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Figure 14: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a
function of the SM Higgs boson mass. The dashed line shows the expected local p-values for a
SM Higgs boson with a mass mH.
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Figure 15: The observed local p-value for the five decay modes and the overall combination as
a function of the SM Higgs boson mass. The dashed line shows the expected local p-values for
a SM Higgs boson with a mass mH.

mh ' 125GeV

Higgs-like particle exists !

3



Main Goal of the LHC:

“Unveil the Nature of EWSB mechanism”

SM or not ?

First step taken on 07/04/2012:

26 7 Combined results

 (GeV)Hm
116 118 120 122 124 126 128 130

Lo
ca

l p
-v

al
ue

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

σ1
σ2

σ3

σ4

σ5

σ6

σ7

Combined  obs.
Expected for SM H

 = 7 TeVs
 = 8 TeVs

CMS -1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbs

Figure 14: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a
function of the SM Higgs boson mass. The dashed line shows the expected local p-values for a
SM Higgs boson with a mass mH.

 (GeV)Hm
116 118 120 122 124 126 128 130

Lo
ca

l p
-v

al
ue

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

σ1
σ2

σ3

σ4

σ5

σ6

σ7

Combined  obs.
Expected for SM H

γγ→H
 ZZ→H
 WW→H

ττ→H
 bb→H

CMS -1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbs

Figure 15: The observed local p-value for the five decay modes and the overall combination as
a function of the SM Higgs boson mass. The dashed line shows the expected local p-values for
a SM Higgs boson with a mass mH.

mh ' 125GeV

Higgs-like particle exists !

Where is BSM scale       ?
4

⇤UV



SM or not ?
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 The Hierarchy Problem

Good reasons to guess                      (e.g ,              ):⇤UV � TeV 1016GeV

• Accidental Symmetries

• Minimal Flavor Violation

• Majorana neutrinos (?)

One reason to expect                  :⇤UV ⇠ TeV

deviations suppressed by 1/⇤p
UV}

m⌫ ⇠ v2/⇤UV

mH
2
|
pole

= c⇤2
UV + �m2

H

t
H H�m2

H = ' � y2t
16⇡2

⇤2
UV



SM or not ?

Realistic Higgs requires tuning :

New physics in LHC range
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Is Hierarchy a problem of Nature or just a problem of theory ?

LHC data will answer !
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Composite Higgs

Composite Higgs scenario:

1. Higgs is hadron of new strong force 
                                  Corrections to        screened above 
                              The Hierarchy Problem is solved

2. Higgs is a Goldstone Boson, this is why it is light

3. SM fermions and gauge coupled linearly to the strong sector

1/lHmH

Composite Sector Elementary Sector

fL, fRW 1,2,3
µ , Bµ

LintHiggs
+

resonances

gauge couplings:

fermion couplings:

Lint=gJµW
µ

Lint=yLqLOL+yRqROR
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Lint=gJµW
µ

Lint=yLqLOL+yRqROR

yf =Yukawas : ⇠ yLyR
g⇢

small  Yukawas           small  mixing:) yL,R ⇠ p
g⇢yf

suppressed FCNC :
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The Minimal Coset :
• delivers one doublet (4 reals)
• has custodial symmetry

Higgs Couplings
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• delivers one doublet (4 reals)
• has custodial symmetry

Higgs Couplings

�Anomalous couplings from   -model non-linearities :

Given that we will have to gauge the SM subgroup of SO(5), we must consider also local trans-

formations, g = g(x), in the above equation. We also have to define gauge sources AA

µ

A
µ

= AA

µ

TA ! A(g)

µ

= g [A
µ

+ i@
µ

] gt , (A.13)

some of which we will eventually make dynamical while setting the others to zero. Explicitly, the

dynamical part of A
µ

will be

A
µ

=
gp
2
W+

µ

�
T 1

L

+ iT 2

L

�
+

gp
2
W�

µ

�
T 1

L

� iT 2

L

�
+g (c

w

Z
µ

+ s
w

A
µ

)T 3

L

+g0 (c
w

A
µ

� s
w

Z
µ

)T 3

R

, (A.14)

where c
w

and s
w

denote respectively the cosine and the sine of the weak mixing angle and g, g0 are
the SM couplings of SU(2)

L

and U(1)
Y

. Notice that A
µ

belongs to the unbroken SO(4) subalgebra,

this will simplify the expression for the d and e symbols that we will give below.

The d and e symbols

Still treating A
µ

as a general element of the SO(5) algebra, we can define the d and e symbols as

follows. Start from defining

Ā
µ

⌘ A(U

t

)

µ

= U t [A
µ

+ i@
µ

]U , (A.15)

this transforms under SO(5) in a peculiar way

Ā
µ

! A(h·U t·gt·g)
µ

= Ā(h)

µ

= h
⇥
Ā

µ

+ i@
µ

⇤
ht (A.16)

Since h = h(⇧; g) is an element of SO(4) as in eq. (A.8), the shift term in the above equation, ih@
µ

ht,

lives in the SO(4) subalgebra. Therefore, if we decompose Ā
µ

in broken and unbroken generators

Ā
µ

⌘ � di
µ

T i � ea
µ

T a , (A.17)

we have that di
µ

transforms linearly (and in the fourplet of SO(4)) while the shift is entirely taken

into account by ea
µ

. We have

di
µ

! (h
4

)i
j

d
ˆ

b

µ

and e
µ

⌘ ea
µ

ta ! h
4

[e
µ

� i@
µ

]ht
4

. (A.18)

Let us now restrict, for simplicity, to the case in which A
µ

belongs to the SO(4) subalgebra, as

for our dynamical fields in eq. (A.14). It is not di�cult to write down an explicit formula for d and

e, these are given by

di
µ

=
p
2

✓
1

f
� sin⇧/f

⇧

◆ ~⇧ · r
µ

~⇧

⇧2

⇧i +
p
2
sin⇧/f

⇧
r

µ

⇧i

ea
µ

= �Aa

µ

+ 4 i
sin2 (⇧/2f)

⇧2

~⇧ttar
µ

~⇧ (A.19)

where r
µ

⇧ is the ”covariant derivative” of the ⇧ field:

r
µ

⇧i = @
µ

⇧i � iAa

µ

(ta)i
j

⇧j . (A.20)

The first use we can make of the d
µ

symbol is to define the SO(5)-invariant kinetic Lagrangian

for the Goldstone bosons, this is given by

L
⇡

=
f2

4
di
µ

dµ
i

. (A.21)

26

In the unitary gauge of eq. (A.11) and using eq. (A.14) for A
µ

the Goldstone Lagrangian becomes

L
⇡

=
1

2
(@h)2 +

g2

4
f2 sin2

h

f

✓
|W |2 + 1

2c2
w

Z2

◆
, (A.22)

from which we can check that the field ⇢ is indeed canonically normalized and read the W and

Z masses m
W

= g/2f sin hhi
f

, m
Z

= m
W

/c
w

. This fixes relation among hvi and the EW scale

v = 246 GeV

v = f sin
hhi
f

. (A.23)

The e
µ

symbol can instead be used to construct the CCWZ covariant derivatives, because the

shift term in its transformation rule of eq. (A.18) compensates for the shift of the ordinary derivative.

Consider for instance the field  defined in eq. (2.5) of the main text, which transforms in the 4 of

SO(4), i.e. like  ! h
4

· . The covariant derivative is

r
µ

 = @
µ

 + i ea
µ

ta . (A.24)

The CP symmetry

By looking at eq. (A) and remembering that CP acts as H(x) ! H⇤(x(P )) on the Higgs doublet

we immediately obtain the action of the CP transformation on the Goldstone fields ⇧ and on the

Goldstone matrix U . It is

~⇧(x) ! C
4

· ~⇧(x(P )) , U(x) ! C
5

· U(x(P )) · C
5

, (A.25)

where C
4

and C
5

are respectively a 4 ⇥ 4 and a 5 ⇥ 5 diagonal matrices defined as

C
4

= diag(�1,+1,�1,+1) , C
5

= diag(�1,+1,�1,+1,+1) . (A.26)

In the above equations the superscript “(P )” denotes the action of ordinary spatial parity. Similarly,

the ordinary action of CP on the SM gauge fields in eq. (A.14) is recovered if we take

A
µ

! C
5

· A(P )

µ

· C
5

. (A.27)

From the above equations it is straightforward to derive the CP transformations of the d and e

symbols defined in eq. (A.17),

di
µ

! C
4

i

j

(d(P )

µ

)j , e
µ

! C
4

· (e(P )

µ

) · C
4

. (A.28)

In the fermionic sector, adopting for definiteness the Weyl basis, the CP transformation of the

q
L

and of the t
R

are the usual ones

�(x) ! �(CP ) = i�0�2 ⇤(x(P )) , (A.29)

for � = {t
L

, b
L

, t
R

}. For the top partners, in the case in which they transform in the fourplet of

SO(4) as in eq. (2.5), it is natural to define CP as

 
i

! C
4

j

i

 (CP )

j

, (A.30)

while for the case of the singlet we simply have  !  (CP ). Notice that with this definition the

charge eigenstate fields {T,B,X
2/3

, X
5/3

} defined in eq. (2.5) have “ordinary” CP transformation

as in eq. (A.29);

27

EWPT suggest mild deviations:             or            .⇠'0.1⇠'0.2

Higgs-W couplings: deviations from SM controlled by

= i
g2

4
v
p

1� ⇠ ⇠⌘ v2

f2
=sin2

hhi
f
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MCHM5
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Higgs-top coupling is more model-dependent\

Higgs Couplings



Lint=yLqLOL+yRqROR

MCHM5

MCHM4

MCHM10

OL,R 2 4

OL,R 2 5

OL,R 2 10

OL,RSO(5)We have to specify          representations of           

Higgs-top coupling is more model-dependent\

= i
mf

v
c

c =
p
1� ⇠

c =
1� 2⇠p
1� ⇠

. . .

Higgs Couplings



Goldstone Boson Higgs

Some updated fit:
courtesy of G. Panico
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Refs.: Contino et al., Grojean et al. 2012, 
see also talks by C.Delaunay and D.Barducci
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In the IR, operators correspond to particles:
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Top Partners

Linear interaction is partial compositeness:
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Top Partners

Linear interaction is partial compositeness:

Important Remark:

    and     carry color !O Q

Q = “vector-like colored fermions”
(partners)



OL,R $ QL,Rh0|O|Qi 6= 0

In the IR, operators correspond to particles:

Lint=yLqLOL+yRqROR

Top Partners

Linear interaction is partial compositeness:

Lint / yLqLQL + yLqRQR

physical particles are partially composite:

|SMqi = cos�q|qi+ sin�q|Qi

Mass-mixing at low energy:



Top Partners

Elementary/composite mixing breaks Goldstone symmetry.
Thus generates Higgs potential.       (like pion mass from QED)

20

top loops dominate because
the top is largely composite

Expected connection among top partners physics, 
Higgs mass and VEV

|SMqi = cos�q|qi+ sin�q|Qi



Top Partners
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Top partners cancel top quark divergence
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Top partners cancel top quark divergence
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mH � [115, 130]

Striking Example:

MCHM4,5,10
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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

arXiv:1204.6333
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Q=2/3

Q=5/3
mH � [115, 130]

Striking Example:

MCHM4,5,10

arXiv:1204.6333

:   (larger tuning)⇠ = 0.1
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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
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Q=2/3

Q=5/3
mH � [115, 130]

Striking Example:

MCHM4,5,10

arXiv:1204.6333

:   (larger tuning)⇠ = 0.1

Embedded in promising explicit 5d model (Pappadopulo, Torre, Thamm 2013). 
(see talk by A.Thamm)

and compositeOL 2 14MCHM14e.g. :

We find the same from general analysis    (Panico, Redi, Tesi, AW 2012)

Result confirmed in many ways:
Contino et al 2007,

Marzocca-Serone 2012
Pomarol-Riva 2012

tR

(see talk by D.Marzocca)
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Mrazek, AW 2009
Dissertori, Furlan et al 2010
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Cacciapaglia et al. 2012/2013

Santiago et al. 2013

Top Partners @ LHC studied by several groups:

 (see talk by J.Santiago)

Top Partners

Don’t forget other resonances
(see talk by A.Kaminska)
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Case #1, fourplet of custodial SO(4)
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Figure 2: The typical spectrum of the top partners.

nature of the Higgs and it would be generically violated, as previously discussed, if this assumption

was relaxed. This result also depends on t
R

being a composite singlet. If t
R

was instead a partially

composite state mixing to a non-trivial representation of SO(5) (for instance a 5) there would be

additional entries in the mass matrix. 8 In a sense our result depends on y being the only relevant

parameter that breaks SO(5) explicitly.

Once the mass-matrix has been put in the block-diagonal form of eq. (2.17) it is straightforward

to diagonalize it and to obtain exact formulae for the rotation matrices and for the masses of the

top and of the T partner. However the resulting expressions are rather involved and we just report

here approximate expressions for the masses. We have

m
t

' c
2

y fp
2

g
 q

g2
 

+ y2
sin ✏


1 + O

✓
y2

g2
 

⇠

◆�
,

m
T

'
q
M2

 

+ y2f2

"
1 � y2

�
g2
 

+ (1 � c2
2

)y2
�

4
�
g2
 

+ y2
�
2

sin2 ✏ + . . .

#
. (2.18)

From the above equation we obtain the correct order of magnitude for the top mass if, as anticipated,

y ⇠ y
t

and g
 

& 1. In this region of the parameter space the corrections to the approximate formulae

are rather small, being suppressed by both a factor y2/g2
 

(which is preferentially smaller than one)

and by ⇠ ⌧ 1. However we will consider departures from this theoretically expected region and

therefore we will need to use the exact formulae in the following sections.

Similarly we can study the sector of �1/3 charge states. It contains a massless b
L

, because we

are not including the b
R

in our model, plus the heavy B particle with a mass

m
B

=
q
M2

 

+ y2f2 . (2.19)

This formula is exact and shows that the bottom sector does not receive, in this model, any con-

tribution from EWSB. By comparing the equation above with the previous one we find that the

8The top partner’s spectrum with partially composite t
R

has been worked out in Ref. [11, 10].

11

Spectrum: Couplings:

V

t

X
⇠ MX/f

because Goldstones are derivatively coupled

Case #2, singlet of custodial SO(4)

For model M1

14

instead we have

m
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As one can see from the last expressions the mass of the eT receives positive contributions proportional

to y2 and hence for a fixed mass of the eT , y must be limited from above. Unlike the models with

fourplet partners, in the singlet case y completely controls the couplings of the eT with the top and

bottom quarks (see Sec. 3.2). Therefore one can expect that for a given me
T

there exists a maximal

allowed coupling of the SM particles with the top partner and hence for small masses the single

production of eT is suppressed. In addition small values of me
T

become unnatural since they require

very small y together with a very large c
2

needed to recover correct top mass. By minimizing the

largest eigenvalue of the mass matrix with respect to M
 

for fixed y and f one can find a minimal

allowed mass of the eT which is given by

mmin, M1
5

e
T

= m
t

+
1p
2
yf sin ✏ ,

mmin, M1
14

e
T

= m
t

+
1

2
p

2
yf sin 2✏ , (2.28)

for the models M1

5

and M1

14

respectively. The bound given in eq. (2.28) will a↵ect the exclusion

plots in the following.

2.2.2 Trilinear Couplings

Other interesting qualitative aspects of our models are discovered by inspecting the explicit form

of the Lagrangians in unitary gauge. These are reported in Appendix B, and are written in the

“original” field basis used to define the Lagrangians in eq.s (2.5, 2.7, 2.11, 2.12), i.e. before the

rotation to the mass eigenstates. Appendix B contains, for reference, the complete Lagrangian

including all the non-linear and the derivative Higgs interactions. However the coupling that are

relevant to the present discussion are the trilinears involving the gauge fields and the Higgs in the

models M4

5

and M4

14

, reported in eq. (B.1), (B.2), (B.3) and (B.4).

The first remarkable feature of eq. (B.2) is that the Z boson couplings with the B is completely

standard: it is not modified by EWSB e↵ects and coincides with the familiar SM expression g
Z

=

g/c
w

(T 3

L

� Q). In particular it coincides with the Zb̄
L

b
L

coupling, involving the elementary b
L

,

because b
L

and B have the same SU(2) ⇥U(1) quantum numbers. The Z-boson coupling to charge

�1/3 quarks is therefore proportional to the identity matrix. Consequently the Z interactions remain

diagonal and canonical even after rotating to the mass eigenbasis. In particular, in the charge �1/3

sector, there will not be a neutral current vertex of the form B ! Zb.

This property is due to an accidental parity, P
LR

, defined in Ref. [8] as the exchange of the Left

and the Right SO(4) generators. This symmetry is an element of O(4) and it acts on the top partner

13
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As one can see from the last expressions the mass of the eT receives positive contributions proportional

to y2 and hence for a fixed mass of the eT , y must be limited from above. Unlike the models with

fourplet partners, in the singlet case y completely controls the couplings of the eT with the top and

bottom quarks (see Sec. 3.2). Therefore one can expect that for a given me
T

there exists a maximal

allowed coupling of the SM particles with the top partner and hence for small masses the single

production of eT is suppressed. In addition small values of me
T

become unnatural since they require

very small y together with a very large c
2

needed to recover correct top mass. By minimizing the

largest eigenvalue of the mass matrix with respect to M
 

for fixed y and f one can find a minimal

allowed mass of the eT which is given by

mmin, M1
5

e
T

= m
t

+
1p
2
yf sin ✏ ,

mmin, M1
14

e
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t

+
1

2
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2
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for the models M1

5

and M1

14

respectively. The bound given in eq. (2.28) will a↵ect the exclusion

plots in the following.

2.2.2 Trilinear Couplings

Other interesting qualitative aspects of our models are discovered by inspecting the explicit form

of the Lagrangians in unitary gauge. These are reported in Appendix B, and are written in the

“original” field basis used to define the Lagrangians in eq.s (2.5, 2.7, 2.11, 2.12), i.e. before the

rotation to the mass eigenstates. Appendix B contains, for reference, the complete Lagrangian

including all the non-linear and the derivative Higgs interactions. However the coupling that are

relevant to the present discussion are the trilinears involving the gauge fields and the Higgs in the

models M4

5

and M4

14

, reported in eq. (B.1), (B.2), (B.3) and (B.4).

The first remarkable feature of eq. (B.2) is that the Z boson couplings with the B is completely

standard: it is not modified by EWSB e↵ects and coincides with the familiar SM expression g
Z

=

g/c
w

(T 3

L

� Q). In particular it coincides with the Zb̄
L

b
L

coupling, involving the elementary b
L

,

because b
L

and B have the same SU(2) ⇥U(1) quantum numbers. The Z-boson coupling to charge

�1/3 quarks is therefore proportional to the identity matrix. Consequently the Z interactions remain

diagonal and canonical even after rotating to the mass eigenbasis. In particular, in the charge �1/3

sector, there will not be a neutral current vertex of the form B ! Zb.

This property is due to an accidental parity, P
LR

, defined in Ref. [8] as the exchange of the Left

and the Right SO(4) generators. This symmetry is an element of O(4) and it acts on the top partner
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sizable coupling to bottom quark

(De Simone, Matsedonsky, Rattazzi, AW, 2012 arXiv:1211.5663)
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Three possible production mechanisms

QCD pair prod.
model indep.,
relevant at low mass

X

X

X

t

single prod. with t
model dep. coupling
pdf-favored at high mass

X
single prod. with b
favored by small b mass 
dominant when allowed

b

(De Simone, Matsedonsky, Rattazzi, AW, 2012 arXiv:1211.5663)
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Three possible production mechanisms

QCD pair prod.
model indep.,
relevant at low mass

X
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X

t

single prod. with t
model dep. coupling
pdf-favored at high mass

X
single prod. with b
favored by small b mass 
dominant when allowed

b

comparing production rates:
(7 TeV LHC)
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(De Simone, Matsedonsky, Rattazzi, AW, 2012 arXiv:1211.5663)



Example I: recasting the CMS b’ search 
(CMS-PAS-EXO-11-036)

Sensitive to        pair and single, though not optimized for the latter one

are mediated by y. The couplings are

M1

5

, M1

14

(⇢ + i�0) eT
R

t
L

yp
2

�+ eT
R

b
L

y

(3.9)

The top partner eT now is in a SM singlet, therefore the interactions allowed before EWSB are the

ones with the left-handed doublet. The
p

2 suppression of the coupling with the top is due, once

again, to the SM symmetry. One important implication of eq. (3.9) is that the eT , contrary to the

partners in the fourplet, can be copiously produced singly in association with a bottom quark. We

will discuss this and other features of our models in the following section.

3.3 The Most Relevant Channels

We discuss here the most relevant production and decay processes of each top partner, identifying

the best channels where these particles should be looked for at the LHC. Obviously one would need

an analysis of the backgrounds to design concrete experimental searches for these promising channels

and to establish their practical observability. We leave this to future work and limit ourselves to

study, in section 4, the constraints on the top partners that can be inferred from presently available

LHC searches of similar particles

Let us first consider the models M4

5

, M4

14

and analyze separately each of the new fermions.

• X
5

/

3

X
5

/

3

, together with X
2

/

3

, is the lightest top partner, it is therefore the easiest to produce.

Production can occur in pair, via QCD interactions, or in association with a top quark through

its coupling with a top and a W+. The coupling, see eq. (3.8), is controlled by g
 

= m
X

5

/

3

/f ,

which grows with mass at fixed f . We thus expect single production to play an important

role at high mass, where it is enhanced with respect to pair production by both kinematics

and a larger coupling (at fixed f). This is confirmed, for a particular but typical choice of

parameters, by the plot in Figure 4.

Since it is the lightest partner, X
5

/

3

decays to W+t with unit branching ratio. The relevant

channel for its observation is X
5

/

3

! tW in association with a second top quark of opposite

charge. The latter is present in both single and pair production processes. This results in clean

signals consisting of either same-sign dileptons or trileptons plus jets. In the following section

we will recast the LHC searches for these signals and obtain a limit on X
5

/

3

production. In

addition to two top quarks and a W , pair production also leads to a second hard W while single

production (see Figure (3)) features a light-quark jet associated with virtual W emission.

Notice that the light-quark jet in single production is typically forward with a p
T

. m
W

because the emission of the virtual W is enhanced in this kinematical region [16] . In practice

this jet has the same features of the“tag jets” in VBF Higgs production and in WW–scattering.

The events are thus characterized by a forward isolated jet in one of the hemispheres. The

relevant kinematical distributions are shown in Figure (5) for the production of a 600 GeV

partner. Like in VBF or WW -scattering, one might hope to employ the forward jet as a tag

to discriminate single production form the background. Ref. [16] argued that the main source
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Figure 9: Excluded (95%CL) regions in the (MX5/3
, c1) plane for ⇠ = 0.2 for the models M45 and M414,

using the search for b0 ! W t. In blue: y = 3 (MB � MX5/3
), in green: y = 0.3 (MB & MX5/3

). Black dashed
lines correspond to the exclusions with ⇠ = 0.4. Gray regions correspond to a variation of the dileptons and
trileptons signal of approximately 10% and 30% respectively (see text for details).

Ref. [37].

We see in Table 8 that the e�ciency for the single production with the b is extremely low, below

1 h. This is because the single production signal (see Figure 3) is characterized by three leptons

plus one hard (b) jet from the top decay, plus one forward jet from the virtual W emission and a b

from the gluon splitting. But the gluon splitting is enhanced in the collinear region, therefore the

b-jet emitted from the gluon is also preferentially forward and with low p
T

. In order for the event

to pass the selection cut, that requires at least two jets with p
T

> 25 GeV and |⌘| < 2.4, at least

one of the two preferentially forward jets must be central and hard enough, implying a significant

reduction of the cross-section. However this is not yet the dominant e↵ect, the main reduction of the

signal is due to the cut R
T

> 80 GeV discussed before. Indeed R
T

is computed without including

the two hardest leptons and the two hardest jets, which in our case means, since we have only 3

leptons and typically only 2 jets, that the momentum of the softest lepton must be above 80 GeV.

Therefore in the end the signal is completely killed. The situation is better for the single production

with the t since one typically has more particles produced in this case and therefore the e�ciencies

are comparable with the ones of pair production.

The situation is better for the single production with the t, the e�ciencies are comparable with

the ones of pair production (see Table 8). However, we have seen in section 3.3 (see fig. 7) that

the rate of pair production is typically larger than the one of single production with the top, in the

relevant mass range. Since the e�ciencies are comparable we do not expect a sizable contribution

from this process. The signal is totally dominated by the pair production and the BR( eT ! Z t) is

fixed to be about 1/4, as discussed in section 3.3. Therefore the bounds one can infer are mainly

on me
T

, but a mild dependence on the other parameters (⇠ and y) is still residual in the BR. The

31

single prod. coupling

Significant improvement of the bound from single production

30

Top Partners at the LHC
(De Simone, Matsedonsky, Rattazzi, AW, 2012 arXiv:1211.5663)
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Figure 10: Excluded (95%CL) regions in the (MeT , ⇠) plane, using the search t0 ! Wb, for the models M15

and M114 for y = 0.5 (green), y = 2 (blue) (corresponding approximately to c2 ' 2 (green), c2 ' 0.5 (blue)).
In the gray dashed region there are no solutions for MeT (y, ⇠) when y = 2.

Plots and results

We show the excluded regions of the parameter space in terms of ⇠ and Me
T

on the Fig. 10. The

exclusion is stronger for larger y (and smaller c
2

) due to a larger BR( eT ! Wb) in this case. As was

already discussed in the Section 3.2 the gauge interactions of the model M1

14

are similar to the ones

of the model M1

5

and therefore the excluded regions are also similar. The di↵erence is sizable in the

region close to ⇠ = 0.5 where in the model M1

14

interactions with a Higgs boson vanish according

to Eq. (B.7) and therefore the BR of the competitive decay to Wb increases. The regions without

solutions for eT (y, ⇠) when y is large correspond to those defined by the Eq. (2.28).

Due to a larger amount of data analyzed and a higher BR of the eT ! W b decay mode the

search of Ref. [43] gives a better constraint on the parameters of our models than the previously

considered search eT ! Z t [42]. However one may expect that with increased amount of analyzed

data the search for eT ! Z t can become competitive due to its sensitivity to single production.

4.4 Summary of exclusions

The results of the searches described above can be conveniently summarized by scanning over the

values of the model parameters and selecting the most and the least stringent bounds on the top-

partners’ masses. The highest excluded masses of X
5/3

and X
2/3

correspond to the lowest value of y

and highest c
1

and ⇠, and the opposite for the lowest exclusion. For T and B the highest exclusion

corresponds to the highest y, c
1

and ⇠ and the opposite for the lowest exclusion. Maximal eT mass

exclusion is reached when y and ⇠ are maximal and the minimal exclusion is obtained for minimal y

and ⇠. In Fig. 11, we show our results for the maximal and minimal exclusions obtained by varying

the parameters in the ranges: y 2 [0.3, 3], c
1

2 [0.3, 3] and ⇠ 2 [0.1, 0.3].
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For model M1

14

instead we have
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As one can see from the last expressions the mass of the eT receives positive contributions proportional

to y2 and hence for a fixed mass of the eT , y must be limited from above. Unlike the models with

fourplet partners, in the singlet case y completely controls the couplings of the eT with the top and

bottom quarks (see Sec. 3.2). Therefore one can expect that for a given me
T

there exists a maximal

allowed coupling of the SM particles with the top partner and hence for small masses the single

production of eT is suppressed. In addition small values of me
T

become unnatural since they require

very small y together with a very large c
2

needed to recover correct top mass. By minimizing the

largest eigenvalue of the mass matrix with respect to M
 

for fixed y and f one can find a minimal

allowed mass of the eT which is given by

mmin, M1
5

e
T

= m
t

+
1p
2
yf sin ✏ ,

mmin, M1
14

e
T

= m
t

+
1

2
p

2
yf sin 2✏ , (2.28)

for the models M1

5

and M1

14

respectively. The bound given in eq. (2.28) will a↵ect the exclusion

plots in the following.

2.2.2 Trilinear Couplings

Other interesting qualitative aspects of our models are discovered by inspecting the explicit form

of the Lagrangians in unitary gauge. These are reported in Appendix B, and are written in the

“original” field basis used to define the Lagrangians in eq.s (2.5, 2.7, 2.11, 2.12), i.e. before the

rotation to the mass eigenstates. Appendix B contains, for reference, the complete Lagrangian

including all the non-linear and the derivative Higgs interactions. However the coupling that are

relevant to the present discussion are the trilinears involving the gauge fields and the Higgs in the

models M4

5

and M4

14

, reported in eq. (B.1), (B.2), (B.3) and (B.4).

The first remarkable feature of eq. (B.2) is that the Z boson couplings with the B is completely

standard: it is not modified by EWSB e↵ects and coincides with the familiar SM expression g
Z

=

g/c
w

(T 3

L

� Q). In particular it coincides with the Zb̄
L

b
L

coupling, involving the elementary b
L

,

because b
L

and B have the same SU(2) ⇥U(1) quantum numbers. The Z-boson coupling to charge

�1/3 quarks is therefore proportional to the identity matrix. Consequently the Z interactions remain

diagonal and canonical even after rotating to the mass eigenbasis. In particular, in the charge �1/3

sector, there will not be a neutral current vertex of the form B ! Zb.

This property is due to an accidental parity, P
LR

, defined in Ref. [8] as the exchange of the Left

and the Right SO(4) generators. This symmetry is an element of O(4) and it acts on the top partner

13

Weaker because current searches are not sensitive to sing. prod with b

Top Partners at the LHC
(De Simone, Matsedonsky, Rattazzi, AW, 2012 arXiv:1211.5663)
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Figure 11: Maxmal and minimal bounds on the masses of top partners for y 2 [0.3, 3], c1 2 [0.3, 3] and
⇠ 2 [0.1, 0.3] for the models M45, M15 (left pannel) and M414, M114 (right pannel). Blue and green bars
correspond respectively to high and low values of y. Black dashed lines correspond to the exclusions for the
reference values ⇠ = 0.1, c1 = 1, y = 1.

5 Conclusions

In this paper we described an approach to systematically construct the low-energy e↵ective la-

grangian for the lighest colored fermion multiplet related to the UV completion of the top quark

sector: the top partner. Our construction is based on robust assumptions, as concerns symmetries,

and on plausible assumptions, as concerns the dynamics. Our basic dynamical assumption, follow-

ing Ref. [4], is that the electroweak symmetry breaking sector, or at least the fermionic sector, is

broadly decribed by a coupling g⇤ and a mass scale m⇤. This assumption implies a well definite

power counting rule. In particular the derivative expansion is controlled by inverse powers of m⇤.
In the technical limit where the top partner multiplet  , is parametrically much lighter than the

rest of the spectrum (m
 

⌧ m⇤), our power counting provides a weakly coupled e↵ective lagrangian

description of the phenomenology of  . The basic idea is that, in this case, the e↵ects of the bulk of

the unknown spectrum at the scale m⇤ can be systematically described by an expansion in powers of

m
 

/m⇤. The lagrangian obtained in this limit defines our simplified description of the top parters.

One should however keep in mind that the most likely physical situation is one where m⇤�m
 

⇠ m
 

,

where an e↵ective lagrangian is formally inappropriate. In practice, however, we expect it to be more

than adequate for a first semi-quantitative description of the phenomenology and certainly to assess

experimental constraints. The comparison with explicit constructions supports this expectation.

As concerns the symmetries of the strong sector, we considered the minimal composite Higgs

based on the SO(5)/SO(4) coset. Furthermore we focussed on the simplest possibility where the

right-handed top quark t
R

is itself a composite fermion. The leading source of breaking of SO(5) is

thus identified with top quark Yukawa coupling y
t

. In our construction, we have fully exploited the

selection rules obtained by treating y
t

as a small spurion with definite transformation properties. For

instance the structure of the mass spectrum and the couplings are greatly constrained by symmetry

and selection rules. In particular the pNGB nature of the Higgs doublet implies the couplings

originating from the strong sector are purely derivative: at high energy, or for heavy on-shell fermions,

these couplings are e↵ectively quite sizeable and yet they do not a↵ect the spectrum even accounting

for hHi 6= 0. If the Higgs were not treated as a pNGB a large trilinear would be associated with a

large Yukawa coupling and the spectrum would necessarily be a↵ected when hHi 6= 0.
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Present searches test already part of the natural par. space

However some tuning was expected already from EWPT
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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
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Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2
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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
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Q=2/3

Q=5/3

⇠ = 0.1
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Natural models of EWSB will be tested at the LHC, even a negative 
result would change our perspective on Fundamental Interactions.

A pNGB Higgs with P.C. could work, robust visible signatures are:
• Higgs couplings modifications (difficult)    
• Direct observation of Top Partners (simpler)

Present data are already probing part of the natural par. space.

Top partner searches are still at a primitive stage, needs work from both 
the th. and exp. community.

Many aspects of model-building understood only recently, further 
thinking might lead to further surprises

Effects of top partners on EWPT needs to be reassessed 
                                   (see talk by O. Matsedonski)
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