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–Henri Poincaré’s letter of recommendation for  
A. Einstein, 1911

“I do not mean to say that all these anticipations 
will withstand the test of experiment on the day 
such a test would become possible. Since he 

seeks in all directions one must, on the contrary, 
expect most of the trails which he pursues to be 

blind alleys.  
!

…



But one must hope at the same time that one of 
the directions he has indicated may be the right 
one, and that is enough. This is indeed how one 

should proceed. The role of mathematical 
physics is to ask the right questions, and 

experiment alone can resolve them. ” 

–Henri Poincaré’s letter of recommendation for  
A. Einstein, 1911
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Legacy of run1 LHC
Best Run I LHC legacy: 

It is the Higgs !
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strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
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In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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Which one is the Brout impostor?
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fermion 
masses	


& mixings



Quark and lepton mass 
hierarchy



Masses on a log scale
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Compare to:   gs ~1,  g ~ 0.6,  g’ ~ 0.3,  	


λHiggs ~ 1/8



Analog to mysterious spectral lines before QM	


!

!

!

!

!

!

Explained by Bohr	


!

!

Is there an analogue to the Bohr atom, we might 
discover at the LHC?	



ratios

analogy with the spectrum of hydrogen lines before Bohr�
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Flavor dynamics @ 
LHC ?!

!

Exciting possibility	


!

1) Lack of scale	


!

!

!

!

2) Very strong constraints from flavor physics: 	


Generic flavor dynamics >> 100 TeV	



L
flavor

= [Y U ]ij Q̄iHcuj + . . .

dim            0 +   3/2+1+3/2 = 4

TeV? 103 TeV? 1016 GeV?



Top as a destabilizing 
agent
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What happens at              ? Focus on λ, |�| � v

Quantum fluctuations change potential

µ2 ⌧ |�|2



     v

At large field values:

Veff

|ϕ|

Stability and metastability bounds

Cabibbo, Maiani, Parisi, Petronzio, '79; 

Hung '79; Lindner 86; Sher '89; ....

A too-light m
h
 could imply an 

unstable Higgs potential → need for NP
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obtained by the high-energy behavior of the Higgs potential:
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at large energies 

G. Isidori –  Interpreting the “Higgs-mass oracle”            SUSY 2013, ICTP-Trieste, August 2013
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Unlikely the full story,	


assumes nothing but 
SM up to the Planck 
scale … 	
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LHCP 2013 -  Barcelona 12-18 May 2013 Fabio Maltoni

The pole mass corresponds to our physical intuition of a stable particle (pole = propagation of 
particle, though a quark doesn’t usually really propagate -- hadronisation!) however,  it can never be 
determined with accuracy better than ΛQCD.

THE TOP MASS

7

The pole mass is closer to what we measure at colliders through invariant mass of the top decay 
products. The ambiguities in that case are explicitly seen in the modeling of extra radiation, the color 
connect effects and hadronization. 

It can be connected to a short distance mass perturbatively (modulo non-perturbative corrections!!):

Friday 17 May 2013

mexp = mpole

t + ?

• Top mass precision very important, 
convergence of theory and experiment 
crucial. Pole mass vs. …  Conservative th. error given the size 

of the shifts from NLO to NNLO: 

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

Absolute stability:

2.0
1.0

Degrassi et al. '12

The running of λ

Reliability of this th. 
error estimate fully 
confirmed by complete 
2-loop threshold corr.

Buttazzo et al. '13
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If metastable: How did we end up	


in the energetically disfavoured vacuum?

You are here?!

4
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FIG. 3: Schematic of the effective potential Veff as a function
of the Higgs field h. This is not drawn to scale; for a Higgs
mass in the range indicated by LHC data, the heirarchy is
vEW ≪ E∗

≪ MPl, where each of these 3 energy scales is
separated by several orders of magnitude.

in Fig. 3. The plot is not drawn to scale; the 3 energy
scales satisfy the hierarchy vEW ≪ E∗ ≪ MPl for a Higgs
mass as indicated by LHC data mH ∼ 125 − 126GeV.
Note that the local maximum in the potential occurs at
a field value that is necessarily very close to E∗ (only
slightly smaller) and so we shall discuss these 2 field val-
ues interchangeably.
In this situation, the electroweak vacuum is only meta-

stable. Its quantum mechanical tunneling rate can be es-
timated by Euclideanizing the action and computing the
associated bounce action S0. This leads to the following
probability of decaying in time TU through a bubble of
size R [13]

p ∼ (TU/R)4e−S0. (6)

The computation of the rate is rather involved, and we
shall not pursue the details here. Suffice to say that for
the central values of Higgs mass and top mass from LHC
data, it is found that the lifetime of the electroweak vac-
uum is longer than the present age of the universe [14, 15].
It is conceivable that it is an acceptable situation for

the electroweak vacuum to be meta-stable. However, here
we would like to present an argument that such a situ-
ation is statistically disfavorable. We imagine that in
the very early universe, the Higgs field was randomly

distributed in space. For instance, during cosmological
inflation the Higgs field could have been frozen at some
value as the universe rapidly expands (if high scale in-
flation) until after inflation when the field will oscillate
and its initial value could plausibly have been random
and uniformly distributed. If this is the case, then what
is the probability that the Higgs field began in the meta-
stable region h ! E∗, rather than the unstable region
h " E∗? The answer depends on the allowed domain the
Higgs can explore. Here we estimate the allowed domain
to be Planckian, i.e., 0 < h < MPl, but our argument
only depends on the upper value being much larger than
E∗. Naively, this would lead to a probability ∼ E∗/MPl,
however we should recall that the Higgs is a complex
doublet, composed of 4 real scalars, and each one would
need to satisfy h ! E∗ in the early universe to be in the
meta-stable region. Hence, we estimate the probability
as

Prob (Higgs begins in meta-stable region) ∼
(

E∗

MPl

)4

.

(7)
For instance, for mH ≈ 125.5GeV and mt = 173.1GeV,
we have E∗ ∼ 1011 GeV, leading to a probability ∼
(1011 GeV/1019GeV)4 = 10−32, which indicates that the
chance of randomly landing in the meta-stable region in
the early universe is exceedingly unlikely. Instead it is
far more likely to land in the unstable region indicated
in Fig. 3. Here the effective potential is negative leading
to a catastrophic runaway instability, perhaps to a new
VEV that is close to Planckian. This would in turn lead
to a plethora of problems for the formation of complex
structures, etc, so we can safely assume such a regime is
uninhabitable and irrelevant. This leads us to examine
a scenario in which new physics enters and removes this
problem.

IV. PECCEI-QUINN DYNAMICS AND
DISTRIBUTION

One of the phenomenological reasons for new physics
beyond the Standard Model is the fine tuning of the CP
violating term in the QCD Lagrangian. The following
dimension 4 operator is gauge invariant and Lorentz in-
variant and should be included in the QCD Lagrangian
with a dimensionless coefficient θ

∆L =
θ

32π2
ϵµναβF a

µνF
a
αβ . (8)

From bounds on the electric dipole moment of the neu-
tron, this term is experimentally constrained to satisfy
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The charge distribution, the electromagnetic field and
the self-energy of an electron are investigated. It is found
that;, as a result of Dirac's positron theory, the charge and
the magnetic dipole of the electron are extended over a
finite region„' the contributions of the spin and of the
fluctuations of the radiation field to the self-energy are
analyzed, and the reasons that the self-energy is only

logarithmically infinite in positron theory are given. It is
proved that the latter result holds to every approximation
in an expansion of the self-energy in powers of e'/hc. The
self-energy of charged particles obeying Bose statistics is
found to be quadratically divergent. Some evidence is
given that the "critical length" of positron theory is as
small as h/(mc) exp (—hc/e').

I. INTRODUCTION AND DISCUSSIONS OF
RESULTS

~ 'HE self-energy of the electron is its total
energy in free space when isolated from

other particles or light quanta. It is given by the
expression

W= T+ (l./87t) ~"(H'+8')dr.

Here T is the kinetic energy of the electron; II
and E are the magnetic and electric field
strengths. In classical electrodynamics the self-
energy of an electron of radius e at rest and
without spin is given by W mc'+e'/a and con-
sists solely of the energy of the rest mass and of
its electrostatic field. This expression diverges
linearly for an infinitely small radius. If the
electron is in motion, other terms appear repre-
senting the energy produced by the magnetic
field of the moving electron. These terms, of
course, can be obtained by a Lorentz transforma-
tion of the former expression.
The quantum theory of the electron has put

the problem of the self-energy in a critical state.
There are three reasons for this:
(a) Quantum kinematics shows that the radius

of the electron must be assumed to be zero. It is
easily proved that the product of the charge
densities at two different points, p(r —(/2)
Xp(r+(/2), is a delta-function e'8($). In other
words: if one electron alone is present, the
probability of finding a charge density simultane-
ously at two different points is zero for every.
finite distance between the points. Thus the
energy of the electrostatic field is infinite as

W,&——lim~, D~e'/a.

72

(b) The quantum theory of the relativistic
electron attributes a magnetic moment to the
electron, so that an electron at rest is surrounded
by a magnetic held. The energy

U „=(1/8~) tH'dr

of this field is computed in Section III and the
result is

U „=e'h'/(6s. m'c'a').
This corresponds to the field energy of a magnetic
dipole of the moment eh/2mc which is spread
over a volume of the dimensions a. The spin,
however, does not only produce a magnetic field,
it also gives rise to an alternating electric field.
The closer analysis of the Dirac wave equation
has shown' that the magnetic moment of the spin
is produced by an irregular circular Auctuation
movement (Zitterbewegung) of the electron
which is superimposed to the translatory motion.
The instantaneous value of the velocity is always
found to be c. It must be expected that this mo-
tion will also create an alternating electric field.
The existence of this field is demonstrated in
Section III by the computation of the expression

U, i——(I/Ss) t Z, 'dr.

There Z, is the solenoidal part (div. Z, =0) of the
electric field strength created by the electron.
The fact that the above expression does not
vanish for an electron at rest proves the existence
i E. Schroedinger, Berl. Ber. 1930, 418 (1930),
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property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get

�m2
h
=

dm2
h

d log µ̄
=

3m2
h

8⇡2

⇣
2�+ y2

t � 3g2

4
� g02

4

⌘
, (2.19)

i.e. the running of the mass parameter m2
h is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get

�m2
h = Re ⇧hh|p2=m2

h
=

y2

2(4⇡)2
Re

⇥
�✏ + (m2

h � 4M2)B0(mh;M,M) � 2A0(M)
⇤

=
y2

2(4⇡)2

⇣
�✏ + (6M2 � m2

h) log
m2

h

µ̄2
+ f(mh,M)

⌘
, (2.20)

where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h,M
2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

(SM)

The hierarchy problem
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
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property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
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pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
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we get
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h,M
2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

SM + heavy Dirac fermion of mass M >> mh and yukawa y
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h,M
2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

2.3. The hierarchy problem: is Nature natural? 11

together with the divergence in a suitable renormalization scheme – anyway it drops
out from mass di↵erences between di↵erent scales. The logarithm, on the other hand,
contributes to the beta function of the running Higgs mass as

�m2
h
=

dm2
h(µ̄)

d log µ̄
=

y2

(4⇡)2
(m2

h � 6M2) + · · · . (2.21)

The renormalization group running thus generates a mass term mh ⇡ M2, even if one
sets this term to zero at a given scale, if the running is done over a su�ciently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ⇤NP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ⇤NP and ⇤SM then reads

m2
h(⇤SM) ' m2

h(⇤NP) � #⇤2
NP log

⇤NP

⇤SM
. (2.22)

where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ⇤NP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ⇤NP.

This can better be formalized in terms of the amount of fine-tuning

� =
d logm2

h(⇤NP)

d logm2
h(⇤SM)

/ ⇤2
NP

m2
h(⇤SM)

, (2.23)

which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ⇤NP to be, say, of the order of the Planck scale, then we get � ⇠ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(⇤NP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.

A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an e↵ective field theory (EFT), valid up to the maximum energy scale ⇤NP. Its La-
grangian can then be written in the form

LSM,e↵ =
X

i

Ci(µ̄)⇤
4�di
NP Oi, (2.24)

where the Oi are operators of dimension di and Ci(µ̄) are their Wilson coe�cients, which
in an e↵ective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor ⇤2

NP. If the cut-o↵ scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coe�cient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-o↵ in (2.24) seems to be preferred by the experimental
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
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and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h,M
2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

SM + heavy Dirac fermion of mass M >> mh and yukawa y
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get
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i.e. the running of the mass parameter m2
h is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get
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together with the divergence in a suitable renormalization scheme – anyway it drops
out from mass di↵erences between di↵erent scales. The logarithm, on the other hand,
contributes to the beta function of the running Higgs mass as
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h � 6M2) + · · · . (2.21)

The renormalization group running thus generates a mass term mh ⇡ M2, even if one
sets this term to zero at a given scale, if the running is done over a su�ciently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ⇤NP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ⇤NP and ⇤SM then reads

m2
h(⇤SM) ' m2

h(⇤NP) � #⇤2
NP log

⇤NP

⇤SM
. (2.22)

where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ⇤NP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ⇤NP.

This can better be formalized in terms of the amount of fine-tuning

� =
d logm2

h(⇤NP)

d logm2
h(⇤SM)

/ ⇤2
NP

m2
h(⇤SM)

, (2.23)

which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ⇤NP to be, say, of the order of the Planck scale, then we get � ⇠ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(⇤NP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.

A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an e↵ective field theory (EFT), valid up to the maximum energy scale ⇤NP. Its La-
grangian can then be written in the form

LSM,e↵ =
X

i

Ci(µ̄)⇤
4�di
NP Oi, (2.24)

where the Oi are operators of dimension di and Ci(µ̄) are their Wilson coe�cients, which
in an e↵ective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor ⇤2

NP. If the cut-o↵ scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coe�cient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-o↵ in (2.24) seems to be preferred by the experimental
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Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

Λ:  cut-off,  limit of validity of theory
scale at which new physics enters

Monday, August 6, 12

m2
h(physical) = m2

h(bare) +
X

i

ai⇤
2

+ +x

bare

+

http://arxiv.org/pdf/1307.7879v2.pdf


GeV2⇤ = 1TeV



GeV2⇤ = 10TeV



+

t NP

⇡ 0

T 0, t̃, . . .

h

h
h h h

g

g
Higgs precision properties expected to change



OH = 1
2
(@µ|H|2)2

OT = 1
2

⇣
H†

$
DµH

⌘2

O6 = �|H|6

OW = ig
2

⇣
H†�a

$
DµH

⌘
D⌫W a

µ⌫

OB = ig0

2

⇣
H†

$
DµH

⌘
@⌫Bµ⌫

OBB = g02|H|2Bµ⌫Bµ⌫

OGG = g2s |H|2GA
µ⌫G

Aµ⌫

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫

OHB = ig0(DµH)†(D⌫H)Bµ⌫

O3W = 1
3!
g✏abcW a ⌫

µ W b
⌫⇢W

c ⇢µ

Oyu = yu|H|2Q̄L
eHuR Oyd = yd|H|2Q̄LHdR Oye = ye|H|2L̄LHeR

Ou
R = (iH†

$
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Table 1: Set of CP-even dimension-6 operators that defines our basis. We are including only

the four-fermion operators that a↵ect our observables. We omit dipole operators for fermions

and Oud
R = y†uyd(iH̃

†
$
DµH)(ūR�µdR) since they are suppressed by light fermion Yukawas under

the MFV assumption. Also O3G is not included since it does not enter in our observables.

The complete set of operators can be found in Ref. [1].

where we have defined c±V = (cW ± cB)/2, and omitted the orthogonal combination OW �OB

that is not relevant here. Notice that, instead of a common suppression scale ⇤, we are

suppressing the operators of Eq. (1) by the weak scale, either mW or v, meaning that we
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characterize the dominant contributions to the W/Z propagators [13, 14].

Our fits for electroweak observables are performed using a �2 analysis; the experimental
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Ŝ = 2c+V , T̂ = cT , (3)

characterize the dominant contributions to the W/Z propagators [13, 14].

Our fits for electroweak observables are performed using a �2 analysis; the experimental

data including correlations, are taken from Refs. [15,16], while the SM predictions, including

the dominant loop corrections, are taken from Refs. [17,18] (we have checked that our results
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DµH)(ūR�µuR) Od

R = (iH†
$
DµH)(d̄R�µdR) Oe

R = (iH†
$
DµH)(ēR�µeR)
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$
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the MFV assumption. Also O3G is not included since it does not enter in our observables.
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Higgs EFT

Degeneracy ‘long-distance’ vs ‘short-distance’ 

1 Introduction

With the discovery [1,2] last year of a new resonance that is identified as the long sought-after

Higgs boson with a probability better than 1�10�13, a new era started in the understanding

of the Standard Model (SM) of particle physics. In the absence of any evidence for any other

new degree of freedom at the weak scale, a mass gap is likely to separate the SM particles

from the dynamics generating and stabilizing the Higgs potential. Our ignorance about

the New Physics sector can thus be conveniently parametrized in terms of a set of higher

dimensional operators built of the SM blocks and obeying the simple SM symmetries laws.

Assuming the most conservative flavor hypothesis, there are 59 independent ways to deform

the SM [3]. Of particular interest are the 18 CP-invariant deformation directions a↵ecting

the Higgs physics [4, 5]. Actually, 8/2 of them were already constrained at the per-mil/cent

level, before the Higgs discovery itself, thanks to electroweak measurements involving massive

gauge bosons. The Higgs data collected by the ATLAS and CMS experiments (as well

as by the 2 Tevatron experiments) start putting interesting bounds on the remaining 8

directions [5]. In this regard, the mass of the Higgs around 125 GeV o↵ers remarkable

opportunities to have access to these directions since it opens numerous decay channels with

a rate accessible with the current luminosity delivered by the LHC. Among these 8 directions,

2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|2Q̄LH̃tR , Og =
↵s

12⇡v2
|H|2Ga

µ⌫G
aµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1yt is the SM top Yukawa coupling, Ga
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2 ' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.
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2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|2Q̄LH̃tR , Og =
↵s

12⇡v2
|H|2Ga

µ⌫G
aµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1yt is the SM top Yukawa coupling, Ga
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2 ' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.

1

to use the reported numbers as an estimate for our analysis. In order to reduce background

a reconstructed higgs mass between 100 and 300GeV was demanded and its e↵ect is already

included in the e�ciencies.

To break the degeneracy of the inclusive cross section in the ct-kg-plane we need at least

two observables. On the one hand we take the inclusive cross section normalized by its SM

value

µincl(ct, kg) =
�BSM
incl (ct, kg)

�SM
incl

= (ct + kg)
2 (2.9)

to constrain the plane on a band where (ct + kg)2 is constant. On the other hand we take

the ratio

R(ct, kg) =
�650GeV

�150GeV
(ct, kg)

K650

K150
(2.10)

which has the advantage that the uncertainties in the K-factors Kpmin

T

and the scale variation

cancel at least partially. The K-factors were calculated using MCFM [23] and included in the

definition of R to take NLO corrections approximately into account. MCFM can calculate

the SM cross section for pp ! h+ jet with the higgs decaying to a pair of ⌧s and having at

least a given pmin
T at both, LO and NLO 2. However, this computation is performed only in

the heavy top limit and can therefore not be used for our analysis. Yet, by taking the ratio

of the LO and NLO cross section for pmin
T = 150GeV and 650GeV we get a result for the

two K-factors needed in R.

Combining these two observables µincl and R we get the following expression for �2:

�2(ct, kg) =

✓R(ct, kg)�R⇤

�R
◆2

+

✓
µincl(ct, kg)� µ⇤

incl

�µincl

◆2

(2.11)

This function is determined by choosing an initial value for µ⇤
incl and for the top yukawa

modification c0t = 0.8, 1.0 or 1.2 corresponding to the colors blue, red and black in figures

2(a)-(c). These two choices fix the initial value for kg to k0
g =

p
µ⇤
incl � c0t and thus R⇤ =

R(c0t , k
0
g). For the uncertainty of µincl we assumed only a systematic uncertainty of 10%, i.e.

�µincl = 0.1µ⇤
incl. The uncertainty for R is a combination of 10% systematic uncertainty on

each of the two cross sections and a statistical uncertainty given by 1/
q
Npmin

T

where Npmin

T

=

�pmin

T

(c0t , k
0
g)Kpmin

T

✏tot L is the number of expected events for the integrated luminosity L,
2process 204

7
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Beyond current channels
the LHC measurements are plagued with several degeneracies

 inability to resolve the top loops
 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

e.g. 1306.4581

⇡

�(pp ! H +X)inclusive

http://arxiv.org/abs/1306.4581
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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high pT tail resolves	


loop dynamicsmt

Baur, Glover ’90,	


Langenegger et. al ’06,	


Azatov et al, 	



Resolve the loop, recoil against hard jet

higgs� pT

pT � mt

see also: 1308.4771, 1308.2225,	


Azatov, Paul; Englert et al	


!
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(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.13) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ⇤
incl

and R⇤. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R⇤ = R⇤(0

t ,
p
µ⇤
incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R Ldt = 3 ab�1

and
p
s = 14TeV.
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14 TeV, 3 iab	


pT > 650 GeV

ct
Grojean, Schlaffer, Salvioni, AW



Top partner example

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 

Ê ÊÊÊÊ Ê ÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊÊÊ ÊÊÊÊ ÊÊ Ê ÊÊ ÊÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊÊÊÊÊ Ê ÊÊÊ Ê Ê ÊÊÊ ÊÊ Ê Ê ÊÊ Ê Ê ÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ Ê ÊÊÊÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ Ê ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊÊ Ê Ê Ê Ê ÊÊ Ê ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê Ê ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ Ê Ê Ê ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊÊ ÊÊÊ Ê Ê ÊÊÊÊÊÊÊ Ê Ê ÊÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊÊÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊÊ Ê ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ ÊÊÊÊÊ Ê ÊÊÊÊ ÊÊÊÊ Ê Ê Ê ÊÊ ÊÊÊÊ Ê ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê Ê Ê ÊÊÊ ÊÊ ÊÊ Ê Ê Ê ÊÊ Ê ÊÊÊÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ Ê Ê Ê ÊÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ Ê Ê ÊÊÊ Ê ÊÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊ Ê Ê ÊÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊÊÊ Ê ÊÊÊÊ Ê ÊÊ ÊÊÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ ÊÊÊ ÊÊ Ê Ê ÊÊÊ Ê Ê ÊÊÊÊ Ê Ê ÊÊ ÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊÊ Ê ÊÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊÊÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊÊÊÊ ÊÊ ÊÊ ÊÊÊÊ Ê Ê Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊÊ Ê Ê ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊÊÊÊ ÊÊÊ Ê ÊÊÊÊ Ê ÊÊÊ ÊÊÊÊ Ê ÊÊÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ Ê Ê Ê ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê Ê Ê ÊÊÊ Ê ÊÊ Ê ÊÊ Ê Ê Ê ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊ ÊÊÊÊ Ê ÊÊÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊÊ ÊÊÊ Ê ÊÊÊÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ Ê Ê ÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊÊÊ ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê Ê Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊ Ê Ê Ê ÊÊ ÊÊÊ ÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊÊÊ ÊÊÊÊ Ê ÊÊÊ ÊÊÊÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê Ê ÊÊ Ê Ê ÊÊ Ê Ê ÊÊ ÊÊÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊÊÊÊ ÊÊ ÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ Ê Ê ÊÊ ÊÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ Ê Ê ÊÊÊÊ Ê Ê Ê ÊÊÊ ÊÊ Ê ÊÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ Ê Ê ÊÊÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊ ÊÊÊÊ ÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊÊ Ê Ê ÊÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊÊ Ê ÊÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê Ê Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊÊÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊÊÊÊ Ê Ê ÊÊ ÊÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê Ê ÊÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊ ÊÊÊÊ ÊÊÊ ÊÊ ÊÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊ Ê ÊÊÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ Ê Ê ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ ÊÊÊ Ê Ê Ê ÊÊÊ Ê Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊÊ Ê Ê ÊÊÊ Ê ÊÊ ÊÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊÊÊ Ê Ê ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊ Ê Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ Ê ÊÊÊ Ê Ê ÊÊ ÊÊ Ê ÊÊÊÊÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊÊÊÊ ÊÊ ÊÊÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊÊ Ê Ê ÊÊ Ê ÊÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê Ê ÊÊÊÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊÊÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê Ê ÊÊ ÊÊ Ê Ê ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊ Ê ÊÊÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊÊÊÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ ÊÊ Ê Ê Ê ÊÊÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê Ê Ê ÊÊ Ê ÊÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê Ê ÊÊÊÊ Ê ÊÊ ÊÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊÊ ÊÊ Ê ÊÊÊÊ Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ Ê ÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊÊÊ Ê ÊÊ ÊÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊ ÊÊ Ê Ê ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ Ê Ê Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊÊ ÊÊ Ê ÊÊ Ê Ê Ê ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ

500 1000 1500 2000 2500 3000

0.6

0.8

1.0

1.2

1.4

mlightest @GeVD

s
ês SM

Hinc
lu
si
ve
L

MCHM 5, x = 0.1

Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
‘ in progress 

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê ÊÊ Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê ÊÊ Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
ÊÊÊ

Ê
ÊÊ

ÊÊ

Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

ÊÊÊ
Ê

Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê Ê
Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê Ê
Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê
Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê Ê ÊÊ

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê Ê

Ê

Ê
Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê Ê
Ê

Ê
Ê

Ê ÊÊ

Ê

Ê

Ê

Ê

ÊÊ Ê
Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

ÊÊ
Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê

ÊÊ
Ê

ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ

ÊÊ
ÊÊ

ÊÊÊ
Ê

Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê Ê ÊÊ
Ê

ÊÊ
Ê

Ê

Ê ÊÊÊ
Ê

Ê

Ê

Ê

Ê
Ê Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ ÊÊÊ ÊÊ

Ê
Ê

Ê Ê Ê
Ê

Ê

Ê

Ê
Ê

ÊÊ ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

ÊÊÊ

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê
Ê Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê
ÊÊÊ Ê

Ê

Ê ÊÊ

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê Ê

Ê

Ê ÊÊÊÊ
Ê

ÊÊ
Ê Ê

Ê

Ê

Ê

Ê Ê
Ê Ê

Ê Ê Ê Ê
Ê

ÊÊ
Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

ÊÊ
ÊÊÊ

Ê

Ê Ê

Ê

Ê

ÊÊÊ Ê
Ê

Ê

Ê Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê
Ê

Ê
Ê Ê

Ê Ê

Ê

ÊÊ

Ê

Ê
Ê

Ê
Ê Ê Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

ÊÊÊ Ê
Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê
Ê

Ê
ÊÊ
Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

ÊÊ

ÊÊÊ
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê
Ê

ÊÊ ÊÊÊ

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê ÊÊÊ

Ê Ê
Ê

ÊÊ Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê
Ê

Ê

Ê

Ê Ê
ÊÊ

Ê

Ê

Ê

Ê

ÊÊÊ

Ê

Ê

Ê
Ê

ÊÊ Ê Ê
Ê ÊÊ ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê ÊÊ
Ê

Ê

Ê ÊÊ

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê ÊÊÊ
Ê ÊÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê ÊÊ

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê Ê
Ê

ÊÊ

Ê

ÊÊ Ê Ê
Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

ÊÊÊ Ê

Ê

Ê
Ê

Ê Ê
Ê Ê ÊÊ

Ê

Ê Ê ÊÊ
Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ

ÊÊ
ÊÊ

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê

ÊÊ Ê ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê Ê

Ê

Ê
Ê Ê ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê Ê
Ê
Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê ÊÊ
Ê

ÊÊ Ê
ÊÊ

Ê

Ê

Ê Ê
Ê

Ê Ê

Ê
ÊÊÊ Ê Ê

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê
Ê Ê Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê ÊÊ

ÊÊ

Ê Ê

Ê

Ê

Ê Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

ÊÊ
Ê Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê Ê

ÊÊ
Ê
Ê Ê
Ê Ê

Ê Ê

Ê

Ê

Ê Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê Ê
Ê Ê Ê ÊÊ

Ê

Ê
ÊÊ Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê
Ê ÊÊ

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

ÊÊÊ

Ê

Ê

ÊÊÊ

Ê
Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê
ÊÊ

Ê

ÊÊÊ
Ê

Ê

Ê
ÊÊ Ê

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

ÊÊÊ

Ê

ÊÊ

Ê

Ê

Ê
ÊÊ

Ê

Ê
ÊÊ

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ ÊÊ Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê Ê Ê Ê

Ê

Ê Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê
Ê
Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
ÊÊ

Ê
Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ

Ê

ÊÊ Ê
Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

ÊÊ Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê Ê
ÊÊ

Ê Ê
Ê Ê

ÊÊ

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê
Ê Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê
Ê ÊÊÊ

Ê

ÊÊ

Ê
Ê

Ê

Ê

ÊÊÊ Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê ÊÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê Ê Ê

Ê

Ê

Ê

Ê ÊÊ Ê
Ê

Ê

ÊÊ Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê ÊÊ

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

ÊÊ

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê ÊÊ
Ê

Ê

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê ÊÊ
Ê

ÊÊÊÊ Ê
Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

ÊÊÊ Ê Ê

Ê

Ê
ÊÊ

Ê Ê
Ê

ÊÊ Ê

Ê
Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê ÊÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê Ê
Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê ÊÊÊ
Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ
Ê

Ê Ê

Ê

ÊÊ

Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê
Ê

Ê

Ê

ÊÊ Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê Ê Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

ÊÊ Ê
Ê

Ê

ÊÊ Ê
Ê

Ê
Ê

Ê

Ê

Ê ÊÊ
Ê

Ê
Ê

ÊÊ
Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê
Ê

Ê

Ê Ê

ÊÊÊ
Ê

ÊÊ
Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ

ÊÊ
Ê

Ê
Ê

Ê

ÊÊÊ

Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ
Ê

Ê
Ê

Ê

Ê

ÊÊ Ê
Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê ÊÊ
Ê

Ê Ê

Ê

Ê
Ê

ÊÊ ÊÊ Ê Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ
Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê
Ê

Ê ÊÊ

Ê

Ê

Ê Ê Ê
Ê Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê

ÊÊ
Ê ÊÊ

Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê Ê Ê

Ê
Ê

Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ Ê

Ê

Ê
Ê

ÊÊ

Ê Ê
ÊÊ

Ê Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê
Ê Ê

Ê

Ê

ÊÊ

Ê

Ê
Ê Ê

Ê

Ê
Ê

Ê Ê Ê

Ê
Ê

Ê

Ê ÊÊ

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
ÊÊ ÊÊ Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ ÊÊ
Ê Ê

Ê

Ê

ÊÊ

Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

ÊÊ Ê
Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
ÊÊ

Ê

Ê Ê
Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê Ê
ÊÊ

Ê Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê
Ê

ÊÊ ÊÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê

ÊÊ
ÊÊ

Ê
Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ

Ê
ÊÊ

Ê
Ê

ÊÊ

Ê

Ê
Ê
Ê

Ê

ÊÊ

Ê

Ê

ÊÊÊ
Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ Ê
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê ÊÊ
Ê ÊÊ
Ê

ÊÊ

Ê

ÊÊ

Ê
Ê

Ê Ê
Ê

Ê Ê
Ê

ÊÊ Ê Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê
ÊÊ Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê ÊÊÊ
Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê Ê

Ê

Ê Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê
Ê

ÊÊ
Ê ÊÊ

Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê
Ê

Ê Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ Ê
Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê Ê

Ê
Ê Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê

ÊÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê Ê

Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê
Ê

Ê
Ê

Ê

Ê

Ê Ê
ÊÊ

Ê

Ê
ÊÊ

Ê

Ê Ê

Ê

Ê ÊÊÊÊ
Ê Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê Ê

ÊÊ

Ê
Ê

Ê
Ê

ÊÊ ÊÊ ÊÊÊ

Ê
Ê Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê

ÊÊ

Ê Ê

Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê ÊÊ Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
ÊÊÊ

Ê

Ê

Ê

Ê
Ê Ê

Ê
Ê

ÊÊ
ÊÊ

Ê

Ê

Ê

Ê
Ê

ÊÊÊ
Ê

Ê

Ê Ê Ê

Ê

Ê
Ê Ê

Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê ÊÊ

Ê

Ê
ÊÊ

Ê

ÊÊ

Ê

Ê
Ê Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
ÊÊ

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê ÊÊÊ

Ê

ÊÊ
Ê

Ê

Ê ÊÊ Ê
Ê

Ê

Ê

Ê
Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê
Ê

ÊÊ Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê
Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê
Ê
ÊÊ

Ê
Ê ÊÊ
Ê

Ê

Ê

Ê Ê
Ê Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê Ê Ê
ÊÊ

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
ÊÊ

Ê

Ê

Ê

Ê

Ê
ÊÊ Ê

ÊÊ
ÊÊ

Ê

Ê
Ê Ê

Ê
Ê

Ê

Ê

Ê
Ê
Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê Ê

Ê
Ê

ÊÊÊ
Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

ÊÊ Ê Ê
Ê Ê

Ê

ÊÊ
Ê

Ê Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ ÊÊ

Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê ÊÊ

Ê

Ê

Ê

500 1000 1500 2000 2500 3000

0.6

0.8

1.0

1.2

1.4

mlightest @GeVD

s
ês SM

Hp T
>
65
0
G
eV
L

MCHM 5, x = 0.1

Ê
Ê

Ê

Ê

Ê Ê Ê
Ê

Ê
Ê

Ê
ÊÊ ÊÊÊ Ê ÊÊ ÊÊ

Ê

Ê
Ê Ê

Ê

ÊÊ Ê ÊÊ ÊÊ
Ê

ÊÊÊ ÊÊ Ê

Ê

Ê

Ê

Ê ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê ÊÊ
Ê

Ê ÊÊÊ ÊÊ Ê
Ê Ê

ÊÊ Ê Ê

Ê

Ê
Ê

Ê Ê Ê
Ê

ÊÊ ÊÊÊÊ Ê

Ê

Ê ÊÊ ÊÊÊ
Ê

Ê Ê ÊÊ
Ê

Ê
ÊÊ ÊÊ Ê

Ê
Ê Ê Ê
Ê

Ê
Ê

ÊÊÊ

Ê
Ê

Ê ÊÊ ÊÊ Ê Ê ÊÊ Ê ÊÊ
ÊÊÊ

Ê Ê
Ê

Ê ÊÊ ÊÊ Ê
Ê

Ê

Ê
Ê

ÊÊÊ ÊÊ Ê
ÊÊÊÊÊ

Ê Ê Ê
Ê
Ê

Ê Ê ÊÊÊ ÊÊ
Ê Ê ÊÊ

Ê

Ê Ê

Ê

Ê Ê
Ê

Ê ÊÊ
Ê Ê

Ê
Ê ÊÊ

ÊÊ

Ê

Ê Ê ÊÊ
Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

Ê
Ê Ê ÊÊ

Ê

ÊÊ ÊÊ Ê
Ê

ÊÊÊ
Ê ÊÊ

ÊÊÊ Ê Ê ÊÊ ÊÊ ÊÊ
Ê Ê

Ê
Ê

ÊÊ Ê Ê
Ê

Ê

Ê

ÊÊ ÊÊ ÊÊ Ê

Ê

ÊÊ Ê Ê
Ê

ÊÊ
Ê

ÊÊÊ

Ê

ÊÊ Ê
ÊÊ

ÊÊ
ÊÊ Ê

Ê

ÊÊ
Ê

Ê Ê
Ê

ÊÊ
Ê
ÊÊ Ê Ê

Ê
Ê ÊÊ Ê

Ê
ÊÊÊÊ

Ê
ÊÊÊ ÊÊ ÊÊ

Ê
Ê

Ê

Ê
Ê ÊÊ

Ê

Ê
Ê

Ê
Ê

Ê Ê Ê Ê Ê

Ê

Ê ÊÊ
Ê

ÊÊ ÊÊ ÊÊ ÊÊÊ Ê Ê
Ê Ê

Ê
ÊÊ Ê

Ê

Ê ÊÊ
ÊÊ Ê

Ê
Ê

Ê
Ê
ÊÊ

ÊÊ ÊÊ
ÊÊ

Ê
Ê ÊÊÊ Ê

Ê
Ê ÊÊ

Ê Ê
ÊÊ Ê

Ê

ÊÊ
Ê Ê ÊÊ ÊÊÊ Ê

Ê
Ê ÊÊÊ ÊÊ

Ê

ÊÊ Ê Ê Ê Ê
Ê

Ê
Ê

Ê
ÊÊ

Ê ÊÊ ÊÊÊ ÊÊ
Ê Ê

Ê Ê ÊÊ

Ê

ÊÊ Ê ÊÊ ÊÊ
Ê
Ê Ê

Ê
ÊÊ ÊÊ ÊÊ Ê

Ê
ÊÊÊ

ÊÊÊ ÊÊÊ Ê
Ê ÊÊ

Ê
ÊÊ

Ê
Ê

Ê
Ê

ÊÊÊ Ê
Ê
Ê Ê Ê ÊÊ

ÊÊÊÊ

Ê
Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê ÊÊÊÊ
Ê

Ê ÊÊÊ

Ê

Ê Ê
Ê

Ê
Ê

ÊÊ Ê
Ê

ÊÊ ÊÊ ÊÊ ÊÊÊ
Ê

Ê
Ê Ê

Ê

Ê
Ê ÊÊÊÊ Ê Ê

Ê ÊÊ ÊÊÊÊ
Ê

ÊÊ
Ê Ê

Ê
Ê

Ê
Ê

Ê
ÊÊ

Ê Ê Ê Ê

Ê

Ê ÊÊ ÊÊ ÊÊ
Ê ÊÊ ÊÊÊ Ê Ê

Ê ÊÊÊ

Ê
Ê ÊÊ

ÊÊ
Ê Ê

Ê
Ê ÊÊÊÊÊ ÊÊÊ Ê

Ê
Ê Ê

Ê ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ Ê Ê Ê ÊÊ
Ê
Ê

Ê
ÊÊ

Ê

Ê ÊÊ ÊÊ ÊÊÊ

Ê

Ê ÊÊ

Ê

ÊÊÊ ÊÊ
Ê

Ê ÊÊ

Ê

ÊÊÊ ÊÊÊ ÊÊÊ Ê Ê Ê
Ê

ÊÊ
Ê

ÊÊ
ÊÊ Ê Ê

Ê
Ê

Ê
Ê

Ê Ê
ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ

Ê
Ê ÊÊ ÊÊ

Ê
ÊÊ Ê

Ê

Ê
ÊÊÊ Ê

Ê

Ê

Ê

ÊÊÊ Ê Ê
Ê

Ê
ÊÊÊÊ ÊÊ Ê ÊÊ Ê

Ê
ÊÊ ÊÊ

Ê
ÊÊ

Ê
ÊÊ

Ê

Ê

Ê

Ê

ÊÊ Ê ÊÊ
Ê ÊÊÊ ÊÊÊ

Ê
Ê Ê
Ê ÊÊÊ ÊÊ

Ê
Ê ÊÊÊ Ê

Ê
ÊÊ

Ê
Ê Ê ÊÊ ÊÊ ÊÊÊ

Ê
Ê ÊÊ

Ê
Ê

Ê
Ê

Ê Ê
Ê ÊÊ Ê Ê ÊÊÊ Ê ÊÊ

ÊÊ
Ê Ê

Ê

ÊÊ ÊÊ ÊÊ ÊÊ

Ê

ÊÊÊ ÊÊ
Ê Ê

Ê
Ê

Ê

ÊÊ Ê ÊÊ
Ê
Ê ÊÊ

Ê
Ê ÊÊ Ê

ÊÊÊÊÊ ÊÊ

Ê
ÊÊ ÊÊ Ê

Ê
ÊÊ ÊÊ ÊÊÊ Ê

Ê
Ê

Ê
Ê
Ê

Ê

Ê

ÊÊ
Ê

ÊÊ Ê ÊÊ ÊÊÊ

Ê

ÊÊÊ Ê
Ê

Ê
Ê

ÊÊÊ Ê ÊÊÊ
Ê ÊÊ ÊÊ Ê
Ê

ÊÊ
Ê ÊÊ

Ê
Ê

Ê
ÊÊ

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

ÊÊÊ ÊÊÊ ÊÊ

Ê

Ê
Ê Ê

Ê ÊÊ
Ê

Ê ÊÊÊÊ
Ê Ê
Ê

Ê Ê ÊÊÊ

Ê
ÊÊ ÊÊÊ Ê

ÊÊ ÊÊ ÊÊ ÊÊ
Ê

Ê
ÊÊÊÊ Ê ÊÊÊ

Ê
Ê Ê

Ê
ÊÊÊ

Ê
ÊÊÊ

ÊÊ Ê ÊÊ ÊÊ ÊÊ
Ê

Ê ÊÊ
Ê ÊÊ

Ê
Ê ÊÊÊ Ê

Ê ÊÊ
Ê

Ê
Ê Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê
ÊÊ

Ê Ê
Ê

Ê
Ê ÊÊ
Ê Ê ÊÊÊÊ ÊÊÊÊ Ê Ê

Ê
Ê

Ê
ÊÊ ÊÊÊÊÊ

Ê

ÊÊ Ê
Ê

Ê

Ê Ê

Ê Ê
ÊÊ ÊÊ Ê Ê ÊÊ ÊÊ

Ê
ÊÊ Ê ÊÊ ÊÊ

Ê
ÊÊ Ê

Ê
ÊÊ

Ê
ÊÊÊ Ê

Ê
ÊÊ Ê ÊÊ Ê ÊÊ Ê

Ê Ê ÊÊÊ ÊÊ
Ê

Ê Ê ÊÊ ÊÊÊÊÊ ÊÊÊ ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê Ê
Ê

Ê ÊÊ
ÊÊ Ê ÊÊ

Ê

Ê
Ê
Ê

Ê

Ê ÊÊ ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊÊ
Ê

ÊÊ Ê

Ê
ÊÊ ÊÊ Ê

Ê
ÊÊ

Ê

ÊÊ
ÊÊ ÊÊ ÊÊÊÊ

Ê
Ê Ê

Ê
Ê ÊÊ Ê

Ê
Ê

ÊÊ ÊÊ
Ê

Ê ÊÊÊ
ÊÊÊ Ê

Ê

Ê
ÊÊ Ê
ÊÊ

Ê
Ê

Ê

Ê

Ê
ÊÊ ÊÊÊ ÊÊ ÊÊÊÊ

Ê
Ê ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊÊÊÊ

ÊÊ

Ê

Ê ÊÊÊÊ Ê ÊÊÊ Ê

Ê

ÊÊ Ê ÊÊÊÊÊ ÊÊ
Ê

Ê Ê

ÊÊ

ÊÊ

Ê
Ê

Ê Ê
Ê

Ê Ê
Ê ÊÊ

Ê ÊÊÊ Ê
Ê

ÊÊÊ Ê
Ê

ÊÊ
Ê

Ê
ÊÊ

Ê

Ê

Ê Ê Ê ÊÊÊ
ÊÊ Ê

Ê
Ê Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê

Ê

Ê
Ê Ê

Ê Ê

Ê

Ê
Ê

Ê Ê Ê
Ê

Ê
Ê

Ê Ê

ÊÊ Ê ÊÊ ÊÊ
Ê

Ê ÊÊÊÊ

Ê

ÊÊ Ê

Ê

Ê ÊÊ
Ê

Ê

ÊÊ
Ê

ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊÊÊ
ÊÊ

Ê ÊÊ Ê
Ê

Ê
Ê ÊÊ Ê Ê Ê Ê ÊÊÊ
Ê ÊÊ Ê ÊÊ Ê Ê Ê ÊÊ Ê ÊÊ

Ê
Ê ÊÊ Ê

Ê

Ê
Ê

ÊÊÊÊ
ÊÊÊÊ

Ê ÊÊÊÊ
ÊÊ ÊÊ Ê

Ê
ÊÊ

Ê Ê
Ê

Ê
ÊÊ Ê

Ê
Ê

Ê
Ê Ê

Ê

ÊÊÊÊ ÊÊ
Ê

ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ ÊÊÊ
Ê
Ê

Ê ÊÊ ÊÊÊ ÊÊÊ
Ê

ÊÊ
Ê

Ê ÊÊÊ
Ê

Ê ÊÊÊ ÊÊ
Ê

Ê Ê ÊÊ
ÊÊ

Ê
Ê

Ê ÊÊ ÊÊ ÊÊ ÊÊÊ
Ê

Ê
Ê

Ê
Ê

ÊÊÊ ÊÊ ÊÊ ÊÊÊ

ÊÊÊ Ê Ê Ê

Ê
Ê

Ê

Ê

Ê ÊÊ
Ê

Ê
ÊÊ

Ê
Ê

Ê
ÊÊ ÊÊ

Ê Ê
Ê

Ê ÊÊÊ Ê Ê ÊÊ
Ê ÊÊÊ

Ê ÊÊ
Ê

ÊÊÊ ÊÊ Ê
Ê

ÊÊ
ÊÊ Ê

Ê
ÊÊÊ ÊÊ ÊÊ Ê

Ê

ÊÊ
Ê

Ê ÊÊ

Ê

Ê ÊÊ ÊÊÊ
Ê ÊÊ ÊÊ Ê Ê ÊÊ Ê

Ê

Ê
Ê

Ê
Ê

ÊÊ Ê Ê

Ê

Ê
Ê

ÊÊ Ê ÊÊ

Ê

ÊÊÊ
ÊÊ Ê ÊÊ

Ê
Ê

Ê
Ê

Ê

ÊÊ Ê
ÊÊ

Ê
ÊÊ Ê

Ê Ê Ê Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê ÊÊÊ Ê
Ê Ê

ÊÊ Ê
Ê

ÊÊÊÊ Ê Ê
Ê Ê Ê

Ê
Ê

Ê ÊÊÊ ÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ

Ê
Ê

Ê ÊÊ

Ê

Ê Ê
Ê

Ê

Ê
Ê

ÊÊÊ ÊÊÊ
Ê

Ê
Ê ÊÊ ÊÊ

Ê ÊÊ
Ê ÊÊ

Ê
Ê

ÊÊ
Ê

Ê ÊÊ Ê Ê Ê
Ê

Ê
Ê

Ê
ÊÊ

ÊÊ ÊÊÊ
Ê Ê

Ê
ÊÊ ÊÊÊ ÊÊ

ÊÊÊÊÊÊ
Ê

Ê

ÊÊ ÊÊÊÊ ÊÊ ÊÊ Ê
Ê

ÊÊÊ ÊÊ ÊÊ Ê
Ê Ê

Ê ÊÊ
Ê

Ê
Ê

Ê ÊÊÊ
ÊÊ Ê

Ê

Ê Ê

Ê
ÊÊ

Ê ÊÊÊ ÊÊÊ

Ê
Ê

Ê Ê ÊÊ Ê Ê ÊÊ
Ê

Ê
Ê ÊÊ Ê ÊÊÊÊ Ê

Ê
Ê Ê Ê

Ê
Ê

Ê
Ê Ê Ê Ê

ÊÊ
Ê

Ê
Ê ÊÊ

ÊÊ
ÊÊ

Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê
ÊÊ

ÊÊÊ Ê
Ê ÊÊÊÊ Ê

Ê Ê ÊÊ
Ê Ê
Ê

Ê

Ê

ÊÊ ÊÊ
Ê Ê

Ê
Ê

Ê
Ê Ê

Ê ÊÊÊ ÊÊ ÊÊÊ
Ê ÊÊ

ÊÊÊ
Ê

Ê
Ê

ÊÊ Ê
Ê

Ê Ê

Ê

ÊÊÊ Ê
Ê

Ê ÊÊÊ Ê ÊÊÊ ÊÊÊÊ ÊÊ ÊÊ
Ê

Ê Ê Ê
Ê

ÊÊÊ Ê ÊÊ Ê ÊÊ Ê Ê ÊÊÊ ÊÊ Ê ÊÊ Ê
Ê

ÊÊ
ÊÊÊ Ê ÊÊ

Ê Ê Ê Ê
Ê
Ê ÊÊÊ Ê Ê

Ê Ê ÊÊÊ ÊÊ
Ê

Ê
Ê

Ê
ÊÊ

Ê Ê ÊÊ ÊÊ Ê
Ê

Ê

ÊÊÊ
ÊÊ

Ê ÊÊÊ ÊÊ ÊÊ
Ê

Ê ÊÊÊÊ ÊÊ Ê
Ê

ÊÊÊ
Ê

ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ ÊÊ

Ê

ÊÊ Ê ÊÊ
Ê

Ê
Ê

Ê Ê Ê Ê Ê
Ê

Ê

Ê

ÊÊ
Ê Ê

Ê

Ê
Ê Ê

Ê ÊÊ Ê Ê
Ê

ÊÊ ÊÊ ÊÊÊ
Ê Ê ÊÊ ÊÊÊÊÊ Ê ÊÊ
Ê

ÊÊ Ê Ê
Ê

Ê
Ê

Ê ÊÊÊ
Ê

Ê Ê
ÊÊÊ Ê ÊÊÊÊ

Ê
Ê Ê ÊÊ ÊÊ

Ê
Ê Ê

Ê
Ê ÊÊ ÊÊÊ ÊÊ

Ê

Ê ÊÊÊ

Ê
ÊÊ

Ê
Ê ÊÊ Ê

Ê
ÊÊÊÊ Ê

Ê

Ê Ê
Ê

Ê ÊÊÊ ÊÊÊ
Ê ÊÊÊ ÊÊ ÊÊ Ê

Ê

Ê
ÊÊÊ

Ê
Ê

Ê
ÊÊ

ÊÊÊ ÊÊ

Ê

Ê

Ê
Ê Ê

Ê
ÊÊ ÊÊ

Ê

Ê

Ê
Ê ÊÊ

Ê Ê
ÊÊÊ Ê ÊÊ Ê Ê

Ê Ê ÊÊ ÊÊ Ê
Ê

ÊÊ
Ê

Ê
Ê Ê

Ê ÊÊÊ Ê Ê

Ê

Ê Ê ÊÊ ÊÊ Ê Ê ÊÊ Ê

Ê
ÊÊ Ê

Ê
Ê ÊÊ

Ê
ÊÊÊ

ÊÊ Ê Ê
Ê

Ê Ê

Ê Ê

ÊÊ

Ê

Ê
Ê

ÊÊÊ
Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê Ê ÊÊ

Ê

Ê Ê

Ê

ÊÊÊÊ ÊÊ ÊÊ ÊÊ
Ê

Ê
Ê Ê ÊÊ Ê

Ê
Ê ÊÊ Ê

Ê

Ê

ÊÊ Ê
Ê Ê

Ê
ÊÊ

Ê
ÊÊ

ÊÊ
Ê

Ê ÊÊ
ÊÊÊ Ê ÊÊ Ê

Ê Ê

Ê
Ê ÊÊ ÊÊ ÊÊÊ Ê

Ê
ÊÊ ÊÊ

Ê ÊÊÊ ÊÊ Ê ÊÊ
Ê

Ê ÊÊ ÊÊ Ê

Ê

Ê Ê Ê ÊÊ Ê

Ê

ÊÊ Ê

Ê
Ê Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê
ÊÊÊ ÊÊ Ê

Ê

Ê ÊÊÊÊ ÊÊÊ Ê ÊÊ
Ê ÊÊ

Ê Ê
Ê

ÊÊ Ê Ê
Ê

Ê

ÊÊ ÊÊ Ê Ê
Ê

Ê ÊÊ Ê Ê
Ê Ê
Ê

Ê ÊÊ
ÊÊ Ê

Ê
Ê ÊÊ Ê Ê

ÊÊ
ÊÊ Ê ÊÊ Ê

Ê

Ê
Ê Ê ÊÊ
Ê ÊÊÊ Ê

Ê Ê ÊÊ Ê
Ê Ê ÊÊ ÊÊ Ê Ê
Ê

Ê Ê Ê
ÊÊ ÊÊ

Ê Ê
Ê Ê

ÊÊ
ÊÊ ÊÊ
Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ ÊÊ ÊÊÊ Ê

Ê

Ê ÊÊ
Ê
Ê Ê

Ê

ÊÊÊ Ê
Ê
Ê Ê

Ê
Ê Ê

Ê ÊÊ Ê
Ê

ÊÊ ÊÊ Ê
Ê

Ê ÊÊ
Ê

Ê
Ê

Ê

Ê
Ê ÊÊ ÊÊ

Ê
Ê Ê ÊÊ

Ê
Ê Ê ÊÊ

Ê
Ê Ê

Ê
ÊÊ

Ê

Ê

Ê Ê ÊÊ Ê
Ê

ÊÊÊ
ÊÊ Ê

Ê Ê

Ê
Ê ÊÊ Ê ÊÊ Ê

Ê
Ê Ê Ê Ê

Ê Ê

Ê
Ê
Ê ÊÊ

Ê
Ê

Ê Ê Ê
Ê

Ê
Ê Ê Ê

Ê

Ê
Ê ÊÊÊ Ê ÊÊ Ê

Ê Ê ÊÊ
Ê Ê

Ê
Ê Ê

ÊÊ Ê
Ê

ÊÊÊ ÊÊ Ê

Ê

ÊÊ ÊÊ
Ê

ÊÊÊ Ê Ê ÊÊ ÊÊÊ

Ê
Ê

ÊÊ ÊÊ Ê
Ê

ÊÊ
Ê

ÊÊÊ ÊÊ
Ê Ê

ÊÊ Ê ÊÊ ÊÊ Ê
Ê

Ê
ÊÊ

Ê
ÊÊÊ ÊÊ

Ê
Ê Ê Ê ÊÊ

ÊÊ
Ê ÊÊ ÊÊ ÊÊ

Ê
ÊÊ Ê

Ê
ÊÊ Ê
Ê ÊÊÊ Ê

Ê

Ê
Ê Ê

Ê Ê
Ê

ÊÊ
ÊÊ ÊÊ Ê Ê

Ê
Ê ÊÊ Ê

Ê
Ê ÊÊÊ

Ê

ÊÊ Ê ÊÊ

Ê

Ê
ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ

Ê

ÊÊ
Ê Ê

Ê Ê ÊÊ Ê ÊÊÊ Ê Ê

Ê

Ê
Ê Ê Ê

Ê
Ê

Ê Ê ÊÊ Ê
Ê Ê

Ê Ê

Ê

ÊÊ Ê
Ê Ê
Ê ÊÊ

Ê
Ê

Ê
Ê

ÊÊ
Ê

Ê
Ê Ê

Ê

ÊÊÊ ÊÊ

Ê
Ê

Ê
Ê

Ê
ÊÊ ÊÊ ÊÊ Ê ÊÊÊ ÊÊ Ê Ê ÊÊÊ Ê

ÊÊÊ Ê Ê
Ê Ê ÊÊ ÊÊÊ ÊÊ

Ê

Ê
Ê Ê Ê

Ê
Ê

Ê

Ê Ê Ê
Ê

ÊÊ Ê ÊÊ Ê ÊÊ

Ê

Ê ÊÊÊ ÊÊÊ Ê ÊÊ Ê
Ê ÊÊ ÊÊ Ê

Ê Ê ÊÊ Ê
Ê

Ê

Ê Ê
Ê

Ê
Ê Ê

Ê

Ê Ê

Ê

ÊÊ
Ê

ÊÊÊÊÊ ÊÊÊ Ê ÊÊ Ê Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê ÊÊÊ ÊÊ Ê

Ê
Ê ÊÊ ÊÊ

Ê
Ê Ê ÊÊÊ Ê

Ê
ÊÊ ÊÊ ÊÊ ÊÊ Ê

Ê
Ê ÊÊÊÊ ÊÊ Ê ÊÊÊ Ê Ê ÊÊ Ê

Ê
Ê ÊÊ

ÊÊ
Ê

Ê Ê

Ê

ÊÊ Ê
Ê Ê Ê ÊÊ ÊÊ

Ê

Ê
Ê ÊÊ ÊÊ

Ê Ê

Ê
ÊÊÊ

Ê

Ê

Ê

ÊÊ
Ê
ÊÊ Ê

Ê

Ê ÊÊ
ÊÊ Ê

Ê Ê Ê
Ê

Ê
Ê Ê ÊÊ Ê

Ê Ê
Ê Ê

Ê
Ê ÊÊ Ê

Ê
Ê

Ê ÊÊ Ê ÊÊÊ
Ê

Ê Ê Ê ÊÊ
Ê

ÊÊÊ Ê Ê Ê
Ê

Ê ÊÊÊÊÊ ÊÊ ÊÊ Ê
Ê

ÊÊ ÊÊ Ê
ÊÊ

Ê
ÊÊ ÊÊ

Ê
Ê ÊÊÊÊÊ

ÊÊ
Ê
Ê ÊÊ ÊÊ

Ê
ÊÊ

Ê Ê ÊÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊÊ Ê Ê ÊÊ Ê
ÊÊÊ Ê

Ê

ÊÊ
Ê Ê

Ê

Ê
ÊÊ ÊÊ

Ê
Ê Ê

Ê

Ê ÊÊ Ê ÊÊ ÊÊ
Ê
ÊÊ

Ê Ê
ÊÊ Ê
ÊÊ

Ê

Ê
Ê

ÊÊ ÊÊÊ
Ê

Ê

Ê

Ê ÊÊ ÊÊ Ê
Ê ÊÊ

Ê
Ê Ê

Ê

Ê ÊÊ
ÊÊ ÊÊÊ

Ê Ê

Ê
ÊÊ ÊÊÊ ÊÊÊÊ Ê

Ê

Ê
Ê ÊÊÊÊÊ ÊÊ Ê ÊÊ

ÊÊ Ê
Ê

Ê Ê ÊÊ ÊÊÊÊÊÊ Ê

Ê

ÊÊÊ
Ê

Ê
Ê ÊÊ ÊÊ

Ê Ê ÊÊÊ ÊÊ
Ê

Ê Ê Ê
Ê ÊÊ Ê

Ê
Ê

Ê
Ê Ê Ê

Ê Ê
Ê Ê

ÊÊ
ÊÊ
Ê Ê Ê ÊÊÊ

Ê

Ê
Ê ÊÊ Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê ÊÊ
Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê
ÊÊ Ê

Ê

ÊÊÊ
Ê

ÊÊ Ê
Ê Ê ÊÊ Ê ÊÊÊ

Ê

ÊÊÊ

Ê

Ê ÊÊ ÊÊ Ê
Ê

Ê ÊÊÊ
Ê

Ê

Ê
Ê

Ê
Ê Ê Ê

Ê
Ê

Ê
ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊ ÊÊ Ê

Ê

Ê Ê
Ê

Ê
Ê

ÊÊ

Ê
Ê
ÊÊ ÊÊ ÊÊÊÊ Ê Ê

Ê

Ê
ÊÊ Ê

Ê
Ê Ê
ÊÊ

Ê
ÊÊ Ê ÊÊÊ

Ê
Ê

Ê
Ê

ÊÊÊ

Ê

ÊÊ ÊÊ Ê

Ê

Ê
ÊÊ

Ê ÊÊ
Ê Ê

Ê
Ê

Ê Ê ÊÊ
ÊÊ

Ê

Ê

Ê
Ê

ÊÊ Ê
Ê

ÊÊÊ Ê Ê

Ê

ÊÊÊÊ Ê Ê ÊÊ ÊÊ
Ê

Ê ÊÊ Ê

Ê
ÊÊÊ ÊÊ ÊÊÊ ÊÊ

Ê

Ê Ê

Ê

ÊÊÊÊ Ê

Ê

Ê ÊÊÊ ÊÊ ÊÊ ÊÊ ÊÊ

Ê

ÊÊ
Ê
Ê Ê

ÊÊ Ê
Ê Ê

Ê

Ê ÊÊÊ Ê
Ê

Ê
Ê

Ê ÊÊ ÊÊ ÊÊ

Ê

Ê ÊÊ Ê Ê
Ê

Ê
Ê ÊÊ

ÊÊ Ê Ê
Ê ÊÊ ÊÊ

Ê
ÊÊÊ ÊÊ

Ê
Ê

Ê
Ê

Ê Ê Ê ÊÊ
Ê

ÊÊ ÊÊ
Ê Ê ÊÊÊ Ê

Ê
ÊÊ Ê

Ê
Ê

ÊÊ

Ê

Ê Ê ÊÊ Ê
Ê

Ê

Ê
ÊÊÊ Ê ÊÊ ÊÊ

Ê
Ê Ê Ê ÊÊ

Ê

Ê ÊÊ Ê ÊÊ ÊÊ
ÊÊ ÊÊÊÊ Ê Ê

Ê Ê
Ê
Ê ÊÊÊ Ê Ê Ê

Ê
Ê Ê ÊÊ Ê ÊÊÊ Ê

Ê
Ê

ÊÊ Ê

Ê

Ê
Ê ÊÊ ÊÊ Ê

Ê
Ê Ê ÊÊ

Ê ÊÊÊÊÊ Ê ÊÊ Ê

Ê
ÊÊ ÊÊ Ê

Ê

ÊÊ ÊÊÊÊ ÊÊ

Ê

ÊÊ Ê Ê Ê ÊÊ
Ê

ÊÊ ÊÊ
Ê

Ê
Ê

ÊÊ

Ê

ÊÊ Ê
ÊÊ Ê Ê

Ê Ê
Ê ÊÊ ÊÊ

Ê
ÊÊ Ê

Ê
ÊÊ Ê ÊÊ Ê ÊÊ

Ê

Ê

Ê

500 1000 1500 2000 2500 3000

0.66

0.68

0.70

0.72

0.74

mlightest @GeVD

s
ês SM

Hinc
lu
si
ve
L

Inclusive Grojean, Salvioni, Schlaffer, AW 	





Top partner example

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate
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Inclusive searches for squark and gluino production 

Extensive “jets + X + ETmiss ” programme: 0-leptons + 2-6 jets + MET 

Most%recent%ATLAS%reference%(8%TeV):%ATLAS>CONF>2013>047%

-  Very powerful inclusive search 

-  MET + jet trigger 

- M
eff 

main discriminating variable 

-  Up to 3 SRs for each jet multiplicity 

-  Backgrounds taken from dedicated data CRs 

More"details"in"talk"by"M"Hohlfeld"

 Blind spots? Squeezed Spectra? R-parity Violation? Third-Generation? EW-inos?

Where is everybody?
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Inclusive searches for squark and gluino production 

Extensive “jets + X + ETmiss ” programme: 0-leptons + 2-6 jets + MET 

Most%recent%ATLAS%reference%(8%TeV):%ATLAS>CONF>2013>047%

-  Very powerful inclusive search 

-  MET + jet trigger 

- M
eff 

main discriminating variable 

-  Up to 3 SRs for each jet multiplicity 

-  Backgrounds taken from dedicated data CRs 

More"details"in"talk"by"M"Hohlfeld"

 Blind spots? Squeezed Spectra? R-parity Violation? Third-Generation? EW-inos?

Where is everybody?
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What do we actually know?

ATLAS and CMS present their results  
only in particular slices of the parameter  
space of a few models. 
!

Issues we are facing
ATLAS and CMS present their results 
only in particular slices of the parameter 
space of a few models.
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To address this issue we have developed 

Theorists want to constrain as many models  
(large parameter space) as possible using 
as many analyses as possible. Are we missing 
interesting models? Parameter points of low sensitivity? 
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How to find the limit on your model?

Process
Signal Region

� 2 jets � 3 jets � 4 jets

Z ! (⌫⌫)+jets 5.6 ± 2.1 4.4 ± 1.6 3.0 ± 1.3

W ! (`⌫)+jets 6.2 ± 1.8 4.5 ± 1.6 2.7 ± 1.3

tt̄+ single top 0.2 ± 0.3 1.0 ± 0.9 1.4 ± 0.9

QCD jets 0.05 ± 0.04 0.21 ± 0.07 0.16 ± 0.11

Total 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7

Observed 10 8 7

Table 2: Fitted background components in each signal region compared with observation. The equivalent
background estimates obtained using the independent Z ! ee/µµ + jets control region instead of CR1
are in good agreement and serve to validate these results.

which varied from 0 to 7% with |⌘| and pT. Both the JES and JER uncertainties are propagated to the
Emiss

T . The e↵ect of in-time pileup on other aspects of the standard object selection was also investigated
and found to be negligible as would be expected given the high energies of the jets entering the signal
samples.

The dominant modelling uncertainty in MC estimates of signal region and control region event counts
arises from the treatment of jet radiation as a function of me↵ . In order to assess this uncertainty the rel-
evant MC background estimates were recalculated using alternative samples produced with di↵erent
generators (ALPGEN rather than MC@NLO for tt̄ production) or reduced jet multiplicity (ALPGEN processes
with 0–4 partons rather than 0–5 partons for W/Z+jets production). Di↵erences in the absolute expecta-
tions for SR and CR event counts as high as 100% are observed; the impact on the ratios / transfer factors
is, however, much smaller (di↵erences .50%, channel dependent).

Additional uncertainties arising from photon and lepton reconstruction e�ciency, energy scale and
resolution in CR1, CR3 and CR4, b-tag/veto e�ciency (CR3 and CR4) and photon acceptance and cos-
mic ray backgrounds (CR1) are also considered. Uncertainties in the multi-jet transfer factor estimates
are dominated by uncertainties in the modelling of the pT dependence of the Gaussian part of the response
function. Other uncertainties including multi-jet seed event statistics and response function statistical and
systematic uncertainties are also considered.

Systematic uncertainties on the SUSY signal were estimated through variation of the factorisation
and renormalisation scales in PROSPINO between half and twice their default values and by consider-
ing the PDF uncertainties provided by CTEQ6. Uncertainties were calculated for individual production
processes (e.g. q̃q̃, g̃g̃, etc.).

7 Results, Interpretation and Limits

The observed me↵ distributions for each of the channels used in this analysis are shown in Figure 1,
together with raw MC background expectations prior to use of the likelihood fitting procedure. The
equivalent me↵ distributions for the control regions can be found in Appendix A. The number of observed
data events and the number of SM events expected to enter each of the signal regions, determined using
the likelihood fit, are shown in Table 2. The background model is found to be in good agreement with
the data and no excess is observed.

An interpretation of the results is presented in Figure 2 as a 95% confidence exclusion region in the
(mg̃,mq̃)-plane for a simplified set of SUSY models with m�̃0

1
= 0. In these models the gluino mass

and the masses of the squarks of the first two generations are set to the values shown in the figure. All
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Prediction 

Observed
statistically consistent

Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
��(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me↵ > 0.3 > 0.25 > 0.25
me↵ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me↵ is defined with a variable number of jets, appropriate to each signal region.

decays in tt̄ ! bb̄⌧⌫qq and single top events can generate large Emiss
T and pass the jet and lepton require-

ments at a non-negligible rate. The multi-jet background in the signal regions is caused by rare instances
of poor reconstruction of jet energies in calorimeters leading to ‘fake’ missing transverse momentum
and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC
against data has been performed for each of these background sources and for a wide variety of control
regions.

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for
each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed
to provide data samples enriched in particular background sources. Each ensemble of one SR and five
CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain
adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from
extrapolation from each CR to the SR.

In each channel the observations in the CRs are used to derive background expectations in the SR
through the use of ‘Transfer Factors’ (TFs) equivalent to the ratios of expected event counts in the CRs
and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR, provides a
conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and the observed
numbers of events in the CR yields an estimate of the background in a SR. The TFs for multi-jet processes
are estimated using a data-driven technique based upon the smearing of jets in low Emiss

T data events with
jet response functions derived from multi-jet dominated data control regions. For the Z+jets, W+jets and
top quark processes the TFs are derived from data-validated fully simulated Monte Carlo (MC) event
samples. In each channel a likelihood fit is performed to the observed event counts in the SR and five
CRs, taking into account correlations in the systematic uncertainties in the TFs. Some uncertainties,
such as those arising in MC expectations from jet energy scale calibration and modelling systematics,
are reduced in the TFs. The combined fit across all regions ensures that the background estimates are
consistent for all processes, taking into account both SM and potential SUSY signal contamination in the
CRs.

The irreducible physics background from Z ! ⌫⌫̄+jets events is estimated using control regions
enriched in a related process with similar kinematics: events with isolated photons and jets (control
regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ~P miss

T vector to
obtain an estimate of the Emiss

T observed in Z ! ⌫⌫̄+jets events. Control regions enriched in Z !
ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement;
these results are not, however, used in the final fit.

The background from multi-jet processes is estimated using control regions (control regions CR2)

3

ATLAS-CONF-2011-086

Signal Regions



How to evaluate NSUSY ?

fixed

by Feynman diagram calc.  (Prospino, NLLfast, ...)

N (i)
SUSY = ✏(i)SUSY · �SUSY · Lint

requires'a'chain'of'MC'simulations

Events fall into 
Signal Region (i)

✏(i)SUSY = lim
Ngen.

MC !1

N (i)
SR

⇣ ⌘

Ngen.
MC



AToM 
(Automated Testing of Models)

HepMC file

• “Detector simulation”: reconstruct jets, b-jet, iso-leptons, ... 

• Event analyses:  ATLAS and CMS searches are implemented

Plots momenta of reco-objects
efficiencies of all the signal/
control regions implemented 
together with their uncertainties

with Michele Papucci (Berkely/U. Michigan),  
Kazuki Sakurai (King’s College)



Analyses
>200 analyses have been implemented and available

Update: all 2013 ATLAS SUSY MET analyses have been implemented

Analyses have been validated (thanks to ATLAS’s cut-flow tables) 

agreements are 
(most of the times) 
as good as 90%



SL
HA

 f
il

e 500  400  1.2pb
500  420  1.1pb
, ...

500  400  0.9%
500  420  1.0%
, ...

Cross section table 
(for each prod. mode)

masses

BRs
(� ·Br)i ✏↵i⇥

✏↵
total

summing i over all simp. topo.

(α: signal region)
RooStats
Prospino2.1

interfaced with

What does Fastlim do?

CLs for all the 
SRs implemented

~1 sec

Efficiency table 
(for each SR/simp. topo.)

with Michele Papucci (Berkely/U. Michigan),  
Kazuki Sakurai (King’s College), Lisa Zeune (DESY)
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• We propose a new approach to estimate NSUSY

Key Idea: to reconstruct NSUSY using simplified model processes  

A fast evaluation of NSUSY

N1 = �̃0
1

G = g̃

Q = q̃
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N1 = �̃0
1

G = g̃

Q = q̃

• We propose a new approach to estimate NSUSY

A fast evaluation of NSUSY

Key Idea: to reconstruct NSUSY using simplified model processes  



N(i)
SUSY = { ＋

＋

...

＋

NQqN1:QqN1   = εQqN1:QqN1(mQ, mN1)・σQQ・BRQqN1:QqN1・Lint

NGqqN1:GqqN1 = εGqqN1:GqqN1(mG, mN1)・σGG・BRGqqN1:GqqN1・Lint

NGqqN1:QqN1  = εGqqN1:QqN1(mQ, mG, mN1)・σGQ・BRGqqN1:QqN1・Lint

N1 = �̃0
1

G = g̃

Q = q̃A fast evaluation of NSUSY

Efficiencies for simplified processes 
depend only on a few mass parameters
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1

G = g̃

Q = q̃

• Once one has the efficiency tables for the simplified model processes, 
one can read off the efficiencies and re-assemble NSUSY of your model.  

A fast evaluation of NSUSY

mQ

m
N
1

m
N
1

mG

mGmQ

m
N
1

no MC simulation is required !



• If you are interested in testing it, contact Kazuki 
Sakurai or me
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Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m2
H |gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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1loop

2loop

stops, sbottomL

gluino

Higgsinos



H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

Reason for optimism: natural susy

tree

1loop

2loop

Scale

⇡ 250GeV

⇡ 500GeV

⇡ 1000GeV

�m2
H

Opportunities 	


for flavor

<<multi TeV



• two stops and one (left-handed) sbottom, both below 500 � 700 GeV.

• two higgsinos, i.e., one chargino and two neutralinos below 200 � 350 GeV. In the

absence of other chargino/neutralinos, their spectrum is quasi-degenerate.

• a not too heavy gluino, below 900 GeV � 1.5 TeV.

There are some model-dependent motivations for augmenting this minimal spectrum with

additional light states. For example, there could also be a light gravitino at the bottom of the

spectrum because a low mediation scale is motivated by reducing the size of the logarithm

in Eqs. 6 and 7. Or, there could be an extra light neutralino (such as a bino or singlino)

motivated by dark matter. The rest of the superparticles may all be decoupled.

The relevant task is to determine the lower bounds on the masses of third generation

squarks, the gluino, and higgsinos, coming from direct collider searches, such as the searches

that have been performed so far at the 7 TeV LHC. This will be the subject of the following

sections.

As we will summarize in the next section, the LHC presently sets the strongest bounds

on the production of gluinos and the squarks of the first two generations. Therefore it is

worth discussing scenarios where the spectrum of the third generation squarks is lighter
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What if first 2 generation squark not degenerate?
Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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(ũ, d̃)L, ũR, d̃R,
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(ũ, d̃)L, (c̃, s̃)LM

8 dof
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, (c̃, s̃)L

M

8 dof
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FIG. 1: A depiction of flavor mediation where SUSY breaking is communicated to the SSM by both SM and flavor gauge
groups. SUSY breaking in a hidden sector is communicated by messenger superfields at one loop to the GSM ⇥ SU(3)F ⌘
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ SU(3)F gauge superfields, and at two loops to the SSM chiral superfields charged under these
symmetries. This generates standard gauge-mediated soft masses for the SM gauginos and approximately diagonal soft masses
for all SSM scalars. Sfermions of the first two generations obtain large, degenerate soft masses from flavor mediation with
small, generation-independent splittings due to gauge mediation from the SM gauge groups. Third-generation sfermions obtain
comparable soft mass contributions from all gauge groups.

symmetry, of which the SU(2) subgroup is gauged, which shields first-two-generation scalars from the hierarchy in
first-two-generation Yukawas. In this way, flavor mediation can deliver all the desired features of natural SUSY.

A complete model of flavor mediation is shown in Fig. 1, where both the flavor gauge group and SM gauge groups
participate in (Higgsed) gauge mediation to the supersymmetric standard model (SSM). Since the SM Higgs multiplets
do not carry flavor quantum numbers, they are naturally lighter than the flavored sfermions, as needed to minimize
fine-tuning. Since SM gauginos only get their masses from SM gauge mediation, they are also typically light. After
accounting for renormalization group (RG) e↵ects, the gluinos end up being a bit heavier than the third-generation
squarks, perfect for a natural SUSY spectrum.

The uniqueness of the anomaly-free SU(3)F leads to a number of interesting predictions. First, because the flavor
gauge group is broken by SM Yukawa matrices, the hierarchy between the third-generation squarks and the first- and
second-generation squarks cannot be made arbitrarily large. Thus, a discovery of light stops and sbottoms would yield
an upper bound for the masses of the remaining squarks. Second, in order for SU(3)F to be anomaly-free, both leptons
and quarks must be charged under the flavor symmetry, so one expects light staus and third-generation sneutrinos to
be accessible at LHC energies. Third, while generic natural SUSY models do not require a right-handed sbottom in
the spectrum, flavor mediation treats right-handed stops and sbottoms democratically, with the only splitting arising
from SM gauge mediation and RG e↵ects. Finally, flavor mediation preserves many of the desired features of SUSY
grand unified theories (GUTs). Since the anomaly-free SU(3)F does not require any new SM-charged chiral matter
and treats all matter multiplets equally, SUSY gauge coupling unification is preserved. Assuming gauge mediation is
the dominant source for gaugino masses, then SM gaugino masses also unify.

The outline for the remainder of this paper is as follows. In Sec. II, we introduce the anomaly-free SU(3)F flavor
gauge group and describe how it is broken. In Sec. III, we describe the physics of flavor mediation, and how the
massive flavor gauge bosons contribute to the sfermion spectra via Higgsed gauge mediation. We outline a complete
model in Sec. IV, detailing the generation of gaugino masses in Sec. IVA, the Higgs sector in Sec. IVB, and typical
sparticle spectra in Sec. IVC. We verify in Sec. V that flavor bounds are satisfied in this model. We sketch the key
predictions of our model in Sec. VI and conclude in Sec. VII.

II. THE GAUGED FLAVOR SYMMETRY

A. Motivating SU(3)F

A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry.

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional
gauged U(1), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [5, 6, 8, 10, 11, 13, 14, 26].
However, it is somewhat ad hoc to treat the first two generations separately from the third without some underlying
reason. By treating all generations on an equal footing, one can more easily obtain the SM mass and mixing structure.

Second, the flavor symmetry should act equally on lepton and quark multiplets in order to allow for a GUT
structure in the ultraviolet (UV). This is further motivation to treat all three generations equally, since U(1), SU(2),

Gauge Mediation

GSM = SU(3)⇥ SU(2)⇥ U(1)

GSM

see e.g. Giudice/Rattazzi	
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groups. SUSY breaking in a hidden sector is communicated by messenger superfields at one loop to the GSM ⇥ SU(3)F ⌘
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ SU(3)F gauge superfields, and at two loops to the SSM chiral superfields charged under these
symmetries. This generates standard gauge-mediated soft masses for the SM gauginos and approximately diagonal soft masses
for all SSM scalars. Sfermions of the first two generations obtain large, degenerate soft masses from flavor mediation with
small, generation-independent splittings due to gauge mediation from the SM gauge groups. Third-generation sfermions obtain
comparable soft mass contributions from all gauge groups.

symmetry, of which the SU(2) subgroup is gauged, which shields first-two-generation scalars from the hierarchy in
first-two-generation Yukawas. In this way, flavor mediation can deliver all the desired features of natural SUSY.

A complete model of flavor mediation is shown in Fig. 1, where both the flavor gauge group and SM gauge groups
participate in (Higgsed) gauge mediation to the supersymmetric standard model (SSM). Since the SM Higgs multiplets
do not carry flavor quantum numbers, they are naturally lighter than the flavored sfermions, as needed to minimize
fine-tuning. Since SM gauginos only get their masses from SM gauge mediation, they are also typically light. After
accounting for renormalization group (RG) e↵ects, the gluinos end up being a bit heavier than the third-generation
squarks, perfect for a natural SUSY spectrum.

The uniqueness of the anomaly-free SU(3)F leads to a number of interesting predictions. First, because the flavor
gauge group is broken by SM Yukawa matrices, the hierarchy between the third-generation squarks and the first- and
second-generation squarks cannot be made arbitrarily large. Thus, a discovery of light stops and sbottoms would yield
an upper bound for the masses of the remaining squarks. Second, in order for SU(3)F to be anomaly-free, both leptons
and quarks must be charged under the flavor symmetry, so one expects light staus and third-generation sneutrinos to
be accessible at LHC energies. Third, while generic natural SUSY models do not require a right-handed sbottom in
the spectrum, flavor mediation treats right-handed stops and sbottoms democratically, with the only splitting arising
from SM gauge mediation and RG e↵ects. Finally, flavor mediation preserves many of the desired features of SUSY
grand unified theories (GUTs). Since the anomaly-free SU(3)F does not require any new SM-charged chiral matter
and treats all matter multiplets equally, SUSY gauge coupling unification is preserved. Assuming gauge mediation is
the dominant source for gaugino masses, then SM gaugino masses also unify.

The outline for the remainder of this paper is as follows. In Sec. II, we introduce the anomaly-free SU(3)F flavor
gauge group and describe how it is broken. In Sec. III, we describe the physics of flavor mediation, and how the
massive flavor gauge bosons contribute to the sfermion spectra via Higgsed gauge mediation. We outline a complete
model in Sec. IV, detailing the generation of gaugino masses in Sec. IVA, the Higgs sector in Sec. IVB, and typical
sparticle spectra in Sec. IVC. We verify in Sec. V that flavor bounds are satisfied in this model. We sketch the key
predictions of our model in Sec. VI and conclude in Sec. VII.
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A. Motivating SU(3)F

A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry.

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional
gauged U(1), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [5, 6, 8, 10, 11, 13, 14, 26].
However, it is somewhat ad hoc to treat the first two generations separately from the third without some underlying
reason. By treating all generations on an equal footing, one can more easily obtain the SM mass and mixing structure.
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structure in the ultraviolet (UV). This is further motivation to treat all three generations equally, since U(1), SU(2),
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for any of the visible-sector fields QI = {Q,U,D} transforming as 3 under SU(3)
F

, up to correc-
tions suppressed by small Yukawa couplings and CKM angles.

This model lacks an explanation for the flavour hierarchies, as well as a dynamical mechanism to
align the SUSY-breaking F -term with the third generation in flavour space. Our main example
will therefore use a di↵erent set of spurions, namely, {Zi} = {T, eT , S, eS,X, eX}, with untilded
fields transforming as 3 and tilded ones as 3̄. The dominant VEVs are
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The remaining Yukawa couplings are induced by subdominant supersymmetric VEVs for S and eS,
as we will explain in detail in Section 4. In that section we will also o↵er a dynamical explanation
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of the massive flavour gauge bosons. As reviewed in the Appendix, the dominant e↵ect from this
sector is a tachyonic one-loop scalar mass squared given by

�m2
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where F 2 = ||FX ||2 + ||F eX ||2, M2 = ||T ||2 + || eT ||2, and gF is the SU(3)F gauge coupling. Notice
that the e↵ect is largest for the third generation squarks, because in our model SUSY breaking is
associated with SU(3)F ! SU(2)F breaking. Now take gF such that the one-loop contribution
of Eq. (8) to the squark soft masses is of the same order as the two-loop contributions from
the chiral messengers. This leads to light stop and sbottom squarks while the first and second
generation are less a↵ected.

A well-known benefit of large stop masses is of course that they allow one to accommodate a 125
GeV Higgs boson. This is because the lightest Higgs mass receives loop corrections proportional
to log(mt̃1

mt̃2
/m2

t ). Another potentially large correction comes from the stop trilinear parameter
At. However, as was pointed out recently by several authors, it is generally very di�cult to
obtain a 125 GeV Higgs within pure gauge mediation because At is predicted to be zero at
the mediation scale (at least naively, see below). Lifting the lightest Higgs mass with only the
radiatively induced At then requires extremely heavy mt̃. These observations would thus seem
to disfavour our gauge messenger model. We will now argue that this is not the case, since these
arguments rest on unrealistic assumptions about SUSY breaking mediation. Within potentially
realistic scenarios, our gauge messenger contribution to the stop mass may indeed make it easier
to obtain a 125 GeV Higgs without having to resort to extreme parameter values.

The crucial point here has actually been well known for a long time, although it is often ignored
(as evidenced by the fact that phenomenological studies of “GMSB” benchmark scenarios are
still being conducted, and published): Pure gauge mediation has a µ/Bµ problem; any model
which solves this problem will generically give Higgs soft masses and trilinear terms which are
di↵erent from the naive gauge-mediated ones. Here by pure gauge mediation we mean any model
in which the visible and hidden sector are coupled only by Standard Model gauge interactions.
Then the higgsino mass parameter µ vanishes, as does the Higgs mass mixing parameter Bµ at
the messenger scale.2 To obtain realistic µ and Bµ terms, additional interactions between the
Higgs sector and the SUSY-breaking hidden sector are needed, but these will a↵ect also m2

Hu
,

m2
Hd

and the trilinear terms in a model-dependent manner. For phenomenological studies of
gauge mediation, it is therefore advisable to either rely on an explicit model which realizes this
(and which ideally should allow to calculate the resulting soft terms), or to leave all Higgs sector
soft terms as free parameters.

It is highly nontrivial to build a calculable model which solves the µ-Bµ problem in gauge
mediation, and the Higgs sector is not actually the focus of our study. We therefore choose to
treat µ, Bµ, m2

Hu
, m2

Hd
, and At as independent parameters, with the understanding that they

could emerge from a variation of any of the more complete models on the market. By contrast, the
soft terms in the matter and gaugino sectors are taken as predicted by minimal gauge mediation
with additional SU(3)F gauge messengers.

To match to the Standard Model at low energies, the model parameters must be chosen such that
both the electroweak scale and the lightest Higgs mass mh0 = 125 GeV are reproduced properly.

2There is a way to avoid this conclusion if one assumes that the origin of µ is unrelated to supersymmetry
breaking, that it happens to be of the order of the soft mass scale by accident, and that Bµ at lower scales is
induced radiatively. We will not consider this possibility as it leaves an unnatural coincidence of scales unexplained.
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Figure 3: Running Higgs and stop mass parameters for fixed g
F

, as a function of the renormal-
ization scale Q, according to SOFTSUSY. (More precisely, what is plotted is sign(m2)

p|m2|.) Left
panel: Point MSSM-I of Table 1 with g

F

= 0.066. Right panel: Point MSSM-II of Table 1, with
g
F

= 0.15, leading to radiatively induced maximal stop mixing.
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Figure 4: Squark and gluino masses in a random scan over the NMSSM parameter space using
SPheno 3.2.3 [41] and SARAH 3.3.0 [42]. The parameters and scan ranges are as in Table 1
(rightmost column); all points displayed have mh0 = 125.5± 3 GeV

vacuum, during the early cosmological evolution. Secondly, even if our vacuum is the preferred
one, one still needs to ensure that it does not decay on cosmological timescales. A detailed
investigation of the constraints on negative squark masses from cosmology is beyond the scope
of this paper, but would certainly be interesting to conduct, along the lines of what has already
been done for the CMSSM and for NUHM models [29].

Flavour gauge messengers may also be included in extensions of the MSSM where there is no
need to rely on large corrections to the Higgs mass from the stop sector. For example, in the
NMSSM, a SM-like Higgs with the proper mass can be obtained even with low stop masses and
mixings, because there is an additional contribution to the Higgs quartic coupling coming from a
superpotential term �SHuHd with S a gauge singlet. Fig. 4 shows the squark masses in a random
scan over the parameter space of the NMSSM Higgs sector (see also Table 1). For obvious reasons,
the dependence of the squark masses on g

F

is similar as in the MSSM (Fig. 2); the di↵erence
between these plots is, however, that all of the points shown in Fig. 4 are compatible with a
lightest Higgs mass of 125.5 GeV.

Our examples show that it is possible to obtain a gauge-mediated soft term spectrum with light
third-generation squarks from flavour gauge messengers, in a variety of scenarios. If hints of
supersymmetry were to surface in stop or sbottom searches, this would be a natural way to
explain the lightness of the third generation within gauge mediation.
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at messenger scale

A-terms through RG

Large A-terms through the RG require M3 ≳ 2.5 TeV and Mmess ≳ 108 GeV.
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
S

, with X
t

= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t

/2 and 2m
t

(lighter band).
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• Need radiative corrections in the MSSM to lift mh above mZ:

• Primarily depends on three parameters: 

• Higgs mass decreases with tanβ. Expect lower bound on tanβ.

• Quartic polynomial in Xt/MS. Expect four preferred values for Xt/MS.

• Log dependence on MS. Expect lower bound on MS.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌘ [2] channels, showing a combined
⇤ 3⇧ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⇧ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⌃⌃ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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the fine-tuning which determines the position on the y-axis, is primarily driven by the largest

stop soft mass, here mu3 . The result is that the LHC limit is stronger in the interesting part

of parameter space. By comparing figures 14 and 15, we see that naturalness prefers spectra

where the two stop soft masses are comparable, mu3 ⇠ mQ3 .
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FIG. 14: Here we show the interplay of the LHC limits that we have found on the stops and

left-handed sbottom with the LEP-2 limit on the Higgs mass. We specialize to higgsino LSP, with

µ = 100 GeV. We vary the stop A-term and the square root of the average stop soft mass squared.

This unconventional parameterization emphasizes the fine-tuning of the electroweak sector, which,

as we discuss in the text, corresponds to the squared distance from the origin of the plot. The red

shaded region is the exclusion we find from LHC searches for jets plus missing energy. The green

region corresponds to a stop lighter than 100 GeV and is excluded by LEP-2. In the blue region,

large left-right stop mixing leads to a tachyonic stop and charge/color breaking. The Higgs mass

contours emphasize that the LHC is now beginning to probe the region allowed by the LEP-2 Higgs

mass exclusion, increasing the fine-tuning in the MSSM.

Next we consider the implication of the LHC limits for the flavor structure of the squark

soft masses. Since fine-tuning is determined by the stop soft masses, while the strongest
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of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log
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⇤

TeV
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(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it
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(L=2.2-2.3/fb)

 = 7 TeVsCMS Preliminary, 

NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254
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stat. uncertainty
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 + jetshadτ -11.67 fb  46 pb± 18 ±194 

 + leptonhadτ -12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
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We compute the next-to-next-to-leading order (NNLO) QCD correction to the total cross-section
for the reaction gg → tt̄+X. Together with the partonic channels we computed previously, the result
derived in this letter completes the set of NNLO QCD corrections to the total top pair production
cross-section at hadron colliders. Supplementing the fixed order results with soft-gluon resummation
with next-to-next-to-leading logarithmic accuracy we estimate that the theoretical uncertainty of
this observable due to unknown higher order corrections is about 3% at the LHC and 2.2% at the
Tevatron. We observe a good agreement between the Standard Model predictions and the available
experimental measurements. The very high theoretical precision of this observable allows a new
level of scrutiny in parton distribution functions and new physics searches.

INTRODUCTION

Production of top quark pairs at hadron colliders is
among the processes that are most challenging to the-
ory. Bringing this process under good theoretical control
therefore represents a significant step in our broader un-
derstanding of perturbative Quantum Chromodynamics
(QCD) and its applications at hadron colliders.

The first step in this direction was made some 25 years
ago, when the next-to-leading order (NLO) QCD correc-
tions to tt̄ production were computed in the groundbreak-
ing works [1, 2]. The complexity of the NLO calculations
required the application of purely numerical methods,
and it took almost twenty years before the exact analytic
result appeared [3] revealing the full complexity of the
cross-section for massive fermion hadroproduction.

In the last few years we are witnessing a signifi-
cant interest in computing next-to-next-to leading order
(NNLO) corrections to hadron collider processes. Such a
demand is dictated in part by the high-precision mea-
surements available from the LHC and the Tevatron.
The first hadron collider processes that were computed at
NNLO, namely, Drell-Yan and vector boson [4–6], Higgs
[7–9] and diphoton [10] production, all share the proper-
ties of (a) having massless QCD partons and (b) involv-
ing at leading order (LO) two partons meeting in a color
singlet vertex. Tackling processes with higher complex-
ity, among which tt̄ production is a prominent example,
proved to require new computational approaches.

About one year ago, the first step in this direction was
made precisely in the context of tt̄ production. Based on
a new view [11] about how to treat double-real radiation
corrections, the first genuinely NNLO corrections to the
total inclusive cross-section in qq̄ → tt̄ + X were com-
puted [12]. Later on, the partonic reactions involving
at least one fermion in the initial state were also com-
pleted [13, 14]. In this work we report the calculation

of the last missing NNLO correction to tt̄ production, in
the partonic reaction gg → tt̄ + X . With this calcula-
tion, the complete set of NNLO corrections to the total
inclusive cross-section for top pair production at hadron
colliders is now known. In this letter, for the first time,
we quantify their phenomenological implications.
Before closing this section we would like to point out

the very recent NNLO calculation of the process pp →
H + j [15] which was performed with methods similar to
ours and, in particular, the subtraction scheme proposed
by one of us [11]. Moreover, a first partial result for dijet
production pp → jj at NNLO has just appeared [16]. We
believe that this burst of precision applications at hadron
colliders marks the outset of a new and lasting stage in
precision physics at hadron colliders.

THE tt̄ PRODUCTION CROSS-SECTION

In this letter we consider the total inclusive tt̄ produc-
tion cross-section

σtot =
∑

i,j

∫ βmax

0
dβ Φij(β, µ

2
F ) σ̂ij(β,m

2, µ2
F , µ

2
R) . (1)

The indices i, j run over all possible initial state par-
tons; βmax ≡

√

1− 4m2/S;
√
S is the c.m. energy of the

hadron collider and β =
√
1− ρ, with ρ ≡ 4m2/s, is the

relative velocity of the final state top quarks with pole
mass m and partonic c.m. energy

√
s.

The function Φ in Eq. (1) is the partonic flux

Φij(β, µ
2
F ) =

2β

1− β2
Lij

(

1− β2
max

1− β2
, µ2

F

)

, (2)

expressed through the usual partonic luminosity

Lij(x, µ
2
F ) = x (fi ⊗ fj) (x, µ

2
F ) . (3)
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At energies ≫ mG̃, the gravitino ψµ can be replaced by the goldstino ψ via [46, 48, 49]

ψµ → −
√

2

3

∂µψ

mG̃

(A.6)

Using the gravitino mass expression mG̃ = F/
√

3 MP where
√

F is the SUSY breaking

scale, we get

Lt̃tG̃ =
i

F
∂ν t̃∗ ∂µψγ

νγµ (ct̃PL + st̃PR) t + h.c. (A.7)

Lt̃WbG̃ =
1√
2F

g W+
ν t̃∗ ∂µψγ

νγµ ct̃PLb + h.c. (A.8)

We can use {γµ, γν} = 2gµν and ∂/ψ = 0 (for an on-shell goldstino) to make the replacement

∂µψγ
νγµ = 2 ∂νψ − ∂µψγ

µγν → 2 ∂νψ (A.9)

which gives (as in eq. (51) of [48])

Lt̃tG̃ =
2i

F

[

∂µt̃∗ ∂µψ (ct̃PL + st̃PR) t − ∂µt̃ t (ct̃PR + st̃PL) ∂µψ
]

(A.10)

and (as in eq. (56) of [48])

Lt̃WbG̃ =

√
2

F
g ct̃

(

W+
µ t̃∗ ∂µψPLb + W−

µ t̃ bPR ∂
µψ
)

(A.11)

Using (A.7), (A.11), and the standard model interaction

LtWb = −
g√
2

(

W+
µ tγµPLb + W−

µ bγµPLt
)

(A.12)

we obtain the matrix element (2.1) quoted in the text.

B Details relevant to exclusion limits

B.1 tt and t̃t̃∗ production cross sections

NNLOapprox+NNLL calculations give the tt production cross section at the Tevatron as

σtt = 6.30 ± 0.19+0.31
−0.23 pb [50] or 7.08+0.20+0.36

−0.24−0.27 pb [51]. As a compromise between the two

sources we will assume σtt = 6.7 pb ± 6%. For 7 TeV LHC, the result is σtt = 149 ± 7 ±
8 pb [50] or 163+7+9

−5−9 pb [51]. We will use σtt = 156 pb ± 7%.

NLO+NLL predictions for t̃t̃∗ production cross sections are available in [52]. We model

their results for the Tevatron by using the leading-order expressions (see, e.g., [53]) with

MSTW 2008 NLO PDFs multiplied by a K-factor whose value and uncertainty vary linearly

between 1.58 ± 13% and 1.48 ± 9% as the stop mass varies between 100 and 200 GeV. For

the 7 TeV LHC we model the results similarly with a K-factor of 1.73 ± 13%. The cross

sections are plotted in figure 1.
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Simpler derivation of the connection:
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Using the above expression of ⇧LR, the integral appearing in the pion potential gives
Z 1

0

dQ2 ⇧LR(Q2) = f 2
⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (87)

For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1i = h⇡2i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2  1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
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This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.
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Why is the Higgs light?

27

The Higgs as a composite pseudo-NG boson

strong
sector

Aµ 

ψ

h

G → G’ The Higgs doublet H is the NG boson associated 
to the global symmetry G → G’ of a new strong 
dynamics

[ Georgi & Kaplan, `80 ]
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Minimal example (with custodial symmetry):

Agashe, RC, Pomarol,  NPB 719 (2005) 165 

R.C.,  DaRold, Pomarol, PRD 75 (2007) 055014; Carena, 
Ponton, Santiago,  Wagner, PRD 76 (2007) 035006; 
Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) 
096002;     Hosotani, Tanaka, Uekusa, PRD 82 (2010) 
115024; Redi, Gripaios,  JHEP 1008:116 (2010); 
Hosotani, Noda, Uekusa,  Prog. Theor. Phys 123 (2010) 
123; Panico, Safari, Serone,  JHEP 1102:103 (2011)

SO(5) → SO(4) ~ SU(2)L x SU(2)R four real NG bosons:

4 of SO(4) = real (2,2) of SU(2)L x SU(2)R

= complex 2 of SU(2)L

At high energies SO(4) is linearly realized
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The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so 
much lighter than the cutoff scale ?

Q:

A #3:   Higgs as a composite NG boson  (combines #1 and #2)

Loops of pure composites 
vanish due to NG symmetry

= 0

NG symmetry broken by 
elementary-composite couplings: 

No pure composite effects, 	


vanish due to NG symmetry	



NG symmetry broken by 	


elementary-composite couplings:	



Kaplan;  Agashe et. al

Higgs is a pNGB	


!
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      SO(5) → SO(4) ~ SU(2)L x SU(2)R
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Composite Higgs vs. LHC data
post-Moriond fit: see e.g. 

Giardino et al, Falkowski et 
al  
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FIG. 1: In green, yellow and gray, the 68%,95%,99% C.L.
contours for the parameters a and c with the most recent data
(table I). Upper plot: ATLAS with data taken at mh = 126.5
GeV (dashed contours correspond to data taken at mh =

125GeV). Lower plot:CMS with data taken at mh = 125GeV.
A flat prior a 2 [0, 3], c 2 [�3, 3] is used.

Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

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 COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break 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 [3] and MCHM5 [4] 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 [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 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 (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume 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��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

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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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]
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where g is the gauge coupling and ⇧
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(p) is the two-point function of the SO(4) conserved current in

momentum space, ⇧
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⇠ hJ
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J
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i, and similarly ⇧
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for the current associated to the broken generators

in SO(5)/SO(4); for the precise definitions see Ref. [5]. In a large-N expansion, that we will assume

here, these form factors can be written as an infinite sum over narrow resonances:
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where ⇢
n

and a
n

are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]
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and a
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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Potential is fully radiatively generated

Implications of mH = 125 GeV
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2
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numerator can easily be obtained by requiring ⇧1(0) = f2.
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]
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momentum space, ⇧
a

⇠ hJ
a

J
a

i, and similarly ⇧
â
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and a
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.
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strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.
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Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
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gauge bosons

is given by [5]
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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→ ‘Weinberg sum rules’

The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2
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); the
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]
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â

(p)� ⇧
a

(p)
⇤
, (2)

where g is the gauge coupling and ⇧
a

(p) is the two-point function of the SO(4) conserved current in

momentum space, ⇧
a

⇠ hJ
a

J
a

i, and similarly ⇧
â
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and a
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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Implications of mH = 125 GeV
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)
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! hqq̄i2/p4 being the equivalent of our ⇧1(p).
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only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2

⇢)(p
2 +m2

a1
); the

numerator can easily be obtained by requiring ⇧1(0) = f2.

3

Higgs dependent term 	


UV finite

< 1



The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
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QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,

with the left-right correlator ⇧
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(p) = ⇧
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! hqq̄i2/p4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
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d4p⇧1(p)/⇧0(p) is

convergent for ⇧0 ⇠ p2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).

This convergence is equivalent to imposing a set of requirements on ⇧1(p), usually known as the

Weinberg sum-rules [9]. These are
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p2⇧1(p) = 0 , (4)

that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine
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and F
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Eq. (5) can now be used to obtain the gauge contribution to the Higgs potential Eq. (1). In an
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2
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); the

numerator can easily be obtained by requiring ⇧1(0) = f2.
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
c

QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).
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UV finiteness requires at least two resonances
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |FL,R

Q4
|2 (m2

Q4
�m2

Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M t

1(p) = |FL

Q4
FR ⇤
Q4

|mQ4mQ1(mQ4 �m
Q1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p2

m
Q4mQ1

m
Q1 �m

Q4e
i✓

m
Q4 �m

Q1e
i✓

◆
, (24)
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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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The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t

1(p)

M t

1(0)

���� =
m2

Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧
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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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Light Higgs implies light fermionic top partners
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The convergence of Eq. (19) requires the Weinberg sum-rule lim
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧
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1 (p) = 0 (n = 0, 2), that require
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where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL

Q4
FR ⇤
Q4

| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3

m2
h

' N
c

⇡2

"
m2

t

f 2

m2
Q4
m2

Q1

m2
Q1

�m2
Q4

log

 
m2

Q1

m2
Q4

!
+

(�F 2)2

4f 2
hs2

h

c2
h

i
 
1

2

m2
Q4

+m2
Q1

m2
Q1

�m2
Q4

log

 
m2

Q1

m2
Q4

!
� 1

!#
, (25)

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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧
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where we have defined FL
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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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
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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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
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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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Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
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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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The convergence of Eq. (19) requires the Weinberg sum-rule lim
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this
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m2
h

� N
c

⇡2

m2
t

f 2
m2

Q

, (22)

that provides an upper bound for the resonance mass:
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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].

6

mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3

0 500 1000 1500 2000
0

500

1000

1500

2000

mQ1HGeVL

m
Q
4
HGe

V
L

125 GeV Higgs

f=1000 GeV

f=500 GeV

Following the same approach
 for the minimal composite PGB Higgs model: hh
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Figure 3: Scatter plots of the masses of the lightest exotic state of charge 5/3 and of the lightest
e
T resonance for ⇠ = 0.2 (left panel) and ⇠ = 0.1 (right panel) in the three-site DCHM model.
The black dots denote the points for which 115 GeV  mH  130 GeV, while the gray dots have
mH > 130 GeV. The scans have been obtained by varying all the composite sector masses in the
range [�8f, 8f ] and keeping the top mass fixed at the value mt = 150 GeV.

T much lighter than the e
T can not happen for a light Higgs due to the presence of a lower bound

on the mT� , which will be discussed in details in the next section. In the region of comparable T�

and e
T� masses sizable deviations from eq. (44) can occur. These are due to the possible presence

of a relatively light second level of resonances, as already discussed.

The numerical results clearly show that resonances with a mass of the order or below 1.5 TeV

are needed in order to get a realistic Higgs mass both in the case ⇠ = 0.2 and ⇠ = 0.1. The

prediction is even sharper for the cases in which only one state, namely the e
T�, is light. In these

regions of the parameter space a light Higgs requires states with masses around 400 GeV for the

⇠ = 0.2 case and around 600 GeV for ⇠ = 0.1.

The situation becomes even more interesting if we also consider the masses of the other com-

posite resonances. As we already discussed, the first level of resonances contains, in addition to

the T� and e
T�, three other states: a top-like state, the T

2/3�, a bottom-like state, the B�, and an

exotic state with charge 5/3, the X

5/3�. These three states together with the T� form a fourplet

of SO(4). Obviously the X

5/3� cannot mix with any other state even after EWSB, and therefore

it remains always lighter than the other particles in the fourplet. In particular (see fig. 9 for a

schematic picture of the spectrum), it is significantly lighter than the T� . In fig. 3 we show the

scatter plots of the masses of the lightest exotic charge 5/3 state and of the e
T . In the parameter

space region in which the Higgs is light the X

5/3� resonance can be much lighter than the other

22

Conclusions

39

Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2

mH  = 115 … 130 GeV

from 1204.6333

see e.g. ATLAS-CONF-2013-051	
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 Typical spectrum of top partners
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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 Two-body decay modes:
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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 Two-body decay modes:

 Current experimental status in a nutshell
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 Two-body decay modes:

 Current experimental status in a nutshell
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Limits in the 700-800 GeV range



Outlook



A lot of juice 
left in the LHC!
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Conclusions
The battle for a natural resolution of the 	



hierarchy problem goes on, top partner searches 
are at the frontier	



!

LHC14 will be decisive: 	


2 x energy, sensitive to 4 x tuning	



!

“Absence of evidence is not evidence of absence”, 	


still: some experimental guidance would be nice.	




