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4th of July 2012 
A very stirring day for the EWSB practitioners



4th of July 2012 
A very stirring day for the EWSB practitioners

We’ve been more than 40 years 
            of mainly wandering in the desert...

I don’t know,
this looks Higgsless

Do you think we’ll 
find a Higgs?



... and finally plenty of new relevant data has 
begun to fall over us!
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Fit to C
V and C

F 

Group%the%Higgs%couplings%into%%

�Vectorial�%and%�Fermionic�%sets.%

%
Attach%a%modifier%to%the%SM%

prediction%%
%to%each%of%those%%(C

V %and%C
F ).%

%
Use%LO%theoretical%prediction%for%

loopVinduced%%H%�%γγ,%H%�%gg%

couplings.%
%

In%agreement%with%the%SM%within%the%

%95%%confidence%range%%

%"%Need%more%data!%

%

solid contour: 
 68% CL 

dashed contour:  95% CL 
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!  Likelihood%scan%for%mass%and%%
signal%strength%in%three%high%%
mass%resolution%channels%

!  results%are%selfVconsistent%and%%%%%%%%%%%%
can%be%combined%

Characterization%of%the%excess:%mass%%

95 

ATLAS: Status of SM Higgs searches, 4/7/2012 

48 

Evolution of the excess with time  

Energy-scale  

systematics 

not included 
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ATLAS: Status of SM Higgs searches, 4/7/2012 
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Combined results: sharing of the excess between years … Similar expected significances in both years  

(more luminosity and larger cross-section 

 in 2012, but only two channels included) 

                   Max deviation     Observed (exp.) 

                       at mH                 significance 

 
2011 data      126 GeV               3.5 (3.1) σ  

2012 data      127 GeV              4.0 (3.3) σ 

… and over channels  Sensitivity (expected and observed) driven 

    by “high-resolution” channels (γγ, 4l). 

 “Low-resolution” channels (lνlν, bb, ττ)  

     crucial to understand the nature of the  

     “signal”, measure its properties, and  

     assess consistency of the overall picture 

ATLAS: Status of SM Higgs searches, 4/7/2012 40 

Consistency of the data with  
the background-only expectation 

Global 2011+2012 (including LEE over full 110-141 GeV range): 2.5σ 

 Data sample  mH of max deviation  local p-value  local significance  expected from SM Higgs 
 
     2011                   125 GeV                 1.1%                 2.3 σ                   1.5 σ                    
     2012                  125.5 GeV              0.4%                 2.7 σ                   2.1 σ 
2011+2012                125 GeV               0.03%               3.4 σ                   2.6 σ 

Fitted signal strength 

Best-fit value at 125 GeV: μ=1.3 ± 0.6  
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Disclaimer:  We have gotten more 
data on EWSB in one single day than 

in more than 40 years 
➥ Not enough time to digest it!     



many of my theory colleagues 
are at this moment working hard...

... be prepared for an outburst of papers 
on the 125 GeV Higgs in the next months



What is the SM Higgs about?

What makes the SM Higgs exceptional?

(As kangaroos are to Australia)



Not just about finding the 
the condensate responsible 

for giving masses
 

     • QCD:  Quark condensation <qq> 
                          breaks chiral symmetry
          

➥  Also a condensate exists in Higgsless theories

Examples:

• Superconductors:  Cooper pair  <ee>  breaks EM  

➥ none of them have a Higgs excitation

What makes the Higgs special?



Not just about 
the radial excitation
 around the vacuum 

H

Higgsless models have also excitations 
around the vacuum  (as found in QCD)

What makes the Higgs special?



Without a Higgs,  the states  WL ,  ZL   spoil the nice 
calculability power of gauge theories

Do not allow for precision calculations

Loops are not finite!

Unitarity is lost at high-energies
WL
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With the Higgs calculability is recovered:

Back to the prediction era!
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WL WL
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Finite results!
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To do this job, the Higgs couplings 
must take a particular value:

h

h

W , Z

W , Z

=
gMf

2MW

= gMW ,
gMZ

cos �W

f

f

The couplings must be exactly these ones
(at tree-level) to make the SM a consistent theory

Otherwise this is NOT a Higgs = “Impostor”
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New Physics

(100 GeV <mh<170 GeV)

(MP) 



Although consistent, we think (and hope) 
the SM is not the full story



Validity of 
the SM  

10¹⁹ GeV  
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New Physics

(MP) 

?

Although consistent, we think (and hope) 
the SM is not the full story

Not understandable 
the origin of such a 

small EW scale 
as compared to the 

Planck scale 



Validity of 
the SM  

10¹⁹ GeV  

MW 
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New Physics

(MP) 

?

Although consistent, we think (and hope) 
the SM is not the full story

Higgs = Scalar

Heavy states
 Strings/GUT

At the quantum level 
 “slim” scalars cannot survive 
in the presence of “fat” states



Possibilities that theorists envisage 
to tackle this problem:

1) Keep the Higgs elementary, but protect it by 
symmetries:  Supersymmetry

2) The Higgs is not elementary: Composite Higgs

➥ Both imply changes in the Higgs sector



            
                    
                              

Supersymmetry = MSSM

For consistency, an extra Higgs (doublet) is 
needed, sharing the “duties” of the SM Higgs
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HWW = gSM 2
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Spectrum:

Inspired by QCD where one observes
 that the (pseudo) scalars are the lightest states

Mass protected by the 
global QCD symmetry!

Are Pseudo-Goldstone
 bosons (PGB)

⇥ � ⇥ + �

�

�

�

Composite PGB Higgs

GeV

100 MeV



The spectrum of the new strong sector could be:

Pseudo-Goldstone
 bosons (PGB)

h100 GeV

TeV �

The light Higgs can be a kind of pion
 from a new strong sector

Mass protected by the 
global symmetries!
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  unitarize!
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p
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different 
from the SM Higgs

Being Composite, the Higgs 
couplings are different from the SM values                                              
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➥ A kind of (mild) impostor 

A Composite Higgs
only partly 

does the job of a true Higgs 

Being Composite, the Higgs 
couplings are different from the SM values                                              
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The rest of the strong sector 
(states of spin=0,1,2,3,...) 
takes care of the fully 

unitarization: 
WL

WLWL

WL

Being Composite, the Higgs 
couplings are different from the SM values                                              



What Data tells us?



What Data tells us?

In the new calendar for EWSB practitioners:

4th of July
Higgs-like state

 “is born”

Before 4th of July After 4th of July



EWSB 
Practitioner’s 

Notebook

Before the 4th of July 2012



T-parameter S-parameter
A measure of deviations

 on M2
W �M2

Z cos

2 ✓W

Exp (LEP+Tevatron):

< 0.3 %

A measure of the 
Zγ-kinetic mixing

A custodial 
symmetry is needed:
Higgs doublet, Yes 
Higgs triplet, No

...

T̂

Ŝ
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mH ~ 100 GeV

mH ~ 1 TeV ● X

Higgsless 
(a la QCD)

☛Light Higgs preferred



After the 4th of July 2012



After the 4th of July 2012

We have a Higgs-like state:

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

!  %Event%yields%in%different%
production%times%decay%
modes%are%selfV
consistent%
!  albeit%many%modes%have%
not%yet%reached%sensitivity%
to%distinguish%SM%from%
Background%

99 

Compatibility%with%SM%Higgs%boson%%
event%yields%in%different%modes%(1)%

99 

ATLAS: Status of SM Higgs searches, 4/7/2012 47 

Are the 4l and γγ observations 
consistent ?  

Combined results: consistency  
of the global picture 

SM 

From 2-dim likelihood fit to signal  
mass and strength curves show  
approximate 68% (full) and 95%  
(dashed) CL contours  

Best-fit signal strengths, normalized to the  
SM expectations, for all studied channels, 
at mH = 126.5 GeV,  

mH = 126.5 GeV



mH ⇡ 125 GeV

What the Higgs mass

tells us?

ATLAS: Status of SM Higgs searches, 4/7/2012 47 

Are the 4l and γγ observations 
consistent ?  

Combined results: consistency  
of the global picture 

SM 

From 2-dim likelihood fit to signal  
mass and strength curves show  
approximate 68% (full) and 95%  
(dashed) CL contours  

Best-fit signal strengths, normalized to the  
SM expectations, for all studied channels, 
at mH = 126.5 GeV,  



Light state:   m2
H = �v2

~  0.26 (perturbative coupling)

Origin of the self-interaction → weakly-coupled theory)(
mH ⇡ 125 GeV

What the Higgs mass

tells us?



Fabiola Gianotti:  “Nature has been kind to us...”

Excellent for experimentalists: 
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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80

Most of decay modes visible: mH ⇡ 125 GeV



But not so excellent for all theorists: 



But not so excellent for all theorists: 

Specially for fans of Higgsless models:

TechnicolorModels

1979-2012



but be careful about resurrections...



   (Goldstone of the spontaneous breaking of scale invariance)
  Couples as a Higgs up to an overall scale   ➞  A Higgs impostor

TechnicolorModels

1979-2012

It is not unconceivable that a light dilaton appears 
in Higgsless theories

Dilaton

but be careful about resurrections...



Higgs mass range

MSSM

SM (valid up to MP)

Composite Higgs

50 100 150 200
GeV



125 GeV SM Higgs



In the SM:

Only a small window
 in the Higgs mass

 makes the SM consistent 
all the way to the Planck scale

 

Evolves with the energy  
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would

3
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Demanding λ  not too large (keep perturbativity), 
               not too negative that destabilizes the Higgs potential

from Phys.Lett. B679 (2009) 369
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the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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from Phys.Lett. B679 (2009) 369

{

A 125 GeV Higgs is 
in this window!

Demanding λ  not too large (keep perturbativity), 
               not too negative that destabilizes the Higgs potential



125 GeV MSSM Higgs



(125 GeV)2

(91 GeV)2 (86 GeV)2

In the MSSM:

➥ susy breaking term
 (at one-loop)

both have similar size: 
Susy must be “badly” broken!

}
The Higgs bodyguards,  the stops, are not so close to the Higgs

M2
h  M2

Z +�m2
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

Very heavy stops (beyond LHC reach) 
or large susy-breaking trilinear terms

 ➥The MSSM is becoming unnatural 
(>99% parameter space excluded)

from JHEP 1204 (2012) 131 from arXiv:1207.1348

Figure 5: Maximal Higgs mass (in GeV) in CMSSM in function of the scale MS = p
m

˜t1
m

˜t2
(in

GeV) for di↵erent top mass values.

Figure 6: Parameter space for the various regimes of the MSSM Higgs sector as defined in the
text and in eq. (8) in the tan�–MA plane, in the maximal mixing scenario with MS = 2 TeV. The
constraints from A ! ⌧⌧ (continuous green line) and t ! H+b (dashed green line) searches at the
LHC are shown together with the LEP2 constraint (continuous black line).

4.4 Higgs signal and MSSM parameters in the SUSY regime

In the SUSY regime the Higgs decay rate can be a↵ected by the contributions of SUSY particles
in the loops. This makes a detailed study of the MSSM parameter space in relation to the first
results reported by ATLAS and CMS particularly interesting for estimating its sensitivity to
specific regions of parameters. In particular, the decay branching fraction into �� are modified
by both mixing e↵ects and light sparticle contributions [10]. We study these e↵ects on the
points of our pMSSM scan. In the following, we use the notation RXX to indicate the Higgs
decay branching fraction to the final state XX, BR(h0 ! XX), normalised to its SM value.
We also use the notation µXX to indicate the ratio of product of the inclusive production and
the decay branching ratio for the final state XX to its SM value, µXX = �⇥BR(h!XX)

�⇥BR(H!XX)|SM
. A

major source of deviations from unity for the R values is due to a reduction of the h total
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L $∂ qL + t̄R $∂ tR

+ Tr
{

Q̄ ( $∂ − MQ)Q
}

+ ¯̃T ( $∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)

3

If this fermion is light, it can be double produced:

same-sign di-leptons

Color vector-like fermions with charge 5/3:

from JHEP 0806 (2008) 026
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
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which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =
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where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].
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Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]
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(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)
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2
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fs·s̄
)
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1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].
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Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =
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where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].
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Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]
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More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]
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(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
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which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.
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Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
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, to
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From this we can obtain the hff coupling [12]:
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where we have used that m
W

(h) = gs
h

/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
hff

= gm
f

/(2m
W

). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
h

' 125 GeV and assuming that all fermions couple in the
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where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-
els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION EMBEDDINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector brake this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [2] and MCHM5 [3] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [4]:

cf =
1 + 2m� (1 + 2m + n)⇠p

1� ⇠
, (7)

where m, n are positive integers which depend on r.
The specific cases with m = 0, n = 1 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p

1� ⇠), where all
fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS and CMS, for
the parameters (a, c) and for a Higgs with mh = 125
GeV in fig. 2; we assume that no states, beside the
SM ones, contribute via loop-e↵ects to the hgg and
h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��

2 The loop-induced potential for the PNGBs is a function of
sin v/f and, without any fine-tuned cancellation, would nat-
urally induce v ⇡ f or v = 0.

¯̄
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FIG. 2: Best global fit for the parameters c and a, ob-
tained combining ATLAS, CMS and Tevatron; green, yel-
low and gray areas denote 68%,95%,99% C.L. contours for
mh = 125GeV; a flat prior in a 2 [0, 3] and c 2 [�3, 3] is
used. The lines denote predictions of a generic MCHM; dif-
ferent curves corresponds to di↵erent values of n = 0, ..., 5 in
Eq. (7) (m = 0), going downwards (n = 0, 1 correspond to
the MCHM4 and MCHM5). The red part of the curves is for
0 < ⇠ < 0.25 and the blue one for 0.25 < ⇠ < 1.

vertex (the fact that it is possible to have order 1
changes in this couplings, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of
this type do not exist yet in the literature (n = 4
would appear in models where the spurions connect-
ing SM fields and the strong sector transform as an
irreducible representation r 2 5⌦ 5⌦ 5⌦ 5 of SO(5))
and it would be interesting to see if realistic models
can be built.

As a final example, we consider the possibility of
coupling top and down-type (b and ⌧) fermions in dif-
ferent ways to the strong sector (models of this type
have been proposed, for instance, in refs.[6, 21]). We
show examples of this as dots in the ct, |cb| plane in
fig. 6 with ct =

p
1� ⇠ and cb = c⌧ = (1�2⇠)/

p
1� ⇠

(black dot) and with ct = (1 � 2⇠)/
p

1� ⇠ and
cb = c⌧ =

p
1� ⇠ (gray dot). Fig. 6 shows slices

of constant a: for this reason these models, which
map a curve in the 3D (a, cb, ct)-space, appear as
dots in the figure. Suppressed couplings to the bot-
tom, w.r.t. the top are preferred by the present trend
of data.
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to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.
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Depending on the type of Higgs (or impostor)
different predictions in this 7 dimensional parameter space  

3) MSSM Higgs with heavy spectrum: 2

portant impact on various SUSY scenarios. As has been
noted in recent literature, the likelihoods of the hinted
state near 125 GeV are concentrated around the decou-
pling limit (cf. [4]) where ↵ ! � � ⇡/2 and all couplings
take their SM values. Using current CMS results [2]
which provide data in fully exclusive modes, we demon-
strate this in Fig. 2 following the statistical method of
[5]; alternative statistical methods yield consistent re-
sults [4, 6]. We note, however, that slight deviations
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FIG. 2: Likelihoods drawn from Higgs searches at CMS.
All search channels are combined in the fit, and the Higgs
mass is chosen to correspond to the current observed peak at
125GeV. We assume that the Higgs decays only into Stan-
dard Model final states and that there are no new loop con-
tributions to Higgs couplings. The peak of the likelihood is
very close to the decoupling limit line.

from the decoupling line of Fig. 2 can amount to signif-
icant changes in the Yukawas. Examining the space of
the Yukawas is therefore important in its own right.

The preference for the decoupling limit can be more
clearly understood by examining the likelihood in the
couplings (a, cb, ct). In Fig. 3, the preference for the
decoupling limit is seen to arise due to a preference for
SM-like gauge coupling, with peak likelihoods at a � 0.9
greater by a factor ' 5 than those at a < 0.5. Such a
preference is dominated by the significant excess that is
currently reported in the �� final state [7]. This, how-
ever, is at odds with the WW/ZZ channels which prefer
suppression compared to SM. Because the combined data
prefer the gauge coupling to be as large as possible, the
decoupling limit is optimal unless additional contribu-
tions to the h ! �� width are included.

Also worth noting in Fig. 3 is that the likelihood peaks
near the SM point, but that there exists a shallow di-
rection into the down-suppressed region of Fig. 1. This
stems from the fact that the best fit point in �� occurs at
a = 1.35, cb = 1.1, ct = 0.65 while the likelihoods for the
V V channels peak near a = 0.4 with bottom couplings
substantially suppressed. This is further detailed by the
population counts and best fit points shown in Table I.
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FIG. 3: Likelihoods constructed in the three-dimensional
space of gauge and Yukawa couplings of the Higgs. The yel-
low (gray) plotted region corresponds to projecting a > 0.5
(a < 0.5). For tan� > 1, the MSSM is generally constrained
to region I (cf. Fig 1); top and bottom Yukawas currently
prefer region II which would require tan� < 1.

a values Up Supp. Down Supp. (ĉt, ĉb)

0  a < 0.2 2.0% 98.0% (1.6, 0.5)

0.2  a < 0.4 0% 100% (1.0, 0.28)

0.4  a < 0.6 4.5% 95.5% (1.0, 0.52)

0.6  a < 0.8 38.6% 61.4% (1.0, 0.77)

0.8  a  1 81.2% 18.8% (0.93, 1.0)

TABLE I: Populations and best fit points (ĉt, ĉb) for up and
down suppressed regions in the positive quadrant for five
ranges of gauge coupling. Populations are defined by requir-
ing the likelihood of points included in the count to satisfy
Pi � P̂ /5, with P̂ the peak likelihood in the specified region.

From this we conclude that if there are observable de-
viations in the fermion couplings from their SM values,
the data are now hinting that it will be in the down sup-
pressed region. As we will discuss in the next section,
this causes tension in the MSSM, which preferentially
populates the up-suppressed region when tan� > 1.

III. GENERAL TYPE-II 2HDM ANALYSIS

We now consider the fermion couplings that occur in
the general type-II 2HDM, identifying the conditions to
have down-suppression. For the MSSM at tree level, we
will find that it is impossible to have down-suppression
for tan� > 1 and gain insight on why at loop level, down-
suppression is pushed to a specific region of supersymme-
try breaking parameter space.
Before proceeding, we pause to remark on the strong

evidence from ancillary considerations that tan� > 1

arXiv:1206.1058
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Few very simple examples:

a ⌘ ghWW

gSM
hWW
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4) Dilaton  (that couples as the SM Higgs up to an overall factor) 
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Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm
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⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
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3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
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/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
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). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
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' 125 GeV and assuming that all fermions couple in the
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Conclusions

A lot of questions to address:
• Is it the SM Higgs?
• Are there indications for compositeness?
• Are there indications for mixing with other        
  Higgs (sharing the role of EWSB)?
• Is it an impostor?
• Does it decay invisibly?
•  ....

A new era has begun ...

Data is finally here to learn about EWSB



Thank you !

 "Sit down before fact as a little child,
 be prepared to give up every preconceived notion, 

follow humbly wherever and to whatever abysses nature leads, 
or you shall learn nothing"

Thomas Henry Huxley


