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Abstract:

As the first part of this paper we get to analyze Standard Model (SM) Higgs boson main decay channels, at
tree level for massive final state particles and at one loop for gluons. We reproduce also the plot for Higgs
branching ratios for different decay channels as a function of its mass. Next we get to analyze the LHC and
Tevatron main Higgs production channels, gluon-gluon fusion, weak boson fusion and Higgs-strahlung. We
numericaly integrate the obtained cross sections convoluted with the parton distribution functions (PDFs) in
order to obtain a realistic leading order (LO) estimation of the result. At this point, we analize an extended
version of the SM with a fourth generation of leptons and quarks (SM4). We compare the SM4 theoretical
predictions with the latest experimental results and get to an interesting conclusion. Afterwards, we will
also analize one loop Higgs self-energy diagrams and see how the Higgs running mass looks like, and draw
another interesting conclusion about the SM at higher energy scales. Last, we take a look at the latest
experimental results on Higgs mass exclusion regions.



Table of Contents:

0. The Standard Model

1. Higgs Decay Channels

1.1 Higgs decay to fermion-antifermion
1.2 Higgs decay to weak bosons

1.3 Two gluons Higgs decay

1.4 Three body Higgs decay

2. Higgs Production Channels

2.1 Gluon-gluon fusion

2.2 Weak boson fusion

2.3 Higgs-strahlung

2.4 Parton distribution functions and Integrated Cross Sections
2.5 Fourth generation SM Extension (SM4)

3. Higgs Mass Renormalization
3.1 Optical Theorem

3.2 Self energy diagrams

3.7 Higgs running mass

46. Final Conclusions

5. References

[erRNG QTS

J—
o

17
17
17
21
23
30

32
33
35
44
46

49



0. Standard Model

Since the discovery of the 8 decay of neutrons, many efforts have been made to understand the nature of
the weak interaction. The development of a formal consistent theory of this interaction had to pass through
many stages and tests. The first model capable of describing successfully the experimental data at low
energies was the effective interaction proposed by Fermi in 1934:

Lepsla) = 2T} () (@) (0.1)
this is a current-current interaction with J* given by:
TH(@) = mlx)y* (1= s)l(x) + pla)y™ (1 — vs)n(z) (0.2)
1

The first part is the leptonic part and the second one was naively thought to be the part describing the
interaction between nucleons. Nowadays we know that we have to substitute the nucleon fields for quark
fields. Let’s take a look at the simplest cross section we can imagine calculated with Fermi’s interaction
lagrangian:

2
Gs

o(v,e” s vep )= ~ 8 (0.3)
Obviously, as we mentioned before, this theory can only describe low energy phenomenology; at high enough
energies it violates unitarity. The other problem that makes this theory ill is that it’s non renormalizable.
All higher order corrections are found to be infinite. A theory is called renormalizable if all ultraviolet
divergences can be reabsorbed in a redefinition of the coupling constants and fields. With Fermi’s theory
this is impossible. The next step was the Intermediate Vector Boson (IVB) theory. Here we assume that
the weak interaction is mediated by a vector boson, analogous to QED, but in this case it would have to be
a massive boson because of the short range of the interaction.
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Figure 1: Fermi’s effective coupling and the IVB theory.

This theory was also doomed to fail. One can easily find that this theory again violates unitarity and
is non-renormalizable. Finally, in 1967, Weinberg, Salam and Glashow proposed an electro-weak unified
theory which successfully passed almost all the tests. This theory is what we now call the Standard Model of
Electroweak Interactions. It is a gauge theory based on the symmetry group SU(2);, ® U(1)y with massless
particles. Together with the strong interaction we have the SU(3)¢ ® SU(2), ® U(1)y group wich describes
the whole SM. The mechanism that provides mass to all the particles is called Spontaneous Symmetry
Breaking (SSB):

SUB)e®SU2), @ U(l)y — SU(3)c @ U(1)grp

The SSB is generated by the non-zero expectation value of a SU(2) doublet which is called Higgs doublet.
This doublet also gives rise to a scalar particle, the Higgs boson, which couples to all massive fields in the
theory. So far, the SM has been very succesful and it passed many precision tests. The only ingredient left
to be discovered, if it exists, is the scalar Higgs boson. This paper will be dedicated to the analysis of this
particle. In order to get an idea of the underlying physics of the Higgs boson we have to study at least three
things: decay channels, production mechanisms at particle colliders such as the LHC and Tevatron, and of
course, renormalization. We shall start by analyzing its decay channels in the next section.



1. Higgs Decay Channels

The first thing that we have to do in order to get a correct and complete vision of the Higgs phenomenology
is to analyze at tree level it’s coupling to all the massive particles in the S.M. We shall start by analyzing the
fermion anti-fermion channels and the weak boson channels. Afterwards we also need to analyze massless
final state bosons like gluons or photons. We can argue that v and vZ final states are very small compared
to all the others so we could leave them out of our discussion, but we are going to include them anyway
(from ref.[16]) for completness sake and also because H — +7 is a very interesting channel for a low mass
Higgs. These processes and H — gg take place through loop diagrams. We will see that the loop diagrams
need to be taken in consideration for a correct understanding of the Higgs phenomenology.

1.1 Higgs decay to fermion anti-fermion.

H(p1) = f(p2)f(ps):

f(P2, m2)

f(Ps, 13)

Figure 2: Higgs decay to fermions.

The transition amplitude of this diagram is given by :

m m
My_s5= fumvm = My 5= Tf%um (1.1)
Therefore the squared transition amplitude is:
2 mfc 4m?c )
DM il = s Tr{(e + my) (s —mp)} = — 5 (paps —m3) (1.2)

72,73
In the center of mass frame the relativistic four-momenta are given by:
pllj‘:(MH’OL pg:(Efvﬁ% pg:(Ef’_m (13)
where, momentum conservation implies:
My =2E; with E} =p>+m}, p=|pl (1.4)
We can easily find that:

2
4mf - 1 B 4mf

1
b2p3 — mj = MH( ) )
= M}ZLI

and we also find the squared amplitude of the process to be:

4m?
D Mgl = NC MH( -2 (1.6)
i H
The decay width is defined by the formula (X, X’ can be anything):
I(H - XX') /dQ2 > IMoxxn (1.7)



In this case the transition amplitude does not depend on any angle, so it can be directly integrated:

(L p _ L mry
/dQQ = /Wr\/ngCM - g(l - Mi}g{)l 2 (1'8)

Therefore, the partial decay width of the Higgs boson to fermion anti-fermion is:

_ 1 m;
I(H— ff)= NcgvaH(l -

N¢ is the number of colours; it’s value is 1 for leptons and 3 for quarks.

1.2 Higgs decay to weak bosons.
H(p1) — Z(p2)Z(ps) /W (p2)W (ps):

A ([72 T‘g)

A(ps, 13)
Figure 3: Higgs decay to weak bosons A = W, Z.

We shall calculate the transition amplitude with a general weak boson A which can be either one. Afterwards

we shall particularize the result for each one of them, considering that in phase space the ZZ decay width

has an extra 1/2 identical particles factor. The transition amplitude of this diagram is therefore given by :
2 2M2

el ey = Mipgoaa= UAGZ: s (1.10)

My_44 =

We find the squared transition amplitude to be:

AM v, Papy P3uD3u
> IMuaal® = UQA(—g“ + ]2\45)(—9,“,+ J\I}i ) (1.11)

T
Considering the the final vector bosons are on-shell, the squared amplitude becomes:

AMA

02

(p2ps)2>:4Mﬁ (4 L Mj; M?I) (1.12)

1 2 ANE T a2
M3 v

IMpaal?> =
2. 1M T M2

T

(2+

We have the same two-particle phase space as in the previous example (except the 1/2 factor that goes to
77, and different masses) so the partial decay rate of the Higgs boson to Weak bosons W or Z is:

1 M AMZ N2, 1 ME M2
T(H— WW)= ——W_(1_ W) f—H——H) 1.13
(H > WW) = MHv2< M2 ( 1M T D2, (1.13)
1 M AMZN\1/2 1My M?
INH - Z2)= ——%£ - =z it ; il : 1.14
(H = 22) =& Mmﬂ( MI%I) ( 1M Mg) (1.14)



1.3 Higgs decay to gluons.

The next process is a one-loop process. We could naively think that it’s decay rate must be very low
compared to the tree-level ones, but that is not exactly true. Due to the very heavy top quark mass, this
diagram generates a high enough decay rate that necessarily must be taken in consideration. We shall see
at the end of our computation that for a massless quark this diagram does not contribute.

H(p1) = 9(p2)g(ps)
first diagram:

B g(p2, 12, )

‘00000000000 .
9(p3,73,b)

Figure 4: Higgs decay to gluons, first diagram.

The transition amplitude of the first diagram is given by:

T 1L A” AP
M= (), () s

/ d*k Triv"(k +p, + m)(F — py +m)y” (F +m)}
(2m)* (k2 —m?)[(k + p2)* — m?][(k — p3)? — m?]

(1.15)

Here m = my, the top quark mass. Let’s first analyze the colour trace:

(5, (5, stontes = rraonsy = a0

The spinor trace is a little more complicated:
Tr{y"(k +p, + m)(F — p, +m)y" (K +m)}
= dm(phph + 4kFE” — 2kFpY + 2ph kY — phph + " (m? — pap3) — g k?)
= 4mNH (1.17)
Before we try to perform the integral, we shall use the Feynman parameterization to simplify the denominator:

1 1 1 1 9
—_— = -1 1.1
150 /Odm/o dy/o dz d(x+y+ =z )[A:C+By+Cz]3 (1.18)

We have, A = k? —m?, B = (k+p2)? —m? and C = (k —p3)? —m?, so the denominator D = Ax+ By + Cz
can be written as it follows (as a first order approximation we shall consider on-shell gluons):

2 —m?)z + (k* + p3 — m® + 2kpo)y + (k* + p; —m® — 2kp3)2
2—m?)(x+y+ 2) + 2(kp2)y — 2(kp3)z

—m? + 2(kpa)y — 2(kp3)z

= (k +pay — p32)? + 2(pap3)yz — m? (1.19)

D= (k
= (k
= k2

We define a2 = m? — 2(p2p3)yz, therefore, we can write D in the simplified form :

D = (k + pay — p3z)® — a (1.20)



In terms of the Feynman parameters, our integral becomes:

d*k 1= y 8mNHY
M = 1.21
/ / / [(k 4 poy — p3z)? — a?]3 ( )

Making a variable shift from k to k + poy + p3z, I*” takes the form:
d*k - Y 8mN Hv
e [ L [ 0

N'# —4(k — poy + psz)"(k — pay + p3z)” — 2(k — pay + psz)"py + 204 (k — pay + p3z)”
+ plyph — PPl + g" (m* — paps) — " (k — pay + p3z)? (1.23)

Where the new numerator is:

Knowing that all terms that are lineal in k# vanish when integrated (k* is an odd function) we can discard
them from N’*¥, so what we have left is:

N =4kt R — gk 4 phpl (1 — dyz) + php(—1 — dyz + 2y + 22)
+ phph (427 — 22) + phph (4y® — 2y) + g™ (m? — paps + 2pap3y2) (1.24)

There are a couple terms that are apparently ultraviolet divergent, such as 4k*k¥ — g"k% so we need
to employ dimensional regularization to perform the four-momentum integral. We will also use the same
technique to calculate the finite integrals. The scheme used here is the MS, so we take the identity matrix
trace in D space-time dimensions to be 4 (Tr{Ip} = 4). Now let us define the following integral:

9 dPk k)
J(D,a, B ,a%) = / 2m)D (k2(—)az)5 (1.25)

where D is the number of space-time dimensions. We can easily show that:
N'B—a—-D/2)T(a+ D/2)
I(B)r(D/2)

All terms that do not depend on the four momentum k* in the numerator give rise to finite integrals, thus
in this case we can directly take D as 4; so J(4,0,3,a?) takes the simple form:

i
(47T)D/2

(GQ)D/Z(_GZ)(X—ﬁ

J(Daavﬁ 7a2) = (126)

—i 1
J(4,0,3,a%) = 3977 22 (1.27)
Due to Lorentz symmetry, we find the following property:
de. (kQ)OLk.[LkV g;w
==—J(D, 1 1.28
| G s = Dt 18 ) (1.25)
Using this property we are now able to integrate the terms 4k*k” — g*vk? from N'HV:
dPlk AkFEY — ghvE? 4
=(=-1)¢"J(D,1,3,a*
/(%)D (k2 — a2)3 (D )9 (D,1,3,a%)
4 i LI'(2-D/2)I'(1+ D/2)
== —1)g"* 2\D/2/ 2\—2
(D )g ampr (@) (=) T(3)[(D/2)
4 i D
_ (= _ pv Y 2\D/2( _
(D 1)9 @) (4 )r(2 D/2) (1.29)
Taking D = 4 4 2¢ with € < 1 we find:
4 D €
(5-D7="3
1
P(2-D/2) =T(=€) = —— — e + O(é?) (1.30)



where g is the Euler-Mascheroni constant. Substituting this result in our integral the pole of the Gamma
function disappears therefore the ultraviolet divergence disappears. We can now take the limit ¢ — 0 to
obtain:

APk AkeE — R | a?
/ o = 0 = oy (1.31)
@2m)P  (k? —a?)? 3272 3272 a?
We obtain the following expression for I*:
av _ Sim 1”'dydz 6ovia 2 Lo 2 ‘o
“39.2 D5 (4y~ — 2y) + p3ps (427 — 22) + p5ps (1 — 4yz)
+ p’z‘p§ 4yz + 2y + 22— 1) + g" (4p2psyz — paps)] (1.32)

Now let us remember that we have considered on-shell gluons, therefore we can apply the transversality
condition to eliminate terms from I*”, thus keeping in mind that ezﬂ_pf = 0 with i=2,3, then the only
remaining tensorial structure is the following:

o _ Sim 1~y dy dz Y 3
=352 / / p5(1 = 4yz) + " (4p2psyz — paps)] (1.33)

Rearranging terms we can write the following:

aw _ Bim 1= ydydz 5
327.‘.2/ / ) p — " pap3|(1 — 4yz) (1.34)

To simplify our notation let us define the following:

1 1—y 1—4
/ / dyd-——"Y% — ¢ (1.35)
0 0

—a?

Now we can write I* in a simple compact form:
g gim Mo v g
I =302 C[pgpz — 9" pap3 (1.36)

Finally, we write the transition amplitude M)

My = (= )952t €y s Oap " (1.37)

T2V, T3

second diagram:

g(p2,72,0)

9(p3,73,b)

Figure 5: Higgs decay to gluons, second diagram.

The transition amplitude of this second diagram is given by:



L am d*k Tr{y"(F +m)y" (F +p, +m)(k —p, +m)}
Mz = (—z)gf—emmef’,,m(%b/ 1 (2 2 2 ? 2 722 2 (1.38)
2v 2m)* (k2 = m?)[(k — p2)? — m?][(k + ps3)* — m?]
Computing the spinor trace, and D in terms of the Feynman parameters we find:
Tr{y"(k +m)y"(k +p, +m)(F —p, +m)}
= dm(phph + 4kFEk” + 2kFpY — 2ph kY — phph + " (m? — paps — k?))
= dmM*H” (1.39)

and also, the following integral:

L A 8mMH
HY — — d d 1.4
r= [ (2@4/0 y/ * [k —pay + ps2)? — P (1.40)

Performing the parameter shift & — k — poy + p3z, J* takes the form:

JHv /d4k/ /1 ’ 8m¥az]y3 (1.41)

with the non zero contributing terms of M'#":

M = phph(4y® — 2y) + php4(42° — 2z) + phps(1 — 4yz2)
+ phps(—dyz + 2y + 22 — 1) + ¢"(2papsyz + m® — paps)
= N (1.42)

So we find that I*¥ = J"” therefore the amplitude of the second diagram is exactly the same as the first
one M1y = Mg); the total squared amplitude is then given by:

IM? = 4|M ) |? (1.43)
The sum over spins and gluon colours gives:
. €® b
Z 6ab5ab = Z 60!@ = 8’ Z 6p,72 4,72 o 73 € ,T'3 gu/) Gov (144)
a,b a 2,73

We obtain the simple formula:

8 2 2 CQ
S Mol = gt povry, o gy, = PP ICE (1.45)

pvo wv {4
72,73

The squared amplitude than reads:
m* (paps)?
Z (Mirggl® = ggw\cﬁ (1.46)
72,73

Let’s compute now the integral C explicitly:

Lopl-y 1—4 1y 1—4 1 Lopl-y 1—4
C:/ / dydz——2= / / CLI / / dydz—— Y%
o Jo 2172]73 Yz —m 2paps Jo Jo Yz — 5

spaps |~ 2+ 40~ 1)(%(*&_ D)+t =)

1
3 D) = m2 D(n) (1.47)




were we have defined n = m2/2p2p3. Taking the limit lim,, .o n D(n) we observe that the result is zero,
therefore, if we consider massless quarks as usual, except for the top quark, we only have one contribution,
as we mentioned at the beginning. Moving on, in the center of mass the four-momenta are given by:

Py = (Mp.0), pby = (p.9), p5 = (p, ) (1.48)
We can easily find that:
My =2p —p? = %MEI — pops = 2p° = %MI%I (1.49)
Therefore we can write the squared transition amplitude as:
3 Mool = 20 (22) 2 D (1.50)

72,73
The phase space integral is easy to compute:

p 1

1 1

Note that we have included the symmetry factor 1/2 in the phase space integral because this time we are
dealing with identical final state particles. Thus, the decay width of the process is given by (n = m?/M%):

M3 sog\2
D(H = gg) = .25 (%) n? D) (1.52)

We can plot now our results to see what we are dealing with. Here we see the branching ratios for the
different Higgs decay channels analyzed till now:

05 100l /

0.1
0.05

Br(H)
rH)

0.01
0.005
0.01} E

0.001

100 150 200 300 500 700 1000
My (Gev) My (Gev)

100 150 200 300

Figure 6: Higgs branching fractions (left) and Higgs decay rate (right) as functions of My without including 3-body
decays.

Obviously, this doesn’t look very good. In order to have a better vision of the Higgs decay to weak bosons
we need to also include three body Higgs decays, that is, to one real and one virtual weak boson with the
virtual boson decaying to anything. The first process that we shall consider is H — WW* W* — f, fq
(where f, = u,c,t,e,p, 7 and fq = d,s,b,ve,v,, v, ). Using this notation we do not distinguish between
quarks and anti-quarks; f, can be either an up quark or an anti-up quark depending if W is W+ or W—.
The only quark that is heavy enough to make an important contribution due to it’s mass it’s the top quark,
therefore it will be the only one that we shall not consider as massless. Thus, we have the following;:

H(p1) = W= (p2)W*H, W' — t(ps)b(ps)

The amplitude that we find for this process is:

(1) 2M?2 kuk‘,,

1 g .
_ w —r3 U T
M(H—>Wtb) T €, ( — G+ M‘%V ) k2 _ M‘%V 2\/5‘/% uy*y" (1 — v5) vy (1.53)

10



W=(pa, 72)

(P53, 73)

b(pa, 74)

Figure 7: Three body Higgs decay, first contribution to H — Wqq.

where k = p3 + p4. It’s hermitical conjugate is:

2
(Dt _ 2My a*(_ kakﬂ) 1 Iy 5B (] — e YT |54
M(H—>Wtb) v €ry Gap + Mr%v k2_Mv2v 2\@ Uy Y ( 75)Ut (1.54)
Thus, the squared transition amplitude of the process is given by:
4 M
1) o oMy 2 o D2 Py kuky kokg
2 Mg =" Vol (o 57 ) (= o+ 530) (000 527)
1 v
rr—aa lr{ms +m)y" (1= 95)pr” (1= 1s)} (1.55)
[k? — My,

We shall break down the calculation of the amplitude in two pieces. The first piece is the spinor trace:

T = Tr{(ps +me)y" (1 — ’75)P/4’Yﬁ(1 —75)}
= 8(i€”"P7 p3,pas + PiDY + PPY — 6% P3pa) (1.56)

The second piece that we have is:

(oo 0
—( _ oun P2 Do ) ( o k,uku) ( . kakg)

1 1 1
== gﬁ” + M2 (QkBkV + p25p2y) + M6 [(kp2)2k5ky] - M4 [ka(pZ,Bku + k,BPQz/) + k2k{3ky] (157)
w w w
with:
pi=mi=m?; pi=mj~0; kps=m>+psps; kps=psps (1.58)

Now we will define the Lorentz invariant kinematical variables:

03 = (p2 +p3)® = My, +m® +2pops;  Soa = (pa +p1)® = My + 2pops
s34 = (p3 +pa)® = m® + 2p3py (1.59)

These 3 variables are not independent. They satisfy:
S93 + So4 + 834 = M3 + M, +m? (1.60)

In order to be able to express TP”Gp, as a function of s;; and the three masses we will need the following
expressions:

1 1 1
Dap3 = §(M12{ — 824 — 534); DoDs = 5(524 — My); pspa= 5(334 —m?) (1.61)

11



Thus, we can express TG, in the Lorentz invariant form:

2

TﬁyGﬁy = —8m? — 4M1%1 + 4894 + 8834 — m

Mx?v (m2 - 534)(M12{ - 834)2

1
+ oo ( — 9m* + m2(4saq + 5534 + AMZ) — dsoa(saa + 534 — M,%I))
w
2m” 20772 2
+ MT (m (MH + 834) + 834(2824 — 834) — MH(2824 + 834)) (162)
w

And the amplitude for this process is:

4
(1) 2 _ o My 2 1 Bu
§ :‘M(HHWtb)| =9 9.2 |Veo| [534 — MI%V]QG Tsu (1.63)

T4

The second process that we need to include here is:
H(p1) — WH(p2)W*™, W*™ — £(p3)b(pa)

The squared amplitude of this process brings the same contribution as the one before, therefore, we find
that:

M, 1
2 _ 2 Mw 2 B
ETY Mu-wml™ =g o2 [Vio| 591 — M&V]QG Ts, (1.64)
So the decay width of this process is given by the formula:
2 a4 B
9 MW 2/ G TBV
I'(H — Wtb) =N¢— —|V, dQs ———5—= 1.65
( ) “20% My Vel @ (s34 — M3, ]? (1.65)

We must consider now the Lorentz invaraiant three body phase space (1 — 2, 3, 4):

d*Qs dsza dsaa (1.66)

_ 1
128735
with s = (p2 + p3 + pa)? = MZ and the following kinematical restrictions:

(Mo +ma)? < soa < (Vs —ma)?;  s§™ < sga < S5 (1.67)

min max

where s5;'" and s§** are given by:

5 = g (5= m = mi o mi)? — (W25, 50, m) 4 N (520, m3, md)?|
1
i1 = o[ = m3 = md - mi)? — (W25, s20,m) = A (52,3, m3)?| (1.68)

Applied to our configuration we have:

; 1
S = o | (M = My —m?)? = (NP 520, m%) + A (520, My 0))?)
1
= g (M — My = m2)? = (\V2(M, s20,m2) = AV (s34, M3y, 0))?] (1.69)

and of course:
My < 524 < (Mp —m)? (1.70)
We shall integrate the differential decay width numerically at the end of this section, when plotting the Higgs

different branching ratios as functions of the Higgs mass.

12



The next process that we will consider is important for a low mass Higgs; it is the same process as the

one before but with low mass fermions:

2ME
H(pi) =
_____ fu(Ps, 73)
53 Vhula
Ja(P, 1)

Figure 8: Three body Higgs decay, second contribution to H — Wqq.

Here f, =u,c,e,u, 7 and fq = d, s, Ve, v, v-. Neglecting all fermion masses we find that:

GlBl/ /
T(H — Wf, fa) = 2 2M (3+NC S WVawadl? /dQ3 ]

qu-9d

with a simpler expresion for the tensorial contraction:

4s
G/ﬂVTéV = _4MI2J + 4594 + 8534 — M7224(824 + S34 — MI2-I)
w

In this case we have:

2 2 M M, : 2 2
mazx . min __ .
S = M+ Miy =520 = =225 ST =00 My <sa < My

Integrating with these limits, and introducing the notation z = M2,/ M% we obtain the following :

G'PrT}, 1
/ Qs (531 — MZ]2 38dnig @)

with S(x) being:

2 2022 — 1 -1
S(z) =472% — 60x + 15 — i 3(42® — 6z + 1) In(x) — ( (042 — 18;?/—;— ) arccos (L>
So we finally obtain, for massless fermions (all except the top quark):

g% 3M3,
v2 25673

L(H = W fu fa) = u S(x)

(1.71)

(1.72)

(1.73)

(1.74)

(1.75)

(1.76)

The next process that we will be concerned with is a Higgs decay in a real and a virtual Z boson. We shall
consider, as in the previous section, a massive top quark and all other fermions as massless. So the first

process is:

H(p1) = Z(p2)Z*, Z* — t(p3)t(pa)

13



Z(p, 12)

(5, 73)

t(ph, r4)
Figure 9: Three body Higgs decay, first contribution to H — Zggq.

where s,, = sinf,, and ¢, = cosb,, with 6,, the weak mixing angle; v; = 5 % and ay = f. We have the
following amplitude for this process:

M3 kyky L r
M(H—>th) 7 oS 6¢2 ( — Guv + juw% )kg — M2 ug® Y (ve — apys) vy (1.77)
where k = p3 + p4. It’s hermitical conjugate is:
MZ e kakg 1 i B 5
a* o Y - 4 _ T 1.78
Mz = = it (= o0+ 550 ) g (o — avul (1.78)
Therefore we find that:
M e TG
2 _Mz Bv
Z|M(H~>th)‘ - U2 0720812” UCQ —M%]Q (179)

T

with the tensor Gpg, the same as in the W case, changing of course, My, with Mz and with TP given by
(m =my):

T = Tr{~" (v, — arys) (g5 + m)7" (vr — arys) (P — m)} (1.80)

Calculating the tensor contaction Tﬁ”Ggl,, introducing the kinematical variables s;; and defining x = M%)/
M% |y =m?/M% we obtain:

T Gg, = — (((4(9y + 1)2® + 3y(3y — 4)2® — 2(y — 2)yz + y*) M

1
2M a3

— (534(823 + (15 + 2)yx + 2(x + 1)y + 3y) + 4s24x(x(z +y + 1) — y)) ME,

+ (y(10x + y + 6)s3, + 4s242(x — y)sza + 455,2°) My — 3s3,y)a”

+02((4(1 = 5y)x® + y(9y + 4)x? — 2y(y + 2)x + y*) M,

+ (534(=82" + (52 + 6)yx — 2(x + 1)y* + y) — dsaaz(w(x +y +1) —y)) My

+ (4894(524 + 534)2°% + 55,y% — 25343534 + 534 + 28047)y) M3 + 55,)) (1.81)
We shall also integrate this result numerically when plotting the Higgs branching ratios. For a low mass

Higgs contribution we consider all other fermions as massless, therefore in the previous result we need to set
y = 0, we finally obtain:

1
T'8v (i , == m?(a? + UJ%)(:L‘M?I — (.%'824 + So4q + 2834.%‘)M12q + 824(824 + 834))
H

where f =wu,d,c,s,b,e, p, T,ve, v, V7. Integrating over the same interval as in the W case we obtain:

G} 1
d L= S 1.82
/ @ [s34 — M2]? 768wz (z) (182)
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with S(x) being the same as before. We finally obtain, for massless fermions (all except the top quark):

2 M2
T(H— Zf]) = 7223 Mp S(x)> (a3 +v})
252 1536 v 7
We have the following values of vy and ay:

Uj d; v 1

vy %—%sin29w —%—l—%sinzew % —%4—2511129“)
1 1 1 1

ay 2 T2 2 )

Therefore, performing the sum, we obtain:

Z(a?«—{—vf ch ‘+v7) + Ne Z a? +v7) + 3(af +v7) + 3(az, + v},)
f Jj=u,c j=d,s,b

= 3(2(a2 +v3) + 3(ad + v3) + (af +v7) + (al, + 7))
7 20 80
—3<7—— n29w+—sin49w)

3 9
7 10 40
—18<ﬁ—§sm9 +2—7$1n9>
= 18 R(0y)

Thus we find the following decay width:

g% 3M%
02 256 73

R(0w)

T(H— Zff) = 02 0.

My S(x)

(1.83)

(1.84)

(1.85)

Let’s plot again the Higgs branching ratios including the three body decays described earlier and also the

total Higgs decay width as a function of My:

05 ]
ﬁ’\_ﬂff— 100 -
01} J ol
T 005F 1 ~
< Z 1
= <
o) =
001} ] 01l
0.005 -
001}
0.001 ‘ M ‘ ‘ ‘ 0.001 ‘ e ‘ ‘ ‘
100 150 200 300 500 700 1000 100 150 200 300 500 700
My (Gev) My (Gev)

1000

Figure 10: Higgs branching fractions (left) and Higgs decay rate (right) as functions of My including 3-body decays

without including higher order corrections to the W /Z propagator.

As expecteted they behave badly close to the W and Z on-shell region. Therefore we need to include higher
order corrections in order to eliminate the apparently singular behaviour. As we shall prove later, all we
need to do, as a first order approximation, is to include the W/Z total decay width in the W/Z propagator

as it follows:

kHkv

M)

Ve v

- 9"+ -
( ‘%V/Z—‘rl\/grw/z(s)
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We have the following decay widths for the W and the Z boson for massless fermions:

3g> 3g°
Tw = 291 Ty (s) = 22~
w= g Mw = Twls) = 76vs
3R(0w)g” 3R(0w)g*
I'y=—-—-""""M I = 1.
27 81 cos? 0w z = 2(s) 87 cos? 0, Vs (1.87)

Besides this correction for the propagators we shall also include in the Branching Rations plot the two
channels that we have ignored until now, H — 7y and H — vZ [16]. These processes also take place
through loop diagrams, but they have much smaller decay rates because of the e.m. coupling constant
(a << Ocs).

W /
f %7z f %7z Tz

v v v
w w Y, A

Figure 11: Diagrams that contribute to the H — vy and to H — vZ processes.

Thus, putting it all together we find the following;:

1000

05
100 -

01
0.05

10¢

Br(H)
rH)

0.01F
0.005

01r

0.01+

. . . .
100 150 200 300 500 700 1000 100 150 200 300 500 700 1000

0.001 . 0.001

My (Gev) My (Gev)

Figure 12: Higgs branching fractions (left) and Higgs decay rate (right) as functions of My including 3-body decays
including higher order corrections to the W/Z propagator.

In order to get an even more precise result we would still need to include higher order QCD and EW
corrections. The H — ~vZ and H — vy have very small decay width as we mentioned earlier. We can
observe here that for a low mass Higgs the dominating decay channel is H — bb whereas for a high mass
Higgs, the H — WW, ZZ are the dominating ones. Also, as we mentioned before, the H — ¢t channel
brings important contributions due to the top quark large mass. We can also observe that the total decay
width increases with the Higgs mass. This process becomes very strong above the H — WW production
threshold. By the time My reaches 800-1000 GeV it’s decay rate becomes very broad, same size or bigger
than it’s mass. A direct measure of the Higgs couplings will be necessary if a Higgs particle is discovered. It
would be necessary to detect it’s decay into several decay channels in order to check if the coupling strength
is proportional to the mass for all massive particles as the standard model predicts. This is probably an
even more difficult task for a Higgs hunter than the actual discovery of a Higgs boson.
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2 Higgs Main Production Channels

We are now in position to analyze three of the most important Higgs production channels at the LHC,
gluon-gluon fusion, weak boson fusion and Higgs-strahlung. We shall start here with the first one, by com-
puting the transition amplitude of the process gg — H through a top triangle loop and afterwards we will
integrate the cross section with the PDFs. The same will be done for the second and third channel.

2.1 Gluon-Gluon Fusion
9(p1)9(p2) — H(ps):

Figure 13: Gluon-gluon fusion process.

Obviously, this is the same amplitude as in the previous section. Let’s see how the one particle phase space
looks like:

3
/dQ1 = 27r/ %5(4) (Pi — Py) = 2m8(s — M%) (2.1)
Therefore we easily find that:
2 2 2
i 2 My (o5 o 2 2
099 = H) = Gyr-T(H = 99) 8(s = M) = g (%2 )n? [D(n)? 6(s — M) (2:2)

with n2 = m*/M3,. Now we move to the next section and calculate the cross section for the next channel.

2.2 Weak Boson Fusion
q(p1)q(p2) — q(p3)a(ps)H (k):

We have two contributions, one from Z bosons and another one from W bosons. The first one that we
analyze is the W boson fusion which can be achieved in a couple of ways:

di(p1,m) u/(Ps- 7’3)

LL[(])Q, 72) dm (p4a 7"4)
Figure 14: W boson fusion process, first contribution to qq — qqH.

The amplitude we get is:
2M, g°
8

v;jvzm(—guul%‘éf)(—guﬁ

M= k2’/k2p ) ﬂm FVU’TQ 'arg F“Um
(

Mg,/ (kY — M) (k3 — M)
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Where we have defined the following;:

ki=p1—p3; ka=p2—pa; TH=+"(1—15) (2.4)

Calculating the tensor contraction of the two propagators:

2M2 g k‘l kh, + kg le, kl k2u (klkg) Uy P”ur Uy ].—WUT
M ==V Vi (g — = pov T ) (2.5)
s Vim \9n M3, M, )R - )R - Mg
It’s hermitical conjugate gives:
2A42 g kl kl #*kg kgﬁ kl kgg(klkg) Uy, LUy, U FBU
M’r W V* Vi (g _ Mahip o <] ) 1 r3 Uro T4 26
v tm \Jes 77, iy, w0
In order to keep the notation simple we define the folowing quantities:
2M32, g° Iy i kiakip + kjok; kmkg(kk )
b= ng . DY = (k- MW)(k - M%) ; Tajﬂ = (gaﬁ — M‘%Vj B ;\44 ) (2.7)
Therefore, with this new notation we have:
b 12 v — o . T b * Tk 12 — « = I53
M = 515 Vig Vi T o Tty T T, 5 MY = 5 Vi Vi To5 T, T T, T (2.8)
The squared averaged transition amplitude that we obtain is:
YIME = Z M = Dﬂ) Vig Vi * T, T G2 (2.9)
Where we have defined:
GOV = Tr{TpsTpr } Tr{TP puT" o} (2.10)

Calculating the spinor trace and the remaining tensor contraction we find:

ié,@u‘rf

GMPY = 64(—ie™"Ppy 4ps.p + PSPY + PSPs — g™ (P1p3))(— P2 Pag + Paps + papy — 97 (papa))

T,ig Tolfs GOV = 256(p1 - p2)(p3 - pa) (2.11)
The final expression for the squared matrix amplitude is:

ST M mil? = Vo2V |2 (p1 - p2)(ps - p4)
Z|Mdlul—>ujde| Vis I” [Vim| [(p1 — p3)2 — M2,]2 [(p2 — pa)2 — M2,

64 M
& W (2.12)

The next diagram that we can include here is:

di(p1,m1) u;(p3; 3)

W (p2 = p1)

di(ps, ) T (Da, T4)

Figure 15: W boson fusion process, second contribution to qq — qqH.
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In order to obtain this amplitude we only have to change the spinor trace for:

G =N "ty Tty 0, TPty T, T 0, T, T, = Tr{TOps TV pp } Tr{T P po I s}

T
Calculating the spinor trace we obtain:
G = G4(—ie™ VP py yps p + PSPV + PIPE — g™ (p1p3))
(+i€™ 7 o rpac + Piph + Popi — 9% (p2pa))
The tensor contraction then gives:
Th2 Tog G'*P" = 256(p1 - pa)(p2 - p3)
Thus, in this case we find a similar cross section:

(p1 - pa)(p2 - p3)

~ 64 M
Z|Mdigl%u_jﬁm,H|2 = 'UG W |‘/Z]|2 |‘/lm|2

[(p1 - P3)2 - MVQVP [(p2 - P4)2 - MVQVP

(2.13)

(2.14)

(2.15)

(2.16)

We now analyze the diagrams corresponding Z boson fusion. We shall see that for this process there are a
lot more diagrams that contribute then the ones coming from W fusion. The interference between Z and W

diagrams is less than 1 %, so we can neglect it [16]. What we have left is:

q(p1,71) l](ll:;-, 7’3)

q'(p2,72) q'(pa;74)
Figure 16: Z boson fusion process, third contribution to qqg — qqH.

The scattering amplitude and its hermitical conjugate is:

M :2M% e’ ( g [ kluki)) ( — oy + k2uk2p) umrmurzﬂmrﬂum
v 420,520, \ 9 T2 v T Mz ) 2 - M) (k2 - M2)

MT :QM% 62 ( B klaklﬂ + kgakgg 4 klakgg (kle)) ﬂrlFo‘umemF'ﬁum
v 4c20,, 520, 97 M2 M} (k2 — M2)(kZ — M2)

where we have defined

T

YH(vg —agys) s TP =P (vg — ags)

We easily obtain the following result:

< o ML et (p1-pa)(p2-p3) Caq + (p1 - p2)(p3 - pa) Dy
Z|qu’—>qq’H| =

ﬁ&gw %0, [(p1 —p3)? — M%/]Q [(p2 — pa)? — Mvzv]2

with Coqr = (a2, +v2) (a7 + v3) — 4agagvvy and Dyg = (a2, + v} ) (ag + v7) + dagag vgvy .
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The next contribution comes from the following process:

q(p1,71) q(ps,73)

q'(p2;72) q'(ps,ry)
Figure 17: Z boson fusion process, fourth contribution to q¢ — qqH.

with ¢ # ¢’. Again, it’s easy to find the squared transition amplitude for this process:

Z|M el = My e (p1-pa)(p2-p3) Daq + (P1 - p2)(ps - ps) Caqr (2.20)
97’ =aq 202 40, 5400 [(p1 — p3)? — ME]? [(p2 — pa)? — M2

If ¢ = ¢’ we have an additional diagram that contributes to the process:

q(p1, 1) a(ps, r3) H(k)
a(pr,m1) ~ qlps,r3)

Z(pr+p2)  Z(ps+ps)

B " q(pa,m2) q(pa;ra)
q (1)27 ) q (Prl«, 74)

Figure 18: Z boson fusion process, fifth and sixth contributions to qq — gqqH.

The first diagram is easy to compute by setting v, = v, and a, = ay, for the last process:

Z|M 2 = et (P1 - pa)(p2 - p3) (a4 + 602112 + v4) + (p1 - p2)(p3 - pa) (a - U§)2 (2.21)
WF =58 40,y 516, =23 = M3 ({52 = i) — MRT '
The second digram gives the following contribution:
M ZQM% e ( —g [ kll“kllp) ( —Gup + kélJCéP) @T2FMUT1 arsryvm
DT e 40,820, N T T M T Mg (b p2)® — M [(ps + pa)® — M
My =22 C (=g + Kok (=980 + s kép) L b, (2.22)
@ v 420, 520, © oMz P Mg [(py+p2)? = M [(ps + pa)? — MZ]

where we have defined k] = p; + p2 and k} = ps + ps. The squared amplitude of the second diagram,
therefore, reads:

Z|M(2 _Mp ¢t (p1epa)(p2 - ps) (ag + 6vgag +vg) + (pr - ps)(pa - pa) (ag — v)° (2.23)

T 202 ¢, 590, [(p1 +p2)? = MR [(ps + pa)® — M
We shall not write down the contribution coming from the crossed term because it’s a very large term.
In order to compute this term we would need numerical integration procedures for the three body phase

space and also for the convolution with the PDFs. We shall use the data from [18, 19] in order to plot the
Weak-Boson Fusion cross section in the next section.
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There is another process that also contributes to this production channel that we need to include in our
discussion:

a(p1,m1) q(p3,13) q(p1,m1) q(ps,r3)

q(p2,72) q(pa,74) q(pa,m2) q(pa,m4)
Figure 19: Z boson fusion process, last two contributions to qqg — qqH.

Again, these diagrams have the same problem with a very large cross term. We move on now and calculate
the cross section for the next Higgs production channel.

2.3 Higgs-strahlung
q(p1)a(p2) — H(ps) W, Z(pa):

The first process that we shall analyze is the one corresponding to a Z boson production and a radiated
Higgs:

@i(p1,m1)

Z*(p3 + pa)

qi(pa, 12)
Figure 20: Higgs-strahlung, first diagram.

defining k = p; + p2 = p3 + p4, the scattering amplitude that we find for this first process and it’s hermitical
conjugate read:

oMZ e, ke, 1
Maqi—nz = — 2 5g_ T Ur, Y (vg, — Qg V5) Uy ( — Guv + ]\I}% )kz M2

2M2 e . k k@ 1

qui—)Hz =Ty %es sa. €ns Uy, v (Vg, — aqﬂ5)vrl( gap + M2 )m (2.24)
Therefore we find the following squared transition matrix:
e? M3 k, kv kokg
|M1ﬁHZ\2 7265*? ( 9u+“7><—9aﬁ+ )
1 (07

W Triy (qu- - CLQz"Y5)H/1’yM(v¢Ii - aqi%)m} (2.25)

Calculating the spinorial trace an performing the tensor contraction we obtain the simple result:

1 M2 al +vl
2
> Mozl = 4N22N0|quqﬁfzzl Ne v 53 P — 2P (P2 M7 + 2(p1ps) (p2p3))

(2.26)
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In the partonic center of mass frame we have the following:
Py =(p.p)s ph=(p.—D); ps=(Ez7"); vh=(En,—p"). (2.27)
Therefore we find the following results:

— pip2 =2p° =8/2; pips =pEz — ' =pEy —pp' cosl; paps = pEz + i’ = pEy + pp’ cos.
— 2(p1p3)(p2ps) = 2(p°E% — p°p'? cos® 0) = 2p® (M + p'® — p'* cos® 0) = 2p* (M3 + p'* sin® 0)

M2
STZ + ;(M% + p?sin? 0) = sM% +

The 2-body phase space does not depend on ¢ thus:

2 p?sin? 0 (2.28)

— p1paM% + 2(p1ps3) (p2ps) = 5

dQy = (2.29)

1

27 4[
Integrating we obtain:

i ——(MZ + L ?) (2.30)
4 \/7 Z p M

Knowing that p’ can be written as p’ = \/2(s, M%, M%)/(2,/5) and doing all the simplifications we get to
the following:

/ dQ2 (p1p2Mz + 2(p1p3) (p2ps)) =

M3 N2 (s, M2, M%) N(s, M2, M%) + 12s M%
144 7w 52 v* [s — M2]?

o(gigi > HZ) = (a2 +v2) (2.31)
The second process that we shall analyze corresponds to a W boson production and a radiated Higgs:

falpr,m1) W(p3)

W*(ps + pa)

fulp2,12)
Figure 21: Higgs-strahlung, second diagram.

Here we have defined k = p; + p2 = p3 + p4 and f, = u,c, fq = d,s,b massless as in the previous sections;
the scattering amplitude that we find for this first process and it’s hermitical conjugate read:

2Miy g kN Vi,
Mg, pomw+ = =1 33 o I (1= s)ury ( — 9w + 3 )Hﬂ
2ME kak ’
T w9 B* _ ( ﬂ)ﬂ
M fusmws = 2/3 s U2 (1 =95)vr, ( — Gap + 2, )iz (2.32)

Therefore we find the following squared transition matrix:

g M, U k.k, kak‘5
Z |MfdquHW+|2 Wefg €rg <_g;w+ ]\22 )(—ga5+ )
1,72 w

M Tri{y*(1 = 75)my" (1 — v5)pe} (2.33)
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Again, calculating the spinorial trace an performing the tensor contraction we obtain a simple result:

— 1 1 ¢2M2, |V, |?
_ 2 _ 2 _ w Julf 2
Z|Mfdfu~>HW+‘ = 4Né ;Nc |Mfdfu~>HW+‘ = Nic 02 [k:2 — AZ\%VP (P1P2MW + 2(p1p3)(p2p3))

(2.34)

In the partonic center of mass frame we have the same as before; the only thing we need to do is substitute

My for My,. Therefore we obtain the following cross section:

M, A2 (s, M2, M%) \s, M2, M%) + 125 M2, Vs
144 7 52 v* [s — MZ,]2 fufa

o(fafu > HWT) = |2 (2.35)

The second process that contributes to a W production corresponds to a W~ and a radiated Higgs giving
the same contribution as the one calculated before for a WT. The total cross section is then given by:

o(qiqgy — HW) = o(fafu = HW ) + o(fafu = HW ™) =20(fafu = HW ™) =20(fafu — HWT) (2.36)

2.4 Parton Distribution Functions and Integrated Cross Sections

The basic assumption of the partonic model is that all known hadrons are composed by partons, point-
like particles which can be quarks or gluons. For example, as we all know, a proton, at low energies appears
to be made out of two up quarks and one down quark which we shall call the valence quarks. However, deep
inelastic scattering experiments show that at higher energies, besides the valence quarks, we can find other
quarks, antiquarks and gluons inside the proton. This can be easily interpreted; at high enough energies any
virtual gluon can become a quark-antiquark pair:

Figure 22: Pair production by a virtual gluon inside a proton.

This gives rise to the parton distribution functions which are scale dependent. Using the MSTW PDFs
database (http://projects.hepforge.org/mstwpdf/) we can make the following example plots (Fig. 23) for
1?= 10 GeV? and p?= 10* GeV? hadronic center of mass energy at NNLO, with u being the PDFs energy
scale, also known as the factorization scale. If we also wish to include the errors then we obtain Fig. 24.
Note that our plots are slightly different from the ones found in the MISTW website, and it is because they
use different confidence levels (the 68% CL instead of 95% CL sets that we use). The PDFs scale that we
are going to use here is p = My which goes from 100 GeV to 1000 TeV. Another interesting thing that we
should learn here is that there is no top quark inside a proton at these energy scales; that is why in previous
scattering processes like (¢ ¢’ — anything) we have never considered a possible top quark. The plot from
Fig. 25 shows the top and bottom PDF's as a function of the momentum fraction x and the scale pu.
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X-f(X,p)
x-f(x,10)

Figure 23: Parton Distribution Functions at two energy scales without including errors.

X-f(X,p)
x-f(X,p0)

Figure 24: Parton Distribution Functions including errors.

5

60
X - bottom(x)
0 X - top(x) 0

6
10g;5(x)

Figure 25: Top (left) and bottom (right) distribution functions as functions of My and the energy scale p.

The first process that we shall convolute with the PDF’s is the gluon-gluon fusion process. In the hadonic
center of mass the process can be visualised like this:

Figure 26: Partonic model of the gluon-gluon scattering process.
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The two colliding protons carry momenta P; and Ps, thus, a gluon from the first proton with momentum
Dy, = 1P is scattered by another gluon with momentum p,, = x2 P> from the second proton. z; and z, are
called momentum fractions and 0 < z12 < 1; g(z;, ) are the parton distribution functions for the gluons.
They represent the probability density of finding a gluon with momentum p,, inside a proton that carries a
momentum P; at a enegy scale u. Let’s relate now the parton center of mass frame (PCM) with the hadronic
center of mass (HCM). We are going to plot the cross section for very high HCM energies so we can consider
the proton as massless. Therefore in the HCM frame we can write:

=(p,—-p); Pl=mp) = S=(Pi+P)?=2PP=4° (2.37)
Thus we can easily relate s with S:
5= (g, +Pg)° = (1P + 22 P)* = 21205 = 785 (2.38)

Let us also define the following quantity: 70 = M3%/S. Let’s also remember how the cross section in the
PCM frame looked like (from now on we shall write all the cross sections calculated in the PCM as §):

M2
64 v2

Hlag — H) = ot ()52 (o2 (s — 143 (2:39)

Let’s express the Dirac delta function in terms of x1, x2 and 7q:

5(s — MZ) = (1208 — M2) = 6(21S (w2 — Z‘{;)) L T (2.40)

The total integrated cross section is given by the expression:
o(gg ~ H) = [ da, / drs g(ar, 1) 9z, 1) 599 — H)

TL T
) [ do [ draglorn) gtz ) 2 oaz - )

64 v2 1

TL T Oéz dl'
= 107 (;) |D(n)\2/ jg(xl,u)g(fo/xuu) (2.41)
70

This cross section is to be integrated numerically. The following plot shows the dependence of o(gg9 — H)
with the Higgs mass at three different HCM energies, v/S = 1.96 , 7 and 14 TeV. As expected, the LHC
cross section at v/S=14 TeV is the dominating one. It reaches o ~ 30 pb for a 100 GeV Higgs mass. The
cross section at /S = 7 TeV is approximately three times lower and finally the one corresponding to the
Tevatron energy is very low, more than one order of magnitude smaller. The bump in the cross section is
originated by the imaginary part of D(n) which becomes non-zero at My = 2m;.

100

10 VS =14Tev 4

a
Qo
Q.
= 1
T
T
o 01
o
N
S

0.01 L

\\
N
0.001 L L L LN
100 150 200 300 500 700 1000
My (GeV)

Figure 27: Gluon-gluon fusion cross section at VS = 7 and 14 TeV for pp collisions at the LHC and at v/S = 1.96
TeV for pp collisions at Tevatron.
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The second process that we analyze is the Higgs-strahlung process. The total hadronic cross section for
the HW case takes this form:

o(qgg - HW) = Z/ dl"l// dll?2 a(@1, )fu(xzvﬂ)+]?d(9€2,#)fu(9€1,ﬂ)>5(fdfu,%HW+)

+ Z / dxl/ fu 3717 )fd($2,M)+fu($27M) fd(wlvu))a-(fufd7_>HW_) (2'42)
Furfa To/@1

with the kinematical restrictions 6(s) = &(z1225) and 70 = (Mg + Mw)?/S. Integrating & for the same
three different values of S as in the previous example, and plotting it as a function of My we find the
following:

5 1
o
= 05
T
1T oaf
'S o005t
S
b

001}

‘
100 150 200 300 500 700 1000
My (GeV)

Figure 28: qq — W H cross section at v/S = 7 and 14 TeV for pp collisions at the LHC and at v/S = 1.96 TeV for
pp collisions at Tevatron.

As for the HZ process, we have the following:
1 1
dag 12 =Y [t [ e (aem) g aG ) atn ) s 12) 04
i /7o To/T1

We do the same plot for this cross section:
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Figure 29: qq — ZH cross section at v/S = 7 and 14 TeV for pp collisions at the LHC and at v/S = 1.96 TeV for
pp collisions at Tevatron.

As we mentioned before, we shall also include here the Weak Boson Fusion integrated cross section at the
same three different energies. Using [18, 19] we find the following cross sections:
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Figure 30: gq — Hgqq cross section at v/S = 7 and 14 TeV for pp collisions at the LHC and at v/S = 1.96 TeV for
pp collisions at Tevatron.

Therefore, we can now plot the cross sections as a function of the Higgs mass for the three different center

of mass energies, 7 and 14 TeV for the LHC pp collision and 1.96 Tev for the Tevatron pp collision. For the
Tevatron at 1.96 TeV hadronic center of mass energy we find:
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Figure 31: Tevatron main Higgs production channels at v/S = 1.96 TeV.

For the LHC at 7 and 14 TeV hadronic center of mass energy we find:
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Figure 32: LHC main Higgs production channels at v/'S = 14 TeV (left) and at /S = 7 TeV (right).
We can see that in all three cases the dominating production channel is the gluon-gluon fusion. It is at least

one order of magnitude higher than al the others. The distance between this channel and Higgs-strahlung
channels gets higher as the Higgs mass increases. This is not the case for weak boson fusion channel.
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At My ~ 700 -1000 GeV, gg — H and qq — W/Z H get very close. However, a SM Higgs mass this high is
not so probable based on the latest electroweak precision fits that we shall talk about in section 4. A natural
question now arises. Are these LO cross sections precise enough? How badly do they get modified by higher
order QCD and EW corrections? Let’s consider for instance the gluon fusion channel. At higher orders we
find a lot more diagrams that contribute to the process (Fig.33).

Figure 33: Some NLO and NNLO diagrams that contribute to the gg — H process.

Contributions are known up to NNLO for QCD and NLO for EW theory. Using the data from [18] we can
actually plot the cross section including these higher order corrections (cgo) and compare it with our LO
cross section (0pp) at, for example, v/'S = 14 TeV.
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Figure 34: LO and NNLO gg — H cross sections as functions of My at VS= 14 TeV.

We can observe that oy is ~ 3 times bigger than oro. In order to quantify the enhancement of the
cross section due to higher order corrections it is usual to define the K-factor: K = ogo/oro. Therefore, K
depends on My and is ~ 2-3 at NNLO for the gluon fusion channel. As we can see, we need a good knowledge
of this factor in order to give a precise prediction of the cross sections. We can take another example and
see that in general this factor is very important and can be very peculiar. For the Higgs-strahlung channel
we find [16]:

OCD+EW ™

TSN TN RS AN VS WY TN SO W WY JNRY: SO S SO PRI N T
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Figure 35: K - factor as function of My including NNLO QCD and NLO EW corrections.
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So, not only is important to know the QCD corrections but also the EW ones. In this example, the NLO
EW corrections change a little bit the behaviour of the K-factor; they reduce the enhancement produced by
the NNLO QCD corrections and two peaks appear for the W and Z on-shell regions. If we ignore the two
peaks the difference between them is less than 0.1. But the interesting fact is that these corrections can,
at least partially, cancel each other (if we consider the fermionic contributions negative then the bosonic
ones are positive, therefore a cancellation occurs). A comparison plot is shown bellow for all the channels
discussed here.
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Figure 36: LHC main Higgs production channels at v/S = 14 TeV at LO (left) and including all known higher order
corrections (right).
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2.5 Fourth generation SM extension (SM4)

It has been experimentally established that there are at least three generations of leptons and quarks.
This is, in fact, one of the basic assumptions of the SM. However, there is no reason to believe that there
couldn’t be more generations not yet discovered. The simplest model that includes a fourth generation is
the extended Standard Model (SM4). Experiments like LHC and Tevatron are looking for fourth generation
leptons. Until now there hasn’t been found any trace of these new particles, therefore, this allows us to
establish lower mass limits for the fermions [12, 13]:

my, > 80.5 - 101.5 GeV; my, > 100.8 GeV; my, > 372 GeV; my, > 335 GeV.

An upper limit due to unitarity for ¢4 is close to 500 GeV, however, we are not interested in the upper limits
here. We shall consider minimum ¢4 and by masses in order to see the minimum effect that produces the
presence of the fourth generation in the SM. As we have seen in the previous section, the dominating Higgs
production channel is by far the gluon-gluon fusion. Let’s first see how this channel gets modified when we
introduce a fourth generation quarks with their minimum masses:
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Figure 37: Gluon fusion cross section at VS = 7 TeV for SM4 and SM as functions of My.

Because of the imaginary part of the form factor D(n) we now find three bumps in the cross section. This
globally makes the ogyr4 become way bigger than the one predicted by the SM. Let’s define the quotient

R=0(99 - H)sma/o(g9 — H)sn and plot it as a function of the Higgs mass. We obtain the following
result:
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Figure 38: R quotient as a function of Mp.
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We observe that it starts with a value of 9 approximately for 100 GeV Higgs mass, it reaches a minumum
of about 4 for 400-500 GeV Higgs mass and afterwards it increases very rapidly. Let’s compare this plot
with the latest experimental results presented at the International Europhysics Conference on High Energy
Physics in Grenoble, France, this year in July. If we take a look at the combined results on SM Higgs search
with the CMS detector we find the following plot [15]:

7 CMS Preliminary, Ns =7 TeV [ —— GL_ Observed
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Higgs boson mass (GeV/c?)

Figure 39: Experimental limit on o959 /0sam as a function of My including statistical errors.

Here g5y is the observed cross section with 95% confidence level. We can see that close to 100-110 GeV
for the Higgs mass, it reaches values close to SM4 predictions so we can not draw any clear conclusion in
that region. However, we can safely discard a fourth generation in the 120 - 600 GeV region. There the
value of og59/0sn stays way lower than one, therefore it stays far away from the minimum value of the
SM4 prediction, which is &z 4. This next plot confirms our conclusion [15]:
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Figure 40: Experimental limit on ogs9 /osma as a function of My including statistical errors.
Here we can see the quotient o959 /054 as a function of My. We can see that in the region we mentioned

above it stays bellow 1. Therefore we can safely exclude a fourth generation SM for a My in between 120
and 600 GeV.
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3. Higgs Mass Renormalization

Let us consider only the pieces of the electroweak lagrangian that we wish to renormalize in terms of
bare parameters. We have the following terms:

1 1 M2 , ,
£(w) =50, Hod" Ho — 5 MGHT — S L HG + L3 + L5
v
2M?2 M2 -
= W H, + = 22,21 Hy — < Hof | (3.1)
v v v

where the terms with index 0 are the bare parameters and the terms with the kin upper index are the
kinetic terms corresponding to the W and Z fields. Note that the weak boson fields W and Z do not
carry 0 index because here we are not considering their renormalization, but only the Higgs mass and field
renormalization. Now let’s consider the one-loop self-energy diagrams that will contribute to the Higgs field
and mass renormalization:

ill(g?)

Figure 41: One particle irreducible (1PI) diagrams contributing to Higgs one loop renormalization.

This reads:
iTl(g?) = i1 (%) + i1 (g2) +il1#0) (¢2) + 1) (¢%) + i1V (¢2) + i1 (¢?) + ... (3.2)

We will be working in the unitary gauge, thus, we have no goldstone bosons besides the physical Higgs, nor
ghosts to deal with. The one loop diagrams II(¢?) can be split in two pieces, one that contains the Gamma
pole 1/€ and another one that is free of ultraviolet divergences:

I(q%) = Me(p) + Mr(q®, 4°) (3.3)

In order to renormalize the Higgs propagator we shall perform the Dyson summation of one particle irre-
ducible (1PI) one-loop diagrams:

Figure 42: Renormalization using Dyson summation.
This reads:

iS(q?) = iS5 (¢?) + 1S (¢*)ill(¢?)iS D (¢?) + ...
S(q*) = SO(¢?) — SO (¢ (¢*) SO () + ... (3.4)
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Writing the scalar field propagators explicitly we have:

S( 2) 1 H(QQ) 1
q = — R
- Mg [q¢? — M§)? ¢* — M3 +TI(¢?)

(3.5)

We follow the standard procedure to relate the non-renormalized propagator S(¢?) with the renormalized
one Sg(q?):

1 Z
2 — 2 1
= =7 = .
S(T) ¢> = M§ +11(¢?) 15r(e) q* — M? + g(q?, p?) #0)
M is the renormalised Higgs mass and we define it the following way:

M? = M§ +6M? =27, Z;'M§ = MG = Z;" ZoM? (3.7)

Using the relation between the T-ordered product and the propagator we find Hy = le "2H. Now we can

write the initial lagrangian in terms of the renormalized quantities. We have the following:

1 1 M? , ,
L(x) = 71 50, HO"H — Zy s M*H? — Z,71"* S HY L o

2M?2 M2
+ 2 W wiwr e 4 7 2L g e v 7y
v v v

Hff (3.8)

This lagrangian is now expressed in terms of the renormalized physical parameters and is free of ultraviolet
divergences. Therefore, in our Feynman diagrams we must switch the bare Higgs propagator with the

renormalized one:
q . 7
q* — M? +I1r(q?)

Let’s take a closer look at the denominator:

@ = M2 +TR(®) — ¢° — M2+ Re{Tla(q®)} + 1 Im{TTr(¢®)} o

If we ignore, as a first order approximation, the real part of IIz(¢?) then, what we have left is the imaginary
part, which, carries away the propagator’s pole from the real to the complex plane. If we refer to the cross
section, this will be proportional to the squared complex modulus of the propagator, which, no longer goes to
infinity nowhere in the real plane. Thus, only by computing the imaginary parts of the self-energy diagrams
we obtain a well behaved, physical cross section. There is an easy way to obtain the imaginary part of
ill(¢?), without having to calculate it explicitly, by using the Optical Theorem:

3.1 Optical Theorem:

We know that the scattering operator S can be written as S = Z —iM, also that unitarity garanties that
STS = T. Therefore, we can write the following:

SIS = (T +iMNT —iM) =T —iM+iM' + MIM (3.10)
Thus, we obtain:
i(M = M) = MM (3.11)
Now, let’s analyze the transition between a initial state |¢) and a final state | f):

i(fIM = MTJiy = (FIMIM]i) with (f|M[i) = 2m)*6@ (Py — P) M,y (3.12)
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If we introduce the closure relation in between Mt and M we get:

i{fIM = M) = §<f|MTIH><n|MIi> (3.13)

n

where |n) is a complete basis of orthogonal states and in is defined as:

= &3
Y= Z ?m] /H 25 (3.14)

with n; the number of particles in the state |n) (we can also consider a sum over final spin states, colours
etc.). Let’s suppose that the initial and final states are the same:

(M) (M) = (nl MY (M) = ()6 (P~ o)) [ Mo (3.15)

Thus, we obtain the standard form of the Optical Theorem:
—2Im(M_y;) = H “p S (P; — Pp) | Misn|? (3.16)
1—1) — 271_ 3nj —4 n 1—n .

If the initial state is a two particle state, then we are dealing with elastic scattering and the theorem takes
the form:

—QIm(iMi_)i) = 2\Y2(s,m2, m?) Z o(a+b—n)=2\"20(a+b— all) (3.17)

n

If the initial state is a one particle state, we are dealing with self energy diagrams therefore:

—2Im(3Y_ M) = 2M, 3" T(a = n) = 2M, T(a — all) (3.18)

If we apply this to one of our Higgs self energy diagrams, (with no tadpoles) the theorem tells us:

2

Figure 43: Diagrammatic representation for the Optical Theorem.
This justifies the modification that we made in the W and Z propagators (1.86) when we were analyzing the

Higgs main decay channels. The next section will be dedicated to the calculation of the Higgs self-energy
diagrams one by one.

34



3.2 Self Energy diagrams

Now we can proceed to calculate the Higgs self-energy diagrams, one by one, in order to obtain the
needed quantum correction for the cross section.

Higgs self-energy first diagram:

k+q

Figure 44: Higgs self-energy contribution coming from the top quark.

m2 dPk Tr{(f+¢+m)(k+m)}

1) ~N, 1
Spinor trace in D dimensions:
Tri(p+d+m)(k +m)} = 4(k* + m® + kq) (3.20)
Feynman parametrization of the propagator:
1 ! 1
— = 21
AB /O T BA— 2P (3:21)
Taking A = (k + ¢)? — m? and B = k? — m? we get:
1 ! 1
= d .22
R (e A A e 3:22)
where we have defined a2 = —q?x(1 — x) + m? — ie. We obtain the following expression:
4m de k2 +m? +kq
T (o2 / / 2
A (q%) = (e (3.23)

After performing the variable shift k¥ — k 4+ xq and eliminating all the linear terms in k* we obtain:
4m? (1 dPk  k? +a?
11 (¢%) = =N, —/ d /77 3.24
? (a°) ¢ 2 . -z 2m)D [k2 — a2)2 ( )

Let us compute the first term:

! dPk k> ! boog?
—_— = D,1,2.a%) =
/de/(%r)D[k?—aQ]Q /deJ( ,1,2,a%) /deD_

The second term that we have is:

D 2 1
/ / d k a T _/ dz a2 J(D,0,2,d?) (3.26)
T, ;

We take D to be D = 4 + 2¢, therefore our expression of TI*)(¢?) becomes:

J(D,0,2,a?) (3.25)

I (g?) = —NC—/ dz (3 —€)a? J(D,0,2,a%) + O(?) (3.27)
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It is inmediate to show that J(D,0,2,a?) is equal to:

J(D,0,2,a%) = ﬁ;ﬁ(% +In (ZZ) + O(e)) (3.28)

where we have defined 1/¢é = 1/e + vg — In(47), with vg the Euler-Mascheroni constant and 1/e the Euler
gamma funtion pole. Up to O(e) we have:

12m? , ! 1 a?y 1
Let’s calculate the integral:
1 1 e
/ dra® = / dz (—¢*x(1 — z) + m?) = m? — r (3.30)
0 0
Thus, we can write the following:
12m2 1 q2 q2 m2 1 (12
R R el B
(@) =Neqryer™ [em =)tz =5+, dwaln(s (3:31)
Using the M S scheme we obtain:
12m? @\ 1
H(t) =N 26( 2_7)7
€ (/”L) C (47‘_1})2/1 m 6/)¢
12m2 q2 m2 1 a2
na _N (7 _m? / ded?1 (7>) 3.32
r(@m) =Ne o (1g =5+ ) dva’ln (5 (3.32)

After calculating the first Higgs energy diagram we can use its explicit expression to check on the optical
theorem we have deduced previously. The only piece of Hg) that develops an imaginary part is the one
defined bellow:

12m? ! 2
T(qz,mQ):Ncim/ dza® In (%)
0

(4mv)?
12m? [* 9 9 —¢*x(1 — z) + m? — ie
= N¢ EDE /0 dr [—q¢*z(1 —x) +m ]ln( 2 ) (3.33)
In order to find the imaginary part we have to find the roots of the equation:
1 1 4m?

2 2
— 1- = =4 - — .34
Crx(l—x)+m°=0 = z19 53 pE (3.34)

In the region in between x; and o the logarithm’s only imaginary part is the one that comes from —ie, and
it is +4im depending on the sign rules we adopt. So, except a global sign we find:

12m2 (™ 9 0 Nem? 4m?y3/2
We finaly obtain that:
Im(TI® (¢? = M%) = My T(H — tt) (3.36)

and this is exactly what we were intending to prove. We should also observe here that, as expected, the
imaginary part does not depend on the renormalization scale p.
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Now let us take a look at another Higgs self energy process:

k+q

Figure 45: Higgs self-energy contribution coming from weak vector bosons.

We shall calculate the process for a W boson. The same result is valid for a Z boson by only changing the

masses and multiplying by a 1/2 symmetry factor; (k' = k + q):

aMy, [ dPk kuk Kk !
o2y = P [ ATk 0 Rl
) Gyar & MVQV)( MY )(kz—Mgv)[(k+q)2—M3V]
_ 4 [ Ak (K 4 kq)® — My (2K + * + 2kq) + D My, (3.37)
2] P R = Mk + 0 — MR |

We have the same propagators as in the previous case so, using the same Feynman parameterization this
time using the letter b? = —g?x(1 — x) + M2, we get:

IOV (g / / de (k%)2 + (kq)? + 2k*(kq) — M2, (2k? + ¢* + 2kq) + D My,
! a2 [(k + qz)? — b2)2

= / / de 1 EEE {(kz) + (¢*)22? (x — 1)? + 2k g%z (2 — 1)+

(1 — 22)2(kq)? — QMWk2 — MZq*(22% — 20 +1)+ D Mév} (3.38)

As we have seen in the previous sections we can make the following substitutions:

2 9" 2 @ o
(kQ) = kﬂkl’q#qu — ?k qudv = 5k (339)
Rearranging terms we get to the following;:
de 1 2
W) (g / / R ;{4 (20% (@~ 1) + S —22)" - 203, )
+ (k%)% + (q2)2x2(:c —1)2 = M2,¢*(222 — 20+ 1) + DM;*V}
4 ! 2 2 q2 2 2 2
== /O daL‘{J(D7 1,2,b )<2q x(x —1)+ 5(1 —2z)° — 2MW> +J(D,2,2,b%)

+J(D,0,2,?) ((q2)2x2(m 12— M%2(222 — 22+ 1) + D M{}V)} (3.40)

Using Euler’s gamma function properties it is easy to find:

b2D
J(D,1,2,b%) = 5 J(D,0,2,b%)
b2(D + 2 b4(D + 2
J(D,2,2,b%) = % J(D,1,2,b%) = % J(D,0,2,b%) (3.41)
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Grouping terms, we can express iH(Wl)(q2) as:

4 [ v2D 7
. (W1) 2 - = o\ O 9 _ q B 5 )
il (¢%) 2 /0 dx{J(D,O,Q,b )D—2(2q z(z—1)+ D(l 2) 2MW)
+ J(D70a2»b2)((q2)2$2(w —1)% = M2¢%(222 — 2z + 1) + DMév)
WD +2)
2 —_—
+J(D,0,2,b%) —"— }
4 ' 2 b2D 2 q2 2 2
=2 /0 dx J(D,0,2,b >{ﬂ(2q x(x —1) + 3/(1 - 22) —2MW)
b4(D + 2
+ (*)*2%(x — 1)® — M3, ¢*(22* — 22 +1) + D My, + %}

Taking as usual D = 4 4 2¢, then up to order € we have:

4 1
() = / dz J(D,0,2, bz){b2(2 — o) (2q2x(x 1)+
0

2

+(¢%) 2% (v — 1) — M, q*(22° — 22 + 1) + (4 + 2€) My, + (3 — 26)}

We have seen that we can express J(D,0,2,b%) in terms of the Gamma function pole as:

We obtain:

J(D,0,2,0%) = (4::)2;126(% +1In (ZZ) + 0(6))

T (¢?) = (4;i32u26 /01 dx (% +1In (f;)) {b2(2 —€) (qux(x -1) - ZM%,)

b2
+5 (- (1 —22)* + (¢*) %2 (x — 1)? — M3 ¢* (222 — 22+ 1)

+(4+26) MY + 543 — 26)}

In order to simplify our calculation we need to make some definitions:

A=02¢%x(z — 1) — 2M3))

We find the following expression.

b , 2
=351 (1—22)
C = (") (x - 1)* = M ¢*(22° — 20 4 1)
E = My,
F=0p
ZH(W1)(q2)_ —4 'uze /1 dxl(2A+B+C+4E+3F)
(4mv)? 0 é
— 26/1alﬂlc(—A—B+2E—2F)
(47”1)2M 0
—4i 1 b2
———p* | deln(—)(2A+B+C+4E+3F
T G /0 x“(,ﬂ)( +B+C+4E+3F)
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Performing some integrals:

1 2)2
/ dra="T1 o
0

15
1 1 (q2)2
dr B = —Mjq* —
/0 TET MW T g0
1 2\2
(¢%)
deC =—= M 2y
/0 wd 30
1
/de:E:MéV
0
1 2M2 2\2
/dszMév—q w (@) (3.48)
0 3 30

Therefore we find the following expressions:

Wi) (2 —p* 1 4 2712 2\2
0 (¢%) = s (1200 — 6°Miy + ())
—4 1 7
H(W1)2: 4 Looar2 L 242
-4 [t b
drIn(—)(2A+B+C+4F + 3F 3.49
+(4m)2/0 x n(u2)( + B+ C+4F + 3F) (3.49)

So, for the Z diagram we obtain:

I (¢%) = (%) il 1(12MZ—6 2MZ + (¢?) )

(4
i )z( ) ( + 2M27%< ?)
2A+B+C+4E+3F) (3.50)

where b2 = —g%x(1 — x) + MZ.

Now, to find the imaginary part, we have to integrate the piece that contains the logarithm over the limits
T19=1/2+ (1/2)(1 — 4ME, /q*)'/?. We obtain the following result:

_4 1 11 4M2,N\1/2
/ dr (2A+ B+ C +4E + 3F) = (1- =34 " (2M - 4 M3 + )
x

w0 |/, 4m? 4 ¢
Again we obtain a direct confirmation of the optical theorem:
Im(TTW) (¢? = M%) = My T(H — WW) (3.52)
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The next process that we look at is the self-Higgs interaction:

Figure 46: Higgs self-energy first contribution from self Higgs interaction.

I (¢2) = 3'3'(M2) / dPk 1
¢ ol 20 (2m)D k2 — M2|[(k + )2 — M?]
oM* de 1
=7 |, o | e e
9M4 de 1
= o2 / / =2

4
:%/ de(D,o,zc?)

202 J,
- 92]\;4 /01 i (4w52“ ( o (u2> + Ot ))
— @_732“25%1(2 +/0 dz In (;22)) (3.53)

where we have defined ¢? = —q?x(1 — x) + M2. Using the M S scheme we obtain:

9M4 ‘LLQE 1
1) - _ _~ -
< 2 (4mv)? €
(g = - 20 L /1 dz In (i) (3.54)
ROADEE T ) 2 '

Calculating the last integral we find that the argument of the logarithm is always positive, therefore this
diagram has no imaginary part. This is exactly what we were expecting for because I'(H — 2H) does not
exist due to the kinematical restrictions ¢ < 4M?2.
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We will deal now with the next set of diagrams (tadpoles). The first one is the second W diagram. The one
corresponding to the Z boson will have the same expression, except for the usual 1/2 symmetry factor.

k

Figure 47: Higgs self-energy second contribution coming from weak bosons.

2 D 2
ZH(Wz) _ 2MW d k/’D(_ gru’ k“’;“) 1 5
v? (2m) My, ) k2 — Mg,
B 73/ dPk —DM3E, + k?
w2 ) @2mP k2 - ME
2
= —ﬁ{—DM‘%V J(D,0,1, M%) + J(D, 1,1, M3,)} (3.55)
It is easy to show that:
JD,LLMy) My - J(D,0LMy) My (3.56)
J(D,0,2,M%) D/2—-1" J(D,0,2,M3,) D/2-1 '
Therefore, we have the following:
2 1-D
TIV2) — _ 2 (7) D,0,2, M3
! a2 Mwpa=7)/ (P02 My)
2 —1i 1 M2
= S My (—e+3 (2 4+ (S) + o) 3.57
2 W( €+ )(47_[_)2/’4 ¢ +In /J/Z + (6) ( )
So we can write the following expression for this process:
_MQG 1 M2
w2 — Ty M (—2¢ + 6)(E +ln (TgV) n O(e)) (3.58)
Thus, we find the following expression for the infinite and renormalized parts of the diagram:
_,,2€ 1
) = —E_ 6
¢ (4mv)2 e W
(Wa) —4 3MI‘/1V M%/ _ MYA}V
U™ = (4mv)? ( 2 n ( 12 ) 2 ) (3.59)

As expected, the result does not depend on ¢ and it does not have an imaginary part. For the Z diagram
we have:

_,,2€ 1
m(Z2) — pe L 4
¢ (4mv)2 e ° 7
-4 /3M} M3 M}
iz ( Z ( Z)_ Z) 3.60
R (4mv)2 \ 4 . u? 4 (360)
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The next processes that we are going to look at are the Higgs self-energy tadpole diagrams due to self-Higgs
interactions:

Figure 48: Higgs self-energy second contribution coming from self Higgs interactions.

3M? dPk  —i? 3M?
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i1l 502 /(27T)D ERYE 502 J(D,0,1,M*) (3.61)
We can easily find that:
2M? —1i 1 M?
D,0,1,M?) = D,0,2, M?) = M*(1 — (2 4m (=) ) 62
J(D.0.1 M) = 7 (D.0.2,M%) = M1 - ) (2 +In () +0() (3.62)
Therefore, the expression for this diagram is simply:
—i 3M* 1 M?
) — b 3M7 26<7 ] (—) _ 1) 3.63
’ (4mv)2 2 A i u? (363)
The infinite and the renormalized part, then, read:
H(HQ) — -1 3M4 261
€ (4mv)2 2 €
-1 3Mm* M?
i) _ (1 (7) _1> 3.64
R (4mv)? 2 " 12 (3.64)
The second tadpole diagram is:
k
2 \
/ \
\ |
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Figure 49: Higgs self-energy third contribution from Higgs self interactions.
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The result is straightforward:
1 9m* 1
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The second W tadpole diagram that we have is:

Figure 50: Higgs self-energy third contribution from weak bosons.
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Thus we have the following resuls for the W diagram:

2e
7 1
m"s) — Z 18 M3,

(47v)?
e _ 4 <9M6V I (Mév) _ 3Mév)
R (4mv)? 2 w2 2
For the Z diagram we have:
2e 1
) = 2 Zgprd
‘ (4mv)2 ¢ 7
H(ZS) 4 9M§ 1 M% 3M§
2 M=2 )~
(4mv) 4 0 4
As for the top tadpole we have:
t
q 0!

Figure 51: Higgs self-energy second contribution from the top quark.
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It is also straightforward that:

-1
i) = 12N,
€ (47v)2 o m’p

2
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IIy* = 12N, In{—)—1
R (470)? cm 2

Now, we have all the necessary ingredients to analyze the Higgs boson running mass.

m>\)—l
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3.3 Higgs Running Mass

Remember that from the Higgs renormalization process we got to the following expression:

! = 21 (3.72)
F MG TG®) ¢ = M2+ Mg i) |
To obtain the expression for the Higgs running mass we must make the following parameterization:
(¢%) = (¢* = M*)IT; + 11, (3.73)
Now we are able to calculate Z;, Z5 and §M?:
7 (q2 — Mz)(l + Hl,R) +1Io r _ (q2 — M2)(1 + Hl,R) + 12 r
! @ — M2 +11 2 — M2+ 6M2 +11
- (q27M2)(1+H1,R)+H27R 1 SM? +11
- g2 — M?2 (7q2—M2)
o SM? + 11,
= (”Hlvﬁm)(”m*m)
SM? + Tl
=1 - e (3.74)
thus, we define the following:
2 H2 €
OM= = —H27€ = Z1=1- Hl,e = Zy=1-— HLe + W (375)
0
The renormalization group equation:
dM? 1 1\2
My = MR (- +72(7) 4. (3.76)
dp T T
So far, we have found the following divergent parts of the Higgs self energy diagrams:
1 MZE q2
e = - Ne 12 2( 2,7)
¢ € (4mv)? crEmm 6
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1 _MQE M2e 1
%) = = 3My, ;s T = - 1803
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Now, we need to factorize II.(¢?) as we mentioned before:
2 2
2_‘17):_} 2 _ a2 2  M”
(1m 6 6 JHmT =g
(12Myy, — 6¢> M7y + (¢°)?) = (M? — 6M§, + ¢°)(¢° — M?) + M* — 6 My, M? + 12My, (3.77)
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So we finally find that:

2e 1
M2 = M2+ 6M? = M2 — Tl = M2 + (45T)2 M2 [2 Nem? — 6M2, — 3M2 + 3M§} - (3.78)
Therefore, the renormalization group equation becomes:
dM? 2M?
The solution to this at O(1/v?) is:
20 2 2/ 2 M? (1) 2/ 2 2 (2 20 2 20,2 w
M (%) = M2 () + = 8 [2 Nem? () — 60y (1) = 3ME () + 307 )| 1n (15
0
M?(po) , (1
= M2(12) + C(M2, j1g) =LY 1y (—) 3.80
() + C2. o) e m (5 (3:80)

The interesting thing that we observe here is the Higgs mass dependence with all the other massive particles.
This gives rise to the hierarchy and the fine tuning problem. If we consider that there is new physics at
higher energies, than we can see the SM as an effective theory. If there is new physics at higher energies than
there must be other massive particles and the Higgs boson would also have Yukawa couplings to to them, in
consequence, there would appear new terms in the Higgs renormalization corresponding to the new particles.
Therefore, the Higgs mass could run to that scale. We say could because, it doesn’t necessarily have to. In
eq. (3.80) we see that the correction term to the Higgs mass is proportional to M7 and the terms contained
in C(M?) are quadratic. Therefore, for a small Higgs mass the correction term doesn’t have to be big. The
problem would arise, if somehow, the term C(M?) contained terms proportional to M3 where My is a new
heavy particle at higher energy scales. If this happend, how could we still have a low mass Higgs boson in
our theory as all the electroweak precisions constraints (Section 4) indicate? In order for this mass to be
small, tremendous cancellations would have to occur at higher orders (fine tuning). Moreover, if we impose
this cancellation to occur at some order in perturbation theory, then we would obtain some conditions on
the masses of the particles involved; if we go to higher orders this condition will be spoiled by new terms and
some new conditions would appear. This means that the physics at the energy scale we are at now, depends
on some finely tuned parameters, that, if modified, would give rise to a whole different world then the one
we know. This is a generic problem of theories containing fundamental scalars. Super-Symmetry (SUSY)
provides an elegant solution through the cancellation of fermionic and bosonic contributions. Unfortunately,
no traces of SUSY have been found yet. The present experimental constraints imply that SUSY should be
badly broken and the cancellations are no longer enforced by symmetry. Therefore, the fine tuning problem
remains open.
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4. Final Conclusions

As a final conclusion, let us talk a little bit about the electroweak precision fits and experimental mass
exclusions for the Higgs boson. Precision electroweak measurements provide sensitivity to mass scales higher
than the available experimental energies. This is done by exploiting contributions from quantum loops, for
example, loops that involve a Higgs particle:
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Figure 52: Some loops needed for electroweak precision fits.

This type of loop quantum corrections, with a proper choice of input parameters, allow us to give some
constraints on the Higgs mass and other parameters. The basic inputs usually are a(Myz), Gp and Myz. It
is also a powerful tool to look for new physics; electroweak quantum corrections predicted correctly the mass
of the top quark before its actual discovery. Let’s discuss the following example equation [23]:

5 M%V) T

M2, (1 o Se 1+ A (3.81)
Ar is a term that stands for the electroweak corrections. It contains a term proportional to Ac, a negative
term proportional to m2 and another term proportional to In(My). Therefore, the electroweak precision
fits are sensitive to the top mass and the Higgs mass. However, owing to an accidental SU(2)¢ symmetry
of the scalar sector (the so-called custodial symmetry), the constraints on the Higgs mass are much weaker
than the ones on the top quark (logarithmic instead of quadratic). After its experimental measurement, m;
was used to put further constraints on the Higgs mass. The latest one [14], uses the Ax? estimator to find
the following: for a standard fit My = 96175, GeV and for a complete fit My = 120112 GeV, with the upper
bounds 200 GeV (99 % CL standard fit) and 149 GeV (99 % CL complete fit) (Fig. 53). These results are
quite sensitive to the input value of a(M2)~'; using, a(M2)~! = 128.944 4 0.019, the result My = 88133
has been recently quoted [11]. With these data fits a fourth family of leptons and quarks is allowed with
large My [14]. This is, of course, compatible with our conclusion from section 2.5. Five or more generation
are disfavoured [14].
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Figure 53: Ax? as a function of My for the standard fit (left) and for the complete fit (right).
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Now, let’s take a look at the latest experimental mass exclusions at the LHC and Tevatron and LEP. The
plot we see below shows the latest for Tevatron experimental limits on the Higgs production cross section,
normalized to the Standard Model one, combining the CDF and DO data [9] (Fig. 54). The Tevatron
excluded regions at 95 % CL are 156 < My < 177 GeV and 100 < My < 108 GeV with luminosity in
between 4.0 and 8.6 fb~!. The expected exclusion region with the current sensitivity is 148 < My < 180
GeV and 100 < My < 109 GeV. Very low Higgs masses, below 100 GeV were not studied. One of the most
relevant conclusion that we can read in the same reference is that the sensitivity of this combined search is
sufficient to exclude a high mass Higgs boson. This in agreement with the Atlas collaboration, that, sees
very stringent constraints for a Higgs mass above 250 GeV [7]. The LEP constraints on Higgs mass is My >
114.4 GeV.

Tevatron Run Il Preliminary, L < 8.6 b

% 'LEP Exclusion " Tevatron

210 ol : Exclusion

E W -

.| [ #1a Expected

ey [ 1._%20Expécted

Q

R

wn

[=}]

1
<———Tevatron:Exclusion I Iy 17, 2611
100 110 120 130 140 150 160 170 180 190 200

m,,(GeV/c?)

Figure 54: Higgs mass exclusions at Tevatron and LEP at 95% CL.

Let’s now take a look at the exclusions provided by the combined Atlas exclusion data at 1-1.7 fb~! [20].
The excluded regions are 146 < My < 232, 256 < My < 282 and 296 < My < 466. We can also read [7]
that they also exclude a fourth generation SM between 140 and 185 GeV. This exclusion is less stringent
than the one from CMS.
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Figure 55: SM4 Higgs mass exlusions at ATLAS.

The CMS collaboration also provides three mass range exclusions [21] very similar to the ones from ATLAS
(Fig.56). Their excluded mass ranges are 145 < My < 216, 226 < My < 288 and 310 < My < 340.

47



XM cMS F"l"ivz‘ité‘,‘\“s i A AV —=— Observed B
Combined, L =1.1-1.71" | Expected + 1o
10 ! || s Expected + 26 —
| LEP excluded 4
Tevatron excluded

95% CL limit onc/cg,,

s

jiiii

. NN
&) N
N
-0y ¢
o N . e
' Ww
v

ANNARN

L DN T R I RS N R
100 200 300 400 500 600
Higgs boson mass (GeV/c?)

Figure 56: Higgs mass exclusions at CMS at 95% CL.

As we saw earlier, EW precision tests prefer a low mass SM Higgs. In Fig. 57 we show the remaining,
non-excluded region for a low mass Higgs (white fringe). This remaining region is centered on the two photon
region. We insisted in including this channel in our plot because its signal is the cleanest one. In this region
the dominant decay is H — bb but with a large QCD background. All the other channels suffer from the
same inconvenience except for the two photon decay. Moreover, the radiative corrections to the H — vy
decay width only affect the top quark loop. The W loop nor the final states are affected by higher order
corrections [22]. These corrections are below 3% therefore, they are practically insignificant. These are the
main reasons why this is the most promising decay channel in this region.
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Figure 57: Non-excluded low mass Higgs region.

Perhaps, in one year or so we can definitely exclude a SM Higgs boson and discover new physics or, on the
contrary, discover the SM Higgs boson and confirm the model. In any of these cases we need to go beyond
the SM. Even with the discovery of the Higgs boson there are still going to be many unanswered questions.
Why three generations? Why this type symmetry breaking? Why three colours of quarks? Why no quantum
gravity? And what about neutrinos? There will still be many interesting new physics to discover. Even
if the SM proves to be right, we must necessarily ask why the SM and not other symmetries? There will
always be a bigger picture to be looking for.
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