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Abstract

In this document we describe a novel implementation for the simulation of a general W’-boson
in the leading order Monte Carlo generator PYTHIA [1]. The Lagrangian for a general charged
vector boson is introduced and the model-independent differential cross section computed. A brief
review of the Standard Model extensions based on an enlarged group predicting the W’ together
with their constraints from the electro-weak precision data is offered. Furthermore, we include the
description of our extension of PYTHIA which generalizes the W’-boson to account for the diversity
of the existing models and in particular accounts for the interference of the W’-boson with the
Standard Model W-boson. We demonstrate the use of the improved MC generator and show the
numerical results for transverse mass distributions and charge asymmetries within different models
containing a W’-boson.
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Chapter 1

Introduction

There is no experimental data that unequivocally runs counter to the predictions of the Standard
model of particle interactions (SM) based on the SU(3)c x SU(2)r, x U(1)y gauge group. It is
reasonable, however, to ask if a model based on an enlarged gauge group can be constructed. The
fact that in the SM left-handed (right-handed) quarks and leptons transform as doublets (singlets)
under the same SU(2)r, x U(1)y gauge group has four important implications: (1) the right-handed
particles have no weak interactions, (2) the observed weak-interaction strength of quarks is equal
to that of leptons, (3) the observed weak-interaction strength of each generation of quarks and
leptons is equal to one another and (4) the charged-current strength is equal to the neutral-current
strength (as long as SU(2)r, x U(1)y is spontaneously broken only by scalar doublets). When new
data from the Large Hadron Collider (LHC) will be available, it might become obvious that the
SM represents only a low-energy limit of more complicated scenario. It is therefore theoretically
desirable to have a natural framework for describing any possible deviations of the SM predictions
with experimental data.

Since many extensions of the SM predict a spin-1 neutral resonance mediating neutral currents,
generically denoted as Z’, a huge theoretical and experimental effort was invested in studies of
new signals of Z’ at LHC. On the other hand W’-bosons, generically identified as charged spin-1
resonances, were given much less attention. And since wherever a W’-boson is predicted there is
also a Z’-boson studies involving W’-bosons are desired. Furthermore, research on W’-boson and
Z'-boson correlations is very well motivated.

This report presents a guide on how to get started with studying a general W’-boson in a
leading order general purpose Monte Carlo generator PYTHIA [1]. For that purpose we offer its
extension containing W’ which interferes and mixes with Standard Model’s W (W5M). On the top
of that we give user the possibility to set generation and quark-lepton nonuniversal couplings of
the implemented W’ as well as the right-handed mixing matrix. This extension has its limitations
though, as we focus mainly on the [ + Fp channel, i.e. processes with leptonic final states have
been implemented.

The document is organized as follows. In the second chapter a general model-independent
W’ is introduced. This is followed by a review of the theories with an additional charged vector
boson. The third chapter is devoted to leading order computation of the differential cross section
of charged vector boson production at hadron colliders. In Chapter 4 we offer a short description
of how PYTHIA was extended together with a user manual of new features. Chapter 5 contains
the discovery limits and a few signal characteristics for W’-boson predicted by models discussed in
Chapter 2. And finally, the last chapter contains the conclusions together an outlook of possible
follow-up work.



Chapter 2

Theories with an additional charged
vector boson

Beside the theories predicting an additional charged bosons with a W'-like behaviour such as
Kaluza-Klein excitations in models with extra dimensions, Technicolor or Supersymmetry, the
most common theories of new physics with an additional W’-boson are the extensions of the SM
with an enlarged gauge group. Because of the limited time for this research project, we will focus
our attention only on the latter. The former, however, present very interesting possibilities and we
plan to investigate their predictions for charged boson production and decay at LHC in a follow-up
of this work.

2.1 Couplings to the SM fermions

The interaction of a general W’ boson with Standard Model (SM) fermions can be written as [2]:

rgw [ —
o =72 [T ()i Ch, P+ (Ulka)is O Pr) dy + 79" (CE P+ CF Pr) e | W/, e,
(2.1)

Here, & = ¢ =

V2 V2sinfy 2 V2
in the mass eigenstate basis, i,j,k = 1,2,3 label the fermion generation, UéKM is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix, Ul its right-handed equivalent! and Pp g = (1F+°)/2 are
the projectors onto left- and right-handed chiral fields. The CqL ) C’f, C’ZL, and CZR are in general
dimensionless diagonal matrices with complex entries. If the right-handed leptonig coupling is
Nnon-zero C’ZZ_ # 0, then the ¢th generation includes a right-handed neutrino v;r = Pry;.

1
!
< =1 (GFMW) ? is the weak gauge coupling, u, d, v, and e are the SM fermions

In the equation above, it is common to separate the chiral operator v° term. As this convention
is employed in the PYTHIA manual [1], let us take a look on what the former formula reads in this
convention. Using the definition of the projectors Py, p the interactions of a W’ can be rewritten

!The lepton mixing doesn’t play a role here, since neutrinos cannot be in the current collider experiments detected.



as:
v lagw |_
EXX = 5% [Uﬂu { [(U(L?KM)ijchjk + (Ué%KM)ijCQJ - [(U(L}KM)iquij - (Ué%KM)ijCQJ ’YS} dy,
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(2.2)
PYTHIA offers two different particles with W'-like behaviour. One of these particles is Wy, in
PYTHIA denoted originally as W', and its flavour code (KF) is 34. Even though it is possible to set
up its right-handed couplings so that they are non-zero, C' ﬁl) = 0, it is not implemented to couple
to the right-handed neutrinos at all. In our case, therefore, it represents the left-handed component
of a W'. The other particle, in PYTHIA denoted as Wy (KF=9900024), is purely right-handed in the
view that it does not couple to the left-handed neutrinos. Hence it can be used as the right-handed
component of a general W'. The previous equation can be easily expressed in terms of the left- and
right-component, W; and Wy, in the following way:

W/ gw - L V,W AW _ V,W AW
Lee = 2—\/5 [ui(UCKM)iﬂH (Cij b Cij L’Y5) d, + 7" (Czjk b= Czjk LVS) ej] WL“
aw [_ R V,W AW, 5 _ V,W AWy, 5
HWoi [uz’(UCKM)ij'Y'u (quk R—Cq Ry ) d, + 74" (Oljk R oy ) ej] Wy, (23)
+ h.c.
where the matrices C’X’l‘;‘ are defined as
VW, AW 4L VWg _  ~AWR _ ~R

Cfl(l)jk T e T Tajk 0 Cq(l)jk = a)jr _Cq(l)j,€ : (2.4)

The definitions above will come in handy when rewriting couplings of various W’ predicted in
different models, where they are usually not given in the V-A notation, to the couplings of W
(KF = 34) and Wy, (KF = 9900024) in PYTHIA.

2.2 Mixing with the Standard Model W-boson

In a system of two charged vector bosons it is always possible to choose a basis, in which one of
the states couples to the SM fermions just like the W-boson predicted in the SM?2. From now on,
we will refer to such a state as WM. The state orthogonal to WM, will of course represent our
general W'.

WM and W’ with interactions as in equation (2.1) do not form a mass eigenstate basis in
general. Let zm%v be the charged vector boson mass matrix in this basis {WSM,W’ }

M?, M}

My = < 4 12) (2.5)
MEy, M3,)

then the observed states (mass eigenstates of the Lagrangian) and their masses can be found by

diagonalizing the mass matrix squared zm%,v It is easy to see that the mass eigenvalues read

1
M2 = |+ 0w (0t - 203)° 1 4 (00 26

20f course, it is not possible to find such a basis in a general model, but it is possible in each model discussed in
this document and in each model trying to predict a state which could be identified with the observed W*M-boson.



Furthermore, the mass eigenstate basis {W,, W, }, in which the mass matrix squared has a diagonal
form sm%v ~ diag (M 52, M 2), can be obtained by the following rotation

W,\ [ cos¢ sing) (WM
<W}i> B <—sin§ cos§> ( W/ > ) (2.7)

with the so-called mixing angle ¢ fulfilling

: 2M7,
The observed charged vector boson state is equal to the light eigenstate W, and W, denotes
the heavy state.

2.3 Extensions of the SM with an enlarged gauge group

One of the steps to the gauge coupling unification in all the Grand Unification Theories of the
particle physics is to restore the so-called left-right symmetry. The reason for this is that the left-
and right-handed fermions transform differently under the SM’s gauge group and in order to be
able to unify all the fermions into one representation of a simple group one needs to restore the
left-right symmetry during that process. The most popular class of solutions, in this document
collectively denoted as left-right symmetric models, is to enlarge the gauge group of the SM by
one additional SU(2) group and let the right-handed fermions to transform as doublets under this
group, as compared to keeping the singlets of the theory. There exist alternative proposals such as
the “alternate” left-right symmetric model [3] in which W’ couples to the SM fermions only in pairs
with new fermions predicted in this model. Because of the complexity of an extension of PYTHIA
needed to incorporate this model, we decided not to include it in this study. The details on the
left-right symmetric models can be found in one of the following sections.

There is another thread of extensions of the SM based on an enlarged gauge group which
proceeds rather in the opposite direction of the unification process. The motivation for these
extensions is that the gauge group of the SM might be only a manifestation of underlying relations
between observables in a similar way the strong isospin is manifestation of the mass-scale hierarchy
my, mqg << Agcp. These models can be, based on their couplings to the SM fermions, put
into these categories: “-phobic” [4], quark-lepton nonuniversal and generation nonuniversal. The
fermiophobic models, in which either couplings to quarks (hadrophobic) or leptons (leptophobic) or
both (fermiophobic) vanish cannot be in the leptonic channel at LHC observed, therefore they are
not included in our study. The summary of quark-lepton nonuniversal and generation nonuniversal
models can be found in the following sections.

Even though, there is no underlying theory predicting exclusively a Sequential Standard Model’s
(SSM) W'-boson, a copy of SM’s W-boson with the difference only in mass, a W’-boson with the
couplings to the SM fermions same as the couplings of the SM’s W-boson is predicted in both quark-
lepton nonuniversal and generation nonuniversal models for certain values of their parameters. As
the SSM W’ became very popular in the literature, we include it in our numerical analysis.

To summarize, all the models studied in this document can be classified into three categories:
(i) left-right symmetric models, (ii) quark-lepton nonuniversal models and (iii) generation nonuni-
versal models. The following sections contain predictions of a few models within these categories
on couplings, mixing angle and mass of the predicted charged vector boson W’ together with the



experimental constraints on their parameters. Although most of the existing experimental con-
straints are out-of-date, it is beyond the scope of this research project to derive constraints based
on the latest experimental data. Such a study would definitely offer a very valuable contribution
to the search for new resonances at LHC.

2.4 Left-right symmetric (L-R) models

By left-right symmetric models we mean models with one additional SU(2) identified with SU(2) g.
Right-handed fermions transform as doublets under SU(2)r while being singlets under SU(2)y.
The situation for the left-handed fermions is reversed. Despite the existence of many specific
realisation of this scenario, model-independent low-energy constraints divide these models into
several categories: (i) manifest left-right symmetric models, (ii) pseudo-manifest L-R models and
(iii) models with no exact left-right symmetry [5].

In the manifest and pseudo-manifest L-R models the, left-right symmetry is exact and thus
gauge couplings gy, gr corresponding to the SU(2), SU(2)r gauge group are predicted to be both
equal to the usual weak gauge coupling gy. Manifest L-R model furthermore predicts right-handed
CKM matrix to be equal to the left-handed one, while equality of CKM matrices up to a diagonal
phase matrix in pseudo-manifest model is sufficient.

In the models with no exact left-right symmetry, the left-right symmetry is broken at much
higher scale than the SU(2)r x SU(2)r x U(1)-breaking scale and therefore neither the equality
of g1, and gr nor any relationship between the left- and right-handed CKM matrices is required.
Further division of models with no exact left-right symmetry according to the predicted right-
handed mixing matrix in this document is motivated by the study of low-energy constraints in
[5].

Couplings of the predicted purely right-handed W’-boson to the SM fermions together with
UgKM within different categories of the L-R models can be found in Table 2.1.

The most extensive model-independent study of low-energy constraints on the mass of predicted
right-handed charged vector boson and its mixing angle with the WSM-boson was performed already
in 1989 by the authors of [5]. Even though this study is outdated, up to our knowledge it is the only
model independent study within all the categories of L-R models in the case when the right-handed
neutrino is too heavy to be produced in the decay of the right-handed W’. Therefore we include
the summary of the low-energy constraints in Tables 2.2 and 2.3.

More recent model-independent constraints were done only for models with light right-handed
neutrinos, where by light we mean light enough to be produced in the muon decay. Low-energy
constraints from muon decay data and Kj — Kg mass difference (see [6]) are summarized in the
Tables 2.4, 2.5.

2.5 Quark-lepton nonuniversal models (Q-LN)

Quark-lepton nonuniversal models, as the name suggests, are defined as models in which W’-boson
couples to the quarks with different strength than to the leptons. This is realized by enlarging the
gauge group of the SM by one additional SU(2) or eventually another U(1) group. Assuming we
added only one SU(2) group and denoting the original SU(2)r, as SU(2), and the added one as
SU(2);, left-handed quarks transform as doublets under SU(2), while being singlets under SU(2);.
The situation for left-handed leptons is reversed. Right-handed particles are singlets under both

SU(2)q and SU(2); and thus the predicted W' is purely left-handed (Cﬁl) =0).



Table 2.1: List of couplings of W’-boson to the SM fermions and Ug”KM’s within different categories
of the L-R models [5]. Here z is the parameter of the model (see low-energy constraints table for
available constraints on the mass depending on this parameter), I is the identity matrix and K is
a diagonal unitary phase matrix.

Couplings R
Model U,
CqL(l)z‘z‘ Cﬁl)n‘ orm
Manifest L-R 0 1 UéKM
Pseudo-manifest L-R 0 1 UéKM * K
NoL-R1 0 T I
1 00
No L-R 2 0 T 0 0 1
010
010
No L-R 3 0 T 1 00
0 0 1
010
No L-R 4 0 T 0 0 1
1 00

Table 2.2: Low-energy constraints on x and My in the L-R models with heavy right-handed
neutrinos [5].

Model 22 M3, /M3, My /z[GeV]
Majorana right-handed neutrino
(Pseudo-)Manifest L-R 0.0036 1400
No L-R 1 0.0099 810
No L-R 2 0.010 800
No L-R 3 0.015 670
No L-R 4 0.012 [0.032] 740 [450]
Dirac right-handed neutrino
(Pseudo-)Manifest L-R 0.0036 1400
No L-R 1 0.075 300
No L-R 2 0.032 460
No L-R 3 0.015 670
No L-R 4 0.012 [0.032] 740 [450]




Table 2.3: Low-energy constraints on mixing angle £ in the L-R models with heavy right-handed
neutrinos. Here § is the phase of either (Uficyp)ua or (Uficn)us, for details see [5].

Model §g = x€
cosd =1
(Pseudo-)Manifest L-R —0.0020 < &, < 0.0007
No L-R 1 —0.0024 < ¢, < 0.0008
No L-R 2 —0.0025 < £, < 0.0007
No L-R 3 —0.0014 < £, < 0.0012
No L-R 4 —0.0014 < £, < 0.0011
cosd =0
(Pseudo-)Manifest L-R |€4] < 0.0030
No L-R 1 &,] < 0.013
No L-R 2 &, < 0.013
No L-R 3 &, < 0.0045
No L-R 4 €,] < 0.0045

Table 2.4: Model independent constraints on the mass My and mixing angle £ from muon decay
data in the L-R models with light right-handed neutrinos [6]. Letting = vary freely, the best x? is
obtained for = = 0.94 4 0.09 with My > 485GeV and |¢] < 0.0327.

r | Mw[GeV] €]
0.50 > 286 < 0.0324
0.75 > 379 < 0.0321
1.00 > 549 < 0.0333
1.50 > 825 < 0.0330
2.00 > 1015 < 0.0327

Table 2.5: Low-energy constraints on the mass Mwy from the K mass difference in the L-R models
with light right-handed neutrinos. Here Ay is the analogue of the Cabibbo angle in the right-handed
sector and 072 are CP-violating phases of UgKM. For details on these parameters see [6].

Model MW/ [TGV]
(Pseudo-)Manifest L-R (1.6557)

> 0; My 2> (341%2) ac\/)\R (1 — )‘TR) cos(dgy — 01)

No L-R 1,2,34 cos(dg — d1)

< 0; My 2 (27ij%) x\/—)\R (1 - )‘TR) cos(dy — 01)




Table 2.6: Couplings, mass and mixing angle of the charged vector boson predicted in (Q-LN)
models. Here Myy is the measured mass of WM and s, M are the parameters of the model. For
the Li-Ma Q-LN model only the best fit values are available, hence this table directly contains the
corresponding numerical values for the couplings, mass and the mixing angle.

Couplings
Model My 3
ce ok
1 s2(1— s2)(M? + Mg)
] 5 arcsin 2(M2 — M\%v)
Ununified SM [7], [8] s — = M
- \/(M2 — M2,)252 — (M2 + M32,)2s*
2(M?2 — M%)
Li, Ma Q-LN [9] —3.0775 | 0.32497 | 1.1715 TeV —0.62844

Example of what couplings, mass and mixing angle of the predicted charged vector boson read
within two different quark-lepton nonuniversal (Q-LN) models can be found in Table 2.6. Details
of construction of these models can be found in [7], [8] and [9].

Constraints on the mass and mixing angle of the predicted charged vector boson in Ununified SM
from electro-weak precision data are displayed in Figure 2.1. The white part of the plot corresponds
to the excluded region and contours represent the dependence of the mixing angle on s and M.

For the Li, Ma Q-LN model only the best fit values of the parameter are available, therefore
Table 2.7 contains directly the corresponding numerical values of the couplings, mass and the
mixing angle.

2.6 Generation nonuniversality (GIN)

In the generation nonuniversal models the gauge group is extended, so that either each or one of
the generation of SM left-handed fermions transforms as a doublet under different SU(2) groups
and/or singlets under different U (1) groups. The strength of the couplings is thus among different
generations different — nonuniversal. Just like in the case of the Q-LN models the predicted W'-
boson is purely left-handed.

The predictions for couplings and mixing angle depending on the mass of the W’-boson, param-
eter t of the Topflavor model and parameters (,z,y of the Ma, Li GN models within generation
nonuniversal models category are listed in Table 2.7.

Constraints on the mass My and t from the electro-weak precission data and from collider
searches for the charged vector boson predicted in Topflavor model are displayed in the Figure 2.2.
Again, the white part of the plot corresponds to the excluded region and the contours represent
the dependence of the mixing angle £.

Constraints on the couplings, mixing angle and mass of W’ predicted in GNU models from
precision electro-weak measurements are displayed in Figures 2.2, 2.3 and 2.4. The first two figures
show constraints on ¢ — 1 versus « for values y = 0.1 and y = 0.9. The excluded region of the
parameter space on these plots does not actually depend on y, but to show how the mass My
depend on this parameter, we decided to show the figure for two different values of y. The white
part of the plots correspond to the excluded region and the contours represent the mass My



Figure 2.1: Constraints on mass and mixing angle in Ununified SM from electro-weak precision data
[8]. The white region of the plot correspond to the excluded parameter space from the electro-weak
precision data. The contours represent the dependence of the mixing angle on the mass and s2.

dependence on the parameters. The other two figures show the exclusion limits on x versus y on
two values if ( — 1. The white part of the plots corresponds as usually to the excluded region, the
contours show the dependence of the mixing angle on the parameters.
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Table 2.7: Couplings, mass and mixing angle of the charged vector boson predicted in (GN) models.
For the exact definitions of parameters y, x and ¢ of the Li, Ma GN model and parameter t of the
Topflavor model check the reference in the table.

Model Couplings My ¢
L L
Cq(l)11,22 04(1)33
- 1-— 53
Li, Ma GN [10] TE e ~ MW T i gy ~ arctan [((~1)y? (1-y)?
’ -y Yy _
VRSN S x (1= (z—y)(1-y)"")]
=D -y
1. (M? + M)t
5 arcsin 3 — 1) — M)
Topflavor [11] t —t1 M
\/4M2MV2V + (M2 — M2)2t2
o 2(e2 - 1)(M2 - M) ]

Figure 2.2: Constraints on the mass and mixing angle in Topflavor model from electro-weak preci-
sion data and collider searches. The white region of the plot correspond to the excluded parameter
space from the electro-weak precision data. Contours represent the dependence of the mixing angle
on the mass of the heavy eigenstate and t.
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Chapter 3

Charged vector boson production at
hadron colliders

In this section we will outline the computation of the differential cross section for the process
SM ’
q+7 RNy taking into account the contributions from the SM vector boson WM and an

additional charged vector boson W’. The leading order Feynman diagram is displayed in Fig. 3.1.

q;(pa;s1) vi(p1;83)

WSI\CI W’

7;(pB; s2) € (p2; 54)

wSM ,W/

Figure 3.1: ¢; + 7} —> v, +7,

3.1 Feynman rules

The charged-current part of the extension of the SM Lagrangian by an additional W', L.. =

SM ’
Lo 4+ L%, can be expressed in the mass eigenstate basis {W,,W,} using Eq. (2.7) (3.1) has

been absorbed into the matrices €~ as defined in Eq. (2.4):

J

g : _ _ g :
Lec= 7”; (Wycos§ — Wy sing),, [uﬂ“(UcL:KM)ijPLdj T Vﬂ”PLej] + % (Wsing + W, cosg),

x |1 (Ui CE, P+ Ui CR Pr) dy + 70" (CF, PL + Cf Pr) e +he. . (3.1)
Collecting the terms proportional to W, respectively W, one can easily read off the Feynman rules
for the charged-current interactions of W, and W, in a theory with one additional charged vector

boson. A summary of the Feynman rules needed for the computation of the cross section of the
SM w/’

process q +q’ RSNy provided in Table 3.1.

13



Table 3.1: Feynman rules for —i M in the SM extension including an additional charged vector

boson. Here, Iy is the decay rate of W,(W, ) and the summation goes only over Greek flavour
indices.

External lines (in, out)

Spin 3 (anti)fermion // / u,u (v,0)
W

qudv
i . T9uv .
Wi propagator K o~~e ¥ 1 m s (Z = €, h)

q
W, vertex v; —i’y”% [cos EPL + sinf(C’lfiPL + ij;PR)]
W) -
W, vertex - —i ’y”% [— sinPr, + cos §(Cy P, + Cl“PR)]

. 9w
- l’Y“ﬁ [COSE(UéKM)iij
Wz vertex

daj

+sing ((U(%KM)iaCij P+ (Ufkm)iaCyr -PR) }

. g .
7. —1«/“7‘/;[—81115((]51(1\1)1'3'1312
Whvertex !

+ cosé ((UéKM)ianaj Pr + (UgKM)iaCéij PR) }

3.2 Matrix element squared

In order to describe the kinematics of the matrix element squared we introduce the usual Mandel-
stam variables which are defined as follows:

s=(pa+pp)’ . t=pa—p)*=@B—p2)°,u=pPa—p2)’=s—m)°. (3.2)

Using the Feynman rules listed in Tab. 3.1, the matrix elements for the individual amplitudes,
either with W, or W, , can be written as:

2
W _ .
M = gIQ/V_U(pB; s9)Y* [cos E(U&m)ii Pr —|—s1n§((U(LjKM)iaCéjPL+(UgKM)melj PR)] u(pa; s1)

"9 ¥ qf‘l;fq?u _ v : L R
X Z 2 AT u(p1; s3)y” [cos EPL + sin&(C);, Pr + ClkkPR)] v(p2;s4) , (3.3)
)4

14



2

w _ .
Mijkh = QTWU(pE s2)V" [—Smg(UéKM)z‘jPL‘i‘COSf((UéKM)z‘vaLajPL+(U(}§KM)iaC£jPR)] u(pa; s1)

dudv
o —Guv + ]A\}g
q2 — M}% + iMhFh

) u(p1; s3)y” [— sin Py, + cos §(Clka Pr + Cl]Z“kPR)] v(p2;s4) , (3.4)

where i, j, k are flavor indices of quarks and leptons in the mass eigenstate basis and Greek flavor
indices are summed over implicitly.
From the expressions above, it is easy to compose the full spin- and color-averaged matrix
element squared:
~— 2 — W W W W, 0\ *
DM = Y (M + M) (M + ML) s
N (W2 W, 2 W w ‘
=) (MY 4 MVn? L 2RMW ) M)
The final expression for the spin- and color-averaged matrix element squared is a little bit too
long to be written down explicitly. However, since the processes with either left- or right-handed
neutrinos in the final state have to be distinguished in PYTHIA, because of the mass of the right-
handed neutrino, we actually need only the expressions for the corresponding matrix elements
squared.
Let us denote ML) the matrix element for the process with left-(right-)handed neutrino in
the final state, then one can write:

— 4 2 22
L2 _ 9w .2 _1 .2 A BiCt
Y IME? = e {<1 S sin 25) <Dg + +I[ABL0L (3.6)
1
+ 3 sin? 2¢ (A% — Bf + B{C} + A’C} — 2AB.C}) (3.7)

1
+ 5sindg (BiCL + ABLC} — AB — A’Cy) } } ,

N O A R2 G (2 2 Lo BRCH 1. . 9o, m2 0
Z‘M ? = N (t* + tm;) 1—58111 2¢ 7+ZISIH 2(BiCq ¢ (3.8)
c h

where the flavor indices i, j, k were suppressed. N, stands for number of colors, the Mandelstam
variables have been defined in Eq. (3.2) and quantities D%, D%L, I and A, B, C were defined as

D?(h) = (s— MZQ(h))Q + Mf(h)F?(h) ) (3.9a)
— M?)(s — M?) + MyM,T',l
I = (s 7)(s 2h)2+ eMleln (3.9b)
Dy Dy,

Ay = (Ui » (3.9¢)

L(R
Br)i = UGaiaCe (3.9d)

L(R
(Crr)e = Clki ) (3.9¢)

The summation in the formulas above goes only over Greek flavor indices.
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Masses of incoming states as well as the mass of outgoing charged lepton were assumed to be
negligible compared to the masses M, and M} and couplings CqL (R) and ClL (R) were for simplicity
assumed to be reall.

The reason why the mass of neutrino is not considered to be negligible in general, is that the
couplings of W’ to the right-handed fermions are kept non-zero, as compared to the WM which
couples only to the left-handed fermions. Therefore, in general a right-handed neutrino whose mass
is usually assumed to be very large to allow for See-Saw mechanism of neutrino masses, can be one
of the final states of this process.

It is interesting to note, that in the presence of mixing i.e. £ # 0, the interference term survives
even in the case of a purely right-handed W’. The reason is, that once you allow for mixing the
light mass eigenstate W, identified with the observed W-boson, develops a non-zero right-handed
component.

All the previous discussion as well as the discussion following in the next section, contains
formulas for positively charged vector bosons (as is clear from Figure 3.1). The expressions for the
matrix elements squared and the cross sections for negatively charged vector bosons can be simply
obtained by the exchange of Mandelstam variables ¢ and .

3.3 Differential partonic cross section

Following the discussion in [12], the differential cross section of a 2 — 2 process can be written as:

> 7 10

where d() is the Lorentz invariant phase space factor

dQ = (27)*6*(p1 + p2 — pa — pB) Em___dpo (3.11)
and the incident flux in the laboratory is for a general collinear collision between A and B
1/2
F=|vs—vp|2EA2Es =4 ((pa - pp)* — mam3)"* . (3.12)
In the limit of massless incoming states the incident flux can be written as
F=2s, (3.13)
and the phase space element in the center-of-mass frame reads:
1 1
Py = —dt. (3.14)

dQ)) = — —— =
@ A2 4s M T Brs

Thus the differential cross section in the center-of-mass frame in the limit of massless incoming
states can be written as:

R IS g
Ao = o 83/QZ|M| dQen = 167TSQZ|M| dt . (3.15)

!This simplification is allowed within all models under study in this document.
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The differential partonic cross sections for the processes with matrix elements M% and M* can
be using the formulas above written as

4
~L(R) _ 9w L(R) |2
o = 16m2§ IMERI2 dr . (3.16)

Implementing a process in PYTHIA practically means typing-in the expressions for %% [1]. There-

fore, let us take a look at the expression for the individual processes 493-498 (check the next section
for the table of new processes implemented in PYTHIA):

2 7-492+k — 2 754944k —
s do 1 @em 119 s“do 1 aem R|2
57 _ - ML ‘ 5 _ - ME2, ‘
T dt 4 sin* Oy ZZ]: Z| i Ne=3" w dt 4 sin* Oy ZZJ: Z| i Ne=3’
(3.17)
2.2
where we have used g{‘;[, = 18?:1473;”. The sum over flavor indices i, goes through all allowed

combinations of quarks? and k = 1,2, 3 denotes flavor of outgoing leptonic states.

280 that either the positively or negatively charged vector boson is produced.

17



Chapter 4

Implementation in the Monte Carlo
generator

As briefly mentioned in Section 2.1, PYTHIA (in version 6.4.20) contains two particles with W'-like
behaviour. One of them is Wy, in original PYTHIA notation W', with flavour code (KF) 34. It can be

produced e.g. in the process f + 7/ — W, with id (ISUB) 142. Decay is handled automatically and
the individual decay channels can be switched on or off on demand. The other particle Wy with

KF = 9900024 can be produced e.g. in the process f + 7, — Wy with ISUB = 354. In principle,
therefore, it is possible to simulate the production of a general W’ and its consequent decay at Large
Hadron Collider (LHC). However, in the original PYTHIA code, the interference of W with WM g
not implemented, neither is there a possibility for user to choose U (}J%KM or generation non-universal
of couplings of either W or Wy to the fermions of SM and thus, in order to be able to perform
serious studies of W’ discovery at LHC we decided to extend PYTHIA.

Since the channel [ + Fr will be straightforward to observe and at LHC will be one of the first

SM ’
channels to be analysed, we have chosen to extend PYTHIA to the implement processes g+ q’ i

v + £ accounting for mixing of W, Wy and interference of the corresponding mass eigenstates.

. A .
Furthermore Wy was generalized so that user chosen UgKM and C;?l() )W can be specified, as

SM
compared to the fixed coupling C;El()A W C’;El()A W and the fixed CKM matrix UgKM = U(L;KM
assumption in the original version of PYTHIA.
The following section describes a short summary on how to extend PYTHIA and a brief user’s

manual for the extension offered in this document.

4.1 Extending PYTHIA

In order to implement a new process in PYTHIA a few basic steps are required. As described in [1],
for each process one wants to include, ISUB which is not in use has to be picked and after setting
the name of the process in PROC(ISUB) one needs to specify the type of the process and its massive
final states in ISET(ISUB) and KFPR(ISUB,1:2). The expressions for matrix elements are then
typed into the subroutine PYSIGH and the final state selection code in the subroutine PYSCAT. For
processes with an implicit resonance in the cross section the subroutines PYRAND, PYMAXI need to
be altered.

The list of new processes offered in this extension can be found in Table 4.1. The exact formulae
for differential partonic cross sections coded in PYTHIA can be found in Section 3.2.
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Table 4.1: New processes implemented in PYTHIA. All the processes account for mixing and inter-
ference of WM (KF = 24) and W' = Wy (KF = 34) + W, (KF = 9900024).

ISUB | Process

492 | q+q —v,+e (W/W)
493 | q+7 — v, +p (W/W)
494 | q+7 — v, +7 (W/W)
495 | ¢+7 — (vg)e +e (W/W')
496 | q+7 — (Vg)u + 1 (W/ W)
497 | q+7q — (vg)r +7 (W/W))

To make place for all additional features offered in the extension, we have decided to change the
length of the array PARU from 200 to 230 and the list of all the entries of this array playing role in
our extension together with the explanation of their purpose and their default values is contained
in the following section. Furthermore, three entries of array MSTU were reserved for switches used
in the cross section computation routines for new implemented processes (see following section).

As the PYTHIA code is contained in a single file, all the code of this extension had to be included
in this file as well. For diff of the original PYTHIA code (version 6.4.20) and code containing the
extension, please contact the corresponding author.

4.2 Details on the simulation

All the new implemented processes together with their ISUB numbers can be found in Table 4.1.
For details and examples on the use of PYTHIA discuss the original manual [1].

COMMON/PYDAT1/MSTU(200) ,PARU(230) ,MSTJ(200) ,PARJ(200) ‘

MSTP(197) (D = 0) to specify that the mass and width of either W (KF = 34) or Wy (KF =
9900024) should be used in the formulas for cross section of processes 493-498

= 0 : mass and decay rate of W (KF = 34) will be used in the propagator of the heavy
mass eigenstate in processes 493-498
=1 : mass and decay rate of Wy (KF = 9900024) will be used in the propagator of the

heavy mass eigenstate in processes 493-498
MSTP(198) (D = 0)

=0 : couplings of W (KF = 34) to the third generation of SM fermions will be taken to
be equal to the couplings to the first and second generation
=1 :  couplings to the third generation are taken from PARU(137:140)
MSTP(199) (D = 0)
= 0 :  couplings of Wy (KF = 9900024) to the third generation of SM fermions will be taken
to be equal to the couplings to the first and second generation
= 1 :  couplings to the third generation are taken from PARU(137:140)

MSTP(200) (D = 0) a switch on which part of the cross section will be computed
=0 : WML W 4 interference
=1 : only WM
=2 : only W
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3 :  only interference
=4 : W + interference
Note: for D = 3, 4 — possibility of negative cross section warning.
PARU(131) - PARU(134) : couplings of a W (KF = 34) to the first and second generation of SM
fermions; default values are equal to the couplings of WM (KF = 24).
PARU(131), PARU(132) : (D = 1., —1.) vector and axial couplings of the first and second
generation quark-antiquark pair to Wy,
PARU(133), PARU(134) : (D = 1., —1.) vector and axial couplings of the first and second
generation lepton-neutrino pair to Wy
PARU(137) - PARU(140) : couplings of a Wy (KF = 34) to the third generation of SM fermions.

PARU(137), PARU(138) : (D = 1., —1.) vector and axial couplings of the third generation
quark—antiquark pair to Wy

PARU(139), PARU(140) : (D = 1., —1.) vector and axial couplings of the third generation
lepton-neutrino pair to Wy .

PARU(201) - PARU(204) : couplings of a Wy (KF = 9900024) to the first and second generation of
SM fermions; default values are in absolute value equal to the couplings of WM (KF = 24),
so that Wy, is purely right-handed

PARU(201), PARU(202) : (D = 1., 1.) vector and axial couplings of the first and second
generation quark—antiquark pair to Wg.

PARU(203), PARU(204) : (D = 1., 1.) vector and axial couplings of the first and second
generation lepton—neutrino pair to Wy.

PARU(207) - PARU(210) : couplings of a Wy (KF = 9900024) to the third generation of SM
fermions.

PARU(207), PARU(208) : (D = 1., —1.) vector and axial couplings of the third generation
quark—antiquark pair to Wy.

PARU(209), PARU(210) : (D = 1., —1.) vector and axial couplings of the third generation
lepton—neutrino pair to Wg.

PARU(211) - PARU(219) : real part of UgKM

PARU(211), PARU(213) : (D = 1., 0., 0.) first row of the real part of Ulfy,
PARU(214), PARU(216) : (D = 0., 1., 0.) second row of the real part of UgKM
PARU(217), PARU(219) : (D = 0., 0., 1.) third row of the real part of UgKM

PARU(220) - PARU(228) : imaginary part of UgKM

PARU(220), PARU(222) : (D = 0., 0., 0.) first row of the imaginary part of UgKM

PARU(223), PARU(225) : (D = 0., 0., 0.) second row of the imaginary part of UgKM

PARU(226), PARU(228) : (D = 0., 0., 0.) third row of the imaginary part of UgKM
PARU(229) : mixing angle of W = W, (KF = 34) + W, (KF = 9900024) with WM (KF = 24)
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Chapter 5

Numerical results

For all the numerical computations in this chapter we have used the general purpose Monte Carlo
generator PYTHIA (version 6.4.20) with an extension described in the previous chapters. During
the M2 PSA internship we did not have enough time for a systematic numerical analysis of the
dependences of the signal characteristics on all the parameters of the models discussed in Chapter
2. However, to show the main features of all the models we did a comparison of the transverse
mass distributions and charge asymmetries for one point in the parameter space for each model.
The results of our main numerical analysis can be found in Section 5.4.

To make sure, that the W’-boson with the values of the parameters chosen for the main analysis
will be observable at the LHC we did also an estimation of the total cross section of the process

q+7q N v+ £ as a function of the mass of the heavy eigenstate Mj. Furthermore, to see what is
the total decay rate around the values of the parameters chosen for the main analysis, we computed
the total decay rate of the W, as a function of the parameters which directly influence the couplings
of the W’ for fixed mass of M;, = 800 GeV.

The second section of this chapter is devoted to a comparison of the transverse mass distribution
obtained with PYTHIA’s original implementation of ¢ + g’ Wiw, v + ¢ with the transverse mass
distribution obtained with our enhanced implementation accounting for the interference between
the corresponding mass eigenstates.

Before discussing all the numerical results of this section, let’s have a brief look at what the
transverse mass distribution and charge asymmetry exactly are.

5.1 Transverse mass and charge asymmetry

In the rest frame of a decaying charged vector boson W, the energy of the charged lepton is simply
My /2. This fact can be used to make precision measurements of the mass of the W. The transverse
momentum py, distribution of the outgoing charged lepton will be strongly peaked at My /2 [13]:

)« -
1 d Ap
LAY (1 Tl) . (5.1)

(SIS

T A2
g del MW
However, the square-root singularity of the distribution is somewhat smeared out by the finite

width and non-zero transverse momentum of the W-boson. Therefore, for precision measurements
of the mass it is more suitable to use the transverse mass distribution of the W-boson, where the
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transverse mass is defined as:
M3 = 2|pr, |lpr,, (1 — cosAdy,,) (5.2)

with Agbgul being the angle between the outgoing charged lepton and its corresponding neutrino.
The reason is that the information from the missing transverse momentum of the W-boson is
taken into account further sharpening the peak. At leading order, in the case of negligible mass
of the neutrino and in the absence of any quark transverse momentum the transverse mass can be
estimated by Mr = 2|p7;| and therefore has a peak at M7 = Myy. In a system of two charged
vector bosons, the transverse mass distribution will have two peaks at both masses of the mass
eigenstates.

Another interesting characteristics of the charged vector boson production and its consequent
decay into the leptonic channel is the charge asymmetry. The main partonic channel contributing
to the W*-boson production at the LHC is the u d channel while the main channel for the W~
production is the @ d channel. Since the u d parton luminosity will be bigger then the @ d
parton luminosity there will be an asymmetry concerning the production of a W™ — boson resp. a
W~ — boson. Charge asymmetry defined as:

do(W)/dy — do(W™)/dy
do(W+)/dy + do(W=)/dy

Aw (y) = (5.3)
therefore, provides a measure of the relative shape of the u and d quark distributions. Unfortunately
the rapidity of charged vector bosons is difficult to measure accurately because of the undetected
neutrino in the final state. What can be measured with high precision is the closely related charged
lepton asymmetry A, (y):
do(0)/dy — do(£)/dy
do(0)/dy + do(¢)/dy
Both transverse mass distributions and charge asymmetries for different models discussed in
Chapter 2 are shown in Section 5.4.

Ao(y) =

(5.4)

5.2 The effects of the interference

To show the effect of the interference as well as to compare our implementation of the process

_, wSMw/ . . . . . . . .
q+q¢ —> v+ { with the original implementation in PYTHIA we performed two simulations.

In the first simulation we have used the processes ISUB = 2,142 for the production of WM and
W’ and allowed their automatic decay into an electron and its corresponding neutrino. For the
second simulation we have used the process ISUB = 493 from our extension. In both simulations
the couplings of the W’ were set to be equal to the couplings of the WM, thus simulating the
W'-boson in the Sequential Standard Model. The mixing angle relevant for the process 493 was
set to zero and the mass of the W'-boson was chosen to be My = 500 GeV, what should be small
enough to make the effect of the interference clearly observable.

Furthermore, since the original implementation is based on a 2 — 1 process as compared to
the 2 — 2 implementation in our extension, the scale for the evaluation of the parton distribution
functions in the process 493 needed to be set to the usual scale used in 2 — 1 processes for a
meaningful comparison. Because of the time limitations both simulations were performed without
the initial and final state radiation. However, these should not be important for the demonstration
of the effects of the interference. As the event selection criteria we have used the transverse
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momentum cut py, > 20 GeV and the rapidity cut |y¢| < 2.4. The transverse mass distribution

of the production of WM W’ and their consecutive decays into the leptonic channel with and
without the interference between WM and W’ are displayed in Figure 5.1.

— SSM wo interference
106 L — SSM w interference |

0 200 400 600 800 1000
MT [GGV]

Figure 5.1: Comparison of the transverse mass distribution of the W’ in the Sequential Standard
Model produced with the original PYTHIA code (without interference) and the transverse mass
distribution of the same W’-boson with the extended PYTHIA code to account for the interference.

The transverse mass distribution has in both cases two sharp peaks at the masses of the W5M
and W’ and since both interaction states WM and W’ are purely left-handed, the effect of the
interference should be nicely observable and indeed the destructive interference in the area between
the peaks and the constructive interference on the right side of the W’ peak of the transverse
mass distribution are obvious. More details on the importance of the effect of interference for
determination of the helicities of the couplings of W’-boson can be found in [14].

5.3 Total cross section and W’-boson decay rate

The estimate of the total cross sections of the processes q + 7’ -, v + £ as well as the total decay
rate of the heavy mass eigenstate W, within the models discussed in Chapter 2 were done using
PYTHIA as well. For the evaluation of the total cross section the process 493 was used with the
contributions from WSM and the interference part of the formula for the cross section switched off.
The widths of all the particles in PYTHIA are computed before the initialization of the simulation
and the widths of W} and Wy were extracted from the table of total decay rates and branching
ratios offered by PYTHIA.

It is important to note that the values of the total cross sections as well as the total decay rates
present only rough estimates of the physical values since in reality the total cross section for the
W’ cannot be disentangled from the total cross section of the combined process and the decay rates
of the W; and Wy, are not the actual decay rates of the physical mass eigenstates in the presence
of non-zero mixing.
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Figure 5.2: Total cross section of ¢ + g’ LAY + ¢ in all the models included in the main numerical
study as a function of the mass of the heavy mass eigenstate. Curves in the plot on the left
represent the low luminosity period with the center of mass energy of 10 TeV, curves in the plot
on the right the high luminosity period at 14 TeV.

The dependence of the total cross section on the mass of the heavy eigenstate W, for all
the studied models is displayed in Figure 5.2. For the models where more then one point of the
parameter space was available for the study, we show the dependence of the total decay rate on the
model-parameters in Figure 5.3.

The summary of the parameters of different models used in this numerical analysis (applicable
in the following section as well) can be found in Table 5.1.

From the dependence of the total cross section of the process g + g’ >, v+ /£, it is obvious that
for the masses of the heavy eigenstate of the system WM, W’ below 3 TeV the values of the cross
sections are well above the discovery limits in the low luminosity period of LHC (L ~ 10 fb™1) as
well as in the high luminosity period (L =~ 300 fb™1).

5.4 Signal characteristics

As discussed in Section 5.1, there are two particularly interesting characteristics worth investigating.
In this section we offer both the transverse mass distribution and the charge asymmetry extracted
from the simulations of a reasonable set of the processes discussed in Chapter 2 for chosen values
of their parameters (see Table 5.1) with the electron and its neutrino in the final state. This time,
in order to get better statistics, we set the hardwired kinematic cut on the center of mass energy
at 350 GeV, while as the selection criteria for the final states same cuts on pr, and ye as in the
section 5.2 were applied. The mass of the heavy eigenstate W, was set to 800 GeV and the center
of mass energy to 10 TeV. The generation of the distributions within all the models under study
and the generation of the signal without W’-boson was done using the process 493.

Both, the transverse mass distribution and the charge asymmetry as a function of an outgoing
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Table 5.1: List of values of the parameters of all the models used in the total cross section and total
decay rate estimates and in the main numerical analysis. The mass of the W’-boson was always set
to 800 GeV.

R —77L
Manifest L-R Uckm = Ulkm
my, =0
R _
No LR 1 Uckm =1
= 0.5
my, =0
Ununified SM s2=10.25
L (gw — _
LiMa QLN O ( */5)_1 3.0775
F(2g) = 03207
Li, Ma GN y? = 0.55

Topflavor t=2

charged lepton rapidity are shown in Figure 5.4. The “SM” label in both figure denotes the signal
without W’-boson.

Both figures show very interesting signals for the transverse mass above 400 GeV as compared
to the signal without the presence of an additional charged vector boson. The transverse mass
distribution in particular nicely shows the effects of the interference, where all the models with a
purely left-handed W’-boson start below the tail from the WSM-boson (see the curve denoted as
“SM”), while both models with a purely right-handed W’-boson start above it. It is important to
note, that the difference in the width of the individual W’-bosons predicted in different models has
a large impact on the transverse mass distribution.

The charge asymmetry also shows significantly different shapes for all the models containing
a W'-boson as compared to the signal without it. The difference between the signals with and
without the W’-boson is due to the different ranges of x values probed, as they are closely related
to the masses of WSM-boson and W’-boson. The minute differences between the signals in models
with W'-boson are, apart from the different couplings of the W’-boson, mainly caused by the width
of the W/-boson and are probably too small to be used to discriminate the models in the early LHC
data. Therefore, the shapes of some other distributions and/or asymmetries should be investigated.

For the left-right symmetric models, angle distribution of the outgoing charged lepton and the
forward-backward asymmetry derived from it should show more significant differences in comparison
with models predicting a purely left-handed W’-boson. To distinguish the generation nonuniversal
models, it would be worthwhile to compare the transverse mass distributions and charge asym-
metries for different generations of quarks and leptons in the final state. In particular, the ey,
channel versus the 7u,. channel as well as tb channel versus the light jets in the final state should be
compared. The tb channel can also serve for distinguishing the left-right symmetric models with
heavy right-handed neutrinos.

Concerning the “-phobic” models, different channel from the leptonic one needs to be included
in the study in order to observe any signal at all. For leptophobic models, quarks in the final state
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especially the tb channel should be investigated, as the couplings of the W’-boson to the lepton
within these models vanish completely. For fermiophobic models, in which the W’-boson does not
couple to the SM fermions at all, final state like W Z could be useful.
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Figure 5.3: Total decay rate of W/-boson with mass 800 GeV as a function of the parameters of the
model within the models: Ununified SM, Li, Ma GN model, Topflavor model and No L-R 1 model.
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Figure 5.4: Transverse mass distribution and charge asymmetry as a function of the outgoing
charged lepton rapidity at 10 TeV with M} = 800GeV for different models under study. The “SM”
label denotes the signal of the WM without the presence of a W’ contribution.
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Chapter 6

Summary and concluding remarks

As we mentioned in the introduction, it would be desirable to have a natural framework for de-
scribing possible deviation of the SM predictions with the experimental data. In this document we
tried to create this framework for a general W’-boson predicted in the models based on an enlarged
gauge group.

In Chapters 1 to 4 we have introduced a general W’-boson, reviewed models predicting it and
derived a leading order formula for differential crosse section for its production and decay into the
leptonic channel at LHC. In Chapter 5 we offered a description of an extension of the most cited
leading order Monte Carlo generator PYTHIA, which was needed to account for the diversity of the
W/'-bosons predicted within the models mentioned in Chapter 3.

We believe, that we have succeeded in making the first step in a research of the implications of
an additional charged vector bosons and that we have demonstrated the importance of this subject,
particularly now as the LHC will be taken into operation in the fall of this year.

In the chapter on numerical results we have shown the effects of the interference, which was
not accounted for in the original PYTHIA code at all and provided plots of the transverse mass
distribution and the charge asymmetry in theories with an additional charged vectors boson based
of an enlarged gauge group for chosen values of the parameters. In particular the mass of the
heavy mass eigenstate of the system WM and W’ was set to a fixed value within all the models,
to facilitate the comparison of predictions within different models.

In order to make this study complete, however, further work is needed. First of all the con-
straints on low-energy and electro-weak precision data need to be updated or derived in a model-
independent manner. For that a classification of all the possible models predicting additional
charged vector bosons needs to invented. A more systematic study of the implications of an ad-
ditional W’-boson within the full parameter space of the different models is needed. Furthermore,
to facilitate the distinction between different models the correlations of W’-boson with a Z’-boson
should be investigated, since wherever a W' is predicted there is also a Z’.

The predictions of other theories, not only SM model extensions based on an enlarged group,
present a very interesting possibility for a future work on this subject as the energies at LHC will
be probably high enough to probe new physics described by theories like Supersymmetry, Kaluza
Klein, Technicolor and so on.
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