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Talk Outline

Induced Electroweak Symmetry Breaking!

Examples:  MSSM + Technicolor (or extra 
doublets)!

Higgs Mass and Naturalness Implications!

Higgs, Pseudos, Techni-states Phenomenology
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Higgs as we know it
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The Higgs discovery 
and ongoing !

precision studies!
are currently pointing !
to a Standard Model 

Higgs



Viable options remain…
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Induced EWSB scenarios
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Use an additional source of EWSB!
to tilt the potential

Could come from!
another Higgs doublet!
with a larger quartic!

coupling!
(Galloway et.al. PRD 89)

Could come from a!
technicolor sector!

(Azatov et.al. PRL 108)

In paper, we considered both,  but for this talk, !
I focus on the latter possibility



             SUSY + Technicolor

Supersymmetry plus 
technicolor is an 
interesting combination!

If technicolor initiates 
EWSB at a scale f ≪ v, 
can induce EWSB in 
elementary Higgs sector, 
vu, vd ≫ f
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Combination considered!
in early 80's by!

Dimopoulos, Raby!
Dine, Fischler, Srednicki
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Tadpole Couplings
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Hu

Ψ

Ψ

f

V � 4⇥f3 Tr [�(�dHd �uHu)] + c.c.



Standard EWSB!
via Mexican Hat

Tilted EWSB induced by !
linear tadpole

Mechanism Standard Tadpole

Unstable/Stable 
Terms

Mass Term/Quartic Linear Term/ Mass 

Higgs Mass 2 M

v v
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Why should we combine 
SUSY and technicolor?
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SUSY (Un)Naturalness
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mt

MSSM unnaturalness due to Higgs mass being log related 
to SUSY mass scale!

In MSSM + TC Higgs mass gains linear dependence on 
SUSY scale due to properties of induced EWSB
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Higgs Phenomenology

⇥m2
h =

4
�

2⌅f3(⇤d cos � + ⇤u sin �)�
v2

u + v2
d

Can substantially increase  
Higgs mass!

!

With λ ~ O(.1) and f ~ 80 GeV!
can get mh = 125 GeV without 

radiative corrections!
(Gherghetta, Pomarol '11)

11

125 GeV

for e.g.

105

110

110

115
120

125

130

0 200 400 600 800 1000

2

4

6

8

10

mA

ta
n
b

mh

MSSM



Technicolor Issues
Flavor not a problem, just write Yukawas in 
elementary Higgs sector (Simmons, Samuel, ...) !

Precision electroweak is still an issue, but can 
still stay in (S, T) ellipse (Galloway et al.)
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Fig. 3. Electroweak fit for f = 100 GeV, tan � = 5, Bµ = 0. The inner (outer)

ellipse is the 95% (99%) confidence level allowed region for a reference Higgs mass of

120 GeV [27]. The dotted blue (dashed red) line corresponds to a light Higgs mass

of 120 (350) GeV in the model of Section 3. The dot-dashed black line corresponds

to the model of Section 4. As discussed in the text, there are large uncertainties in

these curves; in particular it is plausible that the S parameter is significantly smaller.

The assumptions that go into these curves are described in the text.

the region where the theory is under theoretical control. There is a large theoretical

uncertainty in the predictions for S and T , so the plots cannot be taken too literally,

and our conclusion is that precision electroweak data does not strongly constrain

these models given our present knowledge. In fact, the only scenarios we can envision

that precision electroweak can rule out these models is if either the S parameter is

much larger than expected, or the UV contributions to the T parameter are negative.

Neither of these is expected.

Finally, we consider Z ! b̄b. the strong sector couples weakly to the elementary

Higgs fields, which have the Yukawa couplings to the top and bottom quarks. This

means that any correction to gZb̄b from the strong sector must be suppressed by y2t
as well as �2

u,d. We write the third generation Yukawa couplings as

�L = QT
L✏HyQc

R + h.c., (3.48)
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Higgs and Technicolor

As pointed out by Carone '12, bosonic 
technicolor (Higgs + TC) has smaller quartic, 
bigger top Yukawa, so instability at high Higgs 
vev is worsened!

With supersymmetry, potential does not go 
negative and instability is avoided

13



Higgs Modifications!
w/ Azatov, Craig, Galloway PRD86
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Higgs Couplings

15

New couplings allow!
modifications beyond MSSM!

type-II 2HDM



(Non)Decoupling

sin 2�
sin 2⇥

= �
m2

H + m2
h �

8⇤
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2f3(⇥u cos �+⇥d sin �)

sin 2�
⇥

v2
u+v2

d

m2
H �m2

h

Decoupling limit of MSSM, when mH →∞!
sets α-β=π/2, where h0 has SM couplings

New term allows decoupling limit for gauge bosons, !
but decouples slower for fermion couplings!

which can be enhanced or suppressed
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Higgs phenomenology 
Two benchmarks
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Collider Phenomenology!
w/ Galloway, Luty, Salvioni, Tsai arXiv:1411.6023
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Pseudoscalars

19

Of new particles, pseudoscalar pheno is!
 particularly interesting!

!

Due to multiple EWSB, there are would-be-
Goldstones from MSSM Higgs as well as!

technicolor sector!



Pseudoscalars

20

Normal decoupling limit, decouples MSSM pseudoscalar!
!

Techni-pseudo mixes O(1) and does not decouple!
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Decoupling benchmarks

Considered benchmarks where standard 
MSSM decoupling limit has been taken 
(mAMSSM → ∞)!

Even in this limit, the phenomenology remains 
interesting
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Coupling

22

MSSM decoupling limit is reducing its 2HDM to a 1HDM

True goldstone is spread between elementary Higgs and!
technipions

G =
vhAh + fATCp

v2h + f2

A =
fAh � vATCp

v2h + f2

So this state has f/v suppressed!
couplings to the SM



Mass

23

Without interactions with the MSSM, technipions !
would be true goldstones with no mass

Only cross interaction is the tadpole term

Thus, mass of pseudoscalars are tied to increase in !
Higgs mass and has an upper bound

mA =
v

f
�mh <

v

f
126 GeV



Branching Ratios in Decoupling 
Limit

24

lêlSM=0

200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

mA HGeVL

Branching Ratios: Orange tt, Green bb, Red Zh, Blue tt

Neutral pseudoscalar BRs

lêlSM=0

200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

mA HGeVL

A+ BR: Orange tb, Green Wh, Red cs, Blue tnu

Charged pseudoscalar BRs

Only weakly sensitive to elementary quartic coupling!
Has a tan β= 1 fermion structure

Zh

tt

bb

! !

tb

Wh

! ν

cs



N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
7
6
P
_
1
2
1
4
 
v
2

Fig. 4. Direct constraints on the A0 and H+ for strong induced EWSB. The light solid

gray is the limit from the combined LHC Higgs coupling fit. The solid shaded regions

represent limits from LHC searches for A ! Zh,A ! ⌧⌧, t ! H+b ! (⌧+⌫̄)b. The dashed

lines show projections for the Higgs coupling constraint, ⌧⌧ and Zh search at the 14 TeV

LHC, assuming respectively 300 fb�1 for the coupling fit and ⌧⌧ search and 20 fb�1 for Zh.

Finally, the shaded region in the upper right is where the e↵ective theory breaks down due

to the particles being above the strong coupling scale of the nonlinear sigma model for ⌃.

The Higgs coupling fit improves only marginally for 300 fb�1 [41]. Assuming that

the central value is equal to the standard model, we find a constraint of f < 59 GeV.

The reason for this rather weak improvement can be seen in Fig. 5. The current best

fit point shows a mild preference for a reduced fermion coupling and an enhanced

vector coupling compared to the SM, which is the opposite of what the model predicts

(see Eq. (2.14)). That is, the current bound is stronger than the expected limit, and

the projected bounds for the 14 TeV LHC are weaker than would be inferred from a

naive rescaling of current exclusions. This is reflected by the relatively weak projected

bound in dashed gray in Fig. 4.

In the strongly-coupled model, we expect additional e↵ects from the production

of technihadron states. We consider vector resonances (“technirhos”) as an example,

motivated by the fact that these are prominent on the phenomenology of QCD-like

theories. The largest production of technirhos at the LHC is generally Drell-Yan

production of the charged ⇢, which arises from mixing between the ⇢+ and the W .

The mixing term is proportional to g/2g⇢, so the production rate is suppressed for

large g⇢ due both to the increased m⇢ and decreased coupling strength. The vector

resonances will decay preferentially to the (mostly) composite pseudoscalars. The

decay ⇢+ ! H+A0 will therefore dominate if kinematically open, but the constraints

16

Pseudoscalar Phenomenology

25

mA < 160 GeV: !
ATLAS: t → H+ b

mA < 220 GeV: !
CMS: A → ! !

250 GeV <mA < 350 GeV !
CMS: A → Zh, Z leptons,!

h to b jets

We project LHC14 w/ 300 fb-1 can cover the rest w/ tau and Zh!
search (dashed lines)
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Fig. 4. Direct constraints on the A0 and H+ for strong induced EWSB. The light solid

gray is the limit from the combined LHC Higgs coupling fit. The solid shaded regions

represent limits from LHC searches for A ! Zh,A ! ⌧⌧, t ! H+b ! (⌧+⌫̄)b. The dashed

lines show projections for the Higgs coupling constraint, ⌧⌧ and Zh search at the 14 TeV

LHC, assuming respectively 300 fb�1 for the coupling fit and ⌧⌧ search and 20 fb�1 for Zh.

Finally, the shaded region in the upper right is where the e↵ective theory breaks down due

to the particles being above the strong coupling scale of the nonlinear sigma model for ⌃.

The Higgs coupling fit improves only marginally for 300 fb�1 [41]. Assuming that

the central value is equal to the standard model, we find a constraint of f < 59 GeV.

The reason for this rather weak improvement can be seen in Fig. 5. The current best

fit point shows a mild preference for a reduced fermion coupling and an enhanced

vector coupling compared to the SM, which is the opposite of what the model predicts

(see Eq. (2.14)). That is, the current bound is stronger than the expected limit, and

the projected bounds for the 14 TeV LHC are weaker than would be inferred from a

naive rescaling of current exclusions. This is reflected by the relatively weak projected

bound in dashed gray in Fig. 4.
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motivated by the fact that these are prominent on the phenomenology of QCD-like

theories. The largest production of technirhos at the LHC is generally Drell-Yan

production of the charged ⇢, which arises from mixing between the ⇢+ and the W .

The mixing term is proportional to g/2g⇢, so the production rate is suppressed for

large g⇢ due both to the increased m⇢ and decreased coupling strength. The vector
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gray is the limit from the combined LHC Higgs coupling fit. The solid shaded regions

represent limits from LHC searches for A ! Zh,A ! ⌧⌧, t ! H+b ! (⌧+⌫̄)b. The dashed

lines show projections for the Higgs coupling constraint, ⌧⌧ and Zh search at the 14 TeV

LHC, assuming respectively 300 fb�1 for the coupling fit and ⌧⌧ search and 20 fb�1 for Zh.

Finally, the shaded region in the upper right is where the e↵ective theory breaks down due

to the particles being above the strong coupling scale of the nonlinear sigma model for ⌃.

The Higgs coupling fit improves only marginally for 300 fb�1 [41]. Assuming that

the central value is equal to the standard model, we find a constraint of f < 59 GeV.

The reason for this rather weak improvement can be seen in Fig. 5. The current best

fit point shows a mild preference for a reduced fermion coupling and an enhanced

vector coupling compared to the SM, which is the opposite of what the model predicts

(see Eq. (2.14)). That is, the current bound is stronger than the expected limit, and

the projected bounds for the 14 TeV LHC are weaker than would be inferred from a

naive rescaling of current exclusions. This is reflected by the relatively weak projected

bound in dashed gray in Fig. 4.

In the strongly-coupled model, we expect additional e↵ects from the production

of technihadron states. We consider vector resonances (“technirhos”) as an example,

motivated by the fact that these are prominent on the phenomenology of QCD-like

theories. The largest production of technirhos at the LHC is generally Drell-Yan

production of the charged ⇢, which arises from mixing between the ⇢+ and the W .

The mixing term is proportional to g/2g⇢, so the production rate is suppressed for

large g⇢ due both to the increased m⇢ and decreased coupling strength. The vector

resonances will decay preferentially to the (mostly) composite pseudoscalars. The
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Fig. 4. Direct constraints on the A0 and H+ for strong induced EWSB. The light solid

gray is the limit from the combined LHC Higgs coupling fit. The solid shaded regions

represent limits from LHC searches for A ! Zh,A ! ⌧⌧, t ! H+b ! (⌧+⌫̄)b. The dashed

lines show projections for the Higgs coupling constraint, ⌧⌧ and Zh search at the 14 TeV

LHC, assuming respectively 300 fb�1 for the coupling fit and ⌧⌧ search and 20 fb�1 for Zh.

Finally, the shaded region in the upper right is where the e↵ective theory breaks down due

to the particles being above the strong coupling scale of the nonlinear sigma model for ⌃.

The Higgs coupling fit improves only marginally for 300 fb�1 [41]. Assuming that

the central value is equal to the standard model, we find a constraint of f < 59 GeV.

The reason for this rather weak improvement can be seen in Fig. 5. The current best

fit point shows a mild preference for a reduced fermion coupling and an enhanced

vector coupling compared to the SM, which is the opposite of what the model predicts

(see Eq. (2.14)). That is, the current bound is stronger than the expected limit, and

the projected bounds for the 14 TeV LHC are weaker than would be inferred from a

naive rescaling of current exclusions. This is reflected by the relatively weak projected

bound in dashed gray in Fig. 4.

In the strongly-coupled model, we expect additional e↵ects from the production

of technihadron states. We consider vector resonances (“technirhos”) as an example,

motivated by the fact that these are prominent on the phenomenology of QCD-like

theories. The largest production of technirhos at the LHC is generally Drell-Yan

production of the charged ⇢, which arises from mixing between the ⇢+ and the W .

The mixing term is proportional to g/2g⇢, so the production rate is suppressed for

large g⇢ due both to the increased m⇢ and decreased coupling strength. The vector

resonances will decay preferentially to the (mostly) composite pseudoscalars. The

decay ⇢+ ! H+A0 will therefore dominate if kinematically open, but the constraints
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Higgs coupling constraint

26
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Fig. 5. Higgs couplings from ATLAS and CMS, with model trajectories following varying

values of the light CP-odd scalar mass; in each case we set the self-coupling of H to zero

in the potential, corresponding to tan� = 1, and take �
⌃

= 2 in the perturbative case. We

show the present status at 68 and 95% CL, with best fit indicated by a diamond, along with

projections for measurements at the 14 TeV LHC assuming injection of a SM Higgs signal.

on the pseudoscalars generally force them to be su�ciently heavy that this mode is

unlikely to be open. This leaves the decays ⇢+ ! W+A0 or ZH+ and ⇢+ ! W+Z.

As an illustration of some of the additional constraints from the technirho, we

consider the benchmarks of a QCD-like rho (g⇢,↵) = (6.4, 1.7) and two more strongly-

coupled scenarios (g⇢,↵) = (6, 4) and (g⇢,↵) = (8, 3). The constraints are shown

in Fig. 6. Here, we have added the CMS multilepton search for ⇢ ! WZ to the

parameter space plots, which constrains the magenta shaded region to the right.

The behavior of these constraints can be understood by looking at the technirho

branching ratios, an example of which is shown in Fig. 7. As one goes to higher mA,

f goes down, decreasing the ⇢ mass. Thus, at some point, for kinematic reasons,

the technirho can only decay into WZ and SM fermions ff̄ 0. The WZ search is

quite strong and thus rules out this region. We have also checked that W 0 searches

for decays `⌫ set weaker constraints than WZ. On the other hand, as one goes to

lower mA, the ⇢ mass increases, opening up decays to the pseudoscalars. Once the

decays are open, they tend to dominate due to the large g⇢⇡⇡ coupling. The kinematic

thresholds where H+Z,H+A0 open up are shown in dashed lines in Figs. 6, 7, which

explains the dropo↵ in sensitivity to WZ. In Fig. 6 we also include the increased

production of A0 from technirho decays in the constraints for A0 ! Zh,A0 ! ⌧⌧ ,

17

Current limits are!
strong because!

they are on the wrong!
"side"!

!
With Snowmass !

projection around SM!
value, limit only!
improves slightly 

V = 1/f =
p
1� f2/v2



Induced EWSB w/ extra Higgs
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Fig. 2. Branching ratios for A0 and H+ in the weakly coupled model with tan� = 1. The

auxiliary quartic is fixed to �
⌃

= 2. The results are not strongly dependent on the actual

value of �
⌃

within the perturbative region.
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Fig. 3. Branching ratios for H0 in the weakly coupled model with tan� = 1, for �
⌃

= 2

(left) and �
⌃

= 0.3 (right). The vertical dashed lines indicate the thresholds where new

decay channels open up.

are split as mH± =
p
m2

A +m2

W , which slightly relaxes the bounds on H± such as

b ! s�, Rb and t ! H+b. The Higgs couplings are also modified: the coupling to

fermions is

f ' 1 +
m2

h

m2

A


1 +

m2

Z

m2

h

✓r
2

�
⌃

mh

v
� 1

◆
+O(�2

Z)

�
, (2.32)

while V again deviates from the SM only at O(m4

h/m
4

A).

14

A much larger tt BR!
for Higgs case!

(TC: tt was ~50%)!
!

Due to a cancellation in!
Zh coupling btw. both !

Higgs doublets



Induced EWSB from doublet
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Fig. 9. Current (top) and projected (bottom) constraints on the weakly coupled model

with tan� = 1. In the bottom figure, the hatching shows regions of parameter space that

are presently open, but will be constrained by direct searches in A0 ! Zh, A0 ! tt̄ at the

14 TeV LHC with 300 fb�1.
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Fig. 9. Current (top) and projected (bottom) constraints on the weakly coupled model

with tan� = 1. In the bottom figure, the hatching shows regions of parameter space that

are presently open, but will be constrained by direct searches in A0 ! Zh, A0 ! tt̄ at the

14 TeV LHC with 300 fb�1.
22

Run 2 top resonance search crucial at low mA !
to cover this parameter space



Some Model Dependent 
Pheno

29



Techni-pheno (also Carone, Erlich, 
Tan)

30

Techni-states are an efficient way to produce!
techni-pseudos (albeit more UV model dependent)!

!

We model techni-rho production ala!
Falkowski, et.al.!

!

Interestingly, techni-rho couplings to SM!
are through mixing with W, Z, which does!

not explicitly depend on f



Technirhos

31

pp ! ⇢+ ! W+Z,H+A0, H+Z,W+A0

Once kinematically open, technirhos decay into pseudos

Naturally leads to 
longer cascades, not 

directly !
being searched for

Many possible decay channels due to low mass states
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Fig. 7. Branching ratios of the charged technirho for g⇢ = 8,↵ = 3,�H = �
SM

/2. The

mass of the technirho decreases as mA increases and thus these strongly interacting modes

close for large mA. To illustrate this behavior, the kinematic thresholds of H+A and H+Z

are labeled as vertical dashed lines.

Fig. 8. Cross section times branching ratios for the charged technirho at the 14 TeV LHC

for g⇢ = 8,↵ = 3, and �H/�
SM

= 0.9 and 0.1. Exclusions from the A ! Zh, ⇢ ! WZ and

Higgs coupling fits are denoted by shaded regions with coloring similar to Fig. 6.

Hence, the mixed decays of the technirho end up as

⇢+ ! W+A0 ! W+(Zh) or W+(tt̄), (3.1)

⇢+ ! H+Z ! (tb̄)Z. (3.2)

Examples of the rates for these technirho cross sections are given in Fig. 8, which

show that the mixed decays can have cross sections as high as 700 fb. There are

currently no dedicated searches for such cascades, although they can produce a signal

in multilepton searches. The neutral resonances have smaller production cross sections
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Traditional WZ search is strong until rho can decay into pseudos
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Fig. 6. Additional constraints due to technirho production. For unlabeled contours, see

Fig. 4 for labeling. The new constraint is the multilepton search for ⇢+ ! W+Z. The

kinematic thresholds for ⇢+ ! H+Z,H+A0 are shown in dotted lines, where the decay is

open to the left of the line. We also include the increased production of A0 from rho decays

in the constraints for A0 ! Zh and A0 ! ⌧⌧ , as illustrated by the additional parameter

space excluded by those searches.

as illustrated by the additional parameter space excluded by those searches. These

benchmarks give a flavor of the constraints. For a QCD-like rho the constraints are

complementary to the Higgs coupling and A ! Zh constraints which together almost

completely exclude the full parameter space. However, the more strongly-coupled

benchmarks show that increases in g⇢ or ↵ push the technirho heavier, weakening

the limits on parameter space, allowing a larger range where interesting technirho

phenomenology of multistep cascades is allowed.

Looking ahead to future searches, given that the allowed parameter space requires

heavy masses, the pseudoscalars will typically decay into H+ ! tb̄ and A0 ! Zh, t̄t.
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Hence, the mixed decays of the technirho end up as

⇢+ ! W+A0 ! W+(Zh) or W+(tt̄), (3.1)

⇢+ ! H+Z ! (tb̄)Z. (3.2)

Examples of the rates for these technirho cross sections are given in Fig. 8, which

show that the mixed decays can have cross sections as high as 700 fb. There are

currently no dedicated searches for such cascades, although they can produce a signal

in multilepton searches. The neutral resonances have smaller production cross sections
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Conclusion

33

Modifications of Higgs properties are still 
allowed!

Higgs potential can be changed w/ induced 
EWSB!

SUSY+Technicolor hybrid model can help to 
address SUSY naturalness and TC flavor 
problem



Conclusion (cont.)

In MSSM decoupling, pseudo scalars and other 
techni-hadrons are still accessible!

Phenomenology has a rich structure which can 
be searched in Run2
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