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1. The SUSY Higgs


2. Sparticles Searches (“Naturally” ordered) 

3. Top Partners 

4. Heavy Vector Triplets (I wish I had time, but I don’t)

Plan of the lecture

2



In SUSY, fields are promoted to SuperFields.
One would thus naively expect:

The SUSY Higgs

SM Higgs field SUSY Higgs SF
H 2 21/2

Instead, we need two:                  ,
� 2 21/2

�u 2 21/2 �d 2 2�1/2

In SM we can freely use conjugate    :H Hc = i�2H
⇤

Lu
Y = yuqLHuc

R Ld
Y = ydqLH

cdcR

21/6 ⌦ 2�1/2 ⌦ 11/3 � 1021/6 ⌦ 21/2 ⌦ 1�2/3 � 10
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In SUSY, fields are promoted to SuperFields.
One would thus naively expect:

The SUSY Higgs

SM Higgs field SUSY Higgs SF
H 2 21/2

Instead, we need two:                  ,
� 2 21/2

�u 2 21/2 �d 2 2�1/2

In SM we can freely use conjugate    : Hc = i�2H
⇤

Lu
Y = yuqLHuc

R Ld
Y = ydqLH

cdcR

H

In SUSY instead we use Superpotential W [�,�⇤]
W u

Y = yu�qL�u�uc
R

W d
Y = yd�qL�d�dc

R

Lu
Y = yuqLHuu

c
R Ld

Y = ydqLHdd
c
R
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The SUSY Higgses scalar potential:

The SUSY Higgs

V [Hu, Hd] = µ2
⇥
|Hu|2 + |Hd|2

⇤

+
g2 + g02

8

⇥
|Hu|2 � |Hd|2

⇤2
+

g2

2
|H†

uHd|2

+m2
u|Hu|2 +m2

d|Hd|2 +B [HuHd +H⇤
uH

⇤
d ]

F-Term (              )

W = µ�u�d

|@W/@�|2
from

D-Term (             )
from

⇠ g2|�|4

EW int. + SUSY

Soft terms:
only masses can

break SUSY

Particular case of generic 2 Higgs doublet model
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

Implication #0: (actually 5 impl.) vacuum is viable
                          (no e.m., color, L and B breaking)
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

h|Hu|2i =
v2u
2

h|Hd|2i =
v2d
2

2 sources of EWSB

define: vu/vd = tan�
vu = v sin�
vd = v cos�{

v2u + v2d = v2 = (246GeV)2

Both Higgses must take VEV, for u and d-type masses:
Lu
Y = yuqLHuu

c
R

Ld
Y = ydqLHdd

c
R

{mu = yuvu/
p
2

md = ydvd/
p
2

For                (perturbative):yu,d < 4⇡

Abbreviations:
s�=sin�
c�=cos�

t�=
s�
c�

0.08 '
ySM
top

4⇡
. t� . 4⇡

ySM
bot

' 500

Implication #1: both Higgses take VEV
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

Hd=

"
vd+hdp

2
0

#
+

"
s�

iAp
2

s�H�

#In Unitary Gauge

                  : one charged scalar
                  : one neutral pseudo-scalar (CP-odd)
                  : two neutral scalars

H+=(H�)
⇤

A
hu,d

"
hu

hd

#
=

"
cos↵ sin↵
� sin↵ cos↵

#"
h
H

#
The Higgs we saw

The Other Higgs

(maybe heavier)

mh=125GeV

Hu=

"
0

vu+hup
2

#
+

"
c�H+

c�
iAp
2

#

Implication #2: many scalars around
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

Implication #3: modified Higgs couplings

The form of the potential allows us 
to express     in terms of     and of   
the pseudo-scalar     mass:

↵ �
A

tan↵ =
(m2

A +m2
Z)t�

m2
h(1 + t2�)�m2

Z �m2
At

2
�V =

ghV V

gSMhV V

= sin(� � ↵)

u =
ghuu
gSMhuu

=
sin(↵+ ⇡/2)

sin�

d =

ghdd
gSMhdd

=

cos(↵+ ⇡/2)

cos�
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

ATLAS arXiv:1509.00672


Direct scalar searches play an 
important role in this plane.

Implication #3: modified Higgs couplings
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

V =
ghV V

gSMhV V

= sin(� � ↵)

The form of the potential allows us 
to express     in terms of     and of   
the pseudo-scalar     mass:

↵ �
A

tan↵ =
(m2

A +m2
Z)t�

m2
h(1 + t2�)�m2

Z �m2
At

2
�

Decoupling limit:                 (technically natural)m2
d ! 1

tan↵ ' � 1

t�

sin 2� =
2B

m2
A

) t� ' m2
A

B
! 1

m2
A = m2

d + . . . ! 1

u =
ghuu
gSMhuu

=
sin(↵+ ⇡/2)

sin�

d =

ghdd
gSMhdd

=

cos(↵+ ⇡/2)

cos�

↵ ' � � ⇡/2 SM Higgs

In the limit we also have:

Implication #3: modified Higgs couplings
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

ATLAS arXiv:1509.00672


Huge decoupling limit region 
is technically natural.

Implication #3: modified Higgs couplings
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Four implications of the SUSY Higgs sector structure.

The SUSY Higgs

In the decoupling limit,     can be ignored (set to zero)

Implication #4: wrong Higgs mass !!

Hd

V [Hu, Hd] VSM=µ2
SM|Hu|2+�|Hu|4 µ2

SM = µ2 +m2
u

� =
g2 + g02

8

Habitual SM formula gives:
mH =

p
2�v =

p
g2 + g02v/2 = mZ

Problem:    is too small.      Solution: increase   .� �

Beyond decoupling limit:                           . Even worsemH| cos 2�|mZ

� ! �+ �� �� =
m2

H �m2
Z

2v2
' 0.06
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The SUSY Higgs

First way: rely on large loop corrections (only way in MSSM)

+�� =

ett

Met ⇠ mte
8⇡2��
3y2

t ⇠ 1.3 TeV

⇠ 3y4t
8⇡2

log

Met
mt

… which is exponentially bad for tuning:

Two ways to increase    :�

low            = 10 TeV⇤SUSY

⇠ 5⇠ 7

Need exponentially heavy stops …   (use               )yt ' 0.94

� �
✓

M
soft

500 GeV

◆
2

log(⇤

SUSY

/M
EW

)
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The SUSY Higgs
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

� & 100

from arXiv:1112.2703

The MSSM is not anymore (after 

Higgs discovery) a Natural theory.


moreover …

LHC discovery not expected 
(heavy spart.) even if true. 


look for SUSY beyond MSSM !
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Second way to make       right:

The SUSY Higgs

mH

Add an extra singlet SF.  (NMSSM or             )�SUSY

WS = �S�S�u�d VS = �2
S |HuHd|2

Mechanism works at moderate     (     is involved)t� Hd

No (obvious) decoupling limit.

Caveat: needed values of             give ~10 TeV cutoff.�S ⇠ 1

Interesting to study Higgs couplings and extra scalars 
in this framework.
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Sparticles searches

Direct searches: look for sparticles production and decay.

Results:
presented as a pointless 
higher-excluded-mass 
race.

Let’s try to put some 
order in this mess.
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Sparticles searches

Direct searches: look for sparticles production and decay.
We can order sparticles by their “Naturalness Cost”: the 
price in terms of Naturalness of not finding them light.
Working again in the decoupling limit, we saw that 

µ2 +m2
u = µ2

SM = m2
H/2 ' (88 GeV)2

W = µ�u�d

Naturalness argument associates to    a tuning of

� = 2
µ2

m2
H

'
⇣ µ

100 GeV

⌘2

µ

remember:

@2W

@�@�
|�  = µ u d

Higgsinos (of mass ~   ) are the 
most “expensive” sparticles.

Because contribute at tree-level.

µ
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Sparticles searches

Direct searches: look for sparticles production and decay.
We can order sparticles by their “Naturalness Cost”: the 
price in terms of Naturalness of not finding them light.
Working again in the decoupling limit, we saw that 

µ2 +m2
u = µ2

SM = m2
H/2 ' (88 GeV)2

Next come the stops, that contribute to       at one loop:

� =

✓
Met

500 GeV

◆2

log(⇤SUSY/MEW)

m2
u

Then gauginos: one loop but proportional to       …    g2W
… and gluinos: two loops through stops coupling.
Squarks and sleptons are the cheapest: small H coupling 
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Sparticles searches

Direct searches: look for sparticles production and decay.
We can order sparticles by their “Naturalness Cost”: the 
price in terms of Naturalness of not finding them light.

mZ

TeV

h̃

t̃

W̃ g̃

q̃ ˜̀Naturalness

Figure 2: Cartoon illustration of the mass scales for various sparticles dictated solely by
electroweak naturalness with sensitivity parameter � . 10.

2.2 Parsimony

“Numquam ponenda est pluralitas sine necessitate.”
-William of Ockham
“Patients can have as many diseases as they damn well please.”
-Hickam’s Dictum4

Although not a quantitative principle, parsimony as a qualitative principle has played
a key role in shaping model-building. The MSSM is, after all, the minimal extension of the
Standard Model consistent with supersymmetry; in addition to the extension of all known
particles into their corresponding supermultiplets, it comes with the minimal extension of
the Higgs sector consistent with holomorphy [10]. This ties back to another definition of
naturalness in the literature that predates radiative naturalness of the electroweak scale
– namely, that the number of fundamental parameters should be less than the number of
physical parameters, leading to predictive relations among the physical parameters rather
than ad hoc values [11]. This earlier idea of naturalness arose as a philosophy tied to
spontaneous symmetry breaking, where indeed the many parameters in the broken phase
enjoyed predictive relations arising from the symmetry of the unbroken phase. This is
certainly a well-motivated philosophy, especially in lieu of data. However, there is nothing
intrinsic about the philosophy within the context of a given physical theory. If the combi-

4Thanks to Eva Silverstein for bringing this lovely bon mot to my attention.

12

from arXiv:1309.0528
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Sparticles searches

Stop: QCD pair produced and decaying in:
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Figure 7: Current stop limits from ATLAS (top) [16] and CMS (bottom) [17].
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3.1 Stops

The stop is the essential particle for supersymmetric naturalness at the LHC, and so
much e↵ort has focused on constraining stops directly. Their production rates are highly
suppressed relative to other colored sparticles at the LHC, and their final states are often
challenging to distinguish from tt̄ backgrounds. This poses a two-fold challenge for searches
at the LHC.

Direct production of stops proceeds primarily through s-channel gluon and t-channel
stop exchange. Stop production through qq̄ initial states is p-wave suppressed since the
final state needs to carry angular momentum but the stops have no spin. This leads to a
rate / �3 near threshold. The direct production cross section for stops ranges from 10 pb
down to 1 fb at 8 TeV as the stop mass is varied between 200-900 GeV.

On the decay side, there are two primary modes assuming that other colored states are
kinematically decoupled: t̃ ! t�0

1 and t̃ ! b�± ! bW±�1
0. LHC searches typically focus

on the semileptonic decay mode, with one W going hadronically and the other leptonically,
plus tagging on the two b jets. This final state is 4j +`+MET , with various search regions
involving 0, 1, 2 b-tags. However, other decay products of the W ’s provide complementary
kinematic coverage, so various final states of the gauge bosons are probed. The current
limits from ATLAS and CMS are shown in Fig. 7, including results from [18, 19, 20, 21,
22, 23, 24, 25, 26, 27, 28] and [29, 30].

Di↵erent kinematic search regions are defined by the splittings available. In the case of
t̃ ! �0

1, one can look for final states for both on-shell and o↵-shell t. For t̃ ! b�±, LHC
searches currently look for final states with on-shell W . Note that the detailed sensitivity
in the final state depends somewhat on the polarization of the decay modes, which in turn
depends on the properties of the stops (i.e., the admixture of RH and LH states) as well
as the composition of the electroweakinos involved in the decay modes. This changes the
angular distributions of decay products and therefore the e�ciency of signal discrimination.
This typically leads to variations on the order of tens of GeV in the limit setting.

The current reach is out to 650 GeV, corresponding to cross sections on the order of
10fb. The generic tuning associated with this bound is about � ⇠ 20.

The most challenging region is the one where t̃ ! t�0
1 dominates but mt̃ ⇠ mt + m�0

1
,

in which case the signal is essentially degenerate with tt̄ and very di�cult to distinguish
from background. Similar challenges arise for the other topology when mt̃ ⇠ mb + m�±

1

and m�± ⇠ m0
�1

, leaving the event with very little MET and soft leptons.
Kinematic reach will simply improve with increased center of mass energy. As for the

squeezed regions, there are a variety of sensitive techniques developed by theorists to probe
the kinematically squeezed regimes and unfavorable combinations of polarizations in the
stops and their decay modes. I won’t discuss those in detail here.
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or
LSP (    ) is at the 
end of the decay 
chain. Gives MET

�0
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Sparticles searches

Gluinos: QCD pair produced (huge rate) and decaying in:

3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the
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3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the
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Top Partners

Composite Higgs: Direct resonance searches
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after confinement, operators produce particles … 

Top Partners

Back to the Partial Compositeness formula:
Lf
int=�RT

I
ROI

L + �LQ
I
LOI

R

… with the same quantum numbers of the operator. 
h0|O|TPi 6= 0 O $ TP

Therefore the Top Partners (     ) are:

1.  Dirac Fermions, with mass                 (like other resonances)

2.  QCD colour triplets (like quarks)

3.  EW-charged, in multiplets dictated by the representation of    .                   

TP

MTP⇠m⇤

O
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Top Partners

5 4� 1
decompose in          .SO(4)

further decompose in SM.

Two SM doublets: One SM singlet:✓
T
B

◆✓
X5/3

X2/3

◆�
eT

Nearly mass-degenerate,

since part of fourplet.

only one charge-2/3 state

Fourplet plus singlet always there in viable models.

But other multiplets might appear. (e.g. triplets)

If          ,       are:              (the           caveat also applies here)TPO 2 5 U(1)X
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Top Partners

Typical      spectrum:
(the    can be everywhere)eT

Typical Top Partners 
Branching Ratios:

X5/3

eT

eX2/3

T

B

Wb Zt ht

Wt

Zt ht

Zt ht

Wt

TP

∆m2
∼ y2v2

∆m2
∼ y2

R4v
2

∆m2
∼ y2

L4f
2

B
T

X2/3

X5/3

t

⇠ 100GeV

From QCD pair-production, current mass limits ⇠ 700 GeV
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Top Partners

The strength of      couplings can be estimated 
(specific numbers in specific models) as follows:

TP

We introduced two scales to characterise the CS

= Confinement scale

= typical CS mass SO(5)

f! SO(4)

m⇤ f
= Spont. breaking scale

 

Different, but related: g⇤=
m⇤
f

Concrete rule: applies to all CS fields. Including 
Higgs and Top Partners. Only 
difference is energy dim. of fields 
(1 for bosons, 3/2 for fermions)

L ⇠ m4
⇤

g2⇤
bL


@

m⇤
,
g⇤⇧

m⇤
,
g⇤ 

m3/2
⇤

�

= typical CS coupling 
(expected large, even =    )4⇡
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Top Partners

The strength of      couplings can be estimated 
(specific numbers in specific models) as follows:

TP

We introduced two scales to characterise the CS

= Confinement scale

= typical CS mass SO(5)

f! SO(4)

m⇤ f
= Spont. breaking scale

 

Different, but related: g⇤=
m⇤
f

Concrete rule: same as         factors in    .⇧/f U

L ⇠ m4
⇤

g2⇤
bL


@

m⇤
,
g⇤⇧

m⇤
,
g⇤ 

m3/2
⇤

�

= typical CS coupling 
(expected large, even =    )4⇡
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Top Partners

The strength of      couplings can be estimated 
(specific numbers in specific models) as follows:

TP

We introduced two scales to characterise the CS

= Confinement scale

= typical CS mass SO(5)

f! SO(4)

m⇤ f
= Spont. breaking scale

 

Different, but related: g⇤=
m⇤
f

Concrete rule: example:

⇠ 1

g2⇤
g3⇤ = g⇤

h
TP

TP

L ⇠ m4
⇤

g2⇤
bL


@

m⇤
,
g⇤⇧

m⇤
,
g⇤ 

m3/2
⇤

�

= typical CS coupling 
(expected large, even =    )4⇡

29



Top Partners

Elementary fields are not part of the CS. Thus they 
have their own (smaller) couplings. For instance:

Lf
int=�RtROL + �LqLOR

General rule: L ⇠ m4
⇤

g2⇤
bL


@

m⇤
,
g⇤⇧

m⇤
,
g⇤ 

m3/2
⇤

,
�RtR

m3/2
⇤

,
�LqL

m3/2
⇤

�

diagonalising the mass matrix (~      mass term for      )TP

m⇤
�R

g⇤
tRTL +m⇤

�L

g2⇤
qLQR

m⇤

|tRi = cos�R|telem.

R i+ sin�R|T comp.

R i
|qLi = cos�L|qelem.

L i+ sin�L|Qcomp.

L i
sin�L,R'�L,R

g⇤
⌧1

example: fermion-fermion partner mixing 
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Top Partners

Partial Compositeness generates Yukawa couplings
|tRi = cos�R|telem.

R i+ sin�R|T comp.

R i
|qLi = cos�L|qelem.

L i+ sin�L|Qcomp.

L i
sin�L,R'�L,R

g⇤
⌧1

y = sin�L sin�Rg⇤ ' yLyR
g⇤

Top quark is slightly composite, has large Yukawa
Light quarks and leptons have small compositeness 
fraction.

They couple less strongly with the CS resonances.
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Top Partners

Partial Compositeness also generates Higgs potential.
|tRi = cos�R|telem.

R i+ sin�R|T comp.

R i
|qLi = cos�L|qelem.

L i+ sin�L|Qcomp.

L i
sin�L,R'�L,R

g⇤
⌧1

Top-Top Partner loops dominate (large compositeness)

V ⇠
�2
L,R

16⇡2
M2

TPH
2 + . . .

�m2
H ⇠

�2
L,R

8⇡2
M2

TP = �2
L,R

✓
MTP

500 GeV

◆2

m2
H

Top Partners have to be light in order to get       right 
without fine-tuning. Somewhat like the stops in SUSY

mH
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Top Partners

Light Top Partners for a light Composite Higgs
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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

:   (low tuning)

mH � [115, 130]

A pragmatic illustration:

33



Top Partners

Light Top Partners for a light Composite Higgs

A pragmatic illustration:
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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

:   (larger tuning)⇠ = 0.1

Q=2/3

Q=5/3

mH � [115, 130]

Run-2 reach: ~ 1.5 TeV from QCD prod. only.
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Top Partners

We might push the reach up by single production:

General rule: L ⇠ m4
⇤

g2⇤
bL


@

m⇤
,
g⇤⇧

m⇤
,
g⇤ 

m3/2
⇤

,
�RtR

m3/2
⇤

,
�LqL

m3/2
⇤

�

' 1

g2⇤
g2⇤�L,R = �L,R

WL, ZL

t, b

TP
�±,�0 2 H=

t, b

TP

Equivalence Theorem

Typically large V—     —third family quarks coupling.TP
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Top Partners
Top Partners production mechanisms

QCD pair prod.

model indep.,

relevant at low mass

X

X

X

t

single prod. with t

model dep. coupling

pdf-favoured at high mass

X
single prod. with b

favoured by small b mass 
dominant when allowedb
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Top Partners
Top Partners production mechanisms

QCD pair prod.

model indep.,

relevant at low mass

X

X

X

t

single prod. with t

model dep. coupling

pdf-favoured at high mass

X
single prod. with b

favoured by small b mass 
dominant when allowedb

comparing production rates:

(14 TeV LHC)

600 800 1000 1200 1400 1600 1800 2000

1

10

100

1000

M @GeVD
s
@fbD

eT

Challenge for run-2: reach 2 TeV, i.e.              .⇠ ⇠ 0.05
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Final Thoughts

After the Higgs discovery, no no-loose theorem is left.
No new guaranteed discovery in any research field.

BSM is not (must not be) a collection of models.
It a set of questions and possible answers about 
fundamental physics, to be checked with data.
Naturalness is one of those questions, not the only one.

Experimentalists should not blindly trust theorists. 
They should critically listen to theorists. And get 
convinced (or not). Nobody has the truth.
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