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SUMMARY

• Being the Higgs Boson
• Physics @ the Hadron Collider
• Unexpected:

- The Higgs boson width
- Lepton flavor violations?

• Unnatural: what is it ?
• Precursors
• Probing SUSY in the Higgs Sector
• Higgs boson as a PseudoGoldstone 
• Flavor Symmetry and Flavor Symmetry Breaking
• A new “light” vector boson?
• LHC @ 14 TeV and Beyond.
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1. Being the Higgs boson: couplings to the other 
particles

•With the Higgs boson we are probing a physics which is very different from 
the one we are used with the gauge interactions
•In lowest order, the couplings of H to other particles are related to the masses: 

•g(H-f fbar) ∝mf  (no e-µ universality !)
•g(H-VV ) ∝mV2 (coupling to the photon only in higher orders)

•large variations
•this is the signature of being the Higgs boson!
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• After all, this is the most 
important message: mass vs. 
coupling correlation for all 
known particles 
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Higgs Boson Summary (J. Ocariz @ Invisibles)
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•the b-b bar channel is one of the most interesting but also most elusive 
because of large background
•a strategy is to select for VH events
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2. Physics @ the Hadron Collider
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Higgs Production (Theory)                      Daniel de Florian 4

Higgs at Hadronic Colliders

H
x1

x2

h2

h1

a

b X

σ(p1, p2;MH) =
∑
a,b

∫ 1

0

dx1dx2 fh1,a(x1, µ
2

F ) fh2,b(x2, µ
2

F )×σ̂ab(x1p1, x2p2, αS(µ2

R);µ2

F )

perturbative partonic cross-section

non-perturbative parton distributions

d� =
X

ab

Z
dxa

Z
dxb fa(xa, µ

2
F )fb(xb, µ

2
F ) ⇥ d�̂ab(xa, xb, Q

2
,↵s(µ

2
R))

๏ Need precision for both PDFs and partonic cross sections

d�̂ = ↵n
s d�̂(0) + ↵n+1

s d�̂(1) + ...Partonic cross-section: expansion in ↵s(µ
2
R) ⌧ 1

xb

xa

+O(1/Q2)



ECFA. 29/01/01 Luciano Maiani 33

Higgs Boson at the LHC

• SM  Higgs boson can be discovered at  ≈  5 
σ  after ≈1 year of operation (10 fb-1/ 
experiment) for mH ≈ 150 GeV

• Discovery faster for larger masses
• Whole mass range can be excluded at 95% 

CL after  ~1 month of  running at 1033 cm-2 
s -1.

results are conservative:
  -- no k-factors
  -- simple cut-based analyses
  -- conservative assumptions on detector 

performance
  -- channels where background control is 

difficult  not included, e.g

LP2

WH→ lνbb

L  is  per experiment

F. Gianotti

5σ

Discovered by each expt

Discovered in the difficult region with 
20fb-1 for each expt. 
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Even Higher orders : N3LO

Baikov et al (2009)
Gehrmann et al (2010)
Lee, Smirnov, Smirnov (2010)

‣ Triple real emission

Anastasiou, Duhr, Dulat, Mistlberger (2013)

‣ 3 loop form factor

‣ 2 loop + single emission 

‣ Subtraction terms Höschele, Hoff, Pak, Steinhauser, Ueda (2013)
Buehler, Lazopoulos (2013)

‣ 1 loop + double emission 
Anastasiou, Duhr, Dulat, Herzog, Mistlberger, Furlan (2013);
Li, Manteuffel, Schabinger, Zhu (2013)

Duhr,  Gehrmann (2013); Li, Zu (2013);
Gehrmann, Jaquier, Glover, Koukoutsakis (2012);
Anastasiou, Duhr, Dulat, Herzog, Mistlberger; Kilgore (2013)

!
!

!
!

Contributions at N3LO

!
!

!
!

Contributions at N3LO

!
!

!
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Contributions at N3LO

threshold 
expansion
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ggF Higgs Cross-section  @ LHC

deF, Grazzini 

scale pdf + ↵S

�(mH = 125GeV) = 19.27+7.2%
�7.8%

+7.5%
�6.9% pb

Anastasiou et al (2008) ‣ Mixed EW-QCD effects evaluated in EFT approach 

Aglietti, Bonciani, Degrassi, Vicini (2004)
Degrassi, Maltoni (2004)

Actis, Passarino, Sturm, Uccirati (2008)
Djouadi, Gambino (1994)

‣  Two loop EW corrections not negligible ~ 5%

‣ NNLL Resummation (9% at 7 TeV) Catani, deF., Grazzini, Nason (2003)

‣ + Mass effects, Line-shape, interferences, ... Higgs Cross-Section WG

Higher
orders

LHC data and 
more observables

Goria, Passarino, Rosco (2012) 

Harlander, Kilgore (2002)
Anastasiou, Melnikov (2002) 
Ravindran, Smith, van Neerven (2003)

‣ NNLO

For RUN 2 higher TH accuracy needed

Main'Decay'and'ProducLon'Modes'

) µSignal strength (
-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s
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3. Unexpected 1: the width
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Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.

using the observables (mZ1, mZ2, ~W) for a given value of m4`, where ~W denotes the five angles
defined in Ref. [28]. The discriminant is built from the probabilities Pgg

tot and Pqq
bkg for an event to

originate from either the gg ! 4` or the qq ! 4` process. We use the matrix element likelihood
approach (MELA) [2, 29] for the probability computation using the MCFM matrix elements for
both gg ! 4` and qq ! 4` processes. The probability Pgg

tot for the gg ! 4` process includes
the signal (Pgg

sig), the background (Pgg
bkg), and their interference (Pgg

int), as introduced for the
discriminant computation in Ref. [37]. The discriminant is defined as

Dgg =
Pgg

tot

Pgg
tot + Pqq

bkg

=

2

41 +
Pqq

bkg

a ⇥ Pgg
sig +

p
a ⇥ Pgg

int + Pgg
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3

5
�1
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where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a
to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].
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Caola, MelnikovWidth measurement from off-shell
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ATLAS

SM assumptions on couplings (running)
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the off-shell behavior is reliable!
see K. Ellis @ Higgs Hunting 2014
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Unexpected 2: lepton flavor violation?

10

Livia Soffi BSM Searches - Higgs Hunting 2014 14

Results

BSM Searches - Higgs Hunting 2014

•  expected upper limit: B(H → μτ) < (0.75 ± 0.38)% 
•  observed upper limit: B(H → μτ) < 1.57% 
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slight excess of observed 
number of events

Best fit: B(H → μτ) = (0.89+0.40)%

Constraint on B(H → μτ) interpreted in 
terms of LFV Higgs Yukawa couplings

lunedì 21 luglio 2014
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4. Unnatural: what is it?

•The  Standard Theory is incomplete: missing parts imply mass scale >> W 
mass

-Gravity: regulated by the Planck mass MP=1/√GNewton = 1019 GeV
-Unification of the three gauge interactions of ST, Grand Unification mass MGUT = 1014 GeV

• How is it possible to have a low energy sector almost decoupled from the 
high energy scales?
• Spin 1/2 and 1 particles: in the zero mass limit a new symmetry is gained 
(chiral symmetry for spin 1/2, gauge symmetry for spin 1)
• higher order corrections to the mass do vanish in the limit where the bare 
mass vanishes 
• thus, e.g. for the electron mass: me(q2)=m0 Log(q2/MGUT ) and the large 
mass is locked into Logs.
•In the Standard Model, no increased symmetry is gained by letting the mass 
of the elementary scalar to vanish: ST is “unnatural” (‘t-Hooft, 1979).

11
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•Sometime unnaturalness of the Higgs is tyed to quadratic divergences 
and unnatural tuning between bare mass and rad corrections

•this is however not necessary: even in regularization schemes with no 
quad div (e.g. dimensional reg. or Lee-Wick ghosts) the large mass will 
end up into the finite corrections, unless a symmetry reason does not 
prevent it.

quadratic divergences

12

µ

2 = µ

2
0 +

↵

⇡

⇥ Cost⇥ ⇤2 + · · ·
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alternatives
•Low energy supersymmetry relates scalars and fermions, whose mass is 
protected by chiral symmetry, and reduces the cutoff scale to MSUSY, needed 
to be O(1TeV) for not too unnatural tuning, .... or
•No elementary scalars, the Higgs boson is composite by fermion fields, tied 
together by forces at a scale O(1 TeV), called generically Technicolor forces.
• H could be much lighter than the high energy strong interactions scale, if it 
is a would-be-Goldstone boson of some symmetry.
•New strong-interactions at high energy: not indicated by electroweak 
precision data (which are becoming high-precision data).
•The value found for the Higgs boson mass speaks in favour of SUSY
• but we should keep both options open...for the time being.
•Important: it is not a matter of a factor of 2 or 4... 
•The third option, which is becoming popular, is to ignore the problem...an 
anthropic solution? 

13

If this is the answer...what was the question? (Financial Times)
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5. Precursors

•Before finding the particles implied by SUSY or by the extra strong 
interactions at high energy, one should detect anomalous couplings of the 
Higgs particle to vectors and fermions; deviations at few percent levels 
could be seen;
•the pattern of couplings may be quite complicated, but some 
simplification may help to orient us 

14

present status is somewhat 
represented here:

  

Invisibles14, Paris        Higgs boson physics at the LHC            José Ocariz – LPNHE et Univ. Paris Diderot  18"

Fermionic vs. bosonic couplings 

A two-parameter benchmark model, under the following assumptions : 
•  One single modifier κV (κf) for all vector bosons (fermions) 
•  Only SM particles in the gg→H and H→γγ loops 
•  No BSM particles contributing to total width 

Destructive W- and top- mediated interference in H→γγ loops : 
H→γγ provides sensitivity to the relative sign of fermionic/bosonic couplings 
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Conclusion 

!  We’ve just started and there’s a long 
and exciting way to go: 
!  Go from O(10%) measurements to 

differential. 
!  Go from “seen” to O(%) measurements. 
!  Go from limits on rare things to 

observations. 
!  Reduce theory uncertainties. 
!  Explore the full potential of the LHC and 

its upgrades. 
 
!  All it takes is deviation to point 

us on the right way beyond the SM. 

@CMSexperiment @ICHEP2014 
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a.david@cern.ch 
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Higgs mediated processes recover calculability:

Back to the prediction era!
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small effects already expected,!
as EWPT (LEP1) put strong limits !

to the coupling hVV!
 since it affects the Z propagator:

(reduction of couplings)

A better perspective to understand how close to a SM Higgs: 

Conclusion 

!  We’ve just started and there’s a long 
and exciting way to go: 
!  Go from O(10%) measurements to 

differential. 
!  Go from “seen” to O(%) measurements. 
!  Go from limits on rare things to 

observations. 
!  Reduce theory uncertainties. 
!  Explore the full potential of the LHC and 

its upgrades. 
 
!  All it takes is deviation to point 

us on the right way beyond the SM. 

@CMSexperiment @ICHEP2014 

100 

a.david@cern.ch 

qualitative possible ranges !
before LHC Higgs data

!   H
ig

gs
 c

ou
pl

in
g MSSM light Higgs

A better perspective to understand how close to a SM Higgs: 

Looking for precursor 
signals in h decay:

strategy

A. Pomerol @ Higgs Hunting 2014
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• h, H mass matrix contains MZ, MA, tanβ , δ

•EW interactions control the quartic potential, hence MZ

•δ embodies the leading  radiative corrections related to the top-sector and summarizes 
all details and variations of the MSSM; 

•with Mh=125 GeV, we can obtain δ= δ(MA, tan β) and determine  all quantities in 
the Higgs sector as function of MA, tan β, or MH, tan β. 

6. Probing SUSY in the Higgs Sector

16

h0|H0
u|0i = v sin �; h0|H0

d |0i = v cos �; 0 < tan� < +1
v2

= (2

p
2GF )

�1
= (174 GeV)

2

Physical H bosons: h : 125 GeV
H, A, H± ???

•Two Higgs doublets required (Dimopoulos & Giorgi): Hu, Hd

L. Maiani, A.D. Polosa , V. Riquer,  New J. Phys. 14 (2012) 073029.:

Recent work:
P.Giardino, et al.arXiv:1303.3570 [hep-ph];
A.Djouadi, J.Quevillon,arXiv:1304.1787 [hep-ph];
NMSSM model:
G.~Belanger et al., JHEP 1301(2013) 069;
R.Barbieri, et al., arXiv:1304.3670 [hep-ph];
Two Higgs Doublets:
B.Grinstein,P.Uttayarat,arXiv:1304.0028 [hep-ph];
O.~Eberhardt et al., arXiv:1305.1649 [hep-ph].

 ORSAY-ROMA Collab.: A. Djouadi, L. Maiani, G. Moreau, A. Polosa, J. Quevillon1 , V. Riquer, EPJ C in press, arXiv: 1307.5205
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http://arxiv.org/abs/1307.5205
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Checks A. Djouadi et al.
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where we stand: MSSM

19

Relevant plane for susy Higgs couplings:

from arXiv:1212.524

✶
SM

(data before Moriond 13)
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Figure 2. Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops
and no mixing, taking mh = 125GeV, showing contours of constant mA (solid blue) and tan�
(dashed), obtained from the exact expressions of eqs. (B.14), (B.15) of appendix B. Also shown are
the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by a global fit of the most recent
LHC Higgs data, as explained in appendix A, neglecting loop contributions to the hgg and h��

couplings. The dashed red lines show the approximate results of eq. (3.10) for mH = 300, 500GeV.

the EW scale through loop e↵ects and push the MSSM into fine-tuning territory [51].

Ignoring for a moment this tension, we can assume these loop contributions to be uniquely

responsible for the large value of the Higgs mass, and write the deviations of cb,t induced

by loop e↵ects eq. (3.9) together with the ones from the tree-level potential eq. (3.3), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (3.10)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in

cb (ct) are always positive (negaitive), as already observed in ref. [19]. For large tan� the

deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (3.11)

We can compare these results with the exact ones of figure 2, which shows the intuitive

(cb, ct)-plane mentioned above, and compares these theoretical expectations with the most

– 6 –

Higgs coupling measurements are already !
ruling out susy-parameter space

8 HIGGS PORTAL TO DARK MATTER 12
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b, bττ, ZZ*, WW*, γγ →Combined h 
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

κV ≪ κu,κd  
(not needed in the fit)

A. Pomerol @ Higgs Hunting 2014
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7. Higgs Boson as a PseudoGoldstone

 A simple example:
•Technicolor forces are symmetric under O(5)
•O(5) breaks sontaneously to O(4)=SU(2)L ⊗SU(2) R

•4 Goldstone Bosons = complex doublet under SU(2)L ⊗U(1)
•EW interactions break O(5) -> O(4) in a different direction and generate 
a potential for T45: 3 GBs give mass to W and Z and the 4th field is the, 
naturally light, Higgs boson.

20

The Minimal composite Higgs model 
K.Agashe, R. Contino, A. Pomarol,  Nucl.Phys. B719 (2005) 165.

• O(5) generators= 5x5, real, antisymmetric matrices=Tij=-Tji

• O(4) generators= Tij, i, j, = 1,..4
• broken O(5) generators correspond to T5j , j=1,..4, a vector under 
O(4) and a (1/2,1/2) under SU(2)L ⊗SU(2) R 
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A	  strong	  dynamics	  at	  the	  scale	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  can	  provide	  a	  solu2on	  to	  

the	  Hierarchy	  problem:	  	  in	  Composite	  Higgs	  models,	  the	  Higgs	  arises	  as	  a	  

NGB,	  with	  an	  induced	  mass	  protected	  from	  large	  quantum	  correc2ons.

⇤s ⇠ O(TeV)

In	  CH	  models,	  the	  resonance	  corresponds	  to	  a	  composite	  object,	  singlet	  

under	  SM	  symmetries:	  light	  CP-‐even	  singlet	  scalar	  h

	   The	  Lagrangian	  can	  be	  wriHen	  in	  terms	  of	  these	  building	  blocks:

U(x) = e

i�a⇡
a(x)/v h

	  	  	  	  	  	  	  	  	  	  is	  a	  2x2	  adimensional	  matrix.	  This	  leads	  to	  a	  fundamental	  
difference	  between	  the	  linear	  and	  chiral	  Lagrangians:
U(x)

The	   	   	   	   	   	   	   	   	   	   	  matrix	  is	  adimensional	  
and	  any	   its	  extra	   inser2ons	  do	  not	  
lead	  to	  any	  suppression

U(x)

Linear	  Lagrangian
The	  GBs	  are	  in	  the	  Higgs	  doublet
	  	  	  	  	  has	  dimension	  1	  in	  mass
d=4+n	  operators	  are	  suppressed	  
by	  ⇤n

NP

�
�

Chiral	  Lagrangian

Higgs particle = would be Goldstone Boson ?
Luca Merlo@Moriond 2014
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new Higgs couplings in the AL basis, and new operators with derivatives of h
Fi(h) ⌘ g(h, f)

PB(h) = �g02

4
Bµ⌫B

µ⌫FB(h) P12(h) = g2(Tr(TWµ⌫))
2F12(h)

PW (h) = �g2

4
W a

µ⌫W
aµ⌫FW (h) P13(h) = igTr(TWµ⌫)Tr(T[Vµ,V⌫ ])F13(h)

PG(h) = �g2s
4
Ga

µ⌫G
aµ⌫FG(h) P14(h) = g"µ⌫⇢�Tr(TVµ)Tr(V⌫W⇢�)F14(h)

PC(h) = �v2

4
Tr(VµVµ)FC(h) P15(h) = Tr(TDµV

µ)Tr(TD⌫V
⌫)F15(h)

PT (h) =
v2

4
Tr(TVµ)Tr(TVµ)FT (h) P16(h) = Tr([T,V⌫ ]DµV

µ)Tr(TV⌫)F16(h)

P1(h) = gg0Bµ⌫Tr(TWµ⌫)F1(h) P17(h) = igTr(TWµ⌫)Tr(TVµ)@⌫F17(h)

P2(h) = ig0Bµ⌫Tr(T[Vµ,V⌫ ])F2(h) P18(h) = Tr(T[Vµ,V⌫ ])Tr(TVµ)@⌫F18(h)

P3(h) = igTr(Wµ⌫ [V
µ,V⌫ ])F3(h) P19(h) = Tr(TDµV

µ)Tr(TV⌫)@
⌫F19(h)

P4(h) = ig0Bµ⌫Tr(TVµ)@⌫F4(h) P20(h) = Tr(VµV
µ)@⌫F20(h)@

⌫F 0
20(h)

P5(h) = igTr(Wµ⌫V
µ)@⌫F5(h) P21(h) = (Tr(TVµ))

2@⌫F21(h)@
⌫F 0

21(h)

P6(h) = (Tr(VµV
µ))2F6(h) P22(h) = Tr(TVµ)Tr(TV⌫)@

µF22(h)@
⌫F 0

22(h)

P7(h) = Tr(VµV
µ)@⌫@

⌫F7(h) P23(h) = Tr(VµV
µ)(Tr(TV⌫))

2F23(h)

P8(h) = Tr(VµV⌫)@
µF8(h)@

⌫F 0
8(h) P24(h) = Tr(VµV⌫)Tr(TVµ)Tr(TV⌫)F24(h)

P9(h) = Tr((DµV
µ)2)F9(h) P25(h) = (Tr(TVµ))

2@⌫@
⌫F25(h)

P10(h) = Tr(V⌫DµV
µ)@⌫F10(h) P26(h) = (Tr(TVµ)Tr(TV⌫))

2F26(h)

P11(h) = (Tr(VµV⌫))
2F11(h)

31 parameters Luca Merlo@Moriond 2014
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from, e.g., Montull,Riva !
arXiv:1207.1716
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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

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
L,R

, to

Le↵ ' f̄
L

M f

1 (0)fRs
1+2m
h

cn
h

+ h.c. ⌘ f̄
L

f
R

m
f

(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
hff

gSM
hff

=
2m

W

(h)

gm
f

(h)

@m
f

(h)

@h
=

1 + 2m� (1 + 2m+ n)⇠p
1� ⇠

, (45)

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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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
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, 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
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
L,R

, to

Le↵ ' f̄
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M f

1 (0)fRs
1+2m
h

cn
h

+ h.c. ⌘ f̄
L

f
R

m
f

(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
hff

gSM
hff

=
2m

W

(h)

gm
f

(h)

@m
f

(h)

@h
=

1 + 2m� (1 + 2m+ n)⇠p
1� ⇠

, (45)

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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ATLAS+CMS:

arXiv:1303.1812

getting into the !
interesting region

A first look: Composite PseudoGoldstone Higgs

23

Couplings dictated by symmetries (as in the QCD chiral Lagrangian)  
Giudice,Grojean,AP,Rattazzi 07

ghWW

gSMhWW

=

s

1� v2

f2

ghff
gSMhff

=
1� (1 + n) v

2

f2

q
1� v2

f2

n = 0, 1, 2, ...

small deviations on the h!!(gg)-coupling due to the 
Goldstone nature of the Higgs

Composite PGB Higgs couplings 

AP,Riva 12

 = Decay-constant of the PGB Higgsf

(model dependent but expected f ~ v)

MCHM4 MCHM5

⇠  0.1 from EW precision tests

A. Pomerol @ Higgs Hunting 2014
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Figure 1: ��2
Higgs dependence on the coe�cients of the seven bosonic operators in Eq. (4.27)

from the analysis of all Higgs collider (ATLAS, CMS and Tevatron) data. In each panel, we
marginalized over the five undisplayed variables. The six upper (lower) panels corresponds
to analysis with set A (B). In each panel the red solid (blue dotted) line stands for the
analysis with the discrete parameter sY = +(�).

Now, let us focus on the constraints on ⇠�weighted operators stemming from the
presently available Higgs data on HVV couplings. There are seven bosonic operators in

25

Figure 1: ��2
Higgs dependence on the coe�cients of the seven bosonic operators in Eq. (4.27)

from the analysis of all Higgs collider (ATLAS, CMS and Tevatron) data. In each panel, we
marginalized over the five undisplayed variables. The six upper (lower) panels corresponds
to analysis with set A (B). In each panel the red solid (blue dotted) line stands for the
analysis with the discrete parameter sY = +(�).

Now, let us focus on the constraints on ⇠�weighted operators stemming from the
presently available Higgs data on HVV couplings. There are seven bosonic operators in
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Data: Tevatron D0 and CDF Collaborations and LHC, CMS, 
and ATLAS Collaborations at 7 TeV and 8 TeV for final states 
γγ, W+W−, ZZ, Zγ, b ̄b, and ττ ̄

this category 16

PG(h) , P4(h) , P5(h) , PB(h) , PW (h) , PH(h) , PC(h). (4.27)

To perform a seven-parameter fit to the present Higgs data is technically beyond the scope
of this paper and we will consider sets of “only” six of them simultaneously. We are
presenting below two such analysis. Leaving out a di↵erent coupling in each set. In the
first one, A, we will neglect PC(h) and in the second one, B, we will link its contribution
to that of PH(h), so the 6 parameters in each set read:

Set A : aG , a4 , a5 , aB , aW , cH , 2aC � cC = 0 , (4.28)

Set B : aG , a4 , a5 , aB , aW , cH = 2aC � cC . (4.29)

For both sets we will explore the sensitivity of the results to the sign of the h-fermion
couplings by performing analysis with both values of the discrete parameter sY = ±.

As mentioned above, PH(h) and PC(h) induce a universal shift to the SM-like HVV
couplings involving electroweak gauge bosons, see Eq. (FR.15) and (FR.17), while PH(h)
also induces a universal shift to the Yukawa Higgs-fermion couplings, see Eq. (FR.32). In
consequence, the two sets above correspond to the case in which the shift of the Yukawa
Higgs-fermion couplings is totally unrelated to the modification of the HVV couplings
involving electroweak bosons (set B), and to the case in which the shift of SM-like HVV
couplings involving electroweak bosons and to the Yukawa Higgs-fermion couplings are the
same (set A). In both sets we keep all other five operators which induce modifications
of the HVV, couplings with di↵erent Lorentz structures than those of the SM as well as
tree-level contributions to the loop-induced vertices h��, h�Z and hgg.

Notice also that a combination of PH(h) and PC(h) can be traded via the EOM (see
third line in Eq. (A.11)) by that of fermion-Higgs couplings Pf,↵�(h) plus that of other
operators already present in the six-dimensional gauge-h set analyzed. So our choice allows
us to stay close to the spirit of this work (past and future data confronting directly the
gauge and gauge-h sector), while performing a powerful six-dimensional exploration of
possible correlations.

Technically, in order to obtain the present constraints on the coe�cients of the bosonic
operators listed in Eqs. (4.28) and (4.29) we perform a chi–square test using the available
data on the signal strengths (µ). We took into account data from Tevatron D0 and CDF
Collaborations and from LHC, CMS, and ATLAS Collaborations at 7 TeV and 8 TeV for
final states ��, W+W�, ZZ Z�, bb̄, and ⌧ ⌧̄ [104–117]. For CMS and ATLAS data, the
included results on W+W�, ZZ and Z� correspond to leptonic final states, while for ��
all the di↵erent categories are included which in total accounts for 56 data points. We refer
the reader to Refs. [9, 78] for details of the Higgs data analysis.

The results of the analysis are presented in Fig. 1 which displays the chi–square (��2
Higgs)

dependence from the analysis of the Higgs data on the six bosonic couplings for the two
sets A and B of operators and for the two values of the discrete parameter sY = ±. In

16 In present Higgs data analysis, the higgs state is on-shell and in this case �g(4)HV V can be recasted

as a m2
H correction to �g(3)HV V . Thus the contribution from c7, i.e. the coe�cient of P7(h) to the Higgs

observables, can be reabsorved in a redefinition of 2aC � cC .
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HVV ≠ Hff
HVV = Hff

|χ2min,A − χ2min,B| < 0.5

Fit by B. Gavela and coll.; Luca Merlo@Moriond 2014
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•The symmetry group commuting with the ST gauge group, for three 
generations, is:

Chivukula& Georgi, no right-handed neutrinos, or:

to trigger see-saw. 
•O(3) is the maximal symmetry with three generations of right-handed 
neutrinos, N, endowed with a degenerate, Majorana mass, M.
•a set of Yukawa couplings break the symmetry, providing masses to all 
particles:

•Yν are not particularly suppressed for very small ν masses:

8. Flavor Symmetry and (Minimal) Flavor Symmetry 
Breaking

25

SU(3)QL ⌦ SU(3)UR ⌦ SU(3)DR ⌦ SU(3)`L ⌦ SU(3)ER

SU(3)QL ⌦ SU(3)UR ⌦ SU(3)DR ⌦ SU(3)`L ⌦ SU(3)ER ⌦O(3)

ma = Ya < H >, a = U, D, E

m⌫ =< H >2 Y T
⌫ Y⌫

M

|Y⌫ | ⇠
r

m⌫M

< H >2
⇠ normal coupling
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•Ys must appear in all Flavor Violating effective lagrangians arising from the 
heavy particles from New Physics (Technicolor or SUSY), in such a way as to 
make the effective lagrangian to be symmetric under the Flavor Group (see G. 
Isidori’s talk);
•MFV is very effective in reducing the lower bounds to the scale of New 
Physics, obtained from the non observed deviations from ST in flavor 
changing neutral current effects (an extension of the GIM mechanism):

•Λ is further reduced if effects come from 1-loop diagrams, a factor of g2 in 
the numerator

Minimal Flavor Violation for quarks

26

Leff =
1
⇤2

(s̄L�µdL)2 ! 1
⇤2

⇣
Q̄LYUY †

U�µQL

⌘2

Operator Bounds on ⇤ in TeV (cNP = 1) Observables
Re Im

(s̄L�µdL)2 9.8⇥ 102 1.6⇥ 104 �mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 104 3.2⇥ 105 �mK ; ✏K

Table 1:

Operator Bound on ⇤ Observables
1
2 (Q̄LYuY †

u �µQL)2 5.9 TeV ✏K , �mBd , �mBs

Table 1:
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The scale of the Flavor Symmetry Breaking

•For the particles of the ST, but neutrinos, the scale of symmetry breaking 
is given by Y<H> ;
•Y may be “universal”, but I find it unlikely that the same <H> will 
convert Y into GeV;
•the more so if Y=<S> with S a completely new field: this is indicated as 
dynamical Yukawa couplings.
• In Technicolor (Chivukula and Georgi), Y ∝ preon masses/V, V some 
new scale;  
•if so in SUSY, and the scale of FSB is of the order of MSUSY, s-quarks 
and s-leptons of different flavor could be not so degerate as normally 
expected
•and lepton flavor violation not so far !!!

27
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•In a recent paper we have assumed that Yukawa couplings are VEV’s of scalar 
fields, determined by a minumum principle 

•a natural solution is found for neutrinos, with large mixing angles and 
degenerate masses
•the solution, including diagonal masses for charged leptons, admits a conserved 
charge (with respect to the lepton flavor group                                        )                       

•gauging the flavor symmetry we would be left with one massless vector boson, 
Z’, coupled to the conserved current 

•One may assume that small perturbations to remove the neutrino degeneracies, 
will be able to give the Z’ a mass, which may be much smaller than the general 
mass scale of flavons.
•A“light” Z’ coupled to Lµ-Lτ, was proposed, on different grounds, by several 
authors, see J. Heeck and W. Rodejohann, 2011. 

10. A new “light” vector boson?
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Q
cons

= �0
3 � 1� 1 + 1� �0

3 � 1 + 1� 1� �7

�0
3 = diag(0, 1,�1)

J� =
h
¯̀(µ)
L ��`(µ)

L + µ̄R��µR

i
� [µ! ⌧ ] + NT �0���7N

J. Heeck and W. Rodejohann, Phys. Rev. D 84 (2011) 075007 [arXiv:1107.5238].

SU(3)`L ⌦ SU(3)ER ⌦O(3)

R. Alonso, M. B. Gavela, G. Isidori and L. Maiani, JHEP 1311 (2013) 187
[arXiv:1306.5927 [hep-ph]].
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Z’ coupled to Lµ-Lτ
•explains discrepancy in the muon g-2 if: M/g ∼ 200 GeV
•not directly coupled to electron or quarks, would be produced by final 
state muons at LEP and LHC:
•limits from LEP, M>50 GeV
•cross section at LHC:

29

Computed with g=1, scales like g2

σ∼(1-10) x g2 fb
(from Heeck and W. Rodejohann, 2011)

You have to find a line in the plot of the 
dimuon masses: low vs. high, and fight 
against the Z background 

Yesterday sensation is the signal of today and the background of tomorrow
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•Numbers and types of MSSM 
particles discovered, for 
representative regions of SUSY 
parameters
•LHC: Ecm=14 TeV ; integrated 
luminosity =100 fb-1

2004

SUSY PARTICLES

LHC

•with a little luck we could be 
able to see the tail...

LHC @ 14 TeV And Beyond


