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The proper incorporation of spin effects in r  lepton decays is often of 
im portance. In the  present work the  case of the  Z /+  —a t + t “  production 
mechanism is studied in detail. As an example, the  effects due to  the  spin 
correlations on the  poten tia l for the  M inimal Supersym m etric S tandard  
Model (MSSM) Higgs boson (s) searches in the  t t  decay channel a t the  
Large H adron Collider (LHC) are discussed. For these processes, the  S tan­
dard  Model Z f y *  - a r r -p a ir  production  is a  dom inant background. The 
spin effects in high energy physics reactions, can be im plem ented up to  cer­
ta in  approxim ation, independently  of the  algorithm  and m atrix  elements 
used by the  production  program . Inform ation stored on every generated 
event can be sufficient. The algorithm  based on such approxim ation is 
docum ented. Question of the  theoretical uncerta in ty  is partly  discussed.

PACS num bers: 14.60.Fg
1. In tro d u ctio n

In a study of “discovery potential” and d a ta  analysis of present high 
energy experiments the problems of precise predictions including, sim ulta­
neously, signal signatures of the new (or studied) physics, backgrounds, as 
well as all detector related effects should be analysed. It is generally believed 
th a t a Monte Carlo simulation of the full chain from the beam  collision to 
detector response is the most convenient technique to address such question.

* Work supported in part by the Polish S tate Com m ittee grants KBN 2P03B11819 
2P03B05418 and by the  European Commission 5-th Framework contract H PRN-CT 
-2000-00149.



In general it is indispensable to divide Monte Carlo simulation into separate 
blocks: physics event generation and detector response. Later event gener­
ation can be divided further into parts, describing for example production 
and decay of the interm ediate states.

In the present paper we will concentrate on the particular class of the 
processes involving polarised t  leptons. The two main goals of the present 
paper are: (%) presentation of the algorithm  for m atching t  lepton decay and 
its production, with some control over spin effects; in particular in case of 
Z/ 'y  t + t -  production mechanism, (it) discussion of physical observables 
sensitive to the spin correlations in the t  pair production.

Spin correlations in the decay of t leptons not only can help to suppress 
irreducible background to  the possible resonant t pair production at LHC, 
such as the MSSM Higgs bosons decays, bu t also help to  determ ine the spin 
nature of this resonance.

In the papers [1-3] TAUOLA Monte Carlo package for simulation of 
r  lepton decay was described. Recently, in Ref. [4], technical details conve­
nient for using the code in m ulti-purpose environment were collected, and 
universal interface for combining the simulation of t  lepton decay, with dif­
ferent packages for generation of physics event was proposed. Scheme of 
Ref. [4] relies on the information stored in the HEPEVT common block [5] 
only, and not on the details specific for the production generator, such as 
PYTHIA [6] (used in our examples). In fact, such an interface can be consid­
ered as a separate software project, to  some degree independent both  from 
the specific problem of t  production and its decay.

Our paper is organised as follows: in the next section we will describe new 
algorithm  for extracting elementary 2 —» 2 body reaction for / /  —» Z/ 'y  —» 
r +r - , which is necessary for properly introducing spin correlations into gen­
eration chain. In Sec. 3 we analyse spin content of such an elementary 
function. Sec. 4 is dedicated to the discussion of their consequences for the 
distributions of physics interest. In Sec. 5 we discuss few observables where 
spin effects can improve separation of the Higgs boson signature, in case of 
the 11 1'eY pp  collisions. Summary closes the paper. In Appendix, we ex­
plain the spin treatm ent used in our code. It completes the program manual 
given in Ref. [4].

2. T h e t  p o lar isa tion  from  th e  Z / 7  —F t + t -  decay

The exact way of calculating spin sta te  of any final sta te  is with the 
help of the m atrix  element and the rigorous density m atrix  treatm ent. This 
is however not always possible or necessary. Often, like in the case of the 
production and decay of particles in the ultra-relativistic limit a simplified 
approach can be sufficient. Such an approach was developed for KORALZ 
Monte Carlo program  [7] and its lim itations were studied with the help of



m atrix element calculations of the order a  [8]. In the following, we study the 
question whether the approach can be generalised, and the approxim ate spin 
correlation calculated from the information stored in the HEPEVT common 
block filled by “any” r  production program.

The approxim ation consists of reconstructing information of the elemen­
tary  2 —> 2 body process e+e^(qq) —» r +r - , buried inside m ulti-body pro­
duction process. Let us stress th a t such a procedure can never be fully 
controlled, as its functioning depends on the way the production program 
fills the HEPEVT common block. It will be always responsibility of the user 
to  check if in the particular case the implemented algorithm  is applicable. 
Nonetheless our aim is not  to replace the m atrix  element calculations, but 
rather to  provide a m ethod of calculating/estim ating spin effects in cases 
when spin effects would not be taken care of, at all. Needless to say such an 
approach is limited (for the spin treatm ent) to  the approxim ation not be tter 
than  leading-log, and to the longitudinal spin degrees only.

The principle of calculating kinem atic variables is simple. The 4-momen­
ta  of the 2 —> 2 body process have to be found. The 4-momenta of the out­
coming r ’s are used directly. Initial sta te  m omenta are constructed from 
the incoming and outcoming m omenta of the particles (or fields) accompa­
nying production of the Z /'y  s ta te 1. We group them  accordingly to  fermion 
number flow, and ambiguous additional particles are grouped (summed) into 
effective quarks to minimise their virtualities. Such an approach is internally 
consistent in the case of emission of photons or gluons within the leading 
log approximation.

Longitudinal polarisation of r  leptons V T depends on the spin quantum  
number of the r  m other 2. It is random ly generated as specified in Table I.

The probability P z  used in the generation, is calculated directly from the 
squares of the m atrix  elements of the Born-level 2 —> 2 process / /  —» r - r + :

where /  =  e, p, u, d, c, s, b. It can be also expressed (following conventions 
of Ref. [9]), with the help of the vector (and axial) couplings of fermions to 
the 7  ( and Z)  bosons. Explicit expression for the differential distributions 
is used. The resulting formula, given below, will be useful for the discussion 
of the numerical results and tests of the next sections.

1 The Z / y  sta te  does not need to  be explicitly coded in the  HEPEVT common block. 
Note th a t if available, inform ation from the history part of the  event, where the 
4-m om enta of gluons quarks e tc .  are stored, will be used.

2 The spin quantisation axes are chosen i n  the s a m e  way as in Ref. [7].

Pz
M

(1)
M (+ ,+ )  +  M



Probability for the conhgurations of the longitudinal polarisation of the pair of 
r  leptons from different origins.

Origin PT+ PT~ Probability

Neutral Higgs bosons: h°, H °, A 0 ! ? f -= +1 PT- = -1 0.5

! ? f -= -1 PT- =  +1 0.5

Charged Higgs boson: H + or H ~ ! ? f -= +1 PT- =  +1 1.0
Charged vector boson: W + or W ~ ! ? f -= -1 PT- = -1 1.0

Neutral vector boson: Z /7* ! ? f -= +1 PT- = +1 Pz
! ? f -= -1 PT- = -1 1 - P z

Other ! ? f -= +1 PT- = +1 0.5
! ? f -= -1 PT- = -1 0.5

p z ( s , 0 ) =
f e f ( + c o s 0; l )

f e f  + cos0; !) +  f e f  ( * , c o s 0 ; - l )  

d(TBoTn-(s,c0sd;p)  =  1̂ +  cos2 0^+o(-s) +  2 cos 0+ 1(5)
d c o s 6

with the four form-factors:

-P 1 +  cos 01+2(5) +  2cos 0+3(s)

(2 )

(3 )

7ra

7ra

,2  „2+o(s ) =  ( QfQr +  2 Re x(s)qfqTVfVT +  x($) v 2 +  a 2 j ( v 2 +  a2 j j ,

+ i(s ) =  ~7)—  ( 2R ex(s)qfqTafaT +  x ( s ) 2VfCif 2vran
L b

( 2
+ 2( s )  =  m m  ( 2 R e x ( s ) q f q TVf a , T  +  x ( s )  ( v j  +  a j )  2 v Ta ,

ixa
~2 s y 

2 'ixa
Ffis) = \ ^ Bex ( s ) q f qTafVT + x(s) 2vf af  (v 2 +  a 2 ) ) , (4)

and
X(s) = (5)

s — M | +  i s F z / M z

Analytic expression for the coupling constants, and their numerical values 
are given in Table II.



The 7 , Z  couplings to fermions. Lowest order approximation, the numerical values 
are given for the effective sin2 6w  =  0.23147.

Flavour: /  qf Vf af

Leptons : f  = e , p , T  1 = ^°-044 4 s in  c o s  = ^ °-593

Quarks : / = «  or e  2/3 =0.227 4sinJ cosg|,, =0-593

Quarks : f  = d, s ot b -1/3 ^¡tàV vcoÎe^' = ^°-410 4g in  c o s  = ^°-593

In the first step of our discussion the V T is shown as a function of cos 0, for 
several centre of mass energies and initial sta te  flavours. The angle 0 denotes 
t -  scattering angle in the Z / j *  rest-frame. It is calculated with respect to 
the e- , u or d effective beam. The Z  mass m z  =  91.1882GeV, was taken 
from Ref. [10], as well as effective sin2 i?q/ =  0.23147 and =  2.49 GeV.

In Fig. 1, the angular dependence of the r  polarisation for the e+ e-  —» 
r + r -  process a t the peak of Z  resonance and for the three different values of 
the centre of mass (cms) energies above it (upper plot). The r ’s are strongly 
polarised in the forward direction, where polarisation approaches the value 
approxim ately twice as big as the average one (the polarisation of Z  due 
to  e — e — Z  coupling sums with the one due to r  — r  — Z  coupling). The 
polarisation is very small in the backward regions. For cos0 = —1 it is equal 
to  zero, independently of the centre of mass energy. The reason is the uni­
versality of both the Z  and 7  couplings to  all leptons. As can be observed, 
the r  polarisation changes significantly (especially in the forward region) 
with the centre of mass energy. At cms energies above the Z-peak, r  polarisa­
tion is smaller, due to significant contribution from the s-channel 
7 -exchange — production mechanism not contributing directly to  the polar­
isation.

Let us now tu rn  to  the production from quarks. In Fig. 1 we show the 
r  polarisation for the u ü  —» r + r -  and dd  —» r + r -  elementary processes 
and the same cms energies as in the previous case. For the cms energy 
close to  the Z-peak, the r ’s produced in the forward as well as in the back­
ward directions are strongly polarised. The polarisation seem to be almost 
zero for cos 0  =  0 , bu t in reality is equal (nearly) to  the same value as in 
previous case of production from electrons at cos0 =  0. Also, the average 
r  polarisation is close to  the case of production from electrons. It is, as it 
should be, independent from the initial sta te  flavour, the Z  was produced 
from. The initial sta te  couplings of the Z,  affect the angular dependence of



e e+ —A t + t
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u u  -A  t + t _  d d  -A  t + t

cos 0 cos 0

Fig. 1. Tests of the TAUOLA universal interface. The r  lepton polarisation as a func­
tion of cos#. Wo have used f s  = M z- 210. 350 and 700 GoV.

the r  polarisation only, and give sizable angular asym m etry in polarisation. 
Obviously, the larger the initial sta te  vector couplings to  Z  the larger angu­
lar dependence of the polarisation. The above argum ents hold, because the 
contribution from the 7  exchange is small. This is the ease, in the region of 
the Z  peak only.

Quite different polarisation pattern  can be observed for quarks and cms 
energies far above the Z  peak (see Fig. 1). Contribution from the 7  exchange 
cannot be neglected. The 7  — Z  interference complicates the pattern  even



m ore. Let us com m ent briefly on th e  num erical resu lts. In th e  case of u  and 
d in itia l s ta te , po larisation  is negative and  nearly  constan t over th e  forw ard 
hem isphere; also th e  average po larisation  is negative. T his is because of 
ra th e r large and positive fo rw ard-backw ard  asym m etry, and  polarisation  
fo rw ard-backw ard  asym m etry. T he average po larisation  increases above the  
% -peak and  approaches, respectively, —35% and —61% in th e  case of uü  and 
dd ann ih ila tion3. Let us point, th a t  in th e  case of r  p roduction  from  the  
d quarks in th e  u ltra  high-energy lim it, po larisation  of th e  r  leptons in the  
backw ard directions approaches zero (independently  of th e  num erical value 
of sin 2 9w ).

3. Towards spin sensitive observables

Once we have u n derstood  th e  p a tte rn  of th e  r  po larisation , let us tu rn  
to  th e  question  of its  m easurem ent. We will follow th e  reasoning sim ilar 
to  th e  one of Ref. [11]. T h e  r  po larisation  V T can be  m easured from  the  
energy d is trib u tio n  of its decay p roducts . To sim plify th e  discussion of spin 
effects, th e  decays r  —> txv were used only4. We will com pare th e  cases of 
vector Z/'y* and  scalar n eu tra l Higgs boson, p roduced in hadron  collisions 
and  decaying in to  pair of r  leptons. T he r  rest-fram e canno t be  accessed 
experim entally5, th e  spin effects can be seen, however, th rough  th e  effects 
on 7r+ 7T-  energy d istrib u tio n s and  correlations, observed/defined for the  
lab o ra to ry  fram e.

Let us s ta r t  w ith  th e  following exam ple, w here for th e  p roduction  of the  
r  lepton pairs M onte C arlo program  PYTHIA was used, and for th e  decay 
M onte C arlo program  TAUOLA, and  our interface. It was assured, th a t  the  
invariant m ass of th e  pair of two incom ing quarks was =  m z  =  run- 
For th e  tim e being we discuss energies defined in th e  r + r -  pair rest-fram e. 
W ith  th e  help of variables z±  =  2E %± /y fs ,  th e  spin effects are visualised. 
In Fig. 2 we observe th e  slope (as expected) of 7r energy spec trum  due to  
r  po larisation . T h e  slope of th e  d is trib u tio n  is sim ply p roportional to  the  
po larisation  (sm all dip  a t z±  ~  0  is due to  k inem atical effect of th e  7r m ass)

~  1 +  V r 2 (z± -  0 .5 ). (6 )
az±

3 This may open the  way for measuring the flavour of the  quarks leading to  r  pair 
production.

4 In case of the  3-body decays, such as r  —¥ e{p)vi> sensitivity is smaller and depends 
on energy of leptons; in case of 7r —¥ pv  to  exploit sensitivity in full, the  reconstruction 
of 7r° is necessary.

5 In some cases the invariant mass of Z jy*  or Higgs boson, can be reconstructed from 
to ta l balans of the  observed transverse energies for all tracks in the event.
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Fig. 2. Single 7r energy spectrum in the case of r  produced from H  (left-hand side) 
or Z  (right-hand side), s/s = m,H or ffs  = m z  respectively. Energies are calculated 
in the rest frame of Higgs boson (or Z).

In th e  case of th e  p lo t on th e  righ t-hand  side of Fig. 2, i.e. decay of th e  Z, 
polarisation  was ab o u t —14.7%. In th e  case of th e  p lo t on th e  left-hand  side 
th e  spec trum  is flat, as would be  in th e  case of scalar n eu tra l Higgs boson 
(or pu re  7 ) w here th ere  is no polarisation .

If po larisation  was V T =  — 100%, th en  th e  d is trib u tio n  slope would be 
m axim ally  negative and touch zero a t z±  =  1. For V T =  100%, slope would 
be  reversed and d is trib u tio n  would touch zero a t z±  =  0. These are th e  cases 
of charged Higgs boson and charged W  boson decays into t v . R espective 
d istrib u tio n s are shown in Fig. 3.

Let us now tu rn  to  th e  question of th e  spin correlations. As we can see 
from  Table I, th e  t  pairs are produced  w ith  th e  well defined spin config­
u ra tions ( + , +  or —, — for vector bosons; + , — or —, +  for n eu tra l Higgs 
boson), thus, th e  spin effects are to  becom e visible on th e  tw o-dim ensional 
d is trib u tio n  build  on and  z+ variables. Indeed, for th e  vector bosons we 
expect m ore events w hen b o th  tx+ and  are on th e  u pper side (case I) 
(z+ >  0.5, >  0.5 ) or lower side (case II) (z+ <  0.5, <  0.5 ), w ith
respect to  th e  m ixed ones: z+ > 0.5, <  0.5 (case III) and  z+ <  0.5,

>  0.5 (case IV).
T he app ro p ria te  asym m etry  is:

Aw tQ1 -  01 +  011 ~  0111 ~  ° 1V -  0  24 (7)z iF a s tS lo w  — . . . — u . Z r ' i . j
(71 +  (J]] +  (Jin  +  (Tjy
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Fig. 3. Single 7T energy spectrum in the case of r  produced from H ± (left-hand 
side) or W + (right-hand side), sfs = m H± or ffs  = m w ±, respectively. Energies 
are calculated in the rest frame of H ± (or W +). Continuous line with spin effects 
included, dotted line with spin effects switched off.

T his can be com pared to  th e  Higgs boson case, w here asym m etry  A.Fastsiow =  
—0.25. For th e  Higgs boson case th e  %Fastsiow is insensitive on th e  choice 
of cm s energy, as th ere  is no interference effects a t all. T h e  sign difference 
is due to  th e  vector boson n a tu re  of Z , as opposed to  th e  scalar n a tu re  of 
Higgs boson.

In order to  b e tte r  visualise th e  spin correlation effect we have in troduced  
variable z s defined as th e  signed p a r t of th e  following phase space p art: a 
surface in z+, z _ variables betw een th e  lines z+ = z _ and  z+ = z -  +  a 
(the  sign of a should be taken). In Fig. 4 respective p lo ts are given for the  
H  and Z  decays. T h e  dashed lines (which in b o th  Z  and H  cases are flat) 
correspond to  th e  case when spin correlations are sw itched off. As we expect 
in th e  Z / j  —> t - t + decays, due to  spin effects a Fast (Slow) 7r=b is m ost 
likely associated  w ith  a Fast (Slow) T he solid line has m axim um  a t 
zs =  0 and  approaches zero for zs =  ±0 .5 . Precisely th e  opposite  is tru e  in 
th e  case of H  —> r - r + . T h e  m axim um  is now a t zs =  ± 0 .5  and  m inim um  
for zs =  0 .

Let us now tu rn  our a tten tio n  to  th e  quan tities  which (a t least in p rin ­
ciple) can be m easured experim entally . Fig. 5 shows th e  invariant m ass 
d is trib u tio n  for th e  case of pure (± , ± )  and (—, — ) configurations of th e  r  
po larisation  and th e  m ass of th e  resonance equal to  th e  Z  m ass. T h e  spin 
correlations enhance fraction  of th e  F as t-F as t and  Slow-Slow configurations 
which are localised m ostly  a t th e  shoulders of th e  7r+ 7r -  invariant m ass dis­
trib u tio n s, th e  Fast-S low  configurations would be localised in th e  cen tre  of 
th e  d istribu tions.



zs zs

Fig. 4. Expected number of events as the function of zs variable. Left-hand side 
plot for H, right-hand side for Z. Continuous line with spin effects included, dotted 
line with spin effects switched off.

r n „ „

Fig. 5. The 7T+ 7r“ invariant mass distribution for ffs  = rriz• Continuous line for 
pure (—, —) dotted line for pure (+ ,+ )  spin configurations.

In Fig. 6  we show 7r+ 7r “  invariant m ass d is trib u tio n  for th e  Higgs boson 
and  Z  cases. C ontinuous line w ith  spin effects included, d o tted  line w ith  spin 
effects sw itched off. L eft-hand side p lo t corresponds to  th e  Higgs boson case, 
righ t-hand  side to  th e  Z . In th e  case of Higgs boson, th e  m ass d istrib u tio n  is 
peaked centrally, w hereas in th e  case of Z/'y* shoulders of th e  d istribu tions 
are m ore profound, especially th e  one a t lower invariant m ass additionally  
enhanced by th e  polarisation .



Fig. 6 . The 7T+7T-  invariant mass distribution. Left-hand side plot for H; right- 
hand side for Z/'y*. Continuous line with spin effects included, dotted line with 
spin effects switched off. In the two cases respectively ffs  = m R =  mz-

For th e  vector case th e  spin correlations enhance fraction  of th e  F as t-F as t 
and  Slow-Slow configurations which are localised m ostly  a t th e  shoulders of 
th e  7r+ 7r-  invariant m ass d istribu tions. T h e  relative height of th e  shoulders 
is sensitive to  th e  average polarisation . For th e  scalar case, th e  enhancem ent 
in th e  fraction  of th e  S low -Fast configurations effects in th e  enhancem ent of 
th e  events localised in th e  m iddle of th e  7r+ 7r -  invariant m ass d istribu tion , 
leading to  th e  slightly  narrow er shape.

If all po larisation  effects are sw itched off (dashed lines) th e  d istribu tions 
in th e  two cases are identical. T h a t observable, well defined d is trib u tio n  
of invariant m ass bu ilt from  th e  visible decay p ro d u c ts  of th e  r ’s, can be 
helpful in separating  Higgs boson signal from  th e  Z/j*  background.

T he sam e d is trib u tio n  have been also stud ied  for th e  off-peak production  
of Z / 7 *, i.e. for th e  larger cm s energies. In these cases th e  average po lar­
isation  is large and  negative, also d is tin c t for th e  uü  and  dd annihilation . 
As illu s tra ted  in Fig. 7, th e  effect on th e  7r+ 7r-  invariant m ass d is trib u tio n  
is noticeable. T h e  shape of th e  d is trib u tio n  m ight give th e  insight to  the  
s tru c tu re  functions of th e  colliding pro tons, once th e  invariant m ass of the  
Z/j*  s ta te  can be  reconstructed .



Fig. 7. The 7r+ 7r“ invariant mass distribution for uu —¥ Z / f f  (left-hand plot) and 
dd —¥ Z (right-hand plot) produced with cms energy of 300 GeV. Continuous 
line with spin effects included, dotted line with spin effects switched off.

4. Case of the Higgs boson signatures at LHC

In th e  search for new phenom ena in accelerator experim ents, im p o rtan t 
param ete r to  es tim ate  discovery chances is th e  signal sensitivity, equal to  
th e  ra tio  of num ber of expected  events from  th e  new physics divided by the  
square roo t of th e  expected  background events. Any possible increase of such 
a ra tio  can im prove chances of discovery (or im prove lim it of th e  exclusion). 
Use of m ore soph isticated  cu ts can be  of a great help in a case when it 
can be com bined w ith  th e  physical p roperties of signal a n d /o r  background 
d istribu tions. E qually  im p o rtan t is th e  possib ility  for th e  verification of 
th e  n a tu re  of observed new physics, e.g. th e  q u an tu m  num bers of th e  new 
resonances.

T he r  leptons are considered as a very prom ising signatu re  for th e  sear­
ches of th e  Higgs bosons in th e  M inim al Supersym m etric  S tan d ard  M odel 
(M SSM) a t LHC collider [12,13]. Below, we will briefly discuss possible 
applica tions of th e  discussed spin correlations in th e  cases of th e  neu tra l 
Higgs bosons H  and A  decay in to  r + r “  pair and th e  charged Higgs boson 
II : decays into t v  pair.

T he n eu tra l Higgs bosons H  and A  decays in to  r + r “  pair, are enhanced 
for th e  large values of tan /3  (tan /3  denotes th e  ra tio  of th e  vacuum  expec­
ta tio n  values of th e  Higgs doublets in th e  MSSM m odel), w ith  th e  b ranch­
ing ra tio  of ab o u t 10% for m ost of th e  range of th e  in teresting  Higgs boson 
m ass values (150-1000 GeV). Accessibility of th e  hadronic decay m ode of the  
t + t “  pair has been stud ied  recently  by th e  CMS C ollaboration  [14]. T he



triggering on such events, signal ex trac tion  from  th e  irreducible background 
Z / f f  —» t t  and  th e  reducible backgrounds QCD je ts , t t  and  W  +  je ts, 
and  reconstruction  of th e  resonance peak  in th e  t + t “  m ass d istribu tions 
seems feasible for th e  Higgs boson m asses roughly above 300 GeV. In th a t 
s tu d y  th e  t  identification is based on th e  presence of a single hard  isolated 
charged hadron  in th e  je t  using tracker inform ation. T h e  two h ard  tracks 
from  t ~  and t +  in th e  signal events have an opposite  sign while no strong  
charged correlation is expected  for th e  Q CD je ts  or W  + je ts  events. T h e  sen­
sitiv ity  of 5a  can be reached for th e  large fraction  of th e  MSSM param eter 
space after th ree  years of d a ta  collecting a t low lum inosity. T he expected 
signal-to-background ra tio  is very large, being of th e  order of one for 50- 
sensitivity, w ith  th e  background dom inated  by th e  continuum  Z / f f  —» t t  

production . T h e  resolution for th e  reconstruction  of th e  G aussian  m TT peak 
is ~  10% of th e  m ass of th e  Higgs boson. T he above perform ance seems 
very prom ising b u t hopefully can be still im proved by exploring th e  spin 
correlations and  polarisations effects. T he possible im provem ents m ay come 
from  th e  add itional suppression of th e  background.

B u t it is also im p o rtan t th a t  exploring effect of th e  spin correlation on 
th e  invariant m ass of th e  hadronic decay p ro d u c ts  m ight allow to  verify 
hypothesis of th e  scalar versus vector n a tu re  of th e  observed resonance peak 
in th e  reconstructed  invariant m ass of th e  t t  pair. As we have seen in the  
previous sections, th e  m ain difference betw een p roduction  m echanism s due 
to  Higgs boson versus Z / f f  consists of th e  correlation  in energies of the  
t  hadronic decay products.

Let us concen tra te  on th e  case of t  decays to  txv —  m ost sensitive to  
th e  spin correlations. In Fig. 8  th e  7r energy spec trum  is shown in th e  labo­
ra to ry  fram e for th e  H  (left-hand side) and  Z / f f  (righ t-hand  side) decays. 
T h e  selection, roughly consistent w ith  w hat is foreseen in th e  experim ental 
analysis [12], was applied. T he m inim al transverse m om enta of th e  7r ’s were 
required  to  be above 15 GeV and th e  pseudorap id ity  |q| <  2.5. Solid line 
shows resu lts w ith  included spin effects, dashed  line w ith  th e  effects sw itched 
off. Spin correlations lead to  th e  softer spec trum  of 7r in Z / f f  decays, which 
m ay slightly  suppress th e  identification efficiency of th e  t  w ith  respect to  
those produced from  th e  Higgs boson decay. T h e  slope in th e  d is trib u tio n  
for th e  Z / f f  (sensitive to  th e  large negative average po larisa tion), depends 
also on th e  relative fraction  of th e  uu  and  dd p roduction  processes sim ulated  
in th e  p ro to n -p ro to n  collision, hence th e  p aram etrisa tio n  of th e  s tru c tu re  
functions. Events were generated  w ith  th e  M onte C arlo PYTHIA5.7 [15] and 
C TE Q 2L  s tru c tu re  functions; th e  Higgs boson m ass of th e  300 GeV and 
th e  w id th  below 1 GeV (as for tan /3  ~  10) was assum ed. For th e  contin­
uum  Z / f f , th e  cms energy of th e  produced  t t  pair was taken  in th e  range 
300 ±  10 GeV.
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Fig. 8 . The 7T energy spectrum in the laboratory frame, after basic selection as 
specified in text, for Higgs boson (left-hand side) and Z j 7 * (right-hand side). Con­
tinuous line with spin effects included, dotted line with spin effects switched off.

Fig. 9 shows th e  effect of th e  h i t  energv-energy  correlations in th e  cms 
fram e as discussed in th e  previous section. A lthough th e  effect seems strong  
enough to  d iscrim inate betw een scalar and vector cases, exploring th is  effect 
would require good experim ental reconstruction  of th e  effective cms fram e 
which m ight be very difficult.

zs zs

Fig. 9. The expected number of events as a function of the 7r+ 7r-  energy-energy 
correlation variable zs, basic selection as specified in the text. Distributions are 
shown for Higgs boson (left-hand side) and Z*/ 7 * (right-hand side). Continuous 
line with spin effects included, dotted line with spin effects switched off.



T he invariant m ass d istrib u tio n  of th e  7T7r system , see Fig. 10, shows 
th e  visible effect of including spin-correlations. As discussed in th e  previous 
section, in th e  vector case these correlations lead to  th e  m ore pronounced 
shoulders in th e  d istrib u tio n  and  th e  relative height of th em  is sensitive to  
th e  average po larisation  of th e  produced  resonance. In th e  case of th e  scalar 
Higgs boson th e  correlations lead to  th e  narrow er d istribu tion , enhancing 
fraction  of events localised in its  cen tral p a r t. W ith  th e  expected  signal- 
to-background ra tio  being of one or higher, th is  effect seems prom ising for 
determ ining  th e  spin p ro p erty  of th e  stud ied  resonance.

Fig. 10. The 7T+7T-  invariant mass distribution after basic selection. On the left 
for Higgs boson, on the right for Z jy*. Continuous line with spin effects included, 
dotted line with spin effects switched off. The Higgs boson mass was assumed to 
be 300 GeV (see text).

For com pleteness let us now tu rn  to  th e  case of th e  charged Higgs boson. 
T h e  decay into t v  pair is a dom inant m ode below th e  k inem atical th reshold  
of th e  tb channel, and accounts for nearly  1 0 0 % of cases, alm ost indepen­
d en tly  of tan /3 . T his branching ra tio  is decreasing ra th e r rap id ly  above tb 
th reshold , b u t is still of th e  order of 10% for th e  Higgs boson m ass of 500 GeV 
and large tan /3 . T h e  LHC detec to rs will be thus sensitive to  signal [12,14], 
w ith  a t least 5a  significance, for Higgs boson m ass up to  400-500 GeV. T his 
sensitiv ity  is alm ost independent on tan /3  below tb th reshold . For th e  Higgs 
boson m ass above top -q u ark  m ass th is  sensitiv ity  is expected  only for large 
tan /3 . In b o th  cases of th e  Higgs boson m asses below and  above top -quark  
m ass, th e  m ain background comes from  W ± —» Y v  decay. H arder pions 
are expected  from  th e  II : decays th a n  from  th e  W ± decays.



T he effect of th e  spin correlations has been already  stud ied , theoretically  
in Ref. [16] and  experim entally  in Ref. [14]. For com pleteness we show in 
Fig. 11 th e  7T energy d is trib u tio n  in th e  lab o ra to ry  fram e for th e  decays of 
II : and  W  —  spin effects sw itched on and off. T he Higgs boson m ass of 
130 GeV was taken.

Fig. 11. Distribution of j f  ¡ E T after basic selection and in the laboratory frame. 
On the left plot for H ± ( m,H =  130 GeV), on the right for W ± . Continuous line 
with spin effects included, dotted line with spin effects switched off.

5. Summary
We have discussed th e  spin effects in th e  r  pair p roduction  a t LHC. 

A few d istribu tions presented  here, sensitive to  th e  r + r -  spin correlations, 
can be possibly used for th e  M SSM Higgs bosons searches scenarios a t LHC 
to  enhance sensitiv ity  of th e  signal or to  verify th e  hypothesis of th e  spin 
zero n a tu re  of th e  Higgs boson.

We have ex tended  th e  algorithm  for th e  interfacing th e  r  lepton decay 
package TAUOLA w ith  “any” p roduction  generato r to  include effects due to  
spin in elem entary  Z / 7 * —» r + r -  process. T h e  interface is based exclusively 
on th e  inform ation sto red  in th e  HEPEVT com m on block. T his code is publicly 
available e.g. from  th e  URL address [17].

Z.W . acknowledges su p p o rt of th e  Zürich E T H  group a t C E R N  w here 
p a r t of th is  work was done.



Appendix A

Universal interface fo r  TAUOLA package

Let us recall first som e details of th e  universal interface for TAUOLA and 
“any” r  p roduction  generator as described in Ref. [4]. T h e  interface uses as 
an  in p u t th e  HEPEVT com m on block and  operates on its  conten t only. As a 
dem onstra tion  exam ple th e  interface is com bined w ith  th e  JETSET generator, 
however it should work in th e  sam e m anner w ith  th e  PYTHIA6 , HERWIG or 
ISAJET generators as well.

T he interface acts in th e  following way:

•  T he r  lep ton  should be  forced to  be stab le  in th e  package perform ing 
generation of th e  r  p roduction .

•  T he conten t of th e  HEPEVT com m on block is searched for all r  leptons 
and r  neutrinos.

•  It is checked if th ere  are r  flavour pairs (two r  leptons or r  lep ton  and 
r  neu trino) orig inating from  th e  sam e m other.

•  T he decays of th e  r  flavour pairs are perform ed w ith  th e  subrou tine  
TAUOLA. L ongitudinal spin correlations are generated  in th e  case of the  
r  p roduced from  decay of: W  - A  t v , Z /'y  - a t t , th e  n eu tra l Higgs 
boson H  - +  t t , and th e  charged Higgs boson i i 4  — a t v . P arallel or 
anti-parallel spin configurations are generated , before calling on the  
r  decay, and  th en  th e  decays of 1 0 0  % polarised  r ’s are executed.

•  In th e  case of th e  Higgs boson (for th e  spin correlations to  be gener­
ated) th e  identifier of th e  r  m o ther m ust be th a t  of th e  Higgs boson. 
Here, th e  partic le  code convention as th a t  used by th e  P Y T H IA  5.7 
M onte C arlo is adopted .

•  In case of th e  W  and Z / y  it is no t necessary. If from  th e  sam e m other 
as th a t  of th e  r ,  a vT is also produced, th e  W  is assum ed as th e  m other 
of th e  r .  Similarly, if from  th e  sam e m other an o th er r  w ith  opposite 
charge is produced, th e  Z / y  is assum ed to  be th e  m other of th e  r  pair.

•  P h o to n  rad ia tio n  in th e  decay is perform ed w ith  PHOTOS package 
[18,19].

•  Let us no te  th a t  th e  calcu lation  of th e  r  po larisation  created  from  the  
Z  a n d /o r  v irtu a l у  (as function of th e  d irection) represents a ra th e r 
non-triv ial extension. Generally, th e  dedicated  s tu d y  of th e  production  
m atrix  elem ents of th e  host generato r is necessary in every individual 
case.



For som e of th e  technical details on how to  use th e  in terface we address 
th e  reader to  Ref. [4]. For general docum enta tion  of TAUOLA to  
Ref. [1-3]. For th e  use of PYTHIA reference to  [15] and references there in  
will be th e  best.

Here, let us concen tra te  on practical details. T h e  TAUOLA interface is 
organised in a m odu lar form  to  be used conveniently in “any environm ents”.

Initialisation
In itia lisa tion  is perform ed w ith  th e  CALL TAUOLA(MODE,KEYSPIN), 

M0DE=-1. All necessary in p u t is d irectly  coded in sub rou tine  TAUOLA placed 
in a file t a u f a c e - j e t s e t  . f .

T he following in p u t param eters  are set a t th is  call (we om it those which 
are s tan d a rd  in p u t for TAUOLA as defined in its  docum enta tion). T hey  are 
hard-coded  in th e  subroutine.

Parameter Meaning

POL Internal switch for spin effects in r  decay. Normally the user 

should set P0L=1.0, and when P0L=0.0 spin polarisation 

effects in the decays are absent

KFHIGGS(3) (KF=25, 35, 36) Flavour code for h, H  and A

KFHIGCH (KF=37) Flavour code for H +

KFZO (KF=23) Flavour code for Z°

KFGAM (KF=22) Flavour code for 7

KFTAU (KF=15) Flavour code for t ~

KFNUE (KF=16) Flavour code for vT

Event generation
For every event generated  by th e  p roduction  generator, all r  leptons 

will be decayed w ith  th e  single CALL TAUOLA( 0 , KEYSPIN), (KEYSPIN=l/0 
denotes spin effects sw itched on /o ff). T hen , all r  leptons, will be first lo­
calised, th e ir positions stored  in in terna l com m on block TAUPOS, and  the  
in form ation necessary for calculation  of r  spin s ta te  will be read  in, from  
HEPEVT com m on block. L ater spin s ta te  for th e  given r  (or r  pair) will be 
generated , and  finally decay of polarised r  will be perform ed w ith  th e  s tan ­
d ard  TAUOLA action. In particu la r, th e  decay p ro d u c ts  of r  will be boosted  to  
th e  lab o ra to ry  fram e and  added  to  th e  com plete event configuration stored 
in HEPEVT com m on block.



Calculation of the r  spin state
Once CALL TAU0LA(0,KEYSPIN) is executed  and r  leptons found, the  

spin s ta te s  need to  be  calculated.
F irs t, we look in HEPEVT for th e  position  of r ’s m others, and sto re  them , 

in m atrix  IM0THER(20). Each m other giving r  lep ton(s) is sto red  only once, 
independen tly  of th e  num ber of produced  r ’s. L ater, for every IMOTHER(i) 
we execute th e  following steps:

•  T he daugh ters which are e ither r  leptons, or vT are searched for.

•  D aughters are com bined in pairs, case of m ore th an  1 pair is n o t ex­
pected  to  be im p o rtan t and ad hoc pairing is th en  perform ed.

•  T he two m ain  cases are thus ( r  r )  or ( r  v).

•  T he defau lt choices are, respectively, Z / 7  or W , unless th e  identifier 
of IMOTHER(i) is explicitelv  th a t  of n eu tra l (or charged) Higgs boson.

•  C alculation of th e  spin param eters  is k inem atics independen t and 
straightforw ard  in all cases except Z / 7  (see Sec. 2 for details on physics).

•  For Z / 7 , th e  I f f  is ca lculated  w ith  th e  help of th e  function  PLZAPX 
(HOPE, IMO, NP1, NP2). T he HOPE is th e  logical p aram ete r defined in 
sub rou tine  TAUOLA placed in file t a u f  a c e - j e t s e t  . f . I t tells w hether 
spin effects can be calculated  or no t. I t is set to  . f a l s e . ,  if available 
in form ation is incom plete, then , PLZAPX(H0PE,IM0,NP1,NP2) re tu rns
0.5. T he IMO denotes position  of th e  r  m o ther in HEPEVT com m on 
block NP1 position  of r + and  NP2 of r - .

•  To calcu late  reduced 2 —» 2 body  k inem atical variables s and cos 0 
sub rou tine  ANGULU(PD1, PD2, Q1, Q2, COSTHE) is used. 4-m om enta of 
th e  incom ing effective beam s and  outgoing r + and  r -  are denoted  by 
PD1, PD2, Ql, Q2, respectively.

Run summary
A fter th e  series of events is generated , th e  op tional CALL TAUOLA 

(1 ,KEYSPIN) can be  executed. T he inform ation on th e  whole sam ple, such as 
num ber of th e  generated  r  decays, b ranching ra tio s calculated  from  m atrix  
elem ents etc., will be  prin ted .

Dem onstration program
O ur m ain program  d em o.f is stored  in subd irec to ry  d e m o - je ts e t .  It 

reads in th e  file i n i t  .d a t  which includes som e in p u t p aram eters  for th e  p a r­
ticu lar run, such as num ber of events to  be  generated  (by JETSET/PYTHIA), 
or th e  ty p e  of th e  in teraction  it should use to  produce r ’s, etc. We address 
th e  reader d irectly  to  th e  code for m ore details. I t is self-explanatory.
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