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Chapter 1

Introduction

One of the main characteristics of the Large Hadron Collider (LHC), is the
ability to produce a large number of top quarks. In the regime of low lumi-
nosity 8 million top quark pairs per year and per experiment are anticipated.
Since this quark is the least studied in the Standard Model (SM), due to the
current lack of data, this new accelerator will be an excellent laboratory to
study physics beyond the SM associated to this sector.

In the present work we study flavour changing neutral currents (FCNC)
associated with single-top quark production. This process is characterised
by vertices where the current flavour changes and the charge is conserved.
This kind of processes are, due to the Glashow-Iliopoulos-Maiani (GIM)
mechanism, highly suppressed in the SM. In figures (1.1) and (1.2) we can see
the top quark decay predicted by the SM and one example of an FCNC top
decay, respectively. Although these FCNC processes are highly suppressed in
the SM, there are some extensions like SUSY or multi-Higgs doublet models,
that predict a very different FCNC decay branching ratios for the top quark.
This can be seen in table (1.1). For the ¢ — ¢g decay, an increase of eight
orders of magnitude is expected for the branching ratio within SUSY, when
compared to the expected SM value. For this reason, this decay is a good
channel to test physics beyond the SM.

This work follows previous studies [1, 2, 3] where several cross sections
for the FCNC in the strong sector were calculated and analysed. In table
(1.2) the processes studied in those works is shown. In figure (1.3) the
pp — t + jet cross section versus the branching ratio for the FCNC decay
t — ug is presented. As we can see from figure (1.3) there is a significant
contribution for the single-top production cross section, which implies that
we are in the presence of a channel that is a good candidate for testing new
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Figure 1.1: SM top decay dia- Figure 1.2: FCNC top decay
gram. diagram.

BR(t — FCNC) in several models:

SM QS 2HDM FC2HDM MSSM R SUSY
t—qy ~100% ~107° ~10°% ~10% ~10% ~10°F
t—qZ ~107% ~100* ~1007 ~1071% ~107¢% ~107°
t—qg ~10712 ~1007 ~107% ~107° ~107° ~107%

Table 1.1: Expected quark top decay branching ratios for several physical
models. Table from [4].

physics at LHC.

From all the processes of table (1.2), we highlight the production pro-
cesses qq — tq because there is an electroweak contribution to add to the
strong one already calculated. This is not true for the remaining pp — ¢+ jet
channels. The strong channel contribution was calculated in [2]. The main
objective of the present work is to complete the single-top production chan-
nel, which means to include the electroweak sector contribution and the
interference terms between the two sectors. We started by cross-checking
the calculation for the strong sector. We can now say that the single-top
quark production through both the strong and electroweak channels is com-
plete.
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Figure 1.3: Cross sections for the processes pp — t + jet (crosses) and

pp — t + W (stars) via an u quark, as a function of the branching ratio
BR(t — gu). Plot from [3].



direct production pp— (9q9) = t+ X
top + jet production pp— (g9) — gt + X
pp— (99) = gt + X
pp— (qq) — qt+ X
(including 4-fermion interactions)

top + anti-top production pp — (99) — tt+ X
pp— (q9) = tt+ X

top + gauge boson production | pp — (g9q) — vt + X
pp—(99) = Zt+ X
pp— (99) = Wi+ X

top + Higgs production pp — (9q) — ht + X

Table 1.2: Possible channels for single-top production with FCNC. Table
from [5].



Chapter 2

Theoretical background

We can define an effective field theory (EFT) as a theory which aims to
describe the main physical characteristics of a problem with respect to a
domain of parameters. One of the common parameters used (it will be used
in this work), is the energy scale of the physical problem. So in this example,
one EFT is a physical theory that is supposed to work in a specific energy
scale and does not try to explain physical interactions at higher energies. We
can say that an EFT is not a model of physics that tries to describe some set
of interactions at all energies scales, but a theory that describes the physics
in one specific scale region. Like explained in [6], because of its richness, it
is convenient to divide all physical phenomena in groups, so that it is not
necessary (and probably is not possible) to explain everything at the same
time. Doing this, we are dividing the physical domain into several regions.
The theory which has the appropriate description of the important physics in
each region, is called an effective theory, where appropriate means that there
is no theory of everything that works for all physical domain and important
means that the relevance of the physical phenomena is scale dependent.
The theoretical context of the present work uses this concept for the
implementation of the FCNC processes. Just like previous works, the ap-
proach uses the effective operators formalism [7] in the attempt to introduce
new relevant processes at higher energy scales. In this formalism the SM is
considered as the low-energy effective theory and by ”low-energy” we mean
any process which occurs bellow the LEP energies. The effective Lagrangian
technique was used, which means that the Lagrangian is written as a power
expansion in %, where A is the scale parameter. In equation (2.1) we can
see the form of this expansion. Since this scale factor has energy units,
each Lagrangian term has to follows the dimension of A. Therefore, for the



first order of the expansion we have a dimension five Lagrangian and for
the second order we have a dimension six one. For FCNC studies we have
considered the expansion to the second order in %

Lopp=L£5M 1 2pe L L ro) ol 2.1)

</ A A2 A3 '

Fach Lagrangian term is built from the combination of the fields under con-
sideration. In the Buchmiiller and Wyler formalism, fields are considered as
classical and no additional fields are present. All Lagrangian terms consid-
ered here are SU(3) x SU(2) x U(1) invariant. The £ terms break baryon
and lepton number conservation and usually are not considered. Therefore
the remaining term which needs to be constructed is the dimension six term.
The Lagrangian used in this work is taken from the vast list of dimension
five operators of [7], and obeys specific criteria for the FCNC studies con-
sidered here. These are: they can not have impact on phenomena occurring
at lower-energies and the operators chosen involve flavour changing inter-
actions with a single top quark. Therefore we are searching, in the case of
the strong sector, for vertices of the form gt¢ or gtu. In [1] the operators
considered were:

S
Qi a [z
Oia = zA—Qt(uR)\ YuDutr)G™*
6 .
Oigg = A—g(fﬁ)\aa”thWGaW, (2.2)

where ¢z, and up are spinors, ¢ is the charge conjugate of the Higgs doublet,
and G, is the gluon tensor. There are other FCNC terms that come from
these operators like for example ggtui. However all other vertices are not
relevant for this work. The constants «;; and 3;; will play the role of coupling
constants. Hence the dimension six Lagrangian terms for the gluon vertices

are:
L= O+ Oigp + h.c., (2.3)

where ¢ stands a u or ¢ quark. Finally, from this Lagrangian we extract
the Feynman rules needed for the present work. They are shown in figure
(2.1). The procedure for the electroweak sector is exactly the same [8]. In
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(ku gya _ kr/ gua)
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, ara
(ku gya _ kr/ gua)
q t

Figure 2.1: Feynman rules for anomalous gu;t and gtu,.

equations (2.4)-(2.7) we present the operators for this sector.

B .
Oup = i34 (@ Dutr) B,
_ BE A vy T _BY i s NIl
Oipy = 34 (010" tR)0Bu , Owvg = 3&(qpm10" tR)OW

Ogt = 0it(¢' Do) (Wt r),

Op, = (G, D"tp)Dué . Op, = T (DFq,tr) Dy,

B

where o7, Z‘;V , ﬂgf , Mit, Myt and 0;; are complex dimensionless couplings; B,
is the U(1)y field tensor and Wlf,, is the SU(2), field tensor. To isolate the
contribution to the FCNC photon and Z interactions we define new effec-
tive couplings a7, 87 and o, 3%. These are related to the initial couplings

through the Weinberg angle 0y, by

B Z

o’ =cosbya” , o =—sinfyaB

and

8% = cos Oy W — sin Oy 5.

The Lagrangian that describes the electroweak interations is

{ B = sin Oy Y + cos Oy B8

L=0p+ OtB¢> + OtW¢> + O¢t +Op, + ODt + h.c..

(2.8)

(2.9)

In figures (2.2) and (2.3) the Feynman rules derived from this Lagrangian

are shown.
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Chapter 3

Single top Production

The production processes under consideration are pp — tq(qq — tq) and
pp — tq(qq — tG), which means we are looking for final states with one top
and one u or ¢ quark. Additionally we restrict the calculation to a single
flavour violation in the production process, which means we will have only
one FCNC vertex. The general form of the diagrams for gq¢ — tq and qq — tq
are represented in figures (3.1) - (3.4). The set of all possible processes
under these constraints are summarised in table 3.1. For process 1 we must
consider the t and u channels of figures (3.1) and (3.2) and for process 3 the
t and s channels of figures (3.3) and (3.4). These are the only processes with
two channels. For processes 2 and 4 to 8 there is only one allowed channel:
a t channel for processes 2, 5, 7 and 8 and an s channel for processes 4
and 6. Note that table 3.1 presents only the processes where the anomalous
couplings under study involve the u and t quarks. For the full calculation
the anomalous coupling between ¢ and t quarks was also considered. Since
the calculation for the ¢ coupling follow the rule of u coupling, I will only
present the u coupling processes for simplicity. In addition, for processes 6
to 8, the d quark, represents a d, s or b quark. In figure 3.5 we can see the

Figure 3.1: Feynman diagrams of gq — tq process for the strong sector.



q t q t
Vaz A,’7Z
q q q q

Figure 3.2: Feynman diagrams of qqg — tq process for the electroweak sector.
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Figure 3.3: Feynman diagrams of ¢G§ — tq process for the strong sector.
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Figure 3.4: Feynman diagrams of qg — t¢ process for the electroweak sector.
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Single top channel | Process number

uu — tu
uc — tc
ut, — tu
ul, — tc
uc — tc
dd — tu
ud — td
ud — td

O ~J S Ui Wi

Table 3.1: FCNC single-top production processes considered.

Pl—_’b— +t
P — Py —
pz—_}— +p3
p2 — p3 —

Figure 3.5: Momentum convention.

labels for the particle’s momentum defined for this calculation. The usual
definition of the Mandelstam variables: s = (p1 + p2)?, t = (ps — p1)? and
u = (pg — p2)? was used. The kinematical conditions for all calculations are
defined in table 3.2. Except for the top, all the quark masses were set to
ZEro.

Finally we will separate the calculations in two parts. The first part will
consider processes 1 to 5 and the second part the process 6 to 8. Although
there is no tree level SM equivalent process that competes with the first five
processes, this is not the case for processes 6 to 8. For the reasons explained,
the first anomalous contributions for the processes 6 to 8 is of order % For
simplicity I will describe in more detail the calculation associated to process

1, since for processes 2 to 5 the procedure is similar.

11



prp1t =mg =0
pa.pa = m; =0
p3.p3 =mg =0
pa-py = my =m7
pLp2 =5

p1p3 = —3
p1pg = S
Pb2.p3 = —%
Pb2.pa = STH
P3.-p4 = —HTu
S+t+u=my
D1+ P2 =p3+Dp4

Table 3.2: Kinematics constrains.

3.1 Process 1

For process 1 we have uu — tu (u coupling).

We define the functions

Vi(p,q, k) and Vi(p,q,k) = 7°V; (p, q, k)7°, with i = g,~, Z, which are the
FCNC vertices defined in equations (2.1)-(2.3) without the Gell-Mann ma-

trices (we will work them explicitly).

The SM Feynman rules used can

be seen in the appendix. For this process we have two identical particles
which result in one t channel and one u channel contribution to the process.
The transition amplitudes for the gluon, photon and Z to this process are,

respectively:

iTy = [V} (p1, pas pa — p1)2t55u1)(
iT; = —[ﬂi%“(pz,m,m —pz)Qt?jué](
Ty = [@ V¥ (p1,pa, pa —pl)éiju{](T’“’)[

iT = ~[ufV*(p2, pa, pa — p2)6ijud)(

iTy, = [ﬂiVéL(phm,m—p1)5iju{](

_k 1e
3 sin(26,,)

Yo [Ts — 2Q2sin? (0) — T3v5)01ub]

12

_ig;w

)[@§igstiyu))

a5 igstiyy” ul]
ieQuy” Srub]

—ig L.
M) afieQuy” Srrul]

t—m

(3.1)



iTy = —[u;V}(p2,pa,pa — p2)dijud)(—— ) (g — —

_ 2
u—ms ms

)
_k e

85y ITs = 2Qisin® (0w) = Torslound]  (36)

where uin is the spinor, m = t,1,2,3 is the index that defines the particle,
Qt% correspond to the Gell-Mann matrices where a = 1,...,8, the indices
1,7, k,l define the particle’s colour, gs is the strong coupling constant, ., is
the u quark charge and T3 = % in this case. Now we want to calculate the
average of the total amplitude squared:

iTyotar = 1Ty + 1Ty +iTL + T +iT} + iTy. (3.7)

This results in a total of 6 x 6 = 36 terms. From these 36 terms 8 are be
zero for the reasons to be explained bellow. For simplicity we will separate
the spin and colour averages calculations for each boson channel, and for
the respective interferences.

Gluon

The averages for the gluon channel are written in equations 3.8-3.11. In all
four contributions we have the factor Vlg and the usual Gell-Mann traces
from the averaging over the initial colour states

1 4¢3

Tt Tt t — ARy N P b Tr[te b
<Ty(T,)" > 1592 r[t° | Trt*t"]
xTr[Vy*(p1,p4, pa — p1)- l)l-Vgﬁ(th,m —p1)-(pa +my)]
XTr[Ya. p273- p3] (3.8)
1 4¢3
w rpuyt _ =93 atb atb
<THTF)" > 4X9u2Tr[tt]T7“[tt]
XTr[V(p2, pas pa — p2). 2.V (92, pa, pa — p2)-(pa + my)]
XTTr[Yo- P17 b3 (3.9)
trun T 1 _4Q§ arbrarh
T?”[Vga(pmm,m —p2)-(pa+ mt)'vgﬂ(plap4ap4 —p1)-
b15a- P38 P2 (3.10)

13



1 —4g2
<THTHT > = =k Ny

4x9 tu
Tr[Vy (1, pas pa — p1)-(pa+ mi).Vy (p2, pa, pa — p2)-
b25a- P38 b1l (3.11)

Photon

The calculation for the photon channel is similar to the one for the gluon
channel. We will discuss briefly how to account for the colour factor. Al-
though no colour exchange takes place in a photon vertex, we have to average
over the initial quarks colour. There are two different cases: the interference
between same channel diagrams and the one between different channels. In
the first one the colour indices contraction will be divided in two delta ma-
trix traces (equations (3.12) and (3.13)) which is equal to 9. In the second
one there is a crossing between fermionic lines that results in only one delta
matrix trace (equations (3.14) and (3.15)) which is equal to 3.

1 eQy
<TTt> = g(eT)ZTr[é]Tr[é]
XTr(V¥(p1,paspa — p1)- b1V (p1,pa.pa — p1)-(pa+ my)]
XTr[Yo- H2-75- P3] (3.12)
1 u
<THTY > = 4X9(eff V2T (5] Tr[6]
XTr[V (p2,paspa — p2). 2.V (p2,pa, s — p2).(fa + )]
XTr[ya- p178- 3] (3.13)
1 —(eQu)?
<THTYY > = 4X9%T7«[5}
Tr[Vy(p1,paspa — p1)- Pr198- h3-Ya- 172-‘2?(2?2,294,294 —p2).
(s +my)] (3.14)
U t _ 1 _(eQu)2
<THT)' > = o 5 Ll
Tr[Vy(p2; P4, pa — D2)- 275 h3-Va- /ﬁl-V«,ﬂ(phm,m —p1).
(s +me)l. (3.15)

14



To visualise the calculation of the colour factors in the electroweak sector,
imagine one simple model where we have two colours. From figures (3.6)-
(3.9) we can see the Feynamn diagrams for each possible colour combination
in this model. The superscripts indices mean yellow and blue. We can see
that we would have 4 terms for the transition amplitude in each channel.
This means that if we would like to know the average of the transition
amplitude of the t channel, for example, we would have to sum these four
amplitudes and divide by the number of possible initial combination, which
in this case is 2 x 2 = 4. In this way the colour factor would be one in the t
and u channels. For the interference this is not true. Since with a u channel
the final particles are inverted with respect to the t channel, there are only
two terms that contribute to the interferences. We can see this for figures
(3.7) and (3.8). The final state of both channels for these combinations is
not coincident and therefore it results a in null transition amplitude. This is
not the case for figures (3.6) and (3.9), where the initial and final states are
equal. Therefore, for the total interference contribution we would have a %
factor, equivalente to the % factor resulted obtained in our actual calculation.

ub tb ub t
% gl
Ub Ub u” ’Ub
Figure 3.6: Feynman diagrams for u’u® — tPu® process.
ub t ub 134
Y Y
uy W ub

Figure 3.7: Feynman diagrams for ubu? — t*u¥ (t channel) and ubu¥ — tYu®
(u channel) processes.
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uy:E: tv u¥ I

,7 %:

’U,b ub Ub uv

Figure 3.8: Feynman diagrams for u/u® — tYu® (t channel) and u¥u® — tPu¥
(u channel) processes.

u? tY u? tY
Y gl
uy uy uy uy
Figure 3.9: Feynman diagrams for uYuY — tYu¥ process.

Z
For the Z channel we first define the functions:

Kk

Lk, Q)p = (g — W)V”(T:s —2Q%s%, — T37°) (3.16)
= kyky 2.2 5\, v
L'(k, Q)u = (guu - )13 —2Q7 sy, + T37°)7" . (3.17)

Apart from the vertices and the propagator, the calculations for this channel
are the same as for the photon channel. Likewise, the colour factors will be
the same since there is no difference in colour counting for this channel.
Therefore the average of the square of transition amplitudes are:

1 e2

4 x 9452 2 (t —m?2)?

XTr[VE(pr.pasps — p1)- 1.V (01, pay pa — p1)-( pa+my)]
XTrLo(ps — p1, Qu)- p2-Ls(pa — p1,Qu). b3 (3.18)

<TUTHT > =

Tr[0)Tr[d]
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<THTHT > =

<TUTH' > =

<THTH >

1 e2
4 x 94522 (u—m?2)?
xXTr[Vg (p2,p4a;pa — p2)- ﬁz-VZﬂ(pz,pz;,m —p2).(pa + my)]
XTrLa(ps — p2, Qu)- 1.15(ps — p2, Qu). p3] (3.19)

Tr[0)Tr[d]

2
1 ¢ Tr(s]

4 X 948y (t —m?2)(u —m2)
XTr[VE (p1,paspa — p1)- $1.L(ps — p2, Qu) H3.Ta(pa — p1, Qu)-
X 2.V (P2, pay pa — p2)-(pa + my)] (3.20)

1 —e?
4 X 948, (t —m2)(u —m2)
XTr[Vg (p2,pa:pa — p2)- h2La(ps —p1, Qu) P3.Ta(ps — 2, Qu).
< p1.VE (p1,pa,pa — p1).(a + ). (3.21)

Tr|o]

Gluon and Photon interference

For all the interferences the calculations are equivalent to the ones performed
before. For the same channels, the interference between the strong and
electroweak sector vanishes. This is the case for the process 2,4 and 5. For
these cases we have two traces of the form T'r[t*], which are null. For the
photon and Z sectors this does not happen and the colour term is equal to
unity. For two different channels in the strong-electroweak sector we have
the trace Tr[t*t?] = 4. Finally for the photon and Z sectors we have again
the colour factor %,

< TH(T)! >

< THTH >

1 >1< 9 _Qiileu Triet’]

XTr[( pa+my).Vy(P1, 04,04 — P1)- P178- D3-Va- b2
V.l (p2,p4,ps — p2) (3.22)
y i Q_Q%fQ“Tr[t“t“]

XTr[( pa + mt)-VW’g(p27p4,p4 —p2). P2Ya- P38 1.
V¥ (p1,paspa — p1) (3.23)
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1 -2
<THT) > = =2693Qu oy

4x9 tu

XTr[( pa+my).V, (p2, 1,01 — p2). b2Ya- 378 b1-

Vi (p1,pa,pa — p1) (3.24)
<TUTY > = ﬁ%ﬁ“mma]

XTr[( pa+me). Vi (p1,pa,pa — p1)- P18 D3-Ya- bo-

V¥ (p2,Pas pa — p2) (3.25)

t (it _ t ot _ _ _
<THTH)T >=< TUT)T >=< THT)! >=< THT})! >=0.  (3.26)
Gluon and Z interference

1 —€93
< Tt Tu T > = T tata
o(T) 4 X 9 syeyt(u —m?2) T

XTr(( pa+me). V3 (p1,pa, pa — p1)- 1.Ta(pa — p2, Qu)- H3-7a- 2.

V2 (p2,pa,ps — p2) (3.27)

1 —egs
<T* Tt t > = Trt®
2 (T5) 4 X 9 sycypt(u —m?2) rEt]

XTr(( pa +mi).VE (pa, pa,pa — P2, Qu)- 2o~ H3.Ta(pa — p2, Qu). b1

Vga(pl7p47p4 _pl) (328)

1 —€gs
<T* Tt t > = Trt®
g (T2) 4 X 9 sycyu(t —m2) rE]

XTr(( pa+mu). V) (p2,p1,p1 — p2). p2.Talps — p1,Qu). 38 1.

V2 (p1,pa,pa — p1) (3.29)

1 —egs
< Tt T t > = Tr[t344
2(T5) 4 X 9 sycpu(t —m?2) ret]

XTr[( pa+me). VD1, 04,04 — D1). 178 h3-Ta(ps — p1,Qu)- po.

Vgﬂ(p27p4,p4 — p2) (3.30)

<THTH >=< TUT})! >=< THTY)" >=<THTH" >=0.  (3.31)
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Photon and Z interference

<TUTHT > =

<THTHT > =

<TUTHT > =

<THTH > =

<THTHT > =

<THTY > =

<THTH > =

1 e2Qu
4 X 9 2t8,,Cy (t — m?2)
<Tr[( pa+me) V. (pr,pa,pa — p1). 1.V (01,4, 04 — p1)]
XTT[/Z)B"Ya' 1)2~Fﬂ(p4 — D1, Qu)] (332)

Tr[0)Tr[d]

1 —e%Qy
4 X 9 2tscy(u — m?2)

XTr(( pa +me). V. (p1,pa, pa — p1)- p1.T(pa — p2, Qu)- P37 b2

VP (p2,pa. ps — p2) (3.33)

Tr[0]

1 —e%Qy
4 X 928,y (t — m?2)

XTr[( pa +me). Vi (p2, pas pa — p2)- p2.T(pa — p1, Qu)- 370 b1
V2 (p1,paspa — p1) (3.34)

Tr[0]

1 e*Qu
4 X 9 2uSyCy(u — m?2)
XTr[( pa +me). V. (p2,pa,pa — p2). h2.VE (p2,pa,ps — p2)]
XTI p3-Ya- £1-1'5(ps — P2, Qu)] (3.35)

Tr(6]|Tr[d]

1 Qu
4 X 9 2t8,,Cy (t — m?2)
<Tr[( pa+me).VE (p1,pa,pa — p1). 1.V (01,4501 — P1)]
xTr[ psl's(pa — p1, Qu)- h2.7a] (3.36)

Tr[0)Tr[d]

1 —e%Qy
4 X 928,y (t — m?2)

XTr[( pa+me). VL (p1, 04,01 — p1)- 1% p3Ta(ps — p1,Qu). o

Vi (P2, pa, P4 — p2) (3.37)

Tr[0]

1 _€2Qu
4 X 9 2ts,,cy (u — m?2)
XTr(( pa +me).VE (pa, pa,pa — p2). p2-Ya- 30504 — p2, Qu)- 1.
V3 (p1,p4, P4 — p1) (3.38)

Tr[0]
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1 e2Q.,
4 X 9 2uSyCy(u — m?2)
<Tr(( pa+mu).VE (2, 1,01 — p2). 2.V (D2, D4, Pa — p2)]
XTT[p3.Fﬁ(p4 — D2, Qu) /pl")/a]- (3.39)

Tr[o])Tr[d]

<THTH > =

3.1.1 Results

Apart from a common factor, the previous results are the differential cross
section for the production process under consideration. Since the expressions
are very long we will not show them here. For processes 1 and 3, they
are summarised in 66 terms. As we saw earlier, the interferences between
the gluon and electroweak channels for the processes 2, 4 and 5 are zero.
Therefore for these processes we have a total of 45 terms. All terms are
associated to the anomalous couplings constants from the FCNC vertices.
Apart from the 21 null terms for the processes 2, 4 and 5, the set of constants
is the same for all the processes. In tables 3.3 and 3.4, the set of anomalous
constants associated to the 66 terms are shown. The convention adopted to
label the terms is: F for the gluon channel, G for the photon channel, H for
the Z channel, and FG, FH and GH for the interferences of the corresponding
channels.

Gluon Photon 7Z Z
F1 ag,(ag,)” G1 ag (o) H1 agt(aut)* H8 Re[atZuaut]
F2 o, (af,)” G2 oy (af,)" H2 of (a7,)* | H9 Im[ag, 371
F3 ﬂgt(ﬂZt)* G3 thZt)* H3 ﬂut(ﬂft)* H10 Re[afﬂ*]
F5 Relaf, o] G5 Rela],(al)] | H5 nn* H12 Relfaf,]
F6 Imlog,3,] G6 I'm|og,(3),)] | H6 n1* H13 Re[37n"]
E7 Im[og, (B])"] | GT Im[o),(8;,)*] | HT 66* H14 Re[B7"]
H15 Im[0B7)]
H16 Re[nmnx]

Table 3.3: Anomalous constants from the Gluon, Photon, and Z channel
results.

Equation (3.40) shows a simplified representation of the average of the
total transition amplitude squared for process 1. As an example, the term
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Gluon-Photon Gluon-Z Photon-7Z
FG1 Re[ad,(on,)*] | FH1 Re[of,(aZ)*] | GHI Re[a),(a)"]

ut

FG2 Re[azuagt] FH2 Re[ tothu] GH2 Re[ tatu]
FG4 Re[ Tl FH4 Re[ 0] GH4 Re[aZtH*]
FG5 Relad, (af,)*] | FH5 Re[afu o GH5 Rela],aZ]
FG6 Re[37,(8,)] | FH6 Re[a?u(atu) | | GH6 Reloy, (0g,)"]
FG7 Im|a, 57, FH7 Re[@atu] GH7 Im[a],(BZ)"]
FG8 Re[ad,(5,,)*] | FH8 Re|3Y,(8%)*] | GH8 Re[&atu]
FH9 Re|[3d,n ] GHY9 Re[3],(B3%)"]
FH10 Re[3Y,7*] GH10 Re[ﬂutn ]

FHI11 Im[aZ,67) | GHI1 Re[B),7]
FH12 Re[f,(67,)°] | GH12 Im[a,5],]
FH13 Im[0],] GH13 Im[3),(of,)"]

CH14 Re[B],(67)*]
GHI5 Im[65]]

Table 3.4: Anomalous constants from the Gluon-Photon, Gluon-Z and
Photon-Z channel results.
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F1 is shown in equation (3.41)

< TlTlJr > = Flxad,(ad) +F2xal (af) +...+ Gl xa () + ...
+H1 x oZ,(aZ)* + FG1 x Re[a? (a])*] + ...

ut

+FH1 x Re[ad,(aZ)*] + ... + GH15 x Im[03], ] (3.40)

1 2

3(m? — t)(m} — 2mis + 25 + 2(m7 + s)t + t2) N
t
3(s+t)(dm} + s +t2 —dm?(s +t
_3(s +t)(4my +2s + m3(s + )))) (3.41)

my —s—t1

The next sept is the integration of these expressions to obtain the cross
section for ¢ 4+ ¢ production at LHC.

3.2 Processes 6 to 8

For processes 6 to 8 we have, unlike for processes 1 to 5, SM diagrams that
compete with the FCNC one’s. With this possibility the contribution to
the total cross section from these processes has terms in a different scale
of energy. We can see this if we consider equation (2.1). For processes
1 to 5 there are no SM diagrams at tree level that can interfere with the
FCNC ones. As a result the dependence on the energy scale in this case
is % (one # factor from each diagram). This happens because we have
only considered the ﬁ£6 term of the general Lagrangian. For processes 6
to 8 we have diagrams from the first term of the Lagrangian, Lgas, that
compete, and therefore interfere, with the ﬁ[ﬁ term. This means that the
lowest order contribution to the cross section is the one of order % For
processes 6 to 8 only the contribution from the # term was considered.
The terms in % come from the dimension 6 Lagrangian but also from the
interference between the dimension 8 Lagrangian term %58 and the SM
one. Since we are just considering the expansion to order 6 we just consider
the interference terms. Apart this detail, the calculation follows the same

line of the previous processes.

3.2.1 Process 6

The u coupling contribution for this process is described by ¢g — tu, with
q being a d, s or b quark, and is shown in figures (3.10) and (3.11). Like
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Figure 3.10: FCNC Feynman Figure 3.11: FCNC Feynman

diagram of process 6 for the diagram of process 6 for the
strong sector. electroweak sector.
q t
W+
g T

Figure 3.12: SM Feynman diagram for process 6.

explained before we must consider the SM diagram of figure (3.12). The
transition amplitudes for FCNC are represented in equations (3.42)-(3.44).

o N
iTy = [, V}'(—p3, ps, p3 + pa)2tv3)( fw)[véwﬁzﬂyuﬁ (3.42)
o G
iTy = [uVI'(—ps3, pa, p3 +p4)5z‘j’U§](%)[Ué’w@wmkluﬂ (3.43)
iTS = [V (~ps, pa,ps + pa)0igod)(— ) (g — 20
z s —m?2 m?2

e

[@SW%[Tg — 2Q%sin*(0y,) — T3vs)0mul]. (3.44)

One must notice that for this case, like for process 7 and 8, the constant T3
has a value equal to —%. For the SM diagram we have:

: V2 N =i iy k
iy = [UftZQTW“’YLth&‘jU{](m)(g;w—:%—12;)
e V2
[U§2977V7Lvdu5kz’vé]- (3.45)

Now we just want the interference between the FCNC and SM diagrams.
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Gluon and W interference

1 12939°VaiVau
4%x9 2s(t —m2)
XTr[( pa+me) A" yL. pr-Ya- H2-Fu(pa —p1)- p3-
V3 (=3, 1,3 + pa)] (3.46)

<TLTHT > = Tr[t"t]

U —i2936°ViiViu o,
4x9 2s(t—m2)
XTr(( pa+ me). Ve (—ps3, pa, p3 + pa). p3.Fu(ps —p1).
b27a- prvRAM] (3.47)

<THTH > = [t9%]

Photon and W interference

1 ieg®VyVauQa
4x9 2s(t—m2)
XTr[( pa+me) A" VL. br-Ya- b2-Fu(ps—p1). p3.
V3 (=p3, 01,3 + pa)] (3.48)

<TLTHT > = Tr[o]

1 —iegQVd*thqu
4x9 2s(t—m2)
XTr([( pa +me). V3 (—p3, 04,03 + pa). p3-Fu(pa —p1).-
b2Ya- Pr-YRAM] (3.49)

<THTL) > = Tr[o]

Z and W interference

1 ieg*Va Viu
4 x94(s —m?2)(t — m2)swcu
XTr[( pa+me) A" AL. p1.Lalps + pa). p2-Fu(ps —p1)- bs.
V2 (=p3, P4, p3 + pa)] (3.50)

<TL(THT > = Tr[o)

1 —ieg? ViV
<TITT > = dt_du Tr(s
= (Tw) 4 x94(s —m?2)(t — m2)swcy i
XTr[( pa+me). V> (=p3,pa,p3 + pa). p3-Fu(ps — p1).

b2.La(ps + pa, Qa)- pr-7RA"]- (3.51)
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3.2.2 Results

For this process, as for the 7th and the 8th, we have simpler results in
comparison to the first 5 processes. For all processes we have 5 terms, each
one dependent on two Mandelstam variables, t and s. Another difference
comes from the fact that we are calculating the interferences with the SM
channels shown above. This introduces the CKM constants. In table (3.5)
we can see the anomalous couplings associated with the five terms. Since
here we are dealing with one anomalous vertex we just have one anomalous
constant. We introduce a new label, I, associated to the W channel. Like

Gluon-W Photon-W | Z-W

FI1 Re[33] | GI1 Re[3],] | HI1 Re[B%)]
HI2 Re[n]
HI3 Reln]

Table 3.5: Anomalous constants from the Gluon-W, Photon-W and Z-W
channel results.

before we show in equation (3.52) the result for the process 6. In equation
(3.53) we have the term FI1 for this process.

<TeT§ > = FI1x Re[B5] + GI1Re[3],] +
+HI1Re|BZ] + HI2 x Re[n] + HI3 x Re[fj] (3.52)

1692, g3my(s +t — m2)vVig Vg

FIl=
9(m2, — 1)A2

(3.53)
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Chapter 4

From partons to protons

4.1 PDF

Figure 4.1: Pictorial view of a collision at the LHC.

As mentioned earlier, we want to calculate the cross section of pp — tq
from the parton level cross section gq¢g — tg. In figure (4.1) we can see
a pictorial view of these processes. We start with two protons, each one
with tetra-momentum P; and Ps, colliding with a centre of mass energy S
(expected to be v/14 Tev at LHC). From the protons we must extract two
partons producing, for the case under study, one top quark and a light quark.
For the cross section calculation we define new variables z;, (0 < z; < 1),
as the fraction of the parton’s ¢; momentum, p;, with respect to the proton
momentum, FP;:

ﬁql = 5131131
Ey = x1F,
ﬁqz = 1‘2]32
Ey, = xoFs. (4.1)
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We need to establish the relation between the proton-proton centre of
mass energy and the parton-parton collision. From equation (4.1) to equa-
tion (4.3), and considering the two incoming particles with negligible mass,
we have equation (4.4)

S = (P + P)? =mp, +mp, +2P.Py ~ 2P,.P (4.2)
s = (p1+p2)® = ml, +m?, + 2p1.p2 ~ 2p1.p2 (4.3)
s = x12285. (4.4)

The total cross section for pp — tq is the integration of the parton differential
cross section over the values of 1 and xo, convoluted with the probability
to extract partons ¢; and ¢o, with momentum p; and po,

Opp—tqs — fol fol dl‘ldl’Zfl(l‘thQQ)f2(1‘27(12aQ2)
% ftmin dt dO’(S,t) (45)

max dt q1q2—1qs”

In equation (4.5) the functions f; = f(z;,¢;, Q%) ,i = 1,2 are the Parton
Density Functions (PDF). They give the probability to extract a parton g;,
with momentum p; = x; P; from a proton, in a collision with a momentum
transfer Q2. The PDF version we use is the one from the CTEQ group (see
[9] for details). For the actual calculation we use a Mathematica version of
CTEQ5M [10]. Since the minimum energy required for these processes is
the top quark mass, the scale of the Q? was set to 175 GeV/c?. In figure
(4.2) the PDF used for the u,d, and ¢ quarks and for the gluon are shown
as a function of x;. Notice that for values of z; below 10~! the gluon has a
greater probability density.

4.2 Kinematical limits

The limits for the Mandelstam variables are determined from the kinematical
constraints. Following the momentum definition of figure (3.5) and choosing
the centre of mass frame we have:

Eiotal = Vs = E1 + E2 ~ |p1| + | P2 (4.6)

and since F1 = Fo,

Ei = and |p] = ¥
Egz# and |ﬁg\:§



o8 [
06 [
o4 [

0.2

Figure 4.2: Quarks up, down, charm and gluon PDF functions for CTEQ5M.
Plots from [11].

Therefore we can write the particle’s tetra-momentum as:
p1=(%2,0,0, \[)

pa = (%3,0,0, %)

p3s = (B3, —pr, —|pt| cos 0)
P4 = (Et7pT7 ‘pt| COS 0)

where py is the top quark momentum and pr the top quark transverse mo-
mentum. From momentum and energy conservation we obtain:

2 2y/s 2 2\/s
s =mi + 2|pr|* + v/ (m} + 2|pr[?)? — m}

{ t:mf—Q(ﬁsJﬂnf—ﬁs mi cos )

with,
cosf =+4/1— %
|10t\2
15l = 5k
t 24/s

Finally, the limits for t and s are imposed through the definition of a cut off
on the transverse momentum of the final state partons. For the present work

we set the minimum transverse momentum of the top quark to |pr, . | =15
GeV/c2.
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Chapter 5

Results and discussion

To obtain the cross sections we used a random number generator to produce
a set of possible anomalous coupling constants values. We have generated
two random values for each constant, x and y, where 0 < z < 8 and 0 <
y < 2m. Each constant has the structure 10~%¢%, where the real and the
imaginary part runs from -1 to 1. The top quark branching ratios [8] and
the cross section depend on the same anomalous constants which allows the
direct comparison of the FCNC branching ratios with the cross sections.
Instead of determining the variation of the cross sections with respect to the
anomalous couplings, we have the possibility to infer about the dependence
of the branching ratios with the production cross sections. This allows, for
example, to correlate limits on the FCNC branching ratios with limits on
the single-top production FCNC cross section. This is a major point in
our full analysis since the branching ratios will be measured or limited in
the first year of luminosity with the ¢¢ experimental data. This means that
we may extract information about the possible experimental limits for the
production cross section of FCNC single-top with ¢t experimental data.

All values of the physical constants were taken from the Particle Data
Group [12].

5.1 Processes 1 to 5

The results presented in this chapter are the sum of all cross sections from
the five processes including the contribution from both u and c couplings.
This gives the single-top production cross section through gq¢ — tq, with ¢
being a u or a ¢ quark. The sum of the u and ¢ cross sections was done
since experimentally it is not possible to distinguish a u quark from ¢ quark.
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This is not the case for a b quark, where there is an experimental technique
(b-tag) that allows to identify a jet from the hadronization of a b quark in
the final state. This is the reason why we have separated in the processes 7
and 8, the ones involving a b quark in the final products, i.e., gb — tb and
ql_) — tb.

Like explained above, we want to determine the possible values for the
cross sections with respect to the FCNC top quark decay branching ratios,
i.e., plots of the form: cross section versus BR(t — qx), where x is a gluon,
a photon or a Z. We will also show cross sections versus BR(t — ¢X),
where in this case we are working with the sum of all branching ratios.
All plots were generated according to the condition BR(t — tg) < 1072,
BR(t — ty) < 1072 and BR(t — tZ) < 1072. These constraints are
stronger but close to the known experimental constraints to date.

In figure (5.1) the results for the cross section with respect to the FCNC
top quark decay branching ratio, BR(t — qg), are shown. The plot is in
logarithmic scale and the cross section is in picobarns. In figures (5.2) and
(5.3) the equivalent results are shown as a function of the FCNC top quark
decay branching ratios BR(t — ¢vy) and BR(t — qZ), respectively. We see
that for all plots the contribution for the total cross sections is not negligible
compared with the SM single-top production of ~ 300 pb [13, 14, 15]. This
contribution is, for figure (5.2) and (5.3), limited by a constant upper bound
in the cross section of around 100 pb. Note however that 100 pb should be
seen as an order of magnitude. Had we generated more points we would
pick up larger values for the cross section. This is not the case for the first
plot. Here the upper bound is not the same for all values of the t — qg
branching ratio. For values bellow 10~ we note that the cross section is
limited to around 10 pb. Hence, contributions to the total cross section
higher than 10 pb imply that the ¢ — ¢g branching ratio must be above
10~4. This is an interesting point because it will be tested at the LHC. In
the first year of operation, in the absence of signal, a 95% confidence level
limit for BR(t — qg) is expected to be set at of 1073 [16], just close to the
example given.

In figure (5.4) we show the cross section as a function of the sum of
all three branching ratios considered before. It was constructed using the
values of the cross section with respect to the sum of all three branching
ratios considered before. This means that in this plot we work with the
branching ratio BR(t — ¢X ), where ¢ is a u or a ¢ quark and X is a gluon,
a photon or a Z. Like before the scale is logarithmic and the cross section
is in picobarn. Here we can see a different picture from the three previous
plots. Instead of a horizontal upper bound we have sloped bands. This
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Log[o (pp~>qq >q+1t)]

-6 -4 -2
Log [BR (t ~qg) ]

Figure 5.1: Cross section for the processes qqg — tq as a function of the
branching ratio BR(t — qg).

Log (o (pp~>qq >q+1t)]

.
-10 -8 -6 -4 -2
Log [BR (t > qv)]

Figure 5.2: Cross section for the processes qqg — tq as a function of the
branching ratio BR(t — ¢).
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Log[o (pp~>qq >q+1t)]

-10 -8 -6 -4 -2
Log [BR (t »qZ)]

Figure 5.3: Cross section for the processes qqg — tq as a function of the
branching ratio BR(t — ¢Z).

means that we have an additional constraint in the contribution for the
total cross section. Nevertheless it still allows for contributions of around
10 pb for total branching ratios bellow 10~%. This plot is interesting since
it suggests a different experimental analysis. With this plot we can study
possible experimental limits for the cross section as a function of the t — ¢ X
branching ratio without making any distinction between the electroweak and
strong top quark branching ratios.

Since we have a set of values distributed by sloped regions it is possible,
by using the branching ratio limits, to infer a limit on the cross section. For
example, if we had a limit of ~ 10™* for the branching ratio, we would expect
a limit of around 10 pb for this production channel, as can be seen in figure
(5.5). Besides that, if we additionally set experimental limits for the cross
section, we can constrain the possible domain for the anomalous constants.
For example, from figure (5.5) we can see that if we had in addition to
the 10~ branching ratio limit, a limit in the cross section of ~ 50 pb, we
would be excluding same regions for the FCNC couplings. We note that one
dedicated analysis for the expected limit in the branching ratio of FCNC
top quark decay to light jet and one X particle, with this X being a gluon,
a photon or a Z, was not yet done.

Finally, we remind that these results are only for one of the possible
channels of t+jet production (¢q¢ — tq in table (1.2)). Since experimen-
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Log [BR (t - gX) ]

Figure 5.4: Cross section for the processes qqg — tq as a function of the
branching ratio BR(t — ¢X). The X particle can be a gluon, a photon or a
Z.

Log[o (pp~»qaq > q+t)]
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Figure 5.5: Cross section for the processes qqg — tq as a function of the
branching ratio BR(t — ¢X) rescaled.
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tally what is observed is the top + jet channel, we need to generate the
equivalent plots for the remaining production channels and from the sum of
all the contributions try to infer if the above analysis holds with the new
contributions. The remaining processes considered were gq — tg, gg — tq
and qg — t, which will be referred to has gluon processes. The cross section
for these processes was calculated in [2]. In figure (5.6) the gluon processes
contribution for the total cross section with respect to the FCNC top quark
gluon branching ratio is shown. The plot is in logarithmic scale, the cross
section is in picobarns and the previous sample of anomalous coupling con-
stants was used. As expected, there is an evident linearity dependence of the
cross section with the branching ratio [2]. In comparison with the previous
results we note that these gluon processes give a larger contribution to the
cross section for higher values of the ¢ — ¢g branching ratio. As we can
see, for values of BR(t — qg) > 10~* the gluon processes can reach cross
sections of the order of 103, while for the qg — tq channel, the cross section
is ~ 102. On the contrary for BR(t — qg) < 10~ the cross section contri-
bution for the q¢ — tq channel can reach a constant value of 10 pb (as noted
above), while for the gluon channel the possible contribution decrease with
the branching ratio. Therefore, one first conclusion is that if we measure a
single-top production via FCNC of about 10 pb, and also a FCNC branching
ratio BR(t — qg) of less than 10~*, the cross section is mainly dominated
by the gqqg — tq production channel. Finally in figure (5.7) we shown the
equivalent plot with the sum of all cross section production channels. As
expected it is a sum of the plots of figure (5.1) and (5.6).

In figure (5.8) and (5.9) we can see the behaviour of the total cross section
with respect to the t — ¢y and t — ¢Z branching ratios, respectively. We
note that the comparison with figures (5.2) and (5.3) shows we have now
larger values for the total cross section. We still have a horizontal bound
that for this case is of the order of ~ 103 pb. Analysing figure (5.7) we can
understand the origin of this extra contribution for the cross section with
respect to the 102 pb bound of figure (5.2) and (5.3). Since now we are
working with the gluon processes, this contribution comes from the region
where BR(t — qg) > 10~* in figure (5.7). Therefore we have to pay special
attention to this region since its points have a very high ¢ — gg branching
ratio.

In figure (5.10) the total cross section with respect to the t — ¢X decay
branching ratios is shown. As before, the sum of all three branching ratios is
represented. As for figure (5.4), the introduction of the electroweak channel
brings one additional constraint to the cross section. We also note that the
bound on the ¢ — ¢X branching ratio still sets a limit of ~ 10 pb on the
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Figure 5.6: Gluon processes cross section as a function of the BR(t — qg).

Log[o (pp—»jet +t)]

Log [BR (t >qg) ]

Figure 5.7: Total cross section for the processes pp — t + jet as function of
the branching ratio BR(t — qg).
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Figure 5.8: Total cross section for the processes pp — t + jet as function of
the branching ratio BR(t — q).

Log[o (pp —»jet +t)]
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Figure 5.9: Total cross section for the processes pp — t + jet as function of
the branching ratio BR(t — ¢Z).
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Figure 5.10: Total cross section for the processes pp — t + jet as function
of the branching ratio BR(t — ¢X). The X particle is a gluon, a photon or
aZz.

cross section.

Finally in figure (5.11) the strong contribution for the qq¢ — tq produc-
tion channel with respect to the FCNC gluon top decay branching ratio is
shown. From the ”single-top production” chapter we can see that this cor-
responds to the contribution of the first seven terms for the cross section.
Therefore in this plot we try to quantify the contribution of the strong sec-
tor with respect to the electroweak sector (including interferences) for the
total cross section. The comparison with figure (5.1) shows that the strong
contribution for the cross section dominates the region where the t — qg
branching ratios are above ~ 10™*. For lower values we see that the con-
tribution is dominated by the electroweak and interference channels. As an
example we extracted one particular point from this zone in figure (5.1) and
calculated the contribution from each sector. The results are shown in table
(5.1). The main contribution comes from the photon sector and the second
largest contribution from the interference between the photon and Z sectors.
The strong sector contribution is, for this case, negligible. The main cause
is the lower values of the strong anomalous constants in comparison with
the electroweak ones. As a consequence the branching ratios are also very
different (table (5.2)). In figure (5.12) the electroweak channel contribution
for the cross section with respect to the sum of the electroweak FCNC top
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Figure 5.11: Strong sector cross section for processes qqg — tq as a function
of the branching ratio BR(t — qg).

decay branching ratios (BR(t — ¢7v) + BR(t — ¢Z)) is shown. This plot
confirms the previous results. The large values for the cross section come
from the large values of the electroweak branching ratios.

Sector Cross section (pb)
Gluon 4.639 x 1077
Photon 12.104
7 0.353
Gluon-Photon 2.221 x 1072
Gluon-Z —1.619 x 107°
Photon-Z 1.677
Total 14.134

Table 5.1: Cross section contributions of the different sectors for one specific
point.
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Decay | Branching ratio
t—tg | 9.613 x 10~
t—ty | 9.171 x 10-3
t—tZ | 5.062 x 10—4

Table 5.2: Branching ratios for one specific point.

Log [o (PP » A4 > 0 + t ) el ectroveak |

ST -8 6 “a 2

Log [BR (t - qY)]
Figure 5.12: Electroweak and interferences sector cross section for processes
qq — tq as a function of the branching ratio BR(t — ¢qY). The Y particle
can be a photon or a Z.

5.2 Processes 6 to 8

For these processes the method follows the same principle as the previous
ones. As explained before we separated the processes with a b quark in the
final state from the other ones. The values for the cross section are negligible
when compared to the strong sector ones. In figure (5.13) the cross section
for the sum of the processes 6 to 8, excluding the two b-processes referred,
with respect to the ¢ — ¢g branching ratio is shown. The sum of the
remaining b-processes cross section with respect to the t — gg branching
ratio is shown in figure (5.14). The plots are, like before, in logarithmic
scale and the cross section is in picobarns. We note that these contributions
are extremely small. The cross section has a maximum at around 0.1 pb.
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We should keep in mind that we are dealing with the interference with the
SM diagrams. The main reason for these results is a highly suppressed
mixing from the off-diagonal CKM matrix elements as well as small PDF
contributions for the incoming quarks. Since this was already observed in
[2] we have decided not to show any more plots for these processes.

Log (o (pp>qq >q+t)]

-10 -8 -6 -4 -2
Log [BR (t - qg)

Figure 5.13: Cross section for processes q¢ — tq as a function of the branch-
ing ratio BR(t — qg). Processes with b quarks as final products were not
considered.

Log (o (PP~ ad>q+t)]

-8 -6 -4 -2
Log (BR (t - qg)

Figure 5.14: Cross section for processes gb — tb + ¢b — tb as a function of
the branching ratio BR(t — qg).
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Chapter 6

Conclusions

The calculation of FCNC single-top production through the q¢ — tq channel
is complete. We conclude that for higher values of the ¢ — gg branching
ratio the contribution from this production channel is comparable to the
production from gluon processes and that the new electroweak contributions
can reach high cross section values for lower t — ¢g branching ratio values.
With the introduction of the electroweak sector we have completed the study
of FCNC for top + jet production which allowed new physical analysis.

With the gqq — tq production channel completed we constructed a new
study case: the dependence of the cross section with the FCNC top decay
branching ratio, ¢ — ¢X, where X can be a gluon, a photon or a Z. A
dedicated analysis for this type of branching ratio could correlate experi-
mental limits for total t+jet single-top FCNC cross section with the FCNC
branching ratios experimental limits. This is a relevant point since with this
method it could be possible to infer about experimental limits for the FCNC
single-top cross section through ¢t experimental data.

We also concluded that possible contributions from the processes 6 to 8
are negligible. Therefore if FCNC contributions for the single-top production
are measured at the LHC, they probably will come from the A=* term of
the full Lagrangian.

Finally, with the calculation of all analytical expressions, we are now able
to introduce these FCNC single-top production contributions into a Monte
Carlo generator, which allows additional experimental studies of FCNC in-
teractions.

The results presented here will soon be submitted to publication in a
scientific journal.

43






Appendix A

Processes 2 to 8

A.1 Process 2

Process 2 is uc — tc (u coupling) (figures

for gluon, photon and 7 are

A.1 and A.2). For this process we
just have the contribution from one t channel. The transition amplitudes

. P L —1g k-
sz = [ugV}' (1, pas pa — pl)Qt?juﬂ( W)[U]?flgiﬂﬁﬂyulﬂ
_ P —1 k-
iT, = [a;V (p1, pa; pa — pr)dijul]( P ahieQer” S
A y . —i k.k
iTy, = [ujV}(p1,pa,ps— pl)éz‘ju{](t — mg)(g’”’ B ;;zgy)
B e .
%W% (T3 — 2Q2sin*(6.) — Tys]6k1u).
w

Figure A.1: Feynman diagram
of process 2 for the strong sec-
tor.
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Figure A.2: Feynman dia-
gram of process 2 for the elec-
troweak sector.
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The total transition amplitude is
iTyotar = 1T, +iT% +iT%. (A.4)

Like before we separate the calculations into each boson channel and the
respective interferences.

gluon

For the gluon channel we have

<TYTHT > = L%Tr[t“tb]Tr[t“tb]
g9 4x9 t2
XTr(V(p1, paspa — p1). b1V, (p1,pa.pa — p1)-(ba+ my)]
XTr[Yo. p273- p3]- (A.5)
Photon
1 eQ
t Nt — c\2
< THTH > T (ST
XTr[V(p1, pas pa — p1)- 1.V (p1,pa, pa — p1)-(a + my)]
XTrVa. p2-78- b3)- (A.6)
Z
1 €2
<THTH > = Tr[8)Tr[0]

4 x94s2c2(t —m?2)?

XTr[VE(pr,pasps — p1)- 1.V (01, pay pa — p1)-( pa+my)]
XTr[Ca(ps — p1,Qc). H2-Ta(pa —p1,Qc)- b3]. (A7)

Gluon and Photon interference

< THTH)T >=< THT})T >=0. (A.8)

Gluon and Z interference

< THTH >=< THT})T >=0. (A.9)

46



u t u t
g
g
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Figure A.3: Feynman diagram of process 3 for the strong sector.

[ t u t
v, 4
vz
u u u u

Figure A.4: Feynman diagram of process 3 for the electroweak sector.

Photon and Z interference

t oty t _ 1 €2Qc
STI'> = s ey IO
XTr(( pa +m4). VL (p1.paspa — p1). p1.VE(p1,pa, pa — p1)]
XTT[/Z)B"Y,@- 1)2-fa(P4 _thc)]- (AlO)
<THTHT > = ! Qe Tr[8)Tr[0]

4 X 9 2t8y,Cy (t — m?2)
XTr[( pa+me) VE(pr,pa,pa — p1). 1.V (01,04, pa — p1)]
XTr| psla(ps — p1,Qc)- b2.78)- (A.11)

A.2 Process 3

Process 3 is ut — tu (u coupling) (figures A.3 and A.4). As we can easily
see this process has two channels, t and s. The transition amplitudes are

_iguu

iTy =[GV} (p1, pa, pa — p1)2t85u])( [0k igstiy” vb] (A.12)

_ig Vnr—k - a v
) (O3 igatiyy” ul) (A.13)

iTy = [@;Vy (—p3, pa, p3 + pa)2t5503)(
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iTL = [V (p1, pas pa — p1)digud | (

iT5 = [ VI (—=ps, pa, p3 + pa)Si503)(

_iguy

) [05ieQu" Srvh) (A.14)

_iguy

)[05ieQu” O] (A.15)

. s ; —1 kuk
iTy = [@V}(p1,pa.pa —P1)5ijuﬂ(m)(9;w - %)
z z
_ ie .
[vgm'}@ (T3 — 2Q2%sin?(0,) — T3’y5]5klvl2] (A.16)
T3 = [V (=pa.pa,ps + P13l (— ) (g — 22
s —m?2 m?2
_ e .
[U’;m’ﬁ, (T3 — 2Q2sin*(0,,) — T3'y5]5klull]. (A.17)
And the total amplitude is
iTyotar = 1Ty + Ty 4+ iT5 + T3 4 iTy 4 iT. (A.18)
Like before we present the spin and colour average
gluon
1 443
t (T _ g3 b b
< Tg(Tg) > = mtTTT[tat ]TT[tat ]
< Tr[V(p1,pa, pa — p1)- 1.V, (p1,pa, pa — p1)-(a + my)]
XTr[Yo- P393 p2] (A.19)
1 443
ts — 293 b b
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1 4g2
THTHT > = I3 Pp[pagbraed
<T(T)" > Ix9ts Tl ]
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D1Ya- h2-78- b3)] (A.21)
1 4g2
TS(THt > = Y A Al
<L) > = s 1 ]
Tr(V(pr,pa,pa — p1)-(ba + M) .V, (—ps, pa, ps + pa).
D3Ya- h278- P1)- (A.22)
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Photon

<TUTHT > =

<THTHT > =

t T —
<TUT)' > =

<THTHT > =

<THTNT > =

1 eQy

19 )2Tr[6]Tr(0]
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1 eQy
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1 e?
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1 e?
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Tr[0])Tr[d]

49



<THT) > =

< THTHT >

1 €2
4 x 94822 (t —m?2)(s —m2)
XTrVg (p1,pa,pa — p1). p1.03(p3 + pa, Qu) p2.Tal(ps — p1, Qu).
< 3.V (—ps, pa,p3 + pa).( s+ my)] (A.29)

Tr[d]

1 e?
4 x 94822 (t —m?2)(s —m2)
XTr[Vg(—ps3, pa,p3 +pa). £3.0(pa — p1,Qu) h2.Ta(p3 + pa, Qu).
x 1.V (p1,pa, pa — p1)-(pa +my)]. (A.30)

Tr[d]

Gluon and Photon interference

t _
<THTH > =

<TSTH > =

1 QeQBQu
Trt*t®
X9 s L]
XTr[( pa+me). VS (p1,pa,pa — p1)- 178 H2:Ya- D3
V«,ﬁ(—p3,p4,p3 + pa) (A.31)
1 2693Qu
T ayga
Ix9 s L]
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V3 (p1,pa, P4 — p1) (A.32)
1 QeQBQu
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X9 s L]
XTr[( pa+me).Vy (=p3, pa, 03 +pa). P37 H2:Ya- h1-
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1 2€Q3Qu
T ayqa
Ix9 s L]
XTr[( pa +me). V3 (p1,pa,pa — p1)- b1:98- D2-Ya- b3
Vf(—p&m,m + pa) (A.34)

<THTH >=< THT)! >=< T3(T)! >=< T3(T;)" >=0.  (A.35)
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Gluon and Z interference

1 g3
<THTHT > = Trt*t®
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Photon and Z interference

1 e?Qq
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Tr[6|Tr[d]

A.3 Process 4

Process 4, ¢c¢ — tu (u coupling), is a an s channel (figures A.5 and A.6 ).
The transition amplitudes are
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and the total transition amplitude is

iTyotal = Ty +iT% +iTy. (A.52)
The total average is
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Gluon and Photon interference

<THTHT >=< TH(TH)T >=0. (A.56)

Gluon and Z interference

< THTH >=< TH(T5)T >=0. (A.57)

Photon and Z interference
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A.4 Process 5

Process 5 is u¢ — té (u coupling) (figure A.7 and A.8). This process is
equivalent to process 2. The transition amplitudes for gluon, photon and Z
respectively are

_iguu

iTy = (@ V) (pr, pa, pa — p1)2tu]]( )[obigstin" i) (A.60)

. _q i1 VNi=k - v
iT! = [V} (p1, pas pa — p1)dijul]( f“ ) [05ieQcy” Srivs) (A.61)
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Figure A.7: Feynman diagram Figure A.S8:
of process 5 for the strong sec-

tor.

ol

iTh

ol
ol
ol

Feynman dia-
gram of process 5 for the elec-
troweak sector.

The total transition amplitude is

and the average is

gluon

<THTH >

Photon

t oty t
<T(T))" >

y A Kk,

[Utvg(phm,m - p1)5z‘juﬂ(@)(9uv - :%—Z)

_ ie .

[vém'yy[Tg — QQgsan(ﬂw) — T3'y5]5kwé]. (A.62)

iTyotar = T, + iT% +iTh, (A.63)

1 49?2> ab ah

1592 Trit*’|Tr[tt"]

XTr(V(p1,paspa — p1)- b1V, (p1,pa.pa — p1)-(pa+ my)]

XTr[Yo- p3-73- p2]- (A.64)
1 eQc.

T (S TraT e

XTr[V¥(p1,pas s — p1)- b1V (p1,pa.pa — p1)-(pa+ my)]

XTr[Ya. p3-73- P2l (A.65)
1 e?

4 x 94522 (t — mg)QTT[(S]TT[(;]

XTr(VE (p1,paspa — p1)- b1V (01, pa,pa — p1)-(pa + my)]
XTr[Ca(ps — p1,Qc). H3-Ta(pa —p1,Qc). b2l (A.66)
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Figure A.9: FCNC Feynman Figure A.10: FCNC Feynman
diagram of process 7 for the diagram of process 7 for the
strong sector. electroweak sector.

Gluon and Photon interference

t t _ t t _
< THT)T >=< THT})T >=0. (A.67)

Gluon and Z interference

< THTHT >=< TUT})T >=0. (A.68)
Photon and Z interference

<THTH > = Qe Tr[5]Tr[5)
T 4 X 9 2t8y,¢y (t —m?2)

XTr(( pa +m4). VL (p1.paspa — p1). p1.VE(p1,pa, pa — p1)]
xTr[ p2.78- H3La(ps — p1,Qc)] (A.69)

<THTH > = — Qe Tr[5]Tr[5)
=T 4 X 9 2t8y,¢y (t —m?2)

XTr[( pa+me) VE(pr,pa,pa — p1). 1.V (p1,pas pa — p1)]
XTr| pal'a(ps — p1,Qc)- P3-78]- (A.70)

A.5 Process 7

This process is described by ug — tq, with q being a d, s or b quark (figures
A.9 and A.10). As before we consider the SM diagram figure (A.11). The
transition amplitudes for FCNC are

_Zlgl“j

T = [V (pr, pa. pa — p1)2t85u]]( Vahigsty v ub] (A.71)

-1 Unr—k - v
I )[ahieQa" Srub] (A.72)

iTY = [V (p1, pa, pa — p1)diju(
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W

Figure A.11: SM Feynman diagram for process 7.

| } A, kuk
iy = [V Prpaps =P () (9w — —150)
i 1€

[’113 W’yy [T3 — 2@38277,2(910) — T375]5kl'u12] (A?g)

For the SM diagram we have

. V2 = K,k
iy = [%zg?’y“’yLth&jug](m)(g,w—7%—%}”)
. V2
[ulgng'y”'YLVduéklull]. (A.74)
Like before the interferences are
Gluon and W interference
1 i2g3¢°Vy V.
<TLTHT > = 12959 Tdt Vdu oy fyaqa

4x9 2t(u—m2)
XTr[( pa+me) A v p2Ya- H3-Fu(pa — p2)- 1.
Vi (p1,paspa — p1)] (A.75)

1 —i2g392Vd*;VdZ Tr
4x9 2t(u—m2)
XTr(( pa+ me). Vi (p1,pa, pa — p1)- p1-Fu(ps — p2).
b3Ya- b2 7R (A.76)

< THTL) > [t47]
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Photon and W interference

1 ieg® Vg VauQa
4%x9 2t(u —m2)
XTr(( pa+my) A L. p2-Va- D3-Fu(ps —p2). p1-
Vi (p1,pa, pa — p1)] (A.77)

< TL(THT > Tr[o]

1 —iegZVjtVdZQd
4%x9 2t(u—m2)
XTr[( pa+me). V" (p1,pa pa — p1)- h1-Fu(ps — p2).
b3Ya- H27RA"] (A.78)

< TUTL)T > Tr[d]

Z and W interference

1 iegQthVd
TL(THT > = & Trls
<Tu(T2)' > 4 x94(t —m2)(u—m2)swcw rlo]
XTr[( pa+me) A" L. p2.Talps —p1). b3-Fu(ps —p2). p1.

V2 (p1,pas pa — p1)] (A.79)

1 —ieg? ViV
<THTL) > = dt " du Tr(s
=(Tw) 4 x94(t —m?2)(u — m2)swcy rld
XTr[( pa +me).V>(P1,paspa — p1)- p1-Fu(pa — p2).

b3.La(ps —p1,Qa). p2-7rA"]- (A.80)

A.6 Process 8

This process is described by ug — tg, with g being a d, s or d quark (figures
A.12 and A.13). The SM diagram is shown in figure (A.14). The transition
amplitudes for FCNC are

_ y Gk

Ty = [@V (pr pas pa — P26 (—) [Sigatineh]  (A8D)

. y =ik

iTY = [V (p1, pa; pa — p1)diju)( fuy)[vlz?@e@d’y”%wg] (A.82)
. » —1 k. k

iTy = [ VF(p1,paspa — p1)0ijul] (—) (G — o)
Z tVz ij Uy t—m2 uv m2

k e

(v WW[T?) —2Q%sin®(0) — T3ys|0kvs).  (A.83)
w
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Figure A.12: FCNC Feynman
diagram of process 8 for the
strong sector.

Figure A.13: FCNC Feynman
diagram of process 8 for the
electroweak sector.

w

Figure A.14: SM Feynman diagram for process 8.

For the SM diagram we have

. V2 0 i Kk
iy = [utzQTVM')’Lth(Sijvé](m)(guu_TZ—%U)
e V2,
[’015’497’7 VL Vau Skt ]. (A.84)

The interferences are

Gluon and W interference

1 i2939° Vi Vau
4x9 2t(s —m2)
XTr[(pa+me) Y vL. b3Va- b2-Fu(ps +pa). pr1-
Vi (p1,pa, pa — p1)] (A.85)

<T3(THT >

Trt*t"]

4x9 2t(s—m2)
XTr(( pa+me). Vi (p1,paspa — p1)- p1-Fu(ps + pa).
b2 p3YRAM]. (A.86)

<THTH > = [t9%]
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Photon and W interference

1 ieg®VaVauQa
4x9 2t(s—m2)
XTr( pa+me) A" L. p3-Ya- p2-Fu(ps +pa). b1
V3 (1, pa, pa — p1)] (A.87)

< To(ThHt > Tr[d]

1 —iegQVjtVdZQd
4x9 2t(s—m2)
XTr(( pa+me). V' (p1,pas pa — p1)- b1-Fu(p3 + pa).
b27a- 3R] (A.88)

<TUTHT > =

Tr[d]

Z and W interference

1 ieg*VaVau
4 x94(t —m?2)(s — m2)Swcw
XTr[( pa +me) A" AL p3-Ta(ps —p1). p2.Fu(ps + pa). 1.
VX (p1,pas pa — p1)] (A.89)

<T3(THt > = Tr(d]

1 —iegQVd*thu
4 x94(t —m2)(s — m2)swcw
XTr[( pa+me).VE(P1,paspa — p1)- b1-Fu(ps + pa).
h2.La(ps —p1,Qa). P3-7R"] (A.90)

<THTH > =

Tr[d]
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Appendix B

Mathematica

All calculations had as fundamental tool the software Mathematica 5.2 with
the package designed to particle physics calculations, FeynCalc [17]. We
used this package in the first stage of the calculation process to analytically
calculate the traces from the transition amplitudes. We also used Mathemat-
ica 5.2 for the second part, the integration of the differential cross sections.
Finally this software was extremely useful to produce simplification on the
expressions and, since it is programmable, to organize all calculations.

B.0.1 Transition amplitudes calculations

In figure(B.2) a typically Mathematica file for the transition amplitudes
calculations is shown. This file is where we calculated the average of the
square transition amplitudes for the gluon channel in process 1. It is sep-
arated in six sections. The first one defines the momentum variables. In
the present case we worked with five momentums, four for the particles and
one for the propagator. In the next two sections we defined two functions,
Vg(a,pi,p;, k) and Vgadj(e, p;, pj, k) = YV g(a, pi, p;, k)10, which are the
FCNC vertices, and the kinamatical constrains of the problem. The follow-
ing section is where the traces are calculated. In figure (B.1) the form of
one of the trace calculation is shown. Here pi are the particle’s momen-
tum and the pisl are the momentum contracted with gamma matrices, pi.
Vg(a,pi,pj, k) are functions defined earlier, GA[a] is the gamma matrix
and T'r[] is the function from FeynCalc that calculates the traces. After this
first stage the results will pass through the section ” Anomalous couplings”.
Here it is verified for all terms resulted from the previous calculations, which
of the possible combinations of anomalous couplings have associated. With
this information stored we have the final section ”Results”, that will orga-
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T,(T,H'

Al = Vg[a, pl, p4, k1] .plsl.Vgadj[t, pl, p4, k1].(pd4sl+mt);
Bl =GA[a] .p2sl.GA[t] .p3sl;

4g32
— #clxContract[Tr[Al] « Tr[B1]] ] ;

resultadol = FullSimplify[—— 3
4+t

Figure B.1: Trace calculation section.

nize and print all the expressions in the order defined above (F1, F2, etc.)
with the respective anomalous couplings.

B.0.2 PDF integration

In figure (B.4) the file where the results for process 1 are convoluted and
integrated with the PDF functions is shown. As we can see the file is divided
in seven sections. The first two define the expressions obtained before, the
value of the constants and the kinematic limits for the integrations. The
third section is where the first integration is made. In our case it is the
integration of the Mandelstam variable t. From equation (4.2) the limits of
this integration will depend of the s variable. The fourth section is where the
PDF functions are loaded and in the fifth section we define the kinematic
limit for the s variable through equation (4.2). We also define a step function.
This function is necessary for the second integration since we will be running
the variables, x1 and xo, from zero to one, which means that for a range
of values the relations s = x129S will outrange the kinematics limits for s,
Smin- Therefore we define for these domains the value of zero so that there
won’t be any contribution. The sixth section is where the integration of the
s variable is made. In figure (B.5) we can see its form. In the bold text
we have the information of the PDF function load by the PDF package.
The integration is made by the command NIntegrate(), which calculates a
numerical integration of the expressions resulted from the first integration,
convoluted with the PDF functions. We can see that for this case (process
1) we worked with two quarks u. Finally the last section will organize
and print all results. It is also here that we multiply the final result with a
units conversion factor and with, in case of existence, a combinatorial factor.
Except for process 1 this factor is always 2.
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uu_tu_(1)_g.nb

<< HighEnergyPhysics Feyncalc’

Momentum definition

Vertices

Scalar constrains

Trace calculations

T,\(T,

T, (T

T,(TY)

T."(To')
Anomalous couplings

Results

Figure B.2: Mathematica file for gluon channel of process 1.
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Untitled-2.nb

Results

count3 =1;
Do [
If[lista2[i] =1,
str = ToString[count3];
str = "F" <> qaz;
StylePrint [listacoef[i] str, "Input"];
StylePrint[lista[i] // StandardForm, "Input"];
count3 = count3+1;]
, {1, 1, 15}]

count4 = 16;
Do [
marca = count4 + j;
Do [
If[lista2[k] =1,

Do[
stop = 0;
If[lista2[1] =1,
primeirotermo = listal[k];
segundotermo = lista[l];
divisao = Simplify[primeirotermo / segundotermo];
If[divisao =1,
str = ToString[count3];
str = "MF" <> str;
StylePrint[listacoef2[k, 1] str, "Input"];
StylePrint[2x (lista[k]) // StandardForm, "Input"];
marca=1+1;
count3 = count3 +1;
Break[];
1i
If[divisao = -1,
str = ToString[count3];
str = "MF" <> str;
StylePrint[listacoef2[k, 2] str, "Input"];
StylePrint[2xix (lista[k]) // StandardForm, "Input"];
marca=1+1;
count3 = count3 + 1;
Break[];
1i
1i
, {1, marca, countd +2x%3j-1}];
1i
, {k, count4, countd + j-1}];
countd4 = count4 + 2 * j;
{3, 29, 1, -2}]

Figure B.3: Section of amplitudes calculation results.
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pdf_integration_u_process_I.nb

Expressions

Constants and limits definitions

First integration

Load PDF

Definitions of s minimum and Step function
Second integration

Results

Figure B.4: Mathematica file of the PDF integration for processl.
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Untitled-3

Second integration

Expression style:
f f dx1 dx2 pdffa,bxi,@?] pdfic,d,xj,0?] o(ul u2 ->
t x)

a : Defines CTEQ
b: Definesn the parton:

-6=""t-bar quark'';
-5="b-bar quark'';
-4="c-bar quark'';
-3="s-bar quark"’;
-2="d-bar quark'';
-1="u-bar quark''’;

0="gluon"';

1="u quark";
2="d quark"';
3="s quark';
4="c quark'';
5="b quark'';
6= "t quark"’;

xi: variable defined by Pgyarki = Xi* Pprotao
Q : Energy scale (175 in our case)

Array[listasigmaint, 66];
Do|[
j=1;
listasigmaint[i] = NIntegrate[listasigma[j] *pdf[1l, 1, x1, mt] »pdf[1l, 1, x2, mt],
{x1, 0.0001, 1}, {x2, 0.0001, 1}];
Print[j, " ", "integral ok"];
. {i, 1, 66}];

Figure B.5: Second integration section of the PDF integration.
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Appendix C

Standard Model Feynman
Rules

u,d
g
a,a LAYy
q

a,d

Figure C.1: Feynman rules for the SM @ug and ddg vertices. A are the
Gell-Mann matrices normalized such as Tr(\\?) = 259,

« 1eQudYa

9 U, d

Figure C.2: Feynman rules for the SM @uy and dd~y vertices.
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« W§%%
W+

Figure C.3: Feynman rules for the SM udW ™ vertex.

@ i ncenny Vel T5 — 207 sin(0,,) — Ts7s)]

Figure C.4: Feynman rules for the SM @uZ and ddZ vertices. T3 = 1/2 for
up-type quarks and 75 = 1/2 for down-type quarks
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