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Motivation

• Phenomenology:
Explore all possible realizations of EWSB

Motivation for non-SM Higgs:

The Higgs discovery and ongoing coupling constant
measurements are consistent with a SM Higgs.

• Theory:
Big hierarchy problem ) SUSY or composite Higgs

Both have little hierarchy problem



Higgs Potential



Induced EWSB
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Induced EWSB
hHi arises from induced tadpole.
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Induced EWSB
� = perturbation?
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) requires large quartic �aux in auxiliary Higgs sector

• perturbative models
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Effective Theory of EWSB
Integrate out auxiliary Higgs sector

) nonlinear realization of EWSB + light Higgs doublet

H = elementary Higgs field

V(H) =m2
HH

†H+ �(�†H+ h.c.) + · · ·

� = e��/ ƒ 2 [SU(2)⇥ SU(2)]/SU(2)
= Goldstone modes from auxiliary Higgs sector

Pseudoscalar mixing: M2
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Theory Motivation
SUSY ) light 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
,
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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

Hall, Pinner, Ruderman 2011

Motivates extensions of MSSM

Too light?



Beyond the MSSM
Additional contributions to Higgs quartic ) naturalness

• NMSSM

�W = �SH�Hd +
�

3
S3 ) ��h ⇠ �2

• Non-decoupling D terms

��h ⇠ g̃2 g̃ = new gauge coupling

• Induced tadpole



Superconformal Technicolor



Superconformal Technicolor

SUSY ) strong EWSB at TeV scale

Intuitive picture: integrate out massive scalars

) � < 0 ) fermion condensation

Technicolor problems are absent:

• Precision EW tests
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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)

25

95%CL 99%CL

mh = 120 GeV

�T > 0 from �� 6= �d

• Motivated by light Higgs

• Flavor from Yukawa couplings of H

Azatov, Galloway, ML 2011



Perturbative Models
Auxiliary Higgs fields charged under new gauge group GS

) �aux ⇠ g2S
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Fig. 7. Fine tuning in the simplified model with non-decoupling D terms. Tree-level

contributions dominate near the decoupling (bold red) contour; two-loop contributions from

the heavy scalar � dominate at increased values of f, gS where u, ũ � v and m2
� � m2

⌃.

Excluded regions correspond to those described in Fig. 3.

3.4 Naturalness

We now discuss the question of naturalness in this model. We have seen above that the

SU(2)S breaking scale is required to be in the TeV range, while the auxiliary Higgs

fields (which are also charged under SU(2)S) must have VEVs near the 100 GeV

scale. Loop corrections can potentially destabilize this little hierarchy and give rise

to fine-tuning. From Eq. (3.5) we know that the mass-squared of � must be large, of

order g2Su
2, in order to have an unsuppressed quartic coupling for the ⌃ fields. The

only large coupling between the � and ⌃ fields is the SU(2)S gauge coupling, and so

the leading correction to the ⌃ mass arises at 2 loops. We have [52]

�m2
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with ⇤ the mediation scale. We illustrate the size of the resulting tuning within the

context of the simplified model (i.e. treating SM quartics as negligible) in Fig. 7. We

set ⇤ = 50 TeV and choose m2
� = g2Su

2/4 so as to consider only parameters where the

auxiliary Higgs quartic is unsuppressed. We also enforce the precision electroweak

constraints as described above. This puts a lower bound on u and therefore drives

the fine-tuning. We see that the tuning becomes large in the decoupling limit, as well

as the limit of large gS, where the 2-loop e↵ect Eq. (3.30) is enhanced. The tuning

is less than 10% over most of the allowed parameter space. This is a significant

19

⇠ 10% tuning in all of parameter space

) robust solution of fine-tuning problem

Galloway, ML, Tsai, Zhao 2013



Phenomenology
Induced EWSB ) additional Higgs states cannot decouple

• Higgs coupling measurements

Generically ghhh ⌧ g(SM)hhh

• Direct Higgs searches

• Indirect constraints (Rb, b! s�)

Current bounds?

Prospects for upcoming 14 TeV run?



Phenomenological Model
Auxiliary Higgs sector = single Higgs doublet �

+ MSSM Higgs fields H�, Hd

Only H couples to fermions ) effective type I 2HDM

y� =
y(SM)�

sin�
, yd =

y(SM)d

cos�

hH0i = 0

Assume one linear combination of H�, Hd decouples:

= heavy mass eigenstate

= light doublet

H = H� cos�� H̃d sin�

H0 = H� sin�+ H̃d cos�



Phenomenological Model

Veff =m2
HH

†H+m2
��

†�� �(�†H+ h.c.) + ��(�†�)2

+ VD|{z}
important only for ghhh

5 parameters: m2
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2
�, �, ��, t�n�

$ ƒ , ��, t�n� (mh = 125 GeV, � = 246 GeV)



LHC8 Constraints

tt resonance search below 500 GeV has discovery reach!

ghhh ' 0.5⇥ g(SM)hhh still allowed



LHC14 Projections

Probes parameter space up to ghhh ⇠ 0.8⇥ g(SM)hhh

tt resonance search below 500 GeV still important



Strongly Coupled Models
Nonlinear sigma model coupled to H

Corresponds to limit �� !�
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Strongly Coupled Models
Model vector resonances from strong auxiliary Higgs sector
(Falkowski, Grojean, Kaminska, Pokorski, Weiler 2011)

BR(�+ !WZ) suppressed when �+ ! H+A opens up
�+ ! H+A! tbZh, �+ !WA!WZh) new signals:
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Conclusions
• Induced EWSB is an attractive possibility to generate
a 125 GeV Higgs in SUSY

• Motivates a nonlinear realization of EWSB coupled

to a light Higgs

• Consistent with all bounds

• Will be stringently tested at LHC14

• tt resonance search for mtt < 500 GeV has discovery
potential

• Potential new signal: heavy resonances decaying

through Higgs cascades



Backup



Bounds/Projections
t�n� = 1



Bounds/Projections
t�n� =�

ghhh more constrained due to MSSM contribition


