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Chapter 1

Theoretical models

1.1 Higgs boson and 7-lepton in SM and in MSSM

1.1.1 SM Higgs boson

Higgs boson is the last undiscovered particle predicted by the Standard Model (SM in what
follows). It is used in the description of the so-called spontaneous electroweak symmetry
breaking and in generation of particle masses through the famous Higgs mechanism. The
point is that the exact SU(2) x U(1) electroweak symmetry predicts zero particle masses;
this of course contradicts the experimental results - particles have masses - and thus the
symmetry has to be broken. Higgs boson couplings relevant for the Higgs boson decays
are proportional to particle massed]. Thus we can roughly say that it decays with the
highest probability to pair of the heaviest particles over the threshold (given by Higgs
boson mass mH)E For mpy less than ~ 120 GeV the Higgs boson decays dominantly to bb
pair with BR & 90%. The second decay H — 77 have much lower but still non-negligible
branching ratio (BR ~ 10%) in this region. As mpy increases the decay H — WW
becomes more and more important and at my ~ 120 GeV it starts to dominate. In the
region 120GeV < mpy < 160GeV at least one of the W bosons is of course virtual. The
mp-dependence of branching ratios is in Figure [J which was taken from [I]. For more
information on the Electroweak theory see for example [2]. Direct measurement of Higgs
boson existence (and of its mass) was made at the accelerator LEP at CERN and at the
accelerator Tevatron in Fermilab. Four experiments at LEP concluded that Higgs boson
with mass under 114.4 GeV does not exist with 95% confidence level ([3]). The results
from Tevatron yield exclusion of the mass region 158 — 175 GeV ([]). The expectations
of Higgs boson mass were made on the basis of perturbative high-order corrections. The
theoretical results (including Higgs boson mass) were fitted to set of high-precision data.
Thus the 95% one-sided confidence level upper limit on mpy was set to 158 GeV. But
sensitivity of these corrections to Higgs boson mass is weak (roughly speaking logarithmic)

Yowwr = gmw, gzzu = gmz/2cosOw, grrm = —gmyg/2myy, where f is arbitrary fermion
2Tt is exactly true for fermions; for gauge bosons the situation is a little more complicated - the decay
to WTW ™ dominates on all the region above it’s threshold
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Figure 1.1: my dependence of SM Higgs boson branching ratios

and thus their prediction power is not very strong. For more information see [].

Only the exclusions of some Higgs boson masses were made so far. The question of it’s
existence or non-existence (and thus of it’s mass of course) still remains open. It is the
task of accelerator LHC at CERN to continue the Higgs boson searches. LHC provides
protons collisions with center-of-mass energy 7 TeV at the moment but the nominal value
is 14 TeV. By the end of the year 2012 enough data should be collected to either prove or
exclude the Higgs boson existence up to the mass of 600 GeV.

1.1.2 Minimal Supersymmetric Standard Model
Introduction

The minimal supersymmetric extension of SM (i.e. Minimal Supersymmetric Standard
Model, MSSM) states that each particle from the SM has it’s supersymmetric partner
(sparticle)ﬁ Supersymmetric particles have different spin (and therefore different statistical
behavior) than their SM partners - SM bosons have MSSM fermionic partners and SM
fermions have MSSM bosonic partners. There are two complex Higgs doublets in MSSM
(Hy, Hy) and five physical Higgs bosons (three of eight original Higgs fields are eliminated
as Goldstone bosons to generate three gauge boson masses): two of them are electrically
charged (H*, H™) and three of them are neutral - CP-odd A, CP-even H which is called
heavy Higgs boson and another CP-even h, called light Higgs, which could be identified

3But the supersymmetry has to be broken so that the supersymmetric partners of SM particles had
different masses; if the supersymmetry was not broken some MSSM particles would have been observed in
the past which is obviously not the case



with SM Higgs boson. Supersymmetric fermionic partners of Higgs bosons are called
Higgsinos. There is one vacuum expectation value associated with neutral component of
each Higgs doublet (v, v9). The original Higgs fields mix to form physical Higgs fields (mass
eigenstates). There are two mixing angles. For example: H* = sin 8(H; )* + cos BHS,
where tan f = vy/v1. The other mixing angle o can be expressed in terms of the angle [
and CP-odd Higgs boson mass m 4. At the tree level the masses of MSSM Higgs bosons can
be expressed in terms of these two free parameters (m4, ) and of gauge bosons masses.
Thus the Higgs bosons masses are given by:

mis = mi+miy, (1.1)
1
m%{,h = §(mi +m?% + \/(mi +m%)?2 — 4m%4m? cos? 23) (1.2)

On the basis of these formulae we can derive following constraints on the Higgs bosons
masses:

mygs > my (1.3)

mg > ma > my (1.4)
mp < my (1.5)

mi +m3y = mi+my (1.6)

From it follows that the light Higgs boson bare mass is smaller than that of Z boson (which
contradicts the experimental results because Higgs boson has not yet been observed).
However, if radiative corrections are included, m;, could increase to about 130 GeV.

One of new important concepts in MSSM is R-parity. It is internal symmetry whose
value for each particle is defined to be

R = (_1)3B+L+2s (1.7)

where B, L and s are the particle’s baryon number, lepton number and spin respectively.
Thus R = 1 for all conventional matter particles and R = —1 for their superpartners.
In MSSM the R-parity conservation is postulated. The postulate has these important
consequences:

e In accelerator experiments, sparticles can only be produced in pairs

e The lightest sparticle (LSP) is stable and if it is electrically neutral it could be
non-baryonic dark matter candidate

e The decay products of all other sparticles must contain an odd number of the lightest
sparticles; and since the LSP have no electric or strong charge in MSSM they cannot
be detected. In accelerator experiments at least 2mpgsp missing energy has to be
associated with each SUSY event.

For more information on the MSSM see [6], [ and [S].

3



MSSM Higgs bosons production processes in pp collisions

The Higgs bosons couplings to other particles are also functions of unknown mixing angle
£ (in addition to other parameters). Thus the production (as well as decay) processes have
to be discussed in the dependence of this parameter. In general there are four main MSSM
Higgs production processes:

e gluon-gluon fusion: gg — h/H/A
e vector boson fusion: q¢' — ¢"¢" + W*W*/Z*Z* — ¢"¢" + h/H

e associated production with heavy quarks (i.e. ¢ or b in final state): gg/qq — ¢'q +
h/H/A

e associated production with vector boson: q¢' — W/Z + h/H

The light Higgs boson is similar to that from SM and thus it’s dominant production
process is the gluon-gluon fusion. The CP-odd Higgs boson A cannot be produced in the
second and the fourth reaction because it does not couple to vector bosons in MSSM. As
we said already the H and A Higgs bosons couplings depend on the parameter 3. For low
values of tan 3 (i.e. tan 3 ~ 3 or less) H and A couplings to up-type quarks are enhanced
and the dominant production process is gluon-gluon fusion, especially via the top quark
loop. For high tan§ (i.e. tan ~ 30 or greater) the couplings to down-type quarks are
enhanced and the dominant production process is associated production with b-quarks,
but gluon-gluon fusion via b-quark loop contributes significantly too.

MSSM Higgs boson decays

The light Higgs boson has couplings similar to SM Higgs boson whose decays were briefly
discussed in Section [CTIl Here we are going to discuss the decays of H and A bosons.
The heavy Higgs bosons decays strongly depend on tan 3. For low values of this parameter
the couplings to up-type quarks are enhanced and (when allowed) the decay to pair of top
quarks dominates. In lower mass region (mpa ~ 130 — 300 GeV) A decays dominantly to
bb and 77 (BR =~ 90% and BR ~ 10% respectively) and H decays dominantly to W W bb,
Z 7 and hh. For high values of tan 3 the couplings to down-type quarks are enhanced and
the dominant decay processes are thus H/A — bb with BR ~ 90% and H/A — 77 with
BR &~ 10% in practically all the allowed mass region.

1.1.3 7-lepton

7 is the heaviest lepton in SM. It was discovered in 1975 in the laboratory SLAC (USA)
at the eTe™ accelerator SPEAR. It’s neutrino was confirmed much later - at the beginning
of new millennium - in experiment DONUT in the laboratory FNAL (USA). 7-lepton’s



mass is m, &~ 1.777 GeV and thus it can decay hadronicaly in contrast to other leptonﬂ.
Thanks to the lepton universality it has the same basic properties as muon and electron
apart from the mass. But the decay rate of the process h — 77 is much bigger than that
of processes h — ee, h — pup due to the above mentioned fact that Higgs boson couplings
to fermions is proportional to fermion masses. Thus we can write:

P(h — pp) = %P(h 1) (1.8)
['(h — ee) = Zzgf(h — TT) (1.9)

T

7 leptonic decays have branching ratio approximately 35% (17.4% for 7 — pv,v, and
17.8% for 7 — evv, thanks to the lepton universality). 7-lepton hadronic decays have
BR &~ 65% and are dominated by 7 — pv, process with BR &~ 25%. The second most
important hadronic decay is 7 — 7, (BR ~ 11%). The remaining hadronic decays are
of little importance in the context of this thesis. For more information see [B]. MSSM
7-lepton has the same behavior as in SM and thus all the discussion above is valid for it
as well.

4The lightest charged hadron is m-meson with m, =~ 140 MeV; this fact kinetically forbids muon
(m,, ~ 105 MeV) and electron (m. ~ 0.5MeV) to decay hadronicaly
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Chapter 2

Angular Correlations

2.1 Introduction

In this section we are going to develop one method of Higgs boson CP measurement. As
discussed in Section there are two CP-even and one CP-odd Higgs bosons in MSSM.
The method to be developed can distinguish CP-even from CP-odd Higgs boson on the
basis of angular correlations of hadronic decay products of 7-leptons born in Higgs boson
decay. The directions of these hadrons (either m-meson or p-meson) are correlated due
to the correlation of spins of the two 7-leptons and due to the parity violation in weak
interactions (neutrinos/antineutrinos are born left /right-handed in the 7= /71 decays). An
instructive insight to the problem can give us considerations based on angular momentum
quantum mechanical treating. The most important point is that spin-angular part of the
wave function of 7-leptons born in CP-odd Higgs boson decay is antisymmetric with respect
to the 7-leptons exchange:

1
EAESNERS ﬁ(mm—mm) (2.1)

whereas in the case of CP-even Higgs boson it is symmetric
— 1 —\ [+ —\ |+
[T~ E(Iﬁ T+ T 0m0) (2.2)

if we choose appropriate orientation of axes of the Higgs boson rest frame with respect
to the direction of 7-leptons (see Section ZZT]). The notation is such that for example
|71) denotes 7-lepton with third component of its spin oriented in the direction of z-axis
of the Higgs boson rest frame and the remaining symbols are analogic. The relative sign
propagates into the form of the overall angular distribution. Detailed study of this quantum
mechanical problem is in Appendix [Al The angular distribution can not only be used in
the Higgs boson CP determination but also in distinguishing of the h/H/A — 77 event
from its main background in the region of not very high Higgs boson masses which is the



Figure 2.1: Feynman diagram of cascade Higgs boson decay into two pions and two
neutrinos

process Z — 77. Detailed study of all these angular distributions (on the basis of quantum
field theory) are going to be performed in this thesis.

The difference between CP-odd and CP-even Higgs boson that is relevant for this
thesis is that the CP-odd one has an additional Dirac 75 matrix in it’s (Yukawa) coupling
to 7-leptons, namely:

‘Cint = QATT%'VSTA (23)
'Cint == gHTT%TH (24)

For completeness, the notation that we are going to use in what follows is such that H
denotes CP-even Higgs boson (regardless of its type) and A denotes the CP-odd one.

2.2 CP-even Higgs boson decays

2.2.1 Two pion final state

Squared matrix element

In this section we are going to calculate the angular distribution of products of process
H—71 71t Svr ot (2.5)

Tree level Feynman diagram of this process is in Fig. 2. In all the thesis we will neglect
the higher-order perturbative corrections. We will express the result as a function of three
independent angles whose meaning is as follows (see also Fig. EZ2):

7



Figure 2.2: Geometry of the Higgs boson decay

e 0 is polar angle of 7~ in 7~ rest frame (all the three axes of this frame has the same
directions as those of Higgs boson rest frame)

e (' is polar angle of 7% in 77 rest frame (all the three axes of this frame has the same
directions as those of Higgs boson rest frame)

e ¢ is azimuthal angle between 7~ and 7t transverse components directions (transverse
with respect to the z-axis) in any frame (77, 71 or H rest frame) - thanks to the
fact that movement of 7-leptons is in the z-axis only, transverse components of pions
momenta are not influenced by Lorentz boosts. We choose the frames such that the
decay 77 — 7w v, is in o — 2z plane. Then the angle ¢ is azimuthal angle of 7% in 7+
rest frame.

We will use the approximation of very narrow 7-lepton decay width, in other words we will
consider the 7-leptons to be on-shell. We explain what we mean:
Relevant form of the fermion propagator in momentum representation is:
g +m f

Sr(q) = . (2.6)
q* —mj +imyTy

where my, I'y are the fermion’s mass and decay width respectively. Considering that the
7-lepton decay width is very narrow we approximate the square of non-matrix part of the
propagator by d-function, i.e. we do the substitution

2

1 1
~ —0(q¢* — m? 2.7
¢ —m2+imy| P (@ = m) (27)

where P is a constant factor with dimension of square of mass. Since are aim is to calculate
the angular distribution we do not care about value of this overal constant factor. Thus in



the square of matrix element the nominators of 7-lepton propagators will remain untouched

whereas the product of two denominators yields d-function in this approximation. Thanks

to this d-function we are allowed to replace ¢* by m? in all the squared matrix element.

Since we use this equality (¢*> = m?) we effectively assume the 7-leptons to be on-shell

although we describe them by propagator (which is in general related to off-shell particles).
Matrix element of 7-lepton decay is:

M~ =7 v) = —Gpeostofrup(k)p(l —s)ulq) (2.8)

where G is Fermi weak constant, 6o is Cabbibo angle and f; is pion decay constant. For
details see [2]. Taking into account (EZ§), matrix element of the whole process is:

1 1
ﬁ_mr _d/_mr

1 1 , ,
o ) (2.9)

M= g7+ (—GrpcosOc fr)® x g (k)p(1 — 75) 7 (1 = vs5)vr(K)

= g (—Grcosbcfr)? x dug(k)p

Let us define:
216
— 0

7 (¢ —m2)6(¢q* —m2) (2.10)

T T

Cc = (gHTT(_GFCOSQCf”)2)

where constant factor R is remnant of the denominators of the propagators. Thus the
squared matrix element can be written in the following way:

MPE = € x oK) (~ + )+ i pus ()
xtp (k)p(d +m:)(—¢ + m;)fvr(K) (2.11)

After detailed calculation given in Appendix [B] we obtain the following result:
MP = Cx2md (20 R)q- k) + 200K )k ) +

H2(q- ) = 2m2) 0 K) = 2 K) k- )~ 20q- DG K))  (212)

Scalar products

Due to the Lorentz-invariance of scalar product of two four-vectors we can evaluate different
terms appearing in |M]|? in different reference frames (these frames will be the rest frames
of 7-leptons and of Higgs boson). We have to calculate these scalar products:

(k-q), (K-q), (k-¢), (¢-K), (¢-¢), (k-K) (2.13)

In order to evaluate the products we will boost the vectors ¢ and ¢’ to the rest frames of
7t and 7 respectively and the vector &’ to the rest frame of 7=. We will use following
notation:



e [ is the velocity of 7= in CMS of the Higgs boson and + is the corresponding Lorentz
~-factor

e 3 = —[f is the velocity of 7" in CMS of the Higgs boson and 7/ is the corresponding
Lorentz ~-factor

e subscript says in what frame the corresponding object is expressed (for example
koms,+ means the four-vector of neutrino expressed in 77 rest frame).

Detailed calculation of the scalar products (2I3) is given in Appendix[B.2 Here we present
the results:

(k-q) = |komse|m. (2.14a)
(K q) = |Fouse|m. (2.14b)
(k-q) = ECMSr 7% (1 — 203 cos O + 52) (2.14c)
(K-q) = |Kouse ’Y% (1 + 208 cosf' + 62) (2.14d)

m2, — 2m?

(¢-d) = —F5— (2.14e)

. , 1+ 32
(k-k) = ’k‘cMsr ‘k’CMST+ X (%(1 — cosfcost') +
20 ' Y
+1—7/B2 (cosf" — cosf) — sinfsin b’ cos ¢ (2.14f)

can be expressed in terms of particle masses, see (BIZ7al).

where ’kCMSr and ’k/CMST+

Integration of the squared matrix element

We instituted the previously calculated scalar products in (ZI2) using the software Mathematica.
The result is:

T T

1
M = Cx §m4(m% —4m?2)(m2 — m2)*(1 4 cos @ cos @' — sin @sin & cos ¢) (2.15)

Now, we have to integrate it over the Lorentz invariant phase space of four particles
(LIPSy). Details of the integration are in Appendix [B3l The result is:

1 1 4m? [Pemsr-| ‘177 CMST+
ar = —— -
2my w2 (8m)* m3; m2

Final result

|M|*dg*dq’*d cos 0d cos 0'd¢(2.16)

The desired angular distribution of two pions born in decay (ZH) is thus:

1 dr’ 1 o o
Fdcosfdcos@de 8—W(1+cosﬁcosﬁ — sinfsiné’ cos ¢) (2.17)

10



2.2.2 One pion and one p-meson final state

In this section we are going to present the result of calculation of angular distribution of
one pion and one p-meson born in the cascade decay

Y > vvpont (2.18)

H—7171
Our notation will be the same (i.e. the angle variables now relate to p~-meson instead
of to 7~ -meson). We will not give details of the calculation because it is similar to the
case of two pion final state (see Section Z2ZT). There is just one difference between the
two cases - p-meson is vector meson (whereas pion is pseudoscalar) and thus the 7-lepton
decay matrix element has the following form:

M~ = pv,) = —=Gpcosbofyun(k)é (p,A\)(1—vs)u(q) (2.19)

We can see that the p-meson polarization vector substituted the momentum in the matrix
element (compare with (28)).
Matrix element of the whole process is:

M = gy (—Grcosbefr)(—Gpcosbcf,) x

xur (k)¢ (p, A)(1 — 75)91 _lmT — 1_ m,

P = s)vr(K) (2.20)

Due to the presence of polarization vector in (220) there appears an additional term in
the squared matrix element with respect to (ZI1]). We have to sum over three polarization
states of the p-meson which gives:

3
. 1
E Eu(pu )\>€V(p7 )‘> = —Gw T m2p,upu
A=1 p

The term with p,p, has exactly the same structure as (I0]) but the term with g,,, is new
with respect to (ZI0). Nevertheless, we will not give details of the calculation of this term
here.

After all the calculation machinery (including the narrow 7 width simplification discussed
in Section ZZTl) the result is:

1

M2 = C' x 2—mzm§(m3 —m2)(m2 — mi)(m% — 4m?2)(m? + Qmi) X
P
m2 — 2m?
1 — 7 0cosf — sinfsind’ 2.21
X < + (m? n 2m%> (cos 6 cos sin @ sin 0’ cos gb)) (2.21)

where

C" = (garr(—Grcosbofr)(—Grcosbof,))? g 52 —m2)s(q? —m?)  (2.22)

11



The angular distribution of pion and p-meson from the process [ZIJ) is:

dr 1 m?2 — 2m?
= 14 |t
m2 + 2m?

1 / . . /
fdcosﬁdcos@’d¢ = % )(COSHCOSH sin 6sin 0 cos<j>)> (2.23)

We can see that the angular-dependent part is suppressed by a factor (m2 — 2m?2)/(m2 +
2m§) with respect to the two pion final state topology.

2.2.3 Two p-meson final state

We are going to present the result of calculation of angular distribution of two p-mesons
born in the cascade decay

H—71 1" >vpupt (2.24)

Matrix element of this process is:

M = gy (=Gpcostof,)? x

xar (k)¢ (p, A) (1 —75) ! :

qd—m; —¢ —m;

£ (0, A) (1 = s)or(K)  (2.25)

Now, both pion momenta are substituted by p-meson polarization vectors in the matrix
element. This yields two polarization sums and three different terms in the squared matrix
element (two of them has the same structure as in one pion and one p-meson case). We
will not give details of the calculation of the third term. We just present the result:

1

ME = O S my — ) m? — 222+ 2002
o
m? —2m2\*
X (14 <m;—|—72mg> (cos B cos @ — sin O sin 0’ cos @) (2.26)
T P
where
"o (216 o o 2\ (12 2
C" = (gner(=Greosbef,)?)”  0(a* = m)d(g™ —m3) (2.27)

The angular distribution of two p-mesons born in the process ([Z24) is:

2 _ 9m? 2
d _ 1 (1 + <u> (cos B cos @’ — sin O sin 0’ cos QS))(Q.QS)

1
T d cos Od cos 0'd¢ 8 m2 + 2m?

We can see that the angular-dependent part is suppressed by a factor (m?2 — Qm/%)2 /(m2 +
2m?)* with respect to the two pion final state topology.

12



2.3 CP-odd Higgs boson decays

As stated in Section Bl (equations (Z3),(Z4)), the CP-odd Higgs boson coupling to
7-leptons differs from that of CP-even Higgs boson by an additional 75 apart from the
magnitude of the coupling constant. Matrix element of it’s decay to a pair of 7-leptons
reads:

MA =777 = garrti(q)y50(¢) (2.29)

In all this section we will use the same notation as in previous Section 22 In fact all the
calculations are practically the same as before - there is just one difference: the additional
75 in the vertex (Z3)) effectively changes the sign in front of 7+ momentum. Thus we may
just slightly modify the previously obtained results in order to get the angular distribution
of CP-odd Higgs boson decay. For example the matrix element of CP-odd Higgs boson
decay with two pions in final state is:

M = gATT(_GFCOSQCfT()2 X
1 1

<P o) e el (230
and the squared matrix element is:
[MP=— (garr(~Grcosbof)?) ' 6(a? ~ m2)5(g? — mi?)
< (5220 (< + sl + )2l + s~ + )
=D X TP o)+ ks g +m () (231)
where
D = (gar(—Gpecos 90f7f>2)2 1—R6 d(q® —m?)o(¢” —m3) (2.32)

The expression (231)) is really the same as (ZI0) apart from the sign in front of the 77
momentum ¢’ (and the overall constant factor of course).

2.3.1 Two pion final state

The process in question is:

+

A—1 77 vt (2.33)

Matrix element of this process is in equation (30). The result is:
1
IM|? = Dx §mf_m§{(m3 —m2)?(1 + cos# cos @ + sinfsin ' cos ¢) (2.34)
The angular distribution of two pions born in the decay ([233)) is:

1 dr’ 1
T d cos fd cos 0/ = & (1 + cosfcost + sinfsin b’ cos @) (2.35)
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2.3.2 One pion and one p-meson final state
The process in question is:

+

A—=1 71" = vp mt (2.36)

Matrix element of this process is:

M = gar(—Gpcosbcfr)(—Gpcosbcf,) x

xur (k)¢ (p, A)(1 — Vs)g _1m V5 —7 i - # (1 —vs)vr(k) (2.37)

T T

The result is:

1
(M = D' ogmigmi (me — mz) (my — mi)(m + 2my) x
p
m?2 — 2mf) A o
x |1+ m (cos @ cosf' + sin @ sin @' cos ¢) (2.38)
where
/ 16 /
D' = (gar(—Grcosbofr)(—Grcosbof,)) i 5 —m2)d(q* —m?)  (2.39)

The angular distribution of pion and p-meson born in the decay (Z30) is:

1 dr 1 m?2 — 2m?
T = =\ 1+ {73 0 cos ¢’ + sin 0 sin ¢/ 2.4
T d cos d cos B'd¢ e < =+ <m§ n Qm?)) (cos@cost + sinfsin ' cos qb)) (2.40)

2.3.3 Two p-mesons final state

The process in question is:
A—=T1710 —>vp Upt (2.41)
Matrix element of this process is:

M = gar(=Grcoslcf,)? X
xur (k)¢ (p, A)(1 — Vs)g 1m V5 =7 1_ L N) L —ys)op(K)  (2.42)

- T T

The result is:

1
IM|*? = D" x —Qmﬁm%[(mi — mi)z(mz + 2m§)2 X
14 Li Qmi 2 0’ cos 0 + sin 0 sin 0’ 24
X w2+ 2m? (cos & cos sin 0 sin 0’ cos @) (2.43)
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where
216

D" = (gATT(—Gp cos Gcfp)z) = §(* —m2)6(q”* —m?) (2.44)
The angular distribution of pion and p-meson born in the decay (Z30) is:
1 dr 1 m2 —2m2\”
= = — |1 —F 0 cos @ + sin 0 sin 0’ 2.4
I dcos 0d cos 0'do oy ( + (ma n 2m%> (cosf cos @ + sin sin 0’ cos ¢))( 5)

2.4 Summary of the results

Let us write and discuss the results obtained in this Chapter. General form of our angular
distributions is
1 dr 1

Tdcosfdcosfde 8_7r(1+F X (cos@cosf + S xsinfsinb cosg))  (2.46)

where the factors F' and S are summarized in Table 21l  From this table we can see that

CP-even Higgs boson | CP-odd Higgs boson
hadrons F S F S
Tt 1 -1 1 1
_ m2—2m? m2—2m2
P Tt <m2+2m§) -1 <m72.+2m§ > 1
— m2—2m2 2 m2—2m2 2
P p+ (m%+2m§) -1 <m72.+2m§> 1

Table 2.1: Parameters of angular distributions

the presence of p-mesons in final state results in suppression of the angular-dependence
of the distribution with respect to the two pion final state topology. And we can also
see (which is our main goal) that CP-odd and CP-even Higgs boson differ in the sign in
front of the term sin #sin @’ cos . We can see that CP-even Higgs boson prefers opposite
directions of transverse momenta components of final state hadrons whereas the CP-odd
one prefers the final state hadrons to have the same directions of these components. This
fact in principle allows to distinguish Higgs bosons with combined parities CP = 1 and
CP = —1. In reality this may not be possible because in hadrons collisions, which is the
case of LHC, it is impossible to precisely reconstruct the Higgs boson rest frame due to the
presence of two undetectable neutrinos in final state. We can use the so-called collinear
approximation but in this approach we expect the transverse correlation to be destroyed.
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2.5 Z boson decay

As stated already the Z boson decay to 7-leptons represents the main background to Higgs
boson decays to these leptons in the region of not very high Higgs boson masses. Our
goal is to show that we can distinguish the background processes Z — 77 from the signal
ones on the basis of angular distribution of final-state hadrons. Contrary to the previous
two cases we will consider only the two-pion-final-state decay here. We will see that the
differentiation is possible thanks to the longitudinal spin effects and that the transverse
spin effects are suppressed a lot even in the case of two pions in final state. If we do
not consider the transverse spin effects (i.e. if we integrate the angular distribution over
the angle ¢) the angular distributions appropriate to CP-even and CP-odd Higgs boson
become the same. Thus the following discussion is valid for both CP-even and CP-odd
Higgs boson.

The calculation of angular distribution in the case of Z boson decay is more complicated
because of the complicated Z77 vertex and the vector-boson character of Z. Feynman
diagram of this process is in Figure EZ3 We assigned h as the momentum of decaying
Z boson and €(h, A) it’s polarization vector where A = +, —, 0 denotes respectively positive,
negative and zero helicity. Matrix element of the process is given by:

Figure 2.3: Feynman diagram of the cascade Z boson decay into two pions and two
neutrinos.

M = m(—GFCOSQCfW)zx
i (=) o N0 = 20) e (L= otk (247)

where

1
vo= —§+281n29W%—0.19
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1
a = —=

2
O ~ 23° (2.48)

We will not perform the calculation of the squared matrix element because it is somewhat
lengthy and all the techniques are the same as before. Contrary to Higgs bosons cases
there appear terms like Tr(¥ ¢*f¢vs) and Tr(K'¢ ¢"qk¢) in the squared matrix element.
The expression of these traces in terms of our variables (angles 6, ¢ and ¢ defined as
before) is tedious but it is feasible. After having expressed the individual terms we used
Mathematica to simplify all the expression.

We calculated the decay of polarized Z boson for each helicity state separately. The
polarization vectors for individual helicity states expressed in Z boson rest frame are:

(h,+) = %(0, 1,4,0) (2.49)
ei(h, =) = %(0,1, —i,0) (2.50)
¢(h,0) = (0,0,0,1) (2.51)
The results are:
IM(0)]? ~ 2v*mS(m2 —m2)*(1+ cosfcos @ — sinsin @ cos ¢) (2.52)
MO~ S m? =m0, ~ \/ A 4 a2 — am) %
X(1 — cosBcosb — (cosh — cosb (2.53)
IM(=)]? ~ %mﬁ(m m2)?(v*m% + 2avmi, |1 — m2 —|—a m2)) x
X(1 — cos@cosb + (cos§' — cosh)) (2.54)

From these expressions we can see that square of the matrix element M(0) (which is the
only one that contains transverse spin correlation) is suppressed by factor m?2/m?% with
respect to the others. In the case of unpolarized Z boson decay we thus have:

M2~ %(IM(O)I2 +IME) P+ M)

o (2 = m2)” () (a4 0?) 2 (40 - 20))

3 T T s T

21— dmz (cos 0" — cos0)

: <1 @ o - (=5
(m% (a® + v?) — m? (4a® + 20v?))
(m% (a® + v2) — m2 (4a® — 202))

cos@cosf —

sin 6 sin 6’ cos gb) (2.55)



It can be simplified if we neglect the terms proportional to m?2/m?:

1
FF ~ g (m? =) (o +07) x
2
X <1 + ﬁ(cos 0" — cos ) — cos 6 cos 9') (2.56)

From this relation we can see that there are two things that make the difference between
this angular distribution and that from the Higgs boson decay. First of all it is the sign in
front of the product of the two cosines. It can be seen on Figures B and that are 2-D
histograms of the two cosines. Secondly there are the terms linear in cosines that were not
present in the case of Higgs boson decays. It can also be seen on Figure - one of the
two “peaks” is higher than the other. It is thanks to the presence of these two terms and
to the fact that the relative sign between them is negative.

This behavior of the angular distribution from Z-boson decay makes it possible to
distinguish this background process from the signal one. We can conclude it even in
situation when we do not know the exact polarization of Z-boson if we assume that the
longitudinal polarization does not dominate very much over the other two polarizations.
In this situation we can write:

1 dr 1

Tdcosfdeoss — a\t—cosbcost’+k(cost’ — cosd)) (2.57)

where k is constant factor that depends on the Z boson polarization state.
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Chapter 3

Simulation

3.1 General aspects of Monte Carlo methods

The Monte Carlo methods form a very large class of probabilistic computational algorithms
based on repeated processing of randomly chosen inputs. Their use is advantageous if
deterministic (”exact”) result cannot be obtained because of the difficulty of it’s computation.
Thanks to the idea of Stanislaw Ulam the first serious use of a Monte Carlo method was
made at Los Alamos Scientific Laboratory in forties during the work on the Manhattan
project. The name Monte Carlo was invented by John von Neumann and it references to
the Monte Carlo Casino in Monaco (in a casino it is also the chance that arranges that after
high number of repetitions it is the casino owner who wins the money; here the chance
arranges that after high number of repetitions it is the physicist who wins the correct
enough result).

There are a lot of different Monte Carlo methods but each of them has the same basic
strategy. This strategy consists of three points:

e random generation of input from a predefined domain using a certain specified
probability distribution

e performance of deterministic computation with the generated input

e aggregation and evaluation of the results obtained by individual computations

As every method based on chance, Monte Carlo technique gives results with required
accuracy after high enough number of repetitions. Here we have to repeat the first two
steps in order to get high enough statistics.
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3.2 Monte Carlo in high energy physics

3.2.1 Basic structure of high-energy processes

Within the frame of quantum field theory all the process dynamics is described by Lorentz
invariant matrix element. Nevertheless, the calculation of matrix element is so difficult
that it has to be approximated by first few (often just one) terms of it’s perturbative
expansion. The main contribution comes from the first nontrivial term which is given by the
so-called tree-level Feynman diagram. Contributions of higher-order terms are considered
as (small) corrections. However, this perturbative treatment has it’s limitations. One of
them is the description of multiparton final state topologies because of the necessity of
calculation of too many and too high-order terms within this approach. Some processes
cannot be treated perturbatively at all because of large (running) coupling constant. In
this case some additional approaches have to be used. Fortunately it turns out that the
high-energy processes can be divided into several (“independent”) parts. Thus the usually
used structure scheme of high-energy process is the following:

e in case of colliding hadrons: determination of colliding partons momenta on the base
of parton distribution functions

e initial-state radiation, i.e. branching of particles that appear in the hard process as
initial-state particles (e.g. ¢ — qg, e — ev,...)

e hard "skeleton” process given by (perturbatively calculated) matrix element

e final-state radiation, i.e. branching of particles that appear in the hard process as
final-state particles

e hadronization, i.e. creation of real observable hadrons from final-state QCD partons

Nevertheless, the problem of high-energy process cannot be treated “on paper” (or at
least it would be very difficult even in the simplest cases) although the simplifications are
substantial. Therefore it is the role of Monte Carlo method to calculate predictions that
would be comparable with experiment. The corresponding Monte Carlo based programs are
called Monte Carlo event generators and could be imagined like (virtual) particle colliders
(event producers).

Another large area where the Monte Carlo methods are widely used in high-energy
physics is the detector simulation. Because the passage of particles through matter is
statistical process it is very convenient to use statistics-based method to simulate it.
Physicists use the detector simulations mainly to plan and optimize new detectors and
their data analysis strategies. The event generators give the necessary input to detector
simulations.
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3.2.2 Pythia and Tauola

One of the most popular Monte Carlo event generators is Pythia. It offers a lot of
hard processes simulations as well as initial and final-state radiation mechanism and a
hadronization model (Lund string model). It also offers beam remnants treating (i.e.
interactions of the partons that do not undergo hard process) which is of course necessary
for the full collision simulation. In this thesis we used Pythia to generate Higgs boson in
pp-collisions and it’s decay into 7-leptons. When treating 7-lepton decays Pythia always
assumes the 7-leptons to be unpolarized and therefore to decay isotropically. For our
purpose (study of angular distribution of 7-leptons decay products) we had therefore to
use some other program in addition. It’s name is Tauola and it is inteded to treat 7-leptons
decays more precisely than Pythia. It therefore includes 7 polarization effects. For more
informations on Pythia see [9] or [I0] which is valid even for great part of the Pythia 8
(C++ version) used while working on this thesis.

Tauola can be used with any MC generator that produces events with 7-leptons and
whose output is in HEPEVT or HepMC format. Tauola has two interfaces whose task is
to prepare input parameters (with use of given event record) for Tauola program itself and
to insert 7-leptons decay products into the original event record. The two interfaces are
the following:

e Tauola Fortran Interface: it’s input is HEPEVT event record
e Tauola Universal C++ Interface: it’s input is HepMC event record

. Tauola works in the following way:

e event record generated by some external MC generator is searched for 7-leptons and
T neutrinos

e production vertex is identified for each particle found in the previous step; the
particles are then grouped to pairs originating from the same vertex

e in case of 7 production from the Z/v* all the hard process leading to 7 production
should be reconstructed in order to calculate spin correlations correctly; sometimes
this could be done only approximatively. In the case of 7 production from the Higgs
boson no information about the hard process is necessary thanks to the zero spin of
this particle

e using all these informations the spin density matrix is (approximatively) calculated
e cach 7 pair is decayed with the spin effects included in the spin density matrix

e 7-leptons decay products are written to the event record

More information on Tauola can be found in [II] or [I2]. Information on how Tauola
treats the polarization effects in Z/y* — 7771 production is in [I3].
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3.3 Simulation results

In this section we are going to present results obtained by simulation of H/A — 7777 —
7w~ [p v,/ pt i, decays. As stated above we used Pythia to generate Higgs boson production
and it’s decay to pair of 7-leptons. And we used Tauola to perform the 7-leptons decays.
Because Higgs boson is spin-zero particle the angular distribution of it’s decay products
does not depend on the process leading to it’s production. Thanks to this we could have
chosen any process to produce the Higgs boson. We wanted, however, to simulate protons
collisions so that it matched the real life case (LHC). As discussed in Section there
are four main Higgs boson QCD production processes in pp-collisions in MSSM. In our
simulation we chose the process that is probably the most important for low values of tan 3
and that is of importance even in region of high values of this parameter, i.e. gluon-gluon
fusion. We set the center-of-mass energy to 7 TeV. For the Z boson production in 7 Tev
center-of-mass pp-collisions we used the process of fermion-antifermion anihilation.

On Figures BIH3 6 there are histograms (distributions) of angle ¢ defined in Section ZZ2
Figures B and show 2-D distributions of variables cos @ and cos @’ for the case of Higgs
boson (either CP-even or odd) and Z boson decay. Nice comparison of the two distributions
is in Figure Figures B0 and BTl show 2-D distributions of pion energies in the
decaying boson rest frame and in the laboratory frame for the case of Higgs boson and Z
boson decay respectively. Figure shows the distributions of pions invariant masses for
both cases of Higgs and Z boson decays. The last Figure shows comparison of two
methods of signal and background differentiation (ROC curves for laboratory energies of
pions and for pions invariant masses).

From Figures B.IH36 we can see that the MC results match the (on the tree-level)
predicted ones if we realize that the pictures show the angular distribution integrated over
cosf and cos @', i.e. (1/T)(dl'/d¢):

1dr° 1 2
“S 1 FxZ 1
T do 27T< + 5 % ><16cosgz5> (3.1)

with S and F' given by Table Il Numerical values of the coefficient S x F X 7{—2 for
individual cases are summarized in Table Bl The values obtained by MC simulation are
presented in the Table Bl as well (they are obtained by the relation p0/pl between the two

fit parameters; the errors are estimated using standard techniques, see for example [14]).

CP-even Higgs boson CP-odd Higgs boson
hadrons | theory MC theory MC

7t -0.617 | -0.622 4+ 0.005 | 0.617 | 0.615 £ 0.005
p-mt -0.280 | -0.268 4+ 0.005 | 0.280 | 0.274 £ 0.005
ppt -0.124 | -0.115 £ 0.005 | 0.124 | 0.129 4+ 0.005

Table 3.1: Coefficients: theory and Monte Carlo
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The difference between 2-D distributions of variables cos and cos 8 for Higgs boson
and Z boson is clearly visible from Figures (B and B.§). More discussion is in Section

Distributons of energies in the decaying boson rest frames are very similar to those of
cosf, cos (B and BY) because the pion energy in CMS of Higgs (Z) boson (F, E’ for
7=, wt respectively) is linear function of cos# in case of 7~ and of cos#’ in case of 7:

E = 5 (plus + Bliows: | cost) (3.2)
cos@’) (3.3)

E' = vy (p/c(:]MsT+ B }p'CMsﬁ

The distributions of pion energies in the laboratory rest frame differ for the case of Higgs
and Z boson as we can see from the Figures B-I0 and BI1l In principle it is thus possible
to distinguish the signal and background on the basis of experimentaly accessible pions
energies in the laboratory frame.

The distributions of pions invariant masses (Figure BI2)) for both cases of Higgs and Z
boson decays differ too so that they could also be used to distinguish signal and background.
From Figure we can see that the signal and background differentiation is better to
do on the basis of pions invariant masses than on the basis of their laboratory energies.
The ROC curve for pions laboratory energies was made with respect to the cuts on sum
of these energies. This curve is below the ROC curve for pions invariant masses on all the
interval (0, 1) which means that for any value of Z events rejection we obtain higher Higgs
efficiency with the invariant-mass-based method.
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Figure 3.1: Distribution of angle ¢ in H — 7777 — 7 v, 7, process.
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Figure 3.2: Distribution of angle ¢ in H — 777" — p~ v, 7", process.
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Figure 3.3: Distribution of angle ¢ in H — 7~ 77 — p~ v, p* D, process.
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Figure 3.4: Distribution of angle ¢ in A — 777
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Figure 3.5: Distribution of angle ¢ in A — 777
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Figure 3.6: Distribution of angle ¢ in A — 777" — p~ v, p" i, process.
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Figure 3.7: Distribution of variables cos§ and cos €' in H/A — 7= 7% — 7 v, 7w+, process.
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Figure 3.8: Distribution of variables cosf and cos¢ in Z — 7~ 7" — 7~ v, w7, process.
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26



Distribution of pions CMS energies energy CMS J| - [ Distribution of pions lab energies |  [energy_lab
Entries 100000 Entries 100000

Mean x

30.08 5100 Meanx  37.32

Meany 30.2 EIJ_ Meany  37.17
. .

RMSx  17.21 RMSx  24.28

RMSy 1721 24.19

2 6ol
.0
w

50

40

]
u
L]
L}
30[=m
u
u
]
u
20(wm
[
[
=
L]
10f=

00 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90 100
EC MS Elab

Figure 3.10: Distribution of pions energies E, E’ from H/A — 7777 — 7~ v, 7, process
in CMS of Higgs boson and in laboratory frame.
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Figure 3.11: Distribution of pions energies F, £’ from Z — 7= 77 — 7~ v,n 1, process in
CMS of Z boson and in laboratory frame.
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\ Distribution of pions invariant mass
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Figure 3.12: Distribution of pions invariant masses for the case of H — 7777 — 7 v, 7t D,
process (red) and Z — 7= 77 — 7~ v, w1, process (green).
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Figure 3.13: ROC curves for pions laboratory energies (blue) and pions invariant masses
(red).
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Chapter 4
Conclusions

U

In this diploma thesis the angular correlations of hadrons from decays H/A — 777
7w~ /p~ v, mt/pT U, were studied. Angular distributions of hadrons were calculated in
the first non-trivial order of perturbation theory in the frame of MSSM. They were also
calculated on the basis of general quantum-mechanical orbital momentum considerations.
Results are summarized in equation (46) and in Table ZZIl The most important point is
that the distributions for CP-even Higgs boson H and for CP-odd one A differ in the sign
in front of the term that correlates transverse components of hadrons momenta.

We also studied the angular correlations in the decay Z — 7777 — 7 v, w0, that
represents the most important background in the region of not very high Higgs boson
masses. We came to conclusion that in principle it is possible to distinguish this background
process from the signal one with use of the correlation of longitudinal components of
hadrons momenta - the sign in front of the term cosf cos#’. This different sign propagates
to differences in the distributions of pions energies (Figures and BII) and pions
invariant masses (Figure B12).

Simulations of all the processes were made with use of MC generators Pythia 8 and
Tauola. The simulation results are in agreement with our tree-level based theoretical
results. It holds because Tauola uses the same angular distributions (see [I5] with citation
of [I6]). However, we used different calculation techniques to recover these results.
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Appendix A

Calculation based on angular
momentum considerations

Here we are going to derive the angular distribution of pions from h/A — 7777, 77 —
mTv,.(v,) cascade decay on the basis of considerations about angular momentum. We are
going to derive and numerically express the wave function of 777" pair born in decay
of H/A. Then we will calculate the probability of finding neutrinos with general spin
direction within such a wave function (the probability that a taoun decays into neutrino
going in given direction is determined by scalar product of their spin functions). This will
immediately give us the desired angular correlation of pions because neutrino’s spin and
momentum are correlated (neutrinos are left-handed and anti-neutrinos are right-handed)
and the directions of momentum of pion and neutrino are opposite in 7-lepton rest frames.
Notation that we are going to use is the same as in all the thesis. In addition 7 will denote
the orientation of spin of neutrino in 7~ rest frame, n’ will denote the orientation of spin
of anti-neutrino in 7" rest frame. They can be expressed in terms of angles 0, ¢, ¢:

= (sind,0,cos @)
= (—sin#' cos ¢, —sin ' sin ¢, — cos ) (A.1)

S

First we find out which values of total spin are allowed for 777" pair. In the case of
CP-even (CP-odd) Higgs boson, we know that the final state of it’s decay products is
CP-even (CP-odd) too. For a fermion-antifermion system we know that:

C(ff) = (=)™ (A-2)
P(ff) = (-1 (A.3)
CP(ff) = (=1)"" (A4)

If we want the final state to be CP-odd, the total spin has to be 0 (CP conservation). It
means that the relative orbital momentum has to be 0 as well (total angular momentum
conservation; neutral Higgs boson have zero spin). If we want the final state to be CP-even,
the total spin has to be 1. It means that the relative orbital momentum has to be 1 as
well.
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A.1 CP-odd Higgs boson

Assuming that the 7-lepton polarization is taken with respect to the z-axis we use the
following notation (|7;) denotes the spin function: the subscript says whether the spin
aims in the direction of z-axis - T - or in the opposite direction - |):

_ 1 _ 0
|7_T> = 0 ) |Tl> = 1

X . (A.5)
= o) = (]

The spin-angular part of the wave function of 7-leptons born in the CP-odd Higgs boson
decay is (as stated above total spin is 0 in this case and angular momentum is 0 too):

)~ Y f(mm ) (A.6)

Let us rotate the neutrino spin functions from frames where they are simple, i.e.

it = (g )+ ) = (V) (A7)

to respective T-lepton’s rest frames (these simple neutrino spin functions are chosen such
that the directions of z-axes of the rotated rest frames are the same as the pions momenta
directions). Thus we obtain:

1 cos? —sin?
D®)(0,0,0) = < il st (A.8)
2 2

(A.9)

3 / 3 . /

e‘§¢cos% —e‘§¢s1n%
7 . / i /

65¢51n% 62¢cos%

2(¢,0,0) = (

W = oo () = (o)
” 0 s ® (A.10)
= oo () = (e )

¢ &
€27 CoS 3

Now we have all we need to calculate the angular distribution:
Wil (I ) ~ W@ Y f (IrD) ) = 1)) (A11)

Using ((AZ7) and (A J0) we can write:

(v|{p| (|7'_7'+>) ~ Yg% (cos geéd’cos% - sing (—e 2¢’sm92>> (A.12)
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and consequently

N AN 021 2? 29_/ '29‘29_/
{<y|(1/| (|7’ T >)’ ’YO 5| Cos" 508" + sin 5 50 5 +

6 ¢ 0 . 0 .
7 7o o 7 _1¢
+2Re<cos 5 €08 5 sin o sin —e )) (A.13)

After some simple manipulation with trigonometric functions and after institution Yj =
1/v/4m we finally obtain:

— - _+ 2 ]- / . . /
‘(V\<V| (|7' T >)’ ~ 16—ﬂ(1+cos€cos€ + sin @ sin 6’ cos ¢) (A.14)

And thus

1 dr 1 o o
fdcos@dcose’cw = S—W(l—FCOSHCOSQ + sin @ sin €' cos ¢) (A.15)

A.2 CP-even Higgs boson

The spin-angular part of wave function of 7-leptons born in the CP-even Higgs boson decay
is (as stated above total spin is 1 in this case and angular momentum is 1 too):

1 1=\ |+ 0o 1 —\ [t —\ | ~1| =\ |t
\T-r+>~ﬁ(Ylm>m>—Y%(m>|n>+m>|n )+ Yl >) (A.16)

where Y] = Y]*(0*, ¢*) are functions of directions of 7-leptons momenta in the Higgs boson
rest frame. But we can choose the coordinate system arbitrarily. We choose it such that
the z-axis of this system have the same direction as the momentum of negative 7-lepton
(which means that #* =0 and so Y] = Y;' =0, Y!= \/g) After this choice we can

write:

)~ _V% (1)) + 170 1)) (A7)

After calculations analogic to those done in previous Section [A_]] we finally obtain:

’<V|<I7‘ (\T_TJ’)) ‘2 ~ %(1 + cosf cos @ — sinfsin 6 cos @) (A.18)
m

And thus

1 dr 1 o o
Fdcosfdcos@de 8—W(1+cosﬁcosﬁ — sinfdsin ' cos ¢) (A.19)
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Appendix B

Detailed calculation of squared
matrix element

B.1 Squared matrix element

We are going to perform detailed calculation of the squared matrix element from Section 2221
Process to be calculated is described by Feynman diagram X1l Corresponding matrix
element is given by (Z9). It’s complex conjugate is

M = gHTT(—GFCosech)Z X41_JR(/{Z/)#,

1 1
_(// —m, g _ mTp“L(k) (Bl)

The squared matrix element is:
IMP?=C x Tp(K)Y (=¢ + mq)(d + mq)pur(k)ar(k)p(d + m:)(—d +me)pvr(k')
=0 Te (W32 (= o) g+ o) (g 4 o) (= -+ o))

2
(1 —=)(—¢ + mT)(g +m,) =
=) (=d'd +m2) + (1 = y5)m: (¢ + ¢)
—¢'¢ +m3)(1 =) +m(—¢ +¢)(1 +75)

(1+7)=0
(1 - 75) = 2(1 - 75)
(T +75)(L+7) =2(1+s)

= x T (Fims(—d + OpE—s L (gl +m2) +mo(—d + ) #)
= % Te (Wifme(=d + Ok pme(—d + )
= % Tr (phpc (g — WSl — )52 (B.2)
Using the energy-momentum conservation
p=q-Fk (B.3)

p’:q’—k’
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and the fact that with good accuracy neutrino can be considered as being massless (i.e.
F¥ = k? = 0) the last expression is equal to:

1+

MP = Cxm?Tr (ghitg - dHE G - )2 (B.4)

In order to continue we recall the well known formulas from arithmetic of y-matrices:
TV = —NVu + Qg,uu (B 5&)
Tl"(’)/“”yy) = 4g,uu (B 5b)
Te(y5) = 0 (B.50)
Tr(vurYpYo) = H9woo = GupGvo + GuaGup) (B.5d)
Tr (VYo ¥s) = 4i€upo (B.5e)
dg = o (B.5f)

Now we can finish the calculation and express the squared matrix element in terms of
scalar products of particles momenta:

M = T (gl m2 =2 — gl W
g mzkmzq/WT)
= oy Sgkgh — gk H
(=gl + 20k )¢ ¥ + 20K - 1)) MK )
- CXmGTr(lgkgwlM'W' gW —g%q///xf/l
2k H S gho o) <k~q>2<k'-q’>1‘”5)
= Cxmi Ty (gkg%’ LR — 24k ¥+
2k )+ 20 - )k =2k )20 )
- Cx m6§4<2<q ) (g k) — 2k K) + 200k @)K - ) — m2(k - ) -

—2(q-k)(q" k) +2(q- )k k) —2(q-K)(k-q)+
+2(k-q)(q - K) +2(k" - ¢) g k) —2(k-q)2(k" - ¢))

= Cx2m2(2 (q k)(q-K)+20k - ) (k-q")+ (2(q-¢) —2m2) (k- k) —
—2(q-K)(k-q)—2(q-k)(d - K)) (B.6)

1_75

1‘|'75
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B.2 Scalar products

Now, we are going to evaluate scalar products (ZI3)) in terms of variables cos @, cosf’ and
¢. We are going to use the same notation as in Section 2271
Thanks to the energy-momentum conservation in the Higgs boson rest frame we have:
2
qcMsH = mTH> 0,0, TH - m72—>
(B.7)
/ — my my 2
domse = 770707_ 4 _mr>

The Lorentz transformations then give:

qg:MsT+ Y (Q§)MSH - ﬁ:Q(zJMSH)
QS:MST+ =7 (QCé\ASH -3 QCé\/ISH)
q/CMSr = 7 gq/CMSH - ﬁq/CMSH

fy !

13 3 ﬂ 70
4 cmsr- 9 cmsH — P4 cmsH

4m?2
g = J1-

_ mp
7= 2m,

Therefore we can write:

3
q/CMSr (—cosd)

(k-q) = k%MST*q/%MST* - ‘ECMSr
= |kous,- (q/%MSr + 't €OS 9)

= ECMST* g (q,((])MSH - /Gq,%MSH + cos (q,%MSH - ﬁq/?}MSH))

= ECMST* Y (q/(()]MSH (1 —Beost) — q/?}MSH (8 — cos 9))

= |Komso— 7% (1 — 20 cos 0 + 62) (B.9)

The calculation of (k' ¢) in CMS of 77 is analogic:

(k‘/ : C.I) = WCMSﬁ

7% (1 +2Bcos b + 62) (B.10)
The evaluation of (g - ¢') is very simple:

1 9 9 m2, — 2m?
AN nNe 2 2\ H T
(¢:d) = 5((a+d)—d* ) =~ (B.11)

Now we will evaluate the last term: (k- k"). To do that we are going to boost the vector
k' to the 7 rest frame. This vector can be expressed in terms of # and ¢:

Komsrt = ‘k’CMST+

Kovset = —Pemsit = — |Fomse|sin @ cos ¢ (B.12)
k%MSq—Jr = —p%MsT+ = — IQCMSTJr sin ' sin ¢ '
k%MS—rJr = _p%MsTJr = — ]{_;;CMST‘F cos ¢
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The vector kowvs-— is given by:

0 - b
kovs— = ’k‘CMSr

1 — 1 — L ;
kgMSr = _ngSr = —lkcusr[sinf
kemsr~ = —Powsr- = 0 ~

3 — 3 —
Komsr— = —Poms— =  —Ihomsq—|cosf

We have to calculate the relative speed of tauons - in other words the speed FEMS™ of 7

in 77 rest frame:

goMSTt _ -5 28

T1-pp 1A
And the corresponding ~y-factor:

omsr+ _ L+

T 1 o 62

We can finally express (k- k') in terms of variables cos @, cos @’ and ¢:

(k-K) = |kcus:

.1

2
—l—liﬂﬂ2 (cos ' — cosf) — sin B sin B’ cos gb)
In case of 7~ in final state we have

2 2
— 7z 1.0 _ mT - mﬂ'

|pCMSr| = ‘kCMST* = kCMST, = om.
0 m? +m2
Pcmsr- T om.

2
X <1+ﬁ (1 —cosfcost) +

(B.13)

(B.14)

(B.15)

(B.16)

(B.17a)

(B.17b)

and in case of p~ in final state the pion mass is replaced by p-meson mass. Analogic

expressions are of course valid for 7 and p™.

B.3 Integration of the squared matrix element

We use standard techniques of integration over the Lorentz invariant phase space of four

particles LIPSy:

d3p d3k d3p/

3K

dLIPS, = (2m)**(h—p—k—p — k)

1
dl' = ——|M|*dLIPS,
2mH
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where h denotes the Higgs boson momentum. Well known relation between dLIPS, and
dLIPS, is:

dLIPS4(M — mq + Mo + Mg + m4) = dLIPSQ(M — Mg + m34) X

1
(2m)?
X dLIPSQ(mlg — mq + mg) dLIPSg(m34 — msg + m4)dm%2dm§4 (BQO)

dLIPS, is given by:

-
ALIPS, (o — my +ma) = <25 Pl cos g (B.21)
12

where |pous| is magnitude of center-of-mass momentum and 6, ¢ are center-of-mass spherical
coordinates. Thanks to these relations we can write:

1
ar = | M|? dLIPSy(my — mig + msz4) X
2mH

(2m)?
xdLIPSy(myg — my— +my,) dLIPSy(msy — Mg+ + my)dmi,dm3,
= f(0,0,0)5(m3iy, — m2)§(m3, — m2) ALIPSy(mpy — mig + may) X

XdLIPSQ(mlg — My— + m,, dLIPSQ m34 — Mg+ + m,,)dmlzdm34

_ 9 QI,QS 4m ‘pCMST |‘p CMSr+
V my

d cos d cos 0'd¢ (B.22)
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