basi
 sele
tion as spe
i�ed in the text. Distributions areshown for Higgs boson (left-hand side) and Z�=
� (right-hand side). Continuousline with spin e�e
ts in
luded, dotted line with spin e�e
ts swit
hed o�.
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ts in � Lepton Pair Produ
tion at LHC 1291The invariant mass distribution of the �� system, see Fig. 10, showsthe visible e�e
t of in
luding spin-
orrelations. As dis
ussed in the previousse
tion, in the ve
tor 
ase these 
orrelations lead to the more pronoun
edshoulders in the distribution and the relative height of them is sensitive tothe average polarisation of the produ
ed resonan
e. In the 
ase of the s
alarHiggs boson the 
orrelations lead to the narrower distribution, enhan
ingfra
tion of events lo
alised in its 
entral part. With the expe
ted signal-to-ba
kground ratio being of one or higher, this e�e
t seems promising fordetermining the spin property of the studied resonan
e.

Fig. 10. The �+�� invariant mass distribution after basi
 sele
tion. On the leftfor Higgs boson, on the right for Z=
�. Continuous line with spin e�e
ts in
luded,dotted line with spin e�e
ts swit
hed o�. The Higgs boson mass was assumed tobe 300 GeV (see text).For 
ompleteness let us now turn to the 
ase of the 
harged Higgs boson.The de
ay into �� pair is a dominant mode below the kinemati
al thresholdof the tb 
hannel, and a

ounts for nearly 100% of 
ases, almost indepen-dently of tan �. This bran
hing ratio is de
reasing rather rapidly above tbthreshold, but is still of the order of 10% for the Higgs boson mass of 500 GeVand large tan �. The LHC dete
tors will be thus sensitive to signal [12, 14℄,with at least 5� signi�
an
e, for Higgs boson mass up to 400�500GeV. Thissensitivity is almost independent on tan � below tb threshold. For the Higgsboson mass above top-quark mass this sensitivity is expe
ted only for largetan �. In both 
ases of the Higgs boson masses below and above top-quarkmass, the main ba
kground 
omes from W� ! ��� de
ay. Harder pionsare expe
ted from the H� de
ays than from the W� de
ays.
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haªa et al.The e�e
t of the spin 
orrelations has been already studied, theoreti
allyin Ref. [16℄ and experimentally in Ref. [14℄. For 
ompleteness we show inFig. 11 the � energy distribution in the laboratory frame for the de
ays ofH� and W � spin e�e
ts swit
hed on and o�. The Higgs boson mass of130 GeV was taken.

Fig. 11. Distribution of p�=E� after basi
 sele
tion and in the laboratory frame.On the left plot for H� ( mH = 130 GeV), on the right for W�. Continuous linewith spin e�e
ts in
luded, dotted line with spin e�e
ts swit
hed o�.5. SummaryWe have dis
ussed the spin e�e
ts in the � pair produ
tion at LHC.A few distributions presented here, sensitive to the �+�� spin 
orrelations,
an be possibly used for the MSSM Higgs bosons sear
hes s
enarios at LHCto enhan
e sensitivity of the signal or to verify the hypothesis of the spinzero nature of the Higgs boson.We have extended the algorithm for the interfa
ing the � lepton de
aypa
kage TAUOLA with �any� produ
tion generator to in
lude e�e
ts due tospin in elementary Z=
� ! �+�� pro
ess. The interfa
e is based ex
lusivelyon the information stored in the HEPEVT 
ommon blo
k. This 
ode is publi
lyavailable e.g. from the URL address [17℄.Z.W. a
knowledges support of the Züri
h ETH group at CERN wherepart of this work was done.
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ts in � Lepton Pair Produ
tion at LHC 1293Appendix AUniversal interfa
e for TAUOLA pa
kageLet us re
all �rst some details of the universal interfa
e for TAUOLA and�any� � produ
tion generator as des
ribed in Ref. [4℄. The interfa
e uses asan input the HEPEVT 
ommon blo
k and operates on its 
ontent only. As ademonstration example the interfa
e is 
ombined with the JETSET generator,however it should work in the same manner with the PYTHIA6, HERWIG orISAJET generators as well.The interfa
e a
ts in the following way:� The � lepton should be for
ed to be stable in the pa
kage performinggeneration of the � produ
tion.� The 
ontent of the HEPEVT 
ommon blo
k is sear
hed for all � leptonsand � neutrinos.� It is 
he
ked if there are � �avour pairs (two � leptons or � lepton and� neutrino) originating from the same mother.� The de
ays of the � �avour pairs are performed with the subroutineTAUOLA. Longitudinal spin 
orrelations are generated in the 
ase of the� produ
ed from de
ay of: W ! ��, Z=
 ! �� , the neutral Higgsboson H ! �� , and the 
harged Higgs boson H� ! ��. Parallel oranti-parallel spin 
on�gurations are generated, before 
alling on the� de
ay, and then the de
ays of 100 % polarised � 's are exe
uted.� In the 
ase of the Higgs boson (for the spin 
orrelations to be gener-ated) the identi�er of the � mother must be that of the Higgs boson.Here, the parti
le 
ode 
onvention as that used by the PYTHIA 5.7Monte Carlo is adopted.� In 
ase of the W and Z=
 it is not ne
essary. If from the same motheras that of the � , a �� is also produ
ed, theW is assumed as the motherof the � . Similarly, if from the same mother another � with opposite
harge is produ
ed, the Z=
 is assumed to be the mother of the � pair.� Photon radiation in the de
ay is performed with PHOTOS pa
kage[18, 19℄.� Let us note that the 
al
ulation of the � polarisation 
reated from theZ and/or virtual 
 (as fun
tion of the dire
tion) represents a rathernon-trivial extension. Generally, the dedi
ated study of the produ
tionmatrix elements of the host generator is ne
essary in every individual
ase.6 It was already 
he
ked to be the 
ase.
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haªa et al.For some of the te
hni
al details on how to use the interfa
e we addressthe reader to Ref. [4℄. For general do
umentation of TAUOLA toRef. [1�3℄. For the use of PYTHIA referen
e to [15℄ and referen
es thereinwill be the best.Here, let us 
on
entrate on pra
ti
al details. The TAUOLA interfa
e isorganised in a modular form to be used 
onveniently in �any environments�.InitialisationInitialisation is performed with the CALL TAUOLA(MODE,KEYSPIN),MODE=-1. All ne
essary input is dire
tly 
oded in subroutine TAUOLA pla
edin a �le taufa
e-jetset.f.The following input parameters are set at this 
all (we omit those whi
hare standard input for TAUOLA as de�ned in its do
umentation). They arehard-
oded in the subroutine.Parameter MeaningPOL Internal swit
h for spin e�e
ts in � de
ay. Normally the usershould set POL=1.0, and when POL=0.0 spin polarisatione�e
ts in the de
ays are absentKFHIGGS(3) (KF=25, 35, 36) Flavour 
ode for h, H and AKFHIGCH (KF=37) Flavour 
ode for H+KFZ0 (KF=23) Flavour 
ode for Z0KFGAM (KF=22) Flavour 
ode for 
KFTAU (KF=15) Flavour 
ode for ��KFNUE (KF=16) Flavour 
ode for ��Event generationFor every event generated by the produ
tion generator, all � leptonswill be de
ayed with the single CALL TAUOLA(0,KEYSPIN), (KEYSPIN=1/0denotes spin e�e
ts swit
hed on/o�). Then, all � leptons, will be �rst lo-
alised, their positions stored in internal 
ommon blo
k TAUPOS, and theinformation ne
essary for 
al
ulation of � spin state will be read in, fromHEPEVT 
ommon blo
k. Later spin state for the given � (or � pair) will begenerated, and �nally de
ay of polarised � will be performed with the stan-dard TAUOLA a
tion. In parti
ular, the de
ay produ
ts of � will be boosted tothe laboratory frame and added to the 
omplete event 
on�guration storedin HEPEVT 
ommon blo
k.
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ts in � Lepton Pair Produ
tion at LHC 1295Cal
ulation of the � spin stateOn
e CALL TAUOLA(0,KEYSPIN) is exe
uted and � leptons found, thespin states need to be 
al
ulated.First, we look in HEPEVT for the position of � 's mothers, and store them,in matrix IMOTHER(20). Ea
h mother giving � lepton(s) is stored only on
e,independently of the number of produ
ed � 's. Later, for every IMOTHER(i)we exe
ute the following steps:� The daughters whi
h are either � leptons, or �� are sear
hed for.� Daughters are 
ombined in pairs, 
ase of more than 1 pair is not ex-pe
ted to be important and ad ho
 pairing is then performed.� The two main 
ases are thus (� �) or (� �).� The default 
hoi
es are, respe
tively, Z=
 or W , unless the identi�erof IMOTHER(i) is expli
itely that of neutral (or 
harged) Higgs boson.� Cal
ulation of the spin parameters is kinemati
s independent andstraightforward in all 
ases ex
ept Z=
 (see Se
. 2 for details on physi
s).� For Z=
, the PZ is 
al
ulated with the help of the fun
tion PLZAPX(HOPE,IM0,NP1,NP2). The HOPE is the logi
al parameter de�ned insubroutine TAUOLA pla
ed in �le taufa
e-jetset.f. It tells whetherspin e�e
ts 
an be 
al
ulated or not. It is set to .false., if availableinformation is in
omplete, then, PLZAPX(HOPE,IM0,NP1,NP2) returns0:5. The IM0 denotes position of the � mother in HEPEVT 
ommonblo
k NP1 position of �+ and NP2 of ��.� To 
al
ulate redu
ed 2 ! 2 body kinemati
al variables s and 
os �subroutine ANGULU(PD1,PD2,Q1,Q2,COSTHE) is used. 4-momenta ofthe in
oming e�e
tive beams and outgoing �+ and �� are denoted byPD1; PD2; Q1; Q2, respe
tively.Run summaryAfter the series of events is generated, the optional CALL TAUOLA(1,KEYSPIN) 
an be exe
uted. The information on the whole sample, su
h asnumber of the generated � de
ays, bran
hing ratios 
al
ulated from matrixelements et
., will be printed.Demonstration programOur main program demo.f is stored in subdire
tory demo-jetset. Itreads in the �le init.dat whi
h in
ludes some input parameters for the par-ti
ular run, su
h as number of events to be generated (by JETSET/PYTHIA),or the type of the intera
tion it should use to produ
e � 's, et
. We addressthe reader dire
tly to the 
ode for more details. It is self-explanatory.
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