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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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Standard!
EWSB

Tilted Hat
!

Tilted Bowl



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!

or “sister Higgs” !
Alves et.al.)

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!
since early 80's by!
Dimopoulos, Raby!

Dine, Fischler, Srednicki

+



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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Reasons to combine

New source of contribution to Higgs mass 
(SUSY little hierarchy problem)!

FCNCs safer than ETC!

PEWOs still require cancellations
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Pseudoscalars
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Due to multiple EWSB, there are would-be-
Goldstones from MSSM Higgs as well as!

technicolor sector!

A =
fAh � vATCp

v2h + f2

Nonzero coupling!
to SM fermions!

from mixing

mA =
v

f
�mh <

v

f
126 GeV

Remains nondecoupled!
since coupling!

raises Higgs mass



Branching Ratios in Decoupling 
Limit

11

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
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Pseudoscalar Constraints
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mA < 160 GeV: !
ATLAS: t → H+ b!

H+ →𝜏ν

mA < 220 GeV: !
CMS: A → 𝛕 𝛕

250 GeV <mA < 550 GeV !
CMS,ATLAS: 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)



Higgs coupling constraint

13

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

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÏÏ

ATLAS + CMS H68, 95%L
solid: 25 fb-1û7+8 TeV
dashed: 300 fb-1û14 TeV

mA=250 GeV
300

400
600

mA=250 GeV
300

400 600

strong
lS = 2

0.85 0.90 0.95 1.00 1.05 1.10 1.15

0.6

0.8

1.0

1.2

1.4

kV

k f

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

14

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

tt

Zh
bb

tt

200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

mA @GeVD

B
R

A0 branching ratios Htanb = 1, lS = 2L

tn

Wh

cs

tb

200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

mH+ @GeVD
B
R

H+ branching ratios Htanb = 1, lS = 2L

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).
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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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Zh search is much weakened here, so!
Run 2 top resonance search crucial at low mA !

to cover this parameter space

Projected
Current!

Constraints



Some Model Dependent 
Pheno

16



Technirhos
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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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14 TeV Pheno
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Traditional WZ search is strong until rho can decay into pseudos

⇢+ ! H+A0 ! (tb̄,W+h)(Zh, bb̄)For low mass A:
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close for large mA. To illustrate this behavior, the kinematic thresholds of H+A and H+Z
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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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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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Dibosons
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Heavy vectors common in the technicolor or non-
decoupling D-term models but prefer to go into 

pseudoscalars, not W,Z

TC model difficulties -  Light rho and A!
m𝞺 < 4πf < 2 TeV;  TeV A requires!
slightly larger cutoff 2.6 x (4πf)

Non-decoupling D-term -  much more promising!
since heavy pseudos are not linked to strong!

coupling, rho mass decoupled from f



Conclusion
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Modifications of EWSB still allowed!

Higgs potential can be changed w/ induced EWSB 
(e.g. Higgs trilinear suppressed)!

Examples: SUSY + technicolor or extra Higgs 
doublets!

SUSY+TC probed by rho and A -> Zh, ττ; SUSY + 
doublets probed by A -> tt (and dibosons possible)
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Thanks!!!!


