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Abstract

This masters thesis starts with a complete calculation of the cross section of leading
order gluon fusion. Then we discuss a composite Higgs model with a global SO(5)
symmetry broken at energy scale f and two different fermionic contents. We will then
apply composite Higgs models to leading order gluon fusion and show that the cross
section depends on the fermionic content and the parameter f.
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1 Introduction

With the large hadron collider (LHC), starting operation hopefully this year, we want to
complete the experimental test of the standart model (SM), namely finding the Higgs bo-
son. The LHC will be the first experiment that can probe energies well above electroweak
symmetry breaking (EWSB) scale (~ 174 GeV) and may thus force the SM to be revisited.
A very likely possibility for a revision of EWSB would be that the Higgs boson is not a fun-
damental scalar, but a composite state of a strongly coupled theory. At lower energy scales
it would the remnant of a broken global symmetry. So far particle physics theories are con-
straint by electroweak precision test (EWPT), which is in extraordinarily good agreement
with the SM. However the compositeness of the Higgs could explain the hierarchy problem!.
A Higgs from a broken global symmetry is quite a general framework and it has been argued
that the different phenomenologies of the various possible models are not very different [7],
[1]. It was also shown in previous articles that these models are best calculable in 5 dimen-
sions [6]. In this article we are therefore going to consider an example with a global SO(5)
symmetry broken at scale f to its custodially symmetric subgroup SO(4). We will only look
at the low energy description of this theory and mainly focus on the Higgs-top system, be-
cause this is expected to cause the best accessible changes compared to SM phenomenology.
Another feature of the model which we have to specify is the fermionic content in SO(5). We
will look at two different possibilities there. The first one has a minimal fermionic content,
where we extend the left handed top-bottom doublet to a five-plet of SO(5) as done in [1].
The second uses a non-minimal fermionic content, where the fermionic composites span the
full representation of SO(5), which mix with the top sector after the global SO(5) breaking
[8].

The hardest test for the composite model to pass is EWPT. It has been shown that the
SO(5) model with minimal fermionic content is not fully compatible with EWPT [1]. With
non-minimal fermionic content however, the model is compatible with EWPT and no fine
tuning is needed [4].

This masters thesis is organized the following way. In section 2 we will show a full calculation
of LO gluon fusion cross section in the SM. Then in section 3 we will discuss the composite
Higgs model with minimal fermionic content and focus especially on the implications on LO
gluon fusion. In section 4 we will do the same thing for non-minimal fermionic content and
in section 5 we will conclude and discuss if these composite models could be tested at the
LHC.

IThe hierarchy between the electro weak scale (~ 102 GeV) and the scale of new physics, which is
believed to be the GUT scale A ~ 10'6 GeV is very large. For fermions this is not a problem because the
counterterms in the renormalization go only with the logarithm of the scale A. For bosons however, this is
a problem, because the counterterms go with A2 and naturally this would mean for the Higgs boson, that
mp ~ A. In the SM however mj ~ 100 GeV and this is only possible with fine tuning of the parameters.
In the composite Higgs model the Higgs boson consists of elementary fermions, whose mass would not be
blown up by counterterms.



2 Gluon fusion cross section

2.1 Introduction

The most relevant way for Higgs production at the LHC is gluon fusion, where two colliding
protons radiate of two gluons, which produce a top loop and then the top-antitop pair
couples to a Higgs (see figure 1). In the loop we could also have another quark than the top,
however the Yukawa coupling between the Higgs and two quarks is proportional to the mass
of the quark and the top is by far the heaviest. Thus we will simply neglect other quark
loops.

Gluon fusion in the SM has already been calculated to second order (NNLO) [5]. In this
Master thesis we are only going to look at leading order (LO) gluon fusion. In section 3 and
4 we are going to modify this calculation and we therefore need to understand how it works
in detail. It is remarkable that LO cross section is more than a factor 2 lower than NLO and
NNLO cross section and therefore not useful for precise predictions at the LHC. However in
our further analysis we only need to get a qualitative feeling how gluon fusion changes with
new physics and it would be way out of the scope of this thesis if we would try to look at
the effect of composite models on NLO or even NNLO gluon fusion.

Figure 1: First diagram for LO gluon Fusion.

2.2 Feynman rules

There are two relevant diagrams for gluon fusion (see figures 1 and 2). We will first calculate
the contribution of the first diagram and then show that the second contributes the same.
Starting with figure 1 we can immediately apply Feynman rules. We will use the notation
from [2].

We start at the Yukawa vertex and amputate the gluon propagators. The matrix element
uncontracted with polarizations is

. (W%Jr mt)) (—ignPT2) (w) , (2)

k2 —my? (k —p2)? —my



where d is the number of dimensions. We take the trace over closed fermion lines
(1) z3zgon. " [0 + 4 mey™ 0+ o)y (F = a0
V2 ) [(p1 +k)? = me?][k? — m?][(k — p2)? —my?]

Now for the generators of SU(3), we use the identity Tr[T*T"] = 15%°. The matrix element
has then the form

o _ (Y92 sap [ A% my - Trl -]
. <2ﬁ>5 [, G e @

Expanding the trace and keeping in mind that odd products of y-matrices vanish, we only
get odd powers of m; inside the trace and can take out a factor mq

(3)

Tr[--- 1= Triphy* ¥y’ + K] — Triphy ™y el + (5)
iy {77k}

+ T + 7K + Ty ) — (6)
ik iy

—Trliy*y g + K ] + mi® - Tr[y*y7). (7)

Now we use the following identities for y-matrices:

{117} =297 8)
[ ]
Tr[yty"] = 4" 9)
[ ]
Tri*y"y"7] = 4(9""9” + 9"79"" — 9"°9"7) (10)
The final result for the trace is
Trl---] = 4[2pkP — 2kl + g°%(—pip2 — k> + mi?) — p§ph + pPps + 4kkP).  (11)

Looking at figure 2 we see that only the incoming gluons are exchanged. This means we
have to make the following exchanges in the matrix element

e a—[3
® D1 <> P2
e a—b

The contribution from the second diagram is then

MO /O° d'k_4(2p5k" = 2k7pY + g7 (—pap1 — k2 + mi?) — pypt + p3py + AK7R?)
°Je (2m [(p1 + K)? = mi?|[k2 — me?][(k — p2)® — my?]

(12)

This integral is the same as the integral for first diagram. If we substitute k& — —k, the

volume element d*k does not change and we get exactly the same contribution as for the first



Figure 2: Second diagram for LO gluon Fusion.

diagram. For the whole matrix element we therefore have to take a factor 2. The matrix
element, uncontracted with polarizations then reads

af af af ytgg ab > ddk af
M = MP + MSP = <4mt~ \/5>5 / RG] (13)
where
B (k) = 2p3k? — 2k°ps + 9 (—p1py — K + mi) — pph +pips + 4k°k° 14

[(p1 + K)? = mi?][k2 — me?][(k — p2)® — my?]

2.3 Tensor reduction

We look at the numerator of f*?(k) and we want to get rid of the Dirac indices in k. We
will apply tensor reduction, this means that we contract the terms in the numerator that

depend on &, i.e.
Wk’ — 2kl + 4Kk (15)

The most general ansatz for a numerator without Dirac indices in k is
A(k)g™? + B(k)pip] + C(k)pS'ps + D(k)pspy + E(k)psps, (16)

where A(k),B(k),C(k),D(k),E(k) are unknown functions of k. To find these, we need to
contract with five different tensors to get five equations. Keep in mind that p; and ps; are
the momenta of the gluons and since they are massless they satisfy p? = m? = 0.

e Contracting with ¢®? gives

2(p1 - k) — 2(p2 - k) + 4k* = A(k) - d 4 C(k)(p1 - p2) + D(k)(p1 - p2)- (17)

e Contracting with p?p? gives

—2(p1 - p2)(k - p1) +4(k - p1)* = E(k)(p1 - p2)*. (18)



e Contracting with p‘f‘pg gives
A(k - p1)(k - p2) = A(k)(p1 - p2) + D(k)(p1 - p2)°. (19)

e Contracting with p%p? gives
2(p1-p2)(k-p1) = 2(p1-p2) (k- p2) +4(k-p1)(k-pa) = A(k)(p1-pa2) +C(k)(p1-p2)*. (20)

e Contracting with pg‘pg gives
2(p1 - p2)(k - p2) +4(k - p2)® = B(k)(p1 - p2)*. (21)

Solving this system of equations we get the five unknown parameters and the numerator of
f2?(k) can then be written without Dirac indices in k

g’ [% <k2 - —2(k(-;1?;lz)-p2)> + (m? =k = (p ~p2))] +

o g [4(k-p2)*  2(k-p2)
MRS L(p1-p2)* (1 '2?2)]
a sl 1 (k-p1)(k-p2)  2k-(pr—p2—2k)\
o _d—2< (p1 - p2)? (p1-p2) ) 1] " (22)

a, B 1
+ Po P — Jrl +
20 _d 2 < (Pl : P2)2 p1 - P2

o 8 [4(k-p1)? Q(k'Pl)].

+ pap -
2 _(pl'p2)2 (pl'p2)

2.4 Ward identity

At some point we have to contract our matrix element with the polarization vectors
El,aEQﬁMQB. (23)

The Ward identity says that for massles particles if the polarization €, is longitudinal,
which means in the same direction as the momentum £k, of the particle, the matrix element
vanishes, i.e

e M (k) =k, MH (k) = 0. (24)

In our case we have two massless gluons, which are longitudinally polarized. The Ward
identity gives us thus the condition

P1,ab2,3 (A(kf)go‘ﬁ + B(k)p§pi + C(k)p§ps + D(k)pspy + E(k)pSps ) =0. (25
Note that terms like €1 op§ = (€1 - p1) vanish. We get
P1,aP2,6 (A(k)gaﬁ + D(k)pg‘pf) =0 = A(k)=—-D(k)(p1 - p2)- (26)

We can now combine the above with Eq. (22) and get

2 o, B
MOP = <4 : %5“‘7) A ap _ P21 ) 27
me T (me) | g o o) (27)



where

_ [eS) ddk? A(k)
Alme) = /oo 2m) [(p1 + k)2 — mi?][k? — m?][(k — p2)? — my?] =

Solving the integral in A(m;) is quite a lengthy and technical calculation. It can be found
in appendix A. The result we are going to use for our further calculation is
i

A(mq) = W[l + (L +7)f(7)]; (29)

where

arcsin’ %, T>1,
f(T) = 14/I—7 \2 (30)
_i (1og [1J—r\/ﬁ} — m) , T<1,

.= (;j_) (31)

2.5 Average over polarizations

To get the matrix element we need to average over ingoing polarizations and gluons. This
means we have to contract Eq. (27) with the polarization vectors of the gluons, sum over
all polarizations and divide by the number of polarizations N, and gluons NV,

DY

pol

2

LI (32)

NpNg

el oA, p1)E2,8( A2, p2) MP

where Zpol means that we take Ay = 1,2 and Ao = 1,2. This is a rather lengthy calculation,
but a nice exercise. However the result looks very simple

2 2
S letahn el ML = (0= 2) (- 250 ) L. (33)

pol

The amplitude is then

|M|2 _ 6aa(d — 2) <4ytg§mt

(NgNp)? V2
where y; = “t is the Yukawa coupling, with v = 174 GeV. We now insert the following

constants d = 4, N, = 8, N, = 2 and substitute g2 = 4ras(u). Moreover §¢ = Tr(Isxg) =
8, because we have 8 different gluons. Putting it all together we have

> - A(my) - A*(my), (34)

Lmyt N
(M2 = 2™ (402 (n) Alme) - A* (o). (35)
Using the results from the integration Eq. (29) we get the final and quite simple result for
the matrix element squared

> my 2 2
|M|2§<ﬁ> Q)1+ (L= 7)f() (36)



2.6 Cross section

The infinitesimal cross section for two particles with mass and momentum my, p; and ms, ps
and one outgoing particle with my,q can be easily expressed when knowing the matrix
element [9]

1 d3q¢ 1
d6gq—n = 2m)46™) (py 4 pa — q)| M |? — 37)
99 4\/(]71 - p2)2 — m%m%( ) ( )| | (27T)3 2(]0 (
We integrate this to get the gluon gluon to Higgs cross section
. . T
Tg99—h = /daggﬁh = m—hg|M|25(2p1 - p2 — mp?). (38)

This is the standart textbook result for LO gluon fusion. It can for example be found in
[10].

But at the LHC we have two colliding protons. The gluons come from the protons and we
want to know how they act. The momentum distribution of partons (in our case gluons)
and hadrons (protons) is described by the parton distribution functions (Pdf). Theoretically
this has not yet been properly understood because of colour confinement at low momentum.
However for high hadron momenta there are good sets of experimental data which we will
use. To get the proton proton to Higgs cross section we have to integrate the cross section
convoluted with the Pdfs for the two protons.

1
s
OPP_p = m—h2|1\4|2/0 Pdf (1) Pdf (2)8(2p1 - p2 — mp?)dzydzy (39)

Here z; 5 is the Bjoerken scale factor which tells us which fraction of the proton momentum
is carried by the gluons. The relation is p; = P;x;, where p; is the gluon momentum and F;
is the momentum of the proton.

We want to evaluate the d-function in the above equation. First we substitute

U =2p; - pa— mh2 = 2Pz - Pazo — th (40)
d
= —u = 2.T1P1 . P2 = Sl‘l, (41)
dl‘g

where S = (P + P,)? = 2P, - P, is the center of mass energy

1 lefmh 2
7 9 u+mj 1
opp_h = o | M| /0 / Pdf (zq)Pdf ( S > 5(u)dx1du—S . (42)

—mp Tl

When evaluating the d-function, we get a condition for the lower boundary of the z; inte-
gration. This lower boundary reflects the fact that the Higgs boson can only be produced
when the gluons carry enough energy. It is also necessary because at very low Bjoerken scale
the Pdfs are not well defined anymore. The final result before integrating over the Pdfs is

1
oern = oM [ S pasepar () (13)

mp? S Sy

2.7 Integration and results

To get the LO proton proton to Higgs cross section we only have to integrate over the Pdfs
and plug in the numbers. The integration was done on a computer using Vegas and the

10



data was taken from Cteq[12] and MRST[13]. Because we have only calculated LO gluon
fusion, we only take the leading order data, which is not very much up to date. The numbers
are taken to be m; = 172.4 GeV, v = 174 GeV and S = 14000? GeV? which is about the
maximum center of mass energy expected to be reached at the LHC. For high energies scales
u we need to consider the “running” of a,(u). Analogous to [9] we take

as(p) = %, (44)

1-— 3—;10g (’L—")

where a(pug) has been measured at a particular energy scale ug and b, = 11 — %N ¢. The
factor V¢ is the number of flavours, which we take to be 5 according to heavy top approx-
imation, which is usually performed when calculating gluon fusion. This means by = 23/3.
The energy scale g = Mz = 91.187 GeV is the same for MRST and Cteq, but they use
different values for a(Mz). So for Cteq we take a(Mz) = 0.1176 and for MRST we take
a(Myz) = 0.130.

In the plot below we have calculated the cross section for various Higgs masses from 100
GeV to 500 GeV. One can see that the cross section with MRST data is a little higher than
for Cteq data. This is probably due to the higher (o). The cross section decreases with
higher Higgs mass until mjy > 2my, i.e. 7 > 1, where we see a little bump.

35 T T T T T

MRST data
Cteq data —-—

sigma pb

Higgs mass in GeV

Figure 3: LO gluon fusion cross section with data from MRST (solid) and Cteq (dashed).
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3 Composite Higgs model with minimal fermionic con-
tent

3.1 General implications for composite Higgs model with global
SO(5) symmetry

We will first look at some general features of an SO(5) composite Higgs model, which are
also valid for the model we are going to discuss in section 4. The low energy description is
a sigma model with global SO(5) symmetry broken spontaneously to SO(4) at energy scale
f. We introduce a scalar five-plet constraint by

N
#=(0)=r (15)
¢s
The energy scale f should be above the EWSB scale (v = 174 GeV). For the rest of our
discussion we will set f = 500 GeV. The first four components of ¢ we call (5 The custodially
symmetric subgroup SO(4) = SU(2), x SU(2)r C SO(5) acts on ¢ and we can gauge this
to the SM gauge group SU(2);, x U(1). This is very convenient, because we can easily get

the SM gauge bosons W+, Z and +.

3.2 The kinetic Lagrangian

The kinetic Lagrangian of the field ¢ is basically the SM kinetic Lagrangian generalized to
5 dimensions

Liin = 5(Du0) (Dud).  Dyé =00 — il@aWiTE — i BuTH)o, (46)

The generators 17, g in 5 dimensions are

T r= 0
0

a

(47)

N[=
S O O

0
o
0

A\ 2
where 0% are the Pauli Matrices. We set v? = % <¢> , which is totally equivalent to EWSB

in the SM. With Eq. (45) we find ¢2 = f2 = ¢2 + ¢2. After EWSB we insert the vacuum
expectation value (VEV) for ¢ with a little fluctuation 7

v+n
0

¢ = 0 . (48)
v+n
f2=2(v+n)?

With the SM rotations and redefinitions of the fields (see figure 4), the kinetic Lagrangian
can be written as

= L] P A
Ekzn - 2 |: ( f2 — 2(,0 T 7’])2) + (49)
+%<gl+g2)2 ZMw+n)’ + g W, W“*(Hn)] (50)
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We get the SM masses for the W+ and Z-boson, plus we can include a massless photon.
Until here everything is just as in the SM but there is an important change in the Higgs
field.

The scalar field 7 is not normalized correctly. In order to be a physical field its propagator
needs to have a term normalized like %(@Lh)Q. We have to make the substitution

Ca 202

%77, ca =41 — R (51)
The physical field h is related to the standard model Higgs field by the factor ¢,. This
redefinition comes from the global SO(5) breaking, namely the fifth component of the five-
plet ¢. Notice that we get the SM in the limit of f — oo, where the strong sector has no
effect at low energy scale.

As already stated in [1] the Higgs coupling to the gauge bosons and to the quarks is going
to be reduced by the factor c,. However for the quarks there is another effect coming from
the rotation of the mass matrix which will be discussed in the following sections.

77—>h:

3.3 Yukawa-Lagrangian for the 3rd quark generation

We are now following [1]. We extend the left-handed top-bottom doublet g;, to an SO(5)
vector Wy, which is the minimal fermionic content.

\IIL = (quvL)L, thbRaXRaTRa (52)

where qr,, X1, X are SU(2)-doublets and all the other fields are singlets. The standard
model quarks qr, tr,br have the usual quantum numbers, while the SO(5) symmetry fixes
the hypercharges for the new quarks. The quantum numbers are shown in figure 5.

The Yukawa Lagrangian consists of an SO(5) symmetric mass term for the top and of two
soft breaking mass terms.

Liop = MUrdtr + Mo fTrTr + AsfTrtr + mx X1 Xg + h.c. (53)

Our goal is to determine the masses for the quarks, by rotating the mass matrix. And then
find the Higgs couplings to the quarks. We start after EWSB and insert the VEV for ¢

S

I
/\
VRS
S o
N——
\/

I
s coe

(54)
fea
Mass Composition
WiE | dgge VA F W)
1 1
Zu 5(9% +g%)v2 \/m(gQW,? +ngu)

Figure 4: Mass and composition of the W and Z-Boson.
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Hypercharge | Isospin | Charge
X°/3 7/6 1/2 5/3
X323 7/6 -1/2 2/3
T 2/3 0 2/3

Figure 5: Quantum numbers for the new quarks.

into the the Yukawa Lagrangian, which then reads

t X33 0
Liop = Al(bi)(g)tﬁ{—i—)q(Xé/g)(U)tR‘f' (55)
L

- ~ X5/3 X5/3
+f(cars + A3)Totr + M fTLTr+mx | %/ %/
X; X5

or in matrix form the Yukawa Lagrangian is

tr Ao 0 0 0 0 tr
b 0 0 0 0 0 br
Liop=| X3/° 0 0 mx 0 0 X3 (56)
Xi/3 M 0 0 mx 0 X}2?,/3
T flcadi+2X3) 0 0 0 Aof Tr

3.4 The mass eigenstates

The mass matrix is not diagonal, which means that the states ¢, X, T are no mass eigenstates.
To get the physical particles with a mass, we need to diagonalize this matrix. This means
that we multiply from the left with a SO(5) matrix L and from the right with another SO(5)
matrix R, so that LM R is diagonal. Notice that the Lagrangian itself does not change, since
U is an SO(5) five-plet and thus we only do a gauge transformation which is a change of
basis

Liop =V MUp =V, LMRVp. (57)

Diagonalizing a Matrix is quite hard. We will demonstrate two ways to diagonalize this
mass matrix: analytically in orders of v/f and numerically?.
First we are only considering the analytical way. Looking at the matrix we see that there
are 3 particles with charge 2/3 that can mix: ¢, X%/ and T. The other particles have
charge 1/3 and 5/3. They can’t mix with any other particles and therefore already are mass
eigenstates mp = 0 and X°/3 = my. Therefore we only need to consider a 3 x 3 Matrix
when diagonalizing
)\1’U 0 0
M = A1 mx 0 . (58)
fleadi+2A3) 0 Aof

This means that also the diagonalization matrices L and R are in SO(3). The strategy is
to diagonalize this matrix order by order in e = v/ f. First we apply a pre-rotation to make
the matrix diagonal for v = 0.

Tr — cos(x)Tr — sin(x)tg, tr — cos(x)tr + sin(x)Tr (59)

2Both ways have been done with MAPLE®. The numerical digonalization will be discussed in section
3.7

14



The condition for the matrix to be diagonal at order € is then that the M3 ; element has
to vanish
M371 = f ()\100‘ —+ )\3) COS(X) — )\Qf Sin()() = 0 (60)

Substituting A} = (Aca + A3), we get

tan(x) = )\—i (61)
The Lagrangian after the pre-rotation then reads

Liop = tro(Mtr + ArTr) + Xpv(Mtr + ArTr) + mpTTr + mx X Xp,  (62)
where we have made the following substitutions

A A
#, )\T = )\1 sm(x) = #’
/)\/12+)\22 /)\/12+)\22
mp = N+ X3S

The matrix M can then be written as a part diagonal to order € plus and a part of order e

At = Ay cos(x) =

0 0 0 Aef 0 Arf
M = 0 mx 0 —+€ MXf 0 Arf . (64)
0 0 mpr 0 O 0
=My =M,

Now we can start with an iterative diagonalization procedure, where we expand the rotation
matrices L and R also in orders of €

L=1Lo+ el + €Ly + 3Ly + O(e%), R=Ry+€eR 4+ Ry +R3 + O(¢*)  (65)

diagonalize to every order and so find the rotation matrices. The unitarity of the rotation
matrices gives us the following conditions

1 = L'L=1+eLi+L)+e(La+ LiL + L)) + O(?) (66)
= Li+Li=0 Ly+LiLi+Li=0 (67)

Note that we have set Ly = 0 because we start with a matrix that is already diagonal at
lowest order. The unitarity condition for R is of course exactly the same.

There is a nice trick to avoid having two different rotation matrices at the same time. Assume
LMR = D, where D is diagonal then (LM R)(LMR)" = LMM'L' = DD is still diagonal.
This means finding our rotation matrix L is equivalent to a standart diagonalization of a
symmetric matrix®, MM in our case *.

From Eq. (67) we see that L; is antisymmetric, this means it has 3 degrees of freedom. The
order one term is a symmetric 3 X 3 matrix Lel

LMMTLY = MoM{ + € (Li MoM{ + My M + MoM{ + MoMJL}) +O(e?),  (68)

=Lel

3A symmetric matrix A can be written in the form A = QDQ7, where Q is orthogonal and D is diagonal.
Furthermore the elements of D are the eigenvalues of A and the columns of @ are the eigenvectors of A.

4For the right rotation we get a very similar condition (LMR)'(LMR) = RIMTMR = DD, which
reduces the problem to the rotation of the symmetric matrix MTM

15



where we set the off-diagonal terms to zero, which gives us three equations and thus fully
determines L;. The same can be done for R; which gives us the mass matrix diagonal to
order €. This can now be repeated order by order since the unitarity condition gives us
always three parameters for every L,, and the matrices we want to make diagonal are always
symmetric®. The full calculation can be found in appendix B. The final result diagonal to
order three gives us the masses

1 1
my = M\v (1 - 56% - 56%3) , (69)
e 1 (Arv)?
= 1+ -8 4= 70
2 1 ()\T’U)2
L= 14+ L - AT 71
mr mr ( + 2 2m% —m2 )’ (1)
where we have defined e = 7%7: and €5, = i‘nLT” The mixing of the quarks, up to order one
in eg and €y, are
{/LZELfeLTL, tr' ~tr — erXp
_ _ 2 _ ’ mrm
X238 o X2 e T X2 xR e TMXp
L I €L mZ —mi L R r TERlR — €L mZ —mZ R (72)
_ - _ m2 _ mrm
T) ~Tp +ertr + e —5———5 X1, Tp' ~Tp+e,—5—5Xn
mp — My mp — My

This means that the top quark we see in accelerator experiments is actually a composite state
of other quarks. The measured top mass is then the composite top mass, i.e. mj ~ 1724
GeV. At high enough energies, above m’y and m/. it should also be possible to produce the
two other quarks. We will discuss later on at what scales these masses are.

3.5 The Higgs couplings

Now that we have diagonalized the matrix, we will investigate how the Higgs couplings
change. The procedure is pretty straight forward. We start with the initial Lagrangian (53)
and insert the VEV of ¢ plus we add some fluctuation n as in Eq. (48) and get

lr v+ X33 0 -
éop: A1 (bL)( 0 )tR+)\1<X§/3 vt tr+ X fT TR+

2(v+n)? ) - ( Xxo/3 X33
+ flMy/l———="—+ X | Ttr+mx 5s 5 (73)
( f2 XL/ XR/

In order to get the couplings we need to expand the squareroot around n =0

2
1-— 2(vf;2n) = Cq — ;2—277—1— o). (74)

Here we only look at terms in n of order one®. We can now split up the Lagrangian into

a mass-part that is exactly the same as Lp in Eq. (56) and an interaction part which

5There are matrices with additional symmetries where this algorithm does not work in its easiest form,
luckily the matrix in this model is well behaving.

6Terms with 72, i.e. vertices with two Higgs particles will be highly suppressed and not measurable at
the LHC.
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contains all the interactions with the Higgs particle.
Liop' = Liop + LHiggs + o), (75)
where

_ = v 2 -
EHiggs = AltLT]tR + )\1Xi/377tR — )\1 <—C—TL77tR> (76)

However the particles in this Lagrangian are not physical. To get physical particles we have
to rotate this Langrangian into the mass eigenbasis. We first apply the pre-rotation (59),
which gives us

tr Aen 0 Arn tr
Liiggs = | X3° A0 Az x| (77)
Ty Fan 0 g Tr
=H

To get the couplings of the physical particles to the Higgs we need to apply the left and
right rotations found in (72) and make the substitution (51) in order to get the physical
Higgs. The analytical results are quite messy. In the next chapter we will therefore only
investigate the top to Higgs coupling analytically and look at the other couplings later on
when we plug in the numbers.

3.6 Changes in the gluon fusion cross section

We can now look at new contributions to gluon fusion. With this model we get couplings
between two different quarks and the Higgs boson (flavour changing neutral current), which
were not possible in the SM. However these couplings won’t play a role in gluon fusion
because the initial gluons can still only couple to a quark-antiquark pair and therefore the
Higgs boson will also be produced by a quark-antiquark pair. This means that only the
diagonal entries in the rotated matrix LHR are relevant for gluon fusion. We call them
(Ct,Cx,Cr) = diag(LHR). This means that there are now three changes in the gluon
fusion cross section compared to the SM:

e Factor ¢, with respect to the SM Higgs.

e The top quark is a composite of other quarks and the Yukawa coupling is therefore no
longer proportional to the top mass.

e There are two new quark loops entering gluon fusion.

We now want to implement these changes in the calculation of section 2. The standard
model Yu%(awa coupling was proportional to the mass of the top quark over the VEV of the
Higgs, . The analytical expression for top to Higgs coupling in LH R is

3 3
Ci =M\ (1 §e§r 56%+2%6L+O(e%,e%,(v/f)2)>_ (78)

Comparing this to the SM coupling with the the top mass from Eq. (69), we get
/ 2 2

me o~ _frR L5V 3 .3 2
o Ce= 5t 2feL+0(eL,eR,(v/f))- (79)
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So assuming that eg, €, and v/f are small this correction is not very substantial. It is not
very hard to adapt the above changes. We apply them before averaging over the polariza-
tions. Starting from Eq. (27), we need to sum over all three quarks and change y, — Cyca,
where ¢ = ¢, X, T. Keep in mind that A(m,) depends on the mass of the quark

Cqca PSPy
MB =4 2 0 2m, 6% [ g — 2221 | A(m 80
E g - p2) (mg) (80)

The final result for the modified matrix element, analogous to Eq. (34) now reads

e = Y 200 | ST ComgA(my)| (81)

2
q=t,X,T

3.7 Gluon fusion cross section in composite Higgs model with min-
imal fermionic content

In this section we want to calculate the proton proton to Higgs cross section in the composite
Higgs model discussed above. As stated in [1] the model with minimal fermionic content
does not pass EWPT and is thus not realistic. Anyway we will plug in some numbers to get
a qualitative feeling what effect the global SO(5) symmetry has on the gluon fusion cross
section. In section 4.5 we will calculate the cross section of a composite Higgs model, which
is compatible with EWPT. We can then compare the results for both models.

For our further discussion we set f = 500 GeV, v = 174 GeV and myyp = 172.4 GeV. Now
there are four undetermined parameters left Ap, A;, mx and mp. We will use the result of
the analytical diagonalization, Eq. (69) and set m; = 172.4 GeV to fix A;. It is not a priori
clear that the analytical result for the top mass is a good approximation, to check this, we
will only look at parameters that give m,, = 172.4+3 GeV 7. The analytical result however
is quite good and for most input parameters the top mass is within the 3 GeV range.

For the diagonalization and the data output we used a program generated with Maple®©.
In appendix C is a similar program used to calculate the cross section for the more realistic
model of section 4. Here we will describe in words what the program does

1. Define all variables and the matrix M. The parameters mx, mp and Ap are varied
using for-loops.

2. To fix A\; we use Eq. (69) and set m; = 172.4 GeV.

3. Find the eigenvectors of MMT and MT M. The eigenvectors are the rotation matrices
L and R respectively. Note that the eigenvalues of both matrices MM and MTM
are the same and must also be ordered in the same way.

4. Calculate the Higgs couplings, i.e. the diagonal entries of LH R and plug everything
into Eq. (99).
5. The integration over the Pdfs of section 2.7 does not change at all. Multiplying -7 | M |2
h
with the result of the integration (see Eq. (43)), using Cteq data and mp, = 120 GeV
we get the total proton proton to Higgs cross section.

"The top mass has so far not been measured very accurately, a 3 GeV uncertainty is about what recent
measurements yielded [11].
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For the first analysis, we will vary one parameter, leave the others fixed and then look how
the cross section changes. We want the masses of the physical quarks m'y and m/. to be
above the scale f but not higher than the cutoff of the theory, which is 27 f ~ 3 TeV [1].
Looking at Eq. (70) and (71), we see the parameters my and mp are very similar to the
physical masses m’y and m/.. It is therefore appropriate to consider the values mx and mp
between 500 GeV and 3000 GeV. For the coupling constant Ar we took values between 0.2
and 2.5.

In the first plot (figure 6) we varied one of the input parameters mx and mp from 500 GeV
to 3000 GeV, while leaving the other fixed at 1000 GeV. The value for Ar was fixed at 1.
We see that the cross section changes only very little between 14.52 pb and 14.68 pb, i.e. it
is almost insensitive to the input parameters mx and mr.

14.7 T T T T

14.68

14.66

14.64

14.62

14.6

sigma PP to Higgs in pb

14.58 /

14.56 | |

14.54 |f

14.52 : : :
500 1000 1500 2000 2500 3000

Mass in GeV

Figure 6: The effect of the input parameters mx (dashed) and mqg (solid) on the cross
section is negligible.
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For the second plot (figure 7) we varied Ar from 0.2 to 2.5, whereas the input parameters
were fixed at mx = 1000 GeV and mp = 1000 GeV. We see that the change in the cross
section (o = 14.57 pb to 14.65 pb) is even less as in the first plot.

14.7 T T T T

14.68 - 1

14.66 - 1

14.64 |

14.62 -

14.6

sigma PP to Higgs in pb

14.58 -

14.56 - y

14.54 - .

14.52 : : : :
0 05 1 15 2 25

lambda_T
Figure 7: The effect of Ar on the cross section is also negligible.

For the second analysis, we do a full parameter scan. We fix A; with the top mass and vary
all the other parameters together: A\r € [0.2,4.0], mx € [500,3000] and mz € [500, 3000].
Just an in the first analysis the cross section stays in a very small region, between 14.45 pb
and 14.70 pb.

This insensibility of the cross section with respect to the various parameters was already
predictable from Eq. (78). There we saw that the top to Higgs coupling is very similar to
the SM Yukawa coupling. Moreover the other quarks contribute only very little to the cross
section independently of the input parameters. This means that the only effect that is left
to change the gluon fusion cross section with respect to the SM is the factor ¢2. Indeed
osn - ¢2 = 14.58 pb, which is exactly the mean value of our interval 14.45 pb to 14.70 pb.
This is a remarkable result because the effect of the new fermionic sector on the cross section
is totally negligible. In [1] only the c2-effect was mentioned. After the discussion for the
model with minimal fermionic content this is totally sufficient. The deeper reason for this
will be analyzed in section 5, after having discussed the model with non-minimal fermionic
content.
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4 A more realistic model

4.1 Non-minimal fermionic sector

This approach is analogous to [8]. Again we use a composite Higgs model with global SO(5)
symmetry as in section 3.1. But instead of extending the top sector to an SO(5) five-plet
(see section 3.3), we introduce a complete five-plet of fermionic composites, which span full
representations of SO(5)

leR,L = (Qa Xa T)R,La (82)

where Q and X are doublets and T is a singlet. The quatum numbers are shown in figure
8.

hypercharge | Isospin | Charge
Q" 1/6 1/2 2/3
Q° 1/6 -1/2 1/3
X5/3 7/6 1/2 5/3
X 7/6 -1/2 2/3
T 2/3 0 2/3

Figure 8: Quantum numbers of the new quarks.

The top sector is thus not a priori included in SO(5), but couples to these new quarks via
the interaction Lagrangian

_Eint = )\qif(jLQZR + )\thLtR + hC (83)
The new sector has an SO(5) invariant mass Lagrangian, which looks like

~Lpsy = my WU+ %(@Eqﬁ)(qﬁ‘%) (84)

Since we have only changed the fermionic content, the kinetic Lagrangian stays the same as
in section 3.2. As before, the global SO(5) symmetry is broken to SO(4). This means we
insert the VEV for ¢ before EWSB, in the Lagrangian. The VEV is identical to Eq. (54)
with v =0, i.e. (¢) = (0,0,0,0, f). The Lagrangian for the charge 2/3 particles then reads

tr, 0 Mf o0 0 tr

_ | QF 0 mg O 0 Qr
L= xi 0 0 my 0 Xy (85)

Ty, Aef 0 0 my+ fu Tr

We see that this Lagrangian is not diagonal. To get the masses of the particles we need to
perform the following rotations

qr — cosOpqr +sinOLQy, Qr — —sin®rqr +cosOLQy, (86)
tr — cosOptr + sin OrTR, Tr — —sinOptRr + cos OrTR, (87)
Aef )‘qTf

where tan©p = 7 and tan©f = 7=-. Notice that in Eq. (86) we rotate the whole dou-

blet, which is possible because both doublets have the same quantum numbers. Before
EWSB the diagonal mass matrix then reads diag(0, L my, ’Z—RT), where we have denoted

sp,rR=sin0Or g, cL,.r =cosOr g and mr = my + fu. This means that the new quarks
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have non-degenerate mass before EWSB and that the top remains massless.
After EWSB we insert the VEV for ¢, analogous to Eq. (54)

(@)W = vQp+vXp+ feaTh (38)
U (p) = Qfv+ Xiv+TLfca. (89)
Before performing the pre-rotation Eq. (86), the Lagrangian is
T
tr 0 Ay f2 2O 0 tr
u Sa Sa u
r— ?(ﬁ 0 m‘l/sj s fu 2 fsét Callt Xﬁ + h.c.. (90)
L 0 = fu my + 5 fu CaVl R
11 M f Ca UL Co UL my + cifu Tr
After the pre-rotation Eq. (86) the Lagrangian is diagonal to zeroth order in € = % and
reads
- s2 s2
tr, SLSRCQUM —spsfp —sp=fu —SLCRCQUIL tr
2 2
- ?(% —SRCLCQUIL T—L‘I’ Jrch%‘fu CL%‘*]:M CLCRCQUI X}:f
i —SRCQULL o fu my + 2 fu CRCQUML i
L SRCa U Callt Cablh T —cpsy fu R
=M
(91)

Here one can already get a first impression about the masses of the Quarks. The diagonal
elements of this matrix are exactly the same as of the matrix diagonalized to first order®.
The top mass is m; >~ spsgrcqavu. To get a large top mass (172 GeV) we need pspsg ~ 1.
This means also that the top needs a substantial mixing with either the @) or the T" quark.

4.2 The mass eigenstates

Now we can diagonalize using exactly the same methods as in section 3.4. Again we can
split up the matrix of the Lagrangian into a diagonal part and a non-diagonal part of order
€

0 0 0 0 SLSRCafIt  —SLUM —SpLUI  —SLCRCafIb
M= 0 ZL—E’ 0 0 St —Sgpcrcafi crup cLi CLCRCa S 1
0 0 mg O —Spca fl vl vl CRCaf 14
0 O 0 ZL—RT 2SRV Cafrr  cofp —2cRruu
=My =M

(92)
The only difference to the other model is that now we have a 4 x 4 - matrix. This means
that for each of our left and right rotation matrices L;, R; we get six free parameters but
we also get six equations and thus the algorithm should work as before.
The analytical calculation has been made with the Maple© program of appendix B gener-
alized to 4 dimensions. The results for the masses of the quarks up to terms of order O(e?)
are already quite messy. The simplest is the top mass, which reads

2fc% v

= esnssnfi (1+an | 220 - ] ). (93)

8The matrix diagonalized to first order is Mel = Mg + e(L1 Mo + MoR1 + M1). One can see that Mo Ry
and Lj Mg do not have any diagonal entries and therefore the diagonal entries of M are exactly the same as
for Mel.
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4.3 Higgs couplings

To get the interactions between the quarks and the Higgs we can proceed exactly as in
section 3. We insert the VEV with a small fluctuation n as in Eq. (48) into the mass
Lagrangian Eq. (84) and get Lpsy = mg WiV + L., where

o 9i (v+n)? (v+n)? Y Q
L= 7 X¢ || (w+n)? (v+n)? Y Xk (94)
TL Y Y f2 - 2(’[} + 77)2 TR

and Y = (v+ 1)/ f? —2(v+n)2. To get the couplings we need to expand around 7

(V20T E = (v+1) (caf - f—”fn+o<n2>)
= vfca+n <fca - %) +0(n?). (95)

=p

Again we get the normal Lagrangian (90) plus the Higgs interaction Lagrangian

E/ = E + EHi9957 (96)
where
N AVE RN
Liiggs =1 - (?) X7 20 2v p X5 |- (97)
Ty pp —d Tr

As before have to rotate to get physical states. First we include the top quark in the Higgs
interaction Lagrangian above to get a 4 x 4 - matrix. Then we apply the pre-rotations (86)
and (87) to get

SRSLP —2vsp —2vS —SLCRP
— 2 2
H= ﬁ SRCLP vey, vey, CRCLP (98)
f —SRpP 2v 2v CRP
dvsg p p —4vcp

The first diagonal entry of H is the Higgs to top coupling to order ¢, i.e. usgspce + O(€?).
Comparing this to the top mass of order €, Eq. (91), we see that the coupling is exactly =t
as in section 3 and in the SM.

We could now apply the rotations found when diagonalizing in section 4.2. However, this
time we are not going to look at the analytical results because they are too messy. We will
instead apply a fully numerical diagonalization and thus find first the Higgs couplings and
then the new gluon fusion cross section.

4.4 Gluon fusion cross section in composite Higgs model with non-
minimal fermionic content

When discussing the changes in the gluon fusion cross section, we get exactly the same
results as in section 3.6. The only thing that does change is that we have one more quark
entering the loop. We can apply this directly to Eq. (81) and get

=02z | S Cumgdimy)| (99)

7=t,Q,X,T
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In [8] composite Higgs model with non-minimal fermionic content has been shown to pass
EWPT for certain data. Here we will apply the data points which passed EWPT, to gluon
fusion and see how it changes. As before we take v = 174 GeV, f = 500 GeV and myop =
174.2 GeV. There are four parameters left y, sz, sg and my and one of them is constraint
by the top mass. The datapoints are given as a vector containing sr,, sg and mrp/my.
Together with the top mass they fully determine our model.

Phases in ¥y and Ui: There is a gauge transformation which we have not yet used,
which is a phase in the five-plet ¥. We will need this phase, because the value we get for u
is negative and therefore the first diagonal entry in the mass matrix, M; 1, is also negative.
However, the diagonalized M; ; value is the top mass, which must of course be positive. We
will thus apply a rotation L’ in L' LM R = D such that D is a diagonal matrix with positive
entries. Looking at Eq. (91) we see that for p < 0 and sg,sgp > 0, M1 1 and My 4 are
negative. We can thus set L’ = diag(—1,1,1,—1) to make all the masses positive at first
order.

As in section 3.7 the diagonalization procedure was done totally numerically with Maple®©.
The full program can be found in appendix C. It is very similar to the previous program
but there are some changes. For completeness we put here a description of it.

1. Read in the data, define all variables and the matrix M. The only undetermined
parameter is 1.

2. Find the eigenvalues of M M7 and set the smallest eigenvalue equal to m;. This gives
us my and therefore the whole mass spectrum of the quarks.

3. Find the eigenvectors of MM? and M™T M which are the rotation matrices L and R
respectively. Note that the eigenvalues of both matrices MM7T and M7 M are the
same and also must be ordered in the same way.

4. Check that LM R is diagonal and that its entries are the masses of the quarks. Here
we use the freedom of a phase in ¥ to make all the diagonal entries of LM R positive.

5. Calculate the Higgs couplings, i.e. the diagonal entries of LHR and plug everthing
into Eq. (99).

6. The integration over the Pdfs of section 2.7 does not change at all. Multiplying -2 |M]?
h

with the result of the integration (see Eq. (43)), using Cteq data and m;, = 120 GeV
we get the total proton proton to Higgs cross section.

4.5 Discussion of the results

We analyzed 194 datapoints, i.e. vectors [sp, Sg, Z—UT] and calculated the proton proton to
Higgs cross section. The first thing to notice is that the cross section for all datapoints is
contained in a small interval between 6.3 pb and 6.8 pb, which corresponds to ~ 0.340gx;.
We see that in this model the cross section is about a factor 2 smaller as for the model in
the section 3.7. There we saw that the Higgs to top coupling did not change substantially
with respect to the SM and that all the other quarks had only minor contribution. Now the
case is totally different. We see in figure 9 that the Higgs to top coupling varies a lot (—0.15
to 0.75), whereas in the previous model as well as in the SM it was ~ 1. This means that
the other quarks must have a non-negligible contribution to the cross section.
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Figure 9: Higgs to top coupling versus cross section.

In the second diagram (figure 10) we analyze the data a little differently. We set the

couplings of all but one quark to zero and calculate the contribution to the cross section of
each quark separately. In the diagram we plot on the x-axis the mass of the quarks on the
y-axis the cross section relative to the SM. We see that the () and T" quarks contribute only
very little and the X quark contributes most of the cross section. The remarkable thing is
that in spite of the large range of cross section the top and the X quark contribute alone,
they always add up to a very small range of values (0.32505) to 0.35505,). Notice that
the contribution to the cross section of a single quark is always positive. In figure 10 the X
quark alone sometimes has a cross section that is much higher than the total cross section
due to all quarks, so there must be a suppression coming from other quarks in order to get
the total cross section of figure 9.
Another information containt in this diagram is the masses of the new quarks. We see that
the X-quark is usually the lightest with a mass of 350 GeV to 600 GeV?. The T-quark has a
mass of about 600 to 2000 GeV and the Q-quark has a mass of 3000 to 10000 GeV. The mass
of the X-quark is low enough for the LHC to detect it. The T-quark will be only detectable
if its mass is near the mass of the X-quark. The Q-quark is too heavy to be detected and
masses of 10000 GeV are not good for the theory to be perturbative.

9Here we ignore outliers.
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Figure 10: Contribution to the cross section of each quark type alone.

5 Conclusion

In the above discussion and from other sources of analyses [8], we saw that the composite
Higgs model definitely is an appropriate candidate for an extension of the SM. First it can be
made to agree fully with EWPT, and second it does solve the hierarchy problem. Moreover
the compositeness of the top quark is able to explain why its mass is so much higher than
the mass of the other SM quarks. We saw that with the global SO(5) symmetry approach
and the specifying of the fermionic content, we could indeed derive the implications to LO
gluon fusion, and calculate the proton proton to Higgs cross section. The result depended
on the fermionic content of the model. In the first case (with minimal fermionic content),
the change in the cross section was determined exclusively by the energy scale f, and was a
factor ¢2 lower as in the SM. The reason for this was that the new quarks only had a minor
effect on the cross section and that the Higgs to top coupling was very similar to the SM.
With non-minimal fermionic content, and EWPT compatible data, we got a different result.
The cross section was approximately three times lower as in the SM. Here the mixing of
the quarks played a larger role and the top and X-quark contributed substantially to the
cross section. In contrast to the other model it difficult to trace the source of this high
supression. However, there has been a very elegant analysis, predicting a gluon fusion cross
section of ~ 0.350gys for five fermions and f = 500 GeV [14]. Moreover it predicts that
for five fermions and f = 1000 GeV we get 0.820gs. Indeed setting f = 1000 GeV in the
program in appendix C we get a cross section between 0.780s,s and 0.8205,, which is still
in total agreement with EWPT.

The big question now is if this model could be tested at the LHC. The error for the gluon
fusion cross section measurement at the LHC is ~ 10% [5]. So testing the model by measuring
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the gluon fusion cross section will depend on the fermionic content and the energy scale f,
but even for ~ 0.80gyy, it should be possible. Anyhow it will be much more difficult to
detect the Higgs particle, if the cross section is suppressed by a factor of 0.3. However, the
cross section for the Higgs production via vector boson fusion (VBF) can be measured with
a precission of ~ 5%, whereas the reduction in the SO(5) model is also ~ ¢ ~ 0.75 [1]. The
VBF cross section could therefore be a fruitable testing ground for composite Higgs models.
Another property which could be measured at the LHC is the new Quarks. In section 4.5
we saw that the X-quark is the lightest of the new quarks with a mass of 350 GeV to 600
GeV. New particles around this mass should be detectable, however, it will not be easy to
determine what this new particles are. There are also flavour changing neutral currents in
composite Higgs model, which were not present in the SM.

We should after all keep in mind that there is a large variety of different composite Higgs
models, with different global symmetries and that it is not a priori clear that they will all
lead to a similar phenomenology. It will therefore not be possible to disprove all composite
Higgs models at once, if certain predictions cannot be experimentally verified. On the other
hand it will not be easy to verify a particular model, even when there is experimental data
in favour of it, because there are just too many possibilities such as fermionic content.
Even if this thesis only covered LO gluon fusion for two very specific models it can maybe
help to get a feeling what composite Higgs phenomenology, especially gluon fusion looks
like. Furthermore, I hope that this masters thesis showed that even for beyond standard
models it is possible to calculate predictions for observables under certain assumptions.
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A Calculation for the gluon fusion

In this section we are going to compute the integral A(m;) from Eq. (28).

A.1 DMaster integrals

First we want express our integral with master integrals. We have eliminated all Dirac
indices of k, now we need to make the numerators of A(m;) independent of k. We have 6
different types of numerators: k2, k- p1, k-p2, (k-p1)(k-p2), (k-p1)? and (k- p2)?. For each
of these we have to use a different method.

- [12]

k2 + my2 — m,2
(2(p1 - k) + k% — my?][k? — my?][k? — 2(k - p2) — my?]

mt2

= B DR —mdR w1
1

2(p1 - k) + k2 — my?][k2 — 2(k - p2) — m4?]

+
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]

k-p1+ %(sz — k2 4+mi® —my?)
2(p1 - k) + k2 — my?][k? — m?][k? — 2(k - p2) — my?]
1

= (k2 — m2][k? — 2(k - p2) — me?] (101)

R2(p1- k) k2 = m 2[R = 2(k - p2) —me?]

« [32]

k'p2+%(k2*k2+mt2 *mt2)
(2(p1 - k) + k2 = mi?][k* — me?] [k — 2(k - p2) — my?]
1

= TR 120k pn) —ml —m?] T (102)

+

— o)

2(p1 - k) + k2 — m2)[k% — 2(k - p2) — my2]

. ‘ (k-p1)(k-p2) ‘ Here we use the results of the k - p; case.

L[~ D2k
= dek n
L e
=0
L[~ —p2-k 1
SV =i+ 103
2/00 [(k+ p1)? — m2)[(k — p2)? — m4?] 2( 1 2) (103)
=I5
For I; substitute k — k + B2
Il:/ooddk pt +p2(-)=0.  (104)
o kB —m[k—B)? —m?] =
0
=0

The first term in the sum vanishes because it is an odd function. For I we substitute
kk—5 + 2

L, = dk +
’ /oo [(k+ & +8)? —m?][(k — & — B)? —my?)]
=0
L[ p1 P2
+ —/ dk — — (105)
2 Joo [(k+ 5 +B)2 —m?)[(k — & — B)? —m,?]
N +1):1/wddk P1 P2 (106)
PR [(k+ 5 +5)? —m?][(k - & — 5)2 —m?]
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o | (k-p1)? |Again we use the Results of k-p;. With a very similar procedure as above

we get
l/ ddk P1 D2 .
Lo TR+ 5P =m0 = B2 = me?]
L[ P1 D2
- [ d% . 107
il G5 +57 k-G -7 —mz 07

(k- p2)? | This case is analogous to before and we get exactly the same result as for
(k . p1)2.
All integrals can now be brought to two basic forms, which we call “the master integrals for

LO gluon fusion”
d'k 1
10 = | G T (108)

and

[ d% 1
e = [ @i [ —m2|(k + ) —m (k0 — g PR (109

We can now express A(m;) with these master integrals

4 4—d
A(my) = 1(p1, —p2) (mmt - 'p2> +J(p1 +p2)d — (110)
— ————
=As =Ay

A.2 Feynman parameter and dimensional regularization

To solve the two master integrals J(a) and I(a,b) we need Feynman-parameters. These can
be found in [3] on page 190.

The integral J(a): We have two factors in the denominator, so we use the following
Feynman parameter

Sz+y— ) 1 1
P Q / VP 1 yQ)? /od“@(xm(lfx)@)f (1

In the last step we have evaluated the é-function. Applied to J(a) this is

J(a) / 'k /1d L (112)
a) = x .
@2m)* Jo (1= 2)(k? —m?) + 2((k + a)? — my?)]?
If we make the substitution k& — k — ax, we get
ddk 1
d . 113
/ z/ d1k? + a?x(1 — x) — m42]? (113)
Now we can apply the following formula found in [3], page 250
/ dik 1 () — 9 <i)"5 110
(2m)d (k2 — A" (4m)iT(n) \A ’



where T is the Gamma-function, defined by [ 2¥~'e™"dxz. Especially I'(n + 1) = n! for
n € N9, This gives us

_ [t ir2— 6 2, 2y4—n
J(a)—/o dx@( ra® +m? + a’x?)2 ", (115)

The next step is to use dimensional reqularization, i.e. we substitute d = 4 — 2¢, where € > 0

J(a):/o dz(ii)g) (m? + a*z* — za®)". (116)

Finally we can use the approximation I'(e) = % — v+ O(¢), where v ~ 0.5772 is the Euler-
Mascheroni constant. Using

—e€ —elnz 1—¢€l 1
ro_¢ T D g, (117)
€ € € €
we get the final result, expanded in powers of €
Ja=1 11 /ld D lafm? + a? — za?). (118)
)= -5 — ——= — r—— Injm* + a“z* — za
€ (4m)2  (4m)? 0 (47)?

We now insert J(a) into Eq.(110). Looking at the second term in the sum, A ; with d = 4—2e,
we get

A = J(p1+p2)2:;lz(4;)2 {1—e(1+/01dxln[mt2+x(p1+p2)2(96—1)])}
~ o (119)

We see that it is absolutely necessary to keep the number of dimensions open. At the end
we can take the limes ¢ — 0 and thus get that the contribution from Aj; is simply 1.

The integral I(a,b): Here we have three factors in the denominator, so we use the Feyn-
man parameter

1
20(x+y+2-1)
dxdydz =
P-Q-R /0 v (Pz+ Qy+ Rz)3

1
2
dxd , 121
/0 Y Pr+Qut RA—z—p))7° (121)

(120)

to get

1
Ha =2 [ tnty T AT T
(122)
As before we want to bring the denominator of the integrand to the form (k* — A)". We
substitute k — k& — ax — by and get

b) 2/ dad / ddk L (123)
a = XL .
Y — 1)+ b%y(y — 1) + 2abzy + m,?J?
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As before we apply (114) with d = 4, which gives us

=1

! —iT(1) 1
2/0 v ( 7)2 T(3) a®x(z — 1) + b%y(y — 1) + 2abry + my? (124)
—

=2

A.3 Expressing A; with dilogarithms
We insert our result for I(a,b) into Eq. (110) and look at the first term in the sum, Ay

Ar = (2m?® —pi-p2)I(p1, —p2) (125)
_ — ' 2mt2 —P1-P2
= 5 drdy—; 5
(4m)% Jo p1 (@ — 1)+ p2° y(y — 1) — 2(p1 - p2)wy + my?
~~ ~~
-0 =0

In the denominator of the integrand we add a small imaginary part

i 2m2 — 1= y 1
Ay =" mt b1 p2/ dy/ (126)
(47T) pl pz )—He

2(201 D2

=Int

For an on-shell Higgs boson we have that ¢?> = m;? and as we can see in the Feynman graph
(figure 1) ¢ = p1 + pa. Therefore 2(p1 - p2)* = mp?. We substitute R = (;:-)% Eq. (110)
now reads

A(my) = (4;)2 [(25{ %) Int+ 1] . (127)

Polylogarithms: So for our relevant quantity A, the only thing that is left to calculate is
Int. First we want to express this in terms of dilogarithms. The polylogarithm is a function
Lis(z), for all complex numbers s and |z| < 1, defined by

Li — 12
15 ; k ( 8)

We can see directly that the polylogarithm for s = 1 is Li;(2) = —log(1 — z). Another way
is to define the polylogarithms recursively

Lio1(z) = /O dtm%(t). (129)

The dilogarithm is the polylogarithm for s = 2. Using the above we can see quite easily
that the dilogarithm can be written as

= —log(l—t
Lig(z):/ g =1os1=t) (130)
0 t
With this knowledge we can go on
1 1- 1
dy/ Y 1 /dy <1 9 .
Int:/ — ————dzr = —log| =(y* —y+ R+ie) | . 131
o Y Jo ZE*§+ZE o Y R( ) (131
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We factorize

11 11
(v —y+R+ie)=|y—g+y\/7 - Rtic| [y—5—/7-R—ic|. (132)

EAl EA2

Now we need to do a case study.

Case a) For R > % = — R is imaginary. So we don’t need the ie. Now we can use

i
log(ab) = loga + logb if sgn(Sa) = — sgn(Sb).

'dy

mo= 2 :log (%(y - A1)> +log (%(y - Ag))] (133)

7 e (Ga) - () s () s ()
= — |log| —= ) +log| —= | +log{——-1)+1log|— -1
o Y g(\/ﬁ & VR S\ 5\ A

=0

Using the dilogarithms above we can write this as

. (A (A
Int = — Lis (ﬁ) — Liy (El) : (134)
where we have used that A% = A—R? and ALZ = A—R}

Case b) For R < 1= /17— Ris real. We need to keep the ic. So we have

Int

/o1 % log (%(y — A +ie)(y — Az - i6)> (135)

- {L12 (% + ie) + Liy (% - ze)} . (136)

Claim: a)
1 1 A A
f(r) = arcsin® (F) =3 {Lig (El) Liy (ﬁ) }, T>1, (137)
where 7 = 4R.
Proof: a) The following formulas are useful:
1.
arcsinz = —ilog (z:z: +V1- x2) (138)
2.
1. 5 . . 1
-3 log“(x) =Lis(1 —2) + Liz | 1 — - (139)
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Lis(z) = —/O %log(l —z-y) (140)

With these the proof is straightforward.

2f(r) = 2arcsin’ (%) (141)

= liee? [(7+ 1-%)] (142)

- - () b ()] om
= i o (T o (LY m

1
_if i
2 R 2 4
Claim: b)

() ()} L[ ) o

Proof: b) Using Eq. (139) with
T—2-2y1-71

T

xr=

ie, (147)

we get

A . . (A .
{Lig <§1 +ze> + Liy (EQ ZE>} =

2

(e[ 2274
r—2-2y/I—7 _M)Q

2

(o2 )y

N
—_
@]

o

N—= N N

Putting everything together the final result is

A = ﬁ 1+ (=77, (149)
arcsin® L T>1
. \/F, i 9
fr) = { —i (1og “f\/‘/g} — ’i?T)2, T<1, (150)
2
ro= 4 (ﬁ) (151)
mp,
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B Diagonalization with Maple

The input for the diagonalization of the mass matrix from Eq. (64) with Maple is shown
below. The expansion of LM R in terms of € has been done manually. There would be a
more elegant way if we would collect all the € and then let Maple automatically spot terms
of every order. Lines that were too long have been broken, indicated by a backslash \.

0:=Matrix([[0,0,0],[0,m_x,0],[0,0,m_T1]);
1:=Matrix([[lambda_t*f,0,lambda_T*f], [lambda_t*f,0,lambda_T*f]\
,[0,0,0]11);
L_1:=Matrix([[0,1_11,1_12],[-1_11,0,1_13],[-1_12,-1_13,0]11);

M_
M_

with(LinearAlgebra):
ML1:=simplify(M_O.Transpose(M_0)+e*(L_1.M_0.Transpose(M_0)+M_1.T\
ranspose (M_0)+M_0.Transpose(M_1)+Transpose (M_0) . (M_0) . Transpose (\
L_1)));

1_11:=simplify(solve(ML1[1,2]=0,1_11));
1_12:=simplify(solve(ML1[1,3]=0,1_12));
1_13:=simplify(solve(ML1[2,3]=0,1_13));

R_1:=Matrix([[0O,r_11,r_12],[-r_11,0,r_13],[-r_12,-r_13,011);
MR1:=simplify(Transpose(M_0) .M_O+e*(Transpose(R_1) .Transpose(M_0)\
.M_O+Transpose(M_1) . (M_0)+Transpose(M_0) .M_1+Transpose(M_0) . (M_0)\
.(R_1)D);

r_11:=simplify(solve(MR1[1,2]=0,r_11));
r_12:=simplify(solve(MR1[1,3]=0,r_12));
r_13:=simplify(solve(MR1[2,3]=0,r_13));

Mel:=simplify(M_O+e*(L_1.M_O+M_1+M_0.R_1));
L2:=-L_1.Transpose(L_1);

L_2:=1/2*«Matrix([[L2[1,1], O, 0], [0, L2[2,2], o], [0, O, L2[3,3]\
11)+Matrix([[0,L2[1,2]+1_21,L2[1,3]+1_22],[-1_21,0,L2[2,3]+1_23],\
[-1_22,-1_23,011);

simplify(L_2+Transpose(L_2)+L_1.Transpose(L_1));
ML2:=simplify(simplify(ML1)+e"~2*(L_2.M_0.Transpose(M_0)+L_1.M_1.T\
ranspose(M_0)+L_1.M_0.Transpose(M_1)+L_1.M_0.Transpose(M_0) .Trans\
pose(L_1)+M_1.Transpose(M_1)+M_1.Transpose(M_0) .Transpose (L_1)+M_\
0.Transpose(M_0) . Transpose(L_2)+M_0.Transpose (M_1) .Transpose(L_1)\
));

1_21:=simplify(solve(ML2[1,2]=0,1_21));
1_22:=simplify(solve(ML2[1,3]=0,1_22));
1_23:=simplify(solve(ML2[2,3]=0,1_23));

R2:=-R_1.Transpose(R_1);
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R_2:=1/2#Matrix([[R2[1,1], 0, 0], [0, R2[2,2], 01, [0, O, R2[3,3]\
11)+Matrix ([[0,R2[1,2]+r_21,R2[1,3]+r_22], [-r_21,0,R2[2,3]+r_23]1,\
[-r_22,-r_23,011);

R_2+Transpose(R_2)+R_1.Transpose(R_1);
MR2:=simplify(simplify(MR1)+e~2*(Transpose(R_2) .Transpose(M_0) .M_\
O0+Transpose(R_1) .Transpose(M_1) .M_0O+Transpose(R_1) . Transpose (M_0)\
.M_1+Transpose(R_1) .Transpose(M_0) .M_0.R_1+Transpose (M_1) .M_1+Tra\
nspose(M_1) .M_0.R_1+Transpose(M_0) .M_1.R_1+Transpose (M_0) .M_0.R_2\
)5

r_21:=simplify(solve(MR2[1,2]=0,r_21));
r_22:=simplify(solve(MR2[1,3]=0,r_22));
r_23:=simplify(solve(MR2[2,3]=0,r_23));

Me2:=simplify (Mel+e 2% (L_2.M_0+L_1.M_1+L_1.M_O.R_1+M_1.R_1+M_0.R_\
2));

L3:=simplify(-Transpose(L_2).(L_1)-Transpose(L_1).(L_2));

L_3:=1/2#Matrix([[L3[1,1], 0, 0], [0, L3[2,2], 0], [0, O, L3[3,3]\
11)+Matrix ([[0,L3[1,2]+1_31,L3[1,3]+1_32],[-1_31,0,L3[2,3]+1_33],\
[-1_.32,-1_33,011);

simplify(L_3+Transpose(L_3)+Transpose(L_2).(L_1)+Transpose(L_1).(\
L_2));

ML3:=simplify((L_3.M_O.Transpose(M_0)+L_2.M_1.Transpose(M_0)+L_2.\
M_0.Transpose(M_1)+L_2.M_0.Transpose(M_0) .Transpose(L_1)+L_1.M_1.\
Transpose(M_1)+L_1.M_1.Transpose(M_0) .Transpose(L_1)+L_1.M_0.Tran\
spose(M_1) .Transpose(L_1)+L_1.M_0.Transpose(M_0) . Transpose(L_2)+M\
_0.Transpose(M_0) . Transpose(L_3)+M_1.Transpose(M_1) . Transpose (L_1\
)+M_0.Transpose(M_1) .Transpose(L_2)+M_1.Transpose (M_0) . Transpose (\
L_2)));

1_31:=simplify(solve(ML3[1,2]=0,1_31));
1_32:=simplify(solve(ML3[1,3]=0,1_32));
1_33:=simplify(solve(ML3[2,3]=0,1_33));

R3:=-Transpose(R_2) .R_1-Transpose(R_1) .R_2;

R_3:=1/2#Matrix([[R3[1,1], O, 0], [0, R3[2,2], 0], [0, O, R3[3,3]\
11)+Matrix ([ [0,R3[1,2]+r_31,R3[1,3]+r_32],[-r_31,0,R3[2,3]+r_33],\
[-r_32,-r_33,011);

R_3+Transpose(R_3)+Transpose(R_2) .R_1+Transpose(R_1) .R_2;

MR3:=simplify(Transpose(R_3) .Transpose(M_0) .M_O+Transpose(R_2) .Tr\
anspose(M_1) .M_0O+Transpose(R_2) .Transpose (M_0) .M_1+Transpose(R_2)\
.Transpose(M_0) .M_0.R_1+Transpose(R_1) . Transpose(M_1) .M_1+Transpo\
se(R_1) .Transpose(M_1) .M_0.R_1+Transpose(R_1) .Transpose(M_0) .M_1.\
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R_1+Transpose(R_1) .Transpose(M_0) .M_0.R_2+Transpose(M_0) .M_0.R_3+\
Transpose(M_1) .M_1.R_1+Transpose(M_0) .M_1.R_2+Transpose(M_1) .M_0.\
R_2);

r_31:=simplify(solve(MR3[1,2]=0,r_31));
r_32:=simplify(solve(MR3[1,3]=0,r_32));
r_33:=simplify(solve(MR3[2,3]=0,r_33));

Me3:=simplify(Me2+e”"3*%(M_0.R_3+L_1.M_0.R_2+L_1.M_1.R_1+L_2.M_0.R_\
14L_2.M_14L_3.M_O0+M_1.R_2));
Le3:=simplify(Matrix([[1,0,0],[0,1,0],[0,0,1]1])+exL_1+e"2*L_2+e"3\
*xL_3);
Re3:=simplify(Matrix([[1,0,0],[0,1,0],[0,0,1]])+exR_1+e"2*R_2+e"3\
*R_3);

C Program for the gluon fusion cross section with 4
fermion composite Higgs model

This is the program described in section 4.4. At the beginning of the file there is a list with
the various parameters, which is not included in order to save trees. At the end there is the
'fprintf’ command which generates a file with all chosen data in it. For the plots in section
4.5 we also put the matrix elements of L and R in the output file.

Datalist:=[[.,.,.],...]:

f := 500;

v = 174;

clalpha] := evalf(sqrt(f°2-2xv~2)/f);

e := v/f;

mh:=120;

conv:=3.894%x1078;

sigmasm:= 19.24933;

sig:=sigmasm*c[alpha] "2;

integ:=0.02770763;

alphas:=evalf (0.1176/(1-23/(6%Pi)*0.1176%1log(91.187/mh)));
con:=evalf (c[alpha] "2*alphas~2*(1/mh) "2/ (32%Pi));

for n from 1 to 194 do

N := n;

b := true;

Ra := Datalist[N, 3];

s[L] := Datalist[N, 1];

s[R] := Datalist[N, 2];

c[R] sqrt (1-s[R]172);

c[L] sqrt(1-s[L]1"2);

m[T] := m[psil*Ra;

mu := (Ra-1)*m[psil]/f;

MO := Matrix([[0, O, 0, 0], [0, m[psil/c[L], O, 01, [0, O, m[psi\
1, o1, [0, 0, O, m[T]/c[R]111);

M1 := Matrix([[s[R]*s[L]*c[alphal*f*mu, -s[L]*v*mu, -s[L]*v*mu, \
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-s[L]*c[R]l*c[alpha]l*f*mu], [-s[R]*c[L]*c[alpha]*f*mu, c[L]*v*mu,\
c[LI*v*mu, c[L]*c[R]*c[alphal*f*mu], [-s[R]*c[alphal]*f*mu, v*mu\
, v¥mu, c[R]*c[alphal*f*mu], [2*s[R]*v*mu, c[alpha]*f*mu, c[alph\

al*f*mu, -2*c[R]*v*mull);

M := MO+exMi1;

MMT := evalf (M.Transpose(M))/m[psi] "2;

JJ := evalf(Eigenvalues(MMT));

KK := sort([Re(sqrt(JJ[1]1)), Re(sqrt(JJ[2])), Re(sqrt(JJ[31)), R\
e(sqrt(JI[41))1);

m[psi] := solve(KK[1]#*mpsi = 172.4, mpsi);

mt := KK[1]+*m[psi];

mX := KK[2]*m[psi];

mT := KK[3]#*m[psi];

mQ := KK[4]*m[psi];

LL := Matrix([[O, O, O, 0], [0, O, O, O], [0, O, O, O], [0, O, O\
, 011);

if Re(sqrt(JJ[11))*m[psi] = mt then LL[1, 1] := 1; LL[2, 1] := 0;
LL[3, 1] := 0; LL[4, 1] := 0 elif Re(sqrt(JJ[11))*m[psi] = mQ t\
hen LL[1, 1] := 0; LL[2, 1] := 1; LL[3, 1] := 0; LL[4, 1] := 0 e\
1if Re(sqrt(JJ[1]))#*m[psi] = mX then LL[1, 1] := 0; LL[2, 1] :=\
0; LL[3, 1] := 1; LL[4, 1] := 0 else LL[1, 1] := 0; LL[2, 1] := \
0; LL[3, 1] := 0; LL[4, 1] := 1 end if;
if Re(sqrt(JJ[2]))*m[psi] = mt then LL[1, 2] := 1; LL[2, 2] := 0
; LL[3, 2] := 0; LL[4, 2] := 0 elif Re(sqrt(JJ[2]))*m[psi] = mQ
then LL[1, 2] := 0; LL[2, 2] := 1; LL[3, 2] := 0; LL[4, 2] := 0
elif Re(sqrt(JJ[2]))*m[psil = mX then LL[1, 2] := 0; LL[2, 2] :=
0; LL[3, 2] := 1; LL[4, 2] := 0 else LL[1, 2] := 0; LL[2, 2] :=
0; LL[3, 2] := 0; LL[4, 2] := 1 end if;
if Re(sqrt(JJ[3]1))*m[psi] = mt then LL[1, 3] := 1; LL[2, 3] := 0
; LL[3, 3] := 0; LL[4, 3] := 0 elif Re(sqrt(JJ[3]))*m[psi] = mQ
then LL[1, 3] := 0; LL[2, 3] := 1; LL[3, 3] := 0; LL[4, 3] := 0
elif Re(sqrt(JJ[3]))*m[psi] = mX then LL[1, 3] := 0; LL[2, 3] :=
0; LL[3, 3] :=1; LL[4, 3] := 0 else LL[1, 3] := 0; LL[2, 3] :=
0; LL[3, 3] := 0; LL[4, 3] := 1 end if;
if Re(sqrt(JJ[4]1))*m[psi] = mt then LL[1, 4] := 1; LL[2, 4] := 0O\
; LL[3, 4] := 0; LL[4, 4] := 0 elif Re(sqrt(JJ[4]1))*m[psi] = mQ \
then LL[1, 4] := 0; LL[2, 4] := 1; LL[3, 4] := 0; LL[4, 4] := 0 \
elif Re(sqrt(JJ[4]))*m[psi] = mX then LL[1, 4] := 0; LL[2, 4] :=\
0; LL[3, 4] := 1; LL[4, 4] := 0 else LL[1, 4] := 0; LL[2, 4] :=\
0; LL[3, 4] := 0; LL[4, 4] := 1 end if;
MIM := evalf(Transpose(M).M)/m[psi] "2;

PP := evalf(Eigenvalues(MIM));

QQ := sort([Re(sqrt(PP[1])), Re(sqrt(PP[2])), Re(sqrt(PP[3])), R\
e(sqrt(PP[41))1);

mt := QQ[1]#*m[psil;

mX := QQ[2]*m[psil;

mT := QQ[3]*m[psil;

mQ := QQ[4]1*m[psil;

RR := Matrix([[O, O, O, 0], [0, O, O, 0], [0, O, O, O], [0, O, O\
, 011);
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if Re(sqrt(PP[1]))*m[psi] = mt then RR[1, 1] := 1; RR[2, 1] := 0;
RR[3, 1] := 0; RR[4, 1] := 0 elif Re(sqrt(PP[1]))*m[psi] = mQ \
then RR[1, 1] := O0; RR[2, 1] := 1; BRR[3, 1] := 0; RR[4, 1] := 0 \
elif Re(sqrt(PP[1]))*m[psi] = mX then RR[1, 1] := 0; RR[2, 1] :=\
0; RR[3, 1] := 1; RR[4, 1] := 0 else RRI[1, 1] 0; RR[2, 1] :=\
0; RR[3, 1] := 0; RR[4, 1] := 1 end if;
if Re(sqrt(PP[2]))*m[psi] = mt then RR[1, 2] := 1; RR[2, 2] := 0
; RR[3, 2] := 0; RR[4, 2] := 0 elif Re(sqrt(PP[2]))*m[psi] = mQ
then RR[1, 2] := 0; RR[2, 2] := 1; RR[3, 2] := 0; RR[4, 2] :=0
elif Re(sqrt(PP[2]))*m[psi] = mX then RR[1, 2] := 0; RR[2, 2]
0; RR[3, 2] := 1; RR[4, 2] := 0 else RR[1, 2] 0; RR[2, 2]
0; RR[3, 2] := 0; RR[4, 2] := 1 end if;
if Re(sqrt(PP[3]1))*m[psi] = mt then RR[1, 3] := 1; RR[2, 3] :=\
0; RR[3, 3] := 0; RR[4, 3] := 0 elif Re(sqrt(PP[3]))#*m[psi] = mQ\
then RR[1, 3] := 0; RR[2, 3] := 1; RR[3, 3] := 0; RR[4, 3] := O\
elif Re(sqrt(PP[3]))#*m[psi] = mX then RR[1, 3] := 0; RR[2, 3] :\
0; RR[3, 3] := 1; RR[4, 3] := 0 else RR[1, 3] 0; RR[2, 3] :\
0; RR[3, 3] := 0; RR[4, 3] := 1 end if;
if Re(sqrt(PP[4]))*m[psi] = mt then RR[1, 4] := 1; RR[2, 4] := 0
; RR[3, 4] := 0; RR[4, 4] := 0 elif Re(sqrt(PP[4]))*m[psi] = mQ
then RR[1, 4] := 0; RR[2, 4] := 1; RR[3, 4] := 0; RR[4, 4] :=0
elif Re(sqrt(PP[4]))*m[psi] = mX then RR[1, 4] := 0; RR[2, 4]
0; RR[3, 4] := 1; RR[4, 4] := 0 else RR[1, 4] := 0; RR[2, 4]
0; RR[3, 4] 0; RR[4, 4] := 1 end if;
E[L], V[L] := evalf(Eigenvectors(MMT)); E[R], V[R] := evalf(Eige\
nvectors(MTM)); U[L] := V[L].Transpose(LL); U[R] := V[R].Transpo\
se(RR); U[L].LL.Matrix([[JJ[1], O, O, O], [0, JJ[2], O, O], [O, \
0, JJ[31, 0], [0, O, O, JJ[4]1]]).Transpose(LL).Transpose(U[L])-M\
MT;
U[R] .RR.Matrix([[KK[1], O, O, 0], [0, KK[2], O, O], [0, O, KK[3]\
, 01, [0, O, O, KK[4]]]).Transpose(RR) .Transpose (U[R])-MTM;
prerot := Matrix([[-1, O, O, O], [0, 1, O, O], [0, O, 1, O], [O,\
0, 0, -111);
Diag := Transpose(U[L]) .M.U[R];

P

1
P

if Diag[1l, 1] < O then 1lpl := -1 else 1lpl := 1 end if;
if Diag[2, 2] < O then 1p2 := -1 else 1lp2 := 1 end if;
if Diagl[3, 3] < O then 1p3 := -1 else 1lp3 := 1 end if;
if Diagl[4, 4] < O then 1lp4 := -1 else 1lp4 := 1 end if;

Lp := Matrix([[1p1, O, 0, 0], [0, 1p2, O, 0], [0, O, 1p3, 01, [O\
, 0, 0, 1pall);

UL := Lp.Transpose(U[L]);

diag := UL.M.U[R];

if diag[l, 1]-mt > .1 then b := false end if;

if diag[2, 2]-mQ > .1 then b := false end if;

if diag[3, 3]-mX > .1 then b := false end if;

if diag[4, 4]-mT > .1 then b := false end if;

b;

rho := clalpha]*f-2*v~2/(f*c[alphal);

H := Matrix(4, 4, {(1, 1) = mu*s[R]l*s[L]*rho/f, (1, 2) = -2*xs[L]\
*svxmu/f, (1, 3) = -2xs[L]*vxmu/f, (1, 4) = -mu*s[L]*c[R]*rho/f, \
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(2, 1) = -mux*s[R]l*c[L]*rho/f, (2, 2) = 2xc[L]l*v*mu/f, (2, 3) = 2\
*c[L]*v*mu/f, (2, 4) = muxc[R]*c[L]l*rho/f, (3, 1) = -mu*s[R]*rho\
/f, (3, 2) = 2xvxmu/f, (3, 3) = 2*xvxmu/f, (3, 4) = muxc[R]*rho/f\
, (4, 1) = 4xs[R]*vxmu/f, (4, 2) = muxrho/f, (4, 3) = muxrho/f, \
(4, 4) = -4*xc[R]*v*mu/f});

C := UL.H.U[R];

for j to 4 do

mass := [mt, mQ, mX, mT];

tau := 4x(mass[j]l/mh)~2; if tau < 1 then ftau := -(1/4)*(log((1+\
sqrt(1-tau))/(1-sqrt(l-tau)))-i*Pi) "2 else ftau := arcsin(1/sqrt\
(tau)) "2 end if; talj] := tau;

ftalj]l := ftau;

end do;

sigma := con*conv*integx((Re(C[1, 11)*mt*(1+(1-ta[1])*ftal1])+Re\
(C[2, 2])*mQ* (1+(1-ta[2])*fta[2])+Re(C[3, 3])*mX* (1+(1-ta[3])*ft\
a[3])+Re(C[4, 4])*mT*(1+(1-tal[4])*fta[4])) "2+(Re(C[1, 1]1)*mt*(1-\
tal[1])*Im(ftal1])+Re(C[2, 2])+*mQ* (1-ta[2])*Im(fta[2])+Re(C[3, 3]\
)*mX* (1-ta[3])*Im(ftal[3])+Re(C[4, 4])*mT*(1-ta[4])*Im(ftal[4]))"2);
fd := fopen("stuff", APPEND);

fprintf(fd, "%d %e %e %e %e %he %he %he e %he %he he e %e\n", N, s[\
L], s[R], Ra, mt, mQ, mX, mT, Re(C[1, 1]), Re(C[2, 2]), Re(C[3, \
3]), Re(C[4, 4]), sigma, sigma/sigmasm);

fclose(fd);

unassign(’m[psi]’)

end do:

References

[1] R. Barbieri, B. Bellazzini,, V. S. Rychkov and A. Varagnolo, Phys. Rev. D 76 (2007)
115008 [arXiv:0706.0432v3 [hep-ph]].

[2] S. Pokorski, Gauge Field Theories 2nd edition, Cambridge (2000).

[3] M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory, Westview
Press (1995).

[4] G. Panico, E. Ponton, J. Santiago and M. Serone, Phys. Rev. D 77 (2008) 115012
[arXiv:0801.1645 [hep-ph]].

[5] C. Anastasiou and K. Melnikov, Nucl. Phys. B 646 (2002) 220 [arXiv:hep-ph/0207004].

[6] R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671 (2003) 148 [arXiv:hep-
ph/0306259].

[7] G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, JHEP 0706 (2007) 045
[arXiv:hep-ph/0703164].

[8] C. Anastasiou, E. Furlan and J. Santiago, arXiv:0901.2117 [hep-ph].

[9] A. Denner, lecture note for “Das Standardmodell der elektroschwachen Wechselwirkung
und dessen Erweiterungen” (2008).

39



[10] R. V. Harlander and W. B. Kilgore,bu Phys. Rev. D 64 (2001) 013015 [arXiv:hep-
ph/0102241].

[11] W. M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) and 2007 partial
update for edition 2008.

[12] http://www.phys.psu.edu/ cteq/#PDFs
[13] http://durpdg.dur.ac.uk/pdflib/mrs/mrs2001/mrst2001lo.f
[14] A. Falkowski, Phys. Rev. D 77 (2008) 055018 [arXiv:0711.0828 [hep-ph]].

40



