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Higgs @ LEP



o Indirect tests suggest light scalar  < 158 GeV (95%cl)

4.2 Global Standard Model Analysis 30
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Figure 5: ∆χ2 as a function of MH for the standard fit (top) and the complete fit (bottom). The solid
(dashed) lines give the results when including (ignoring) theoretical errors. The minimum χ2

min of the fit
including theoretical errors is used for both curves in each plot to obtain the offset-corrected ∆χ2.
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What do we know about Higgs?

Electroweak precision suggests there exist a light scalar coupled to W and Z

masses

Couples to mass, so expected to decay to heaviest available particle

But there is no experimental information or hints concerning Higgs coupling to SM

fermions!

Branching ratios for various Higgs decays can easily be altered by new physics,

especially when Higgs is light

AA (Rutgers University) Buried Yale’09 3 / 29

o Coupling ~ mass, decays into heaviest available

o For light Higgs, dominant decay  

Standard Higgs decays

h→ bb
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Higgs missed at LEP?



Higgs’ Small Width

h

yb(mh) ∼ 1
60

Γh→bb ∼ y2
b

b

b̄

Light Higgs’ Small Width



The Higgs Width
The Higgs Width



The Higgs Width
The Higgs Width

If there are new decay
modes, this becomes 
a partial width





Suppressing 
SM BR to
 ~ 20 % 
is enough



Example: MSSM + singlet η
Dermisek & Gunion ’06
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Example: MSSM + singlet η
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Non-standard Higgs decays
LEP limits on non-standard Higgs decay (assuming SM production cross section)

Decay Channel Limit
h→ bb or ττ 115 GeV
h→ jj 113 GeV
h→ WW

∗ or ZZ
∗ 110 GeV

h→ γγ 117 GeV
h→ E/ 114 GeV
h→ AA→ 4b 110 GeV
h→ AA→ 4τ, 4c, 4g 86 GeV
h→ anything 82 GeV

   Constraints on 4 body decays (but 4c and 4g) 
   almost as strong as SM limit.
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   almost as strong as SM limit.

→ 4τ 110 GeV

arXiv:1003.0705 [hep-ex]



Why is the η so light?



Why is the η so light?

Who ordered the η?



o Higgs as pGB of SU(3)/SU(2) at 

 8 - 3 = 5 broken generators

 5 = 4 (Higgs doublet) + 1 (singlet)

f ≈ (2− 3)× v

Higgs as a pseudo Goldstone Boson
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mη � mh0o Quartic (D-terms) for doublet only 
   
o Quadratic term protected, finite & no tuning
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At tree-level firm upper bound on the lightest
of the two CP even Higgs bosons

Experimentally: 

Either MSSM is wrong or loop correction large (75%).

The Higgs mass in MSSM

This implies that |M2| ! |M1| ! |M3|, so the lightest neutralino is actually mostly wino, with a
lightest chargino that is only of order 200 MeV heavier, depending on the values of µ and tan β. The
decay C̃±

1 → Ñ1π± produces a very soft pion, implying unique and difficult signatures in colliders
[156]-[160].

Another large general class of models breaks supersymmetry using the geometric or topological
properties of the extra dimensions. In the Scherk-Schwarz mechanism [161], the symmetry is broken
by assuming different boundary conditions for the fermion and boson fields on the compactified space.
In supersymmetric models where the size of the extra dimension is parameterized by a modulus (a
massless or nearly massless excitation) called a radion, the F -term component of the radion chiral
supermultiplet can obtain a VEV, which becomes a source for supersymmetry breaking in the MSSM.
These two ideas turn out to be often related. Some of the variety of models proposed along these lines
can be found in [162]. These mechanisms can also be combined with gaugino-mediation and AMSB. It
seems likely that the possibilities are not yet fully explored.

7 The mass spectrum of the MSSM

7.1 Electroweak symmetry breaking and the Higgs bosons

In the MSSM, the description of electroweak symmetry breaking is slightly complicated by the fact
that there are two complex Higgs doublets Hu = (H+

u , H0
u) and Hd = (H0

d , H−
d ) rather than just one

in the ordinary Standard Model. The classical scalar potential for the Higgs scalar fields in the MSSM
is given by

V = (|µ|2 + m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 + m2
Hd

)(|H0
d |2 + |H−

d |2)
+ [b (H+

u H−
d − H0

uH0
d) + c.c.]

+
1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)2 +

1

2
g2|H+

u H0∗
d + H0

uH−∗
d |2. (7.1)

The terms proportional to |µ|2 come from F -terms [see eq. (5.5)]. The terms proportional to g2 and
g′2 are the D-term contributions, obtained from the general formula eq. (3.75) after some rearranging.
Finally, the terms proportional to m2

Hu
, m2

Hd
and b are just a rewriting of the last three terms of

eq. (5.12). The full scalar potential of the theory also includes many terms involving the squark and
slepton fields that we can ignore here, since they do not get VEVs because they have large positive
squared masses.

We now have to demand that the minimum of this potential should break electroweak symmetry
down to electromagnetism SU(2)L × U(1)Y → U(1)EM, in accord with experiment. We can use the
freedom to make gauge transformations to simplify this analysis. First, the freedom to make SU(2)L
gauge transformations allows us to rotate away a possible VEV for one of the weak isospin components
of one of the scalar fields, so without loss of generality we can take H+

u = 0 at the minimum of the
potential. Then one finds that a minimum of the potential satisfying ∂V/∂H+

u = 0 must also have
H−

d = 0. This is good, because it means that at the minimum of the potential electromagnetism
is necessarily unbroken, since the charged components of the Higgs scalars cannot get VEVs. After
setting H+

u = H−
d = 0, we are left to consider the scalar potential

V = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 − (bH0
uH0

d + c.c.)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2. (7.2)

The only term in this potential that depends on the phases of the fields is the b-term. Therefore, a
redefinition of the phase of Hu or Hd can absorb any phase in b, so we can take b to be real and positive.

64
m(h0) < MZ

m(h0) > 114 GeV



Tuning in the MSSM
m2

h0 ≈ m2
Z cos2 2β +

3m4
t

4π2v2
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m2
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Negative search at LEP:  mH > 114 GeV 

Therefore need mstop ~ O(1 TeV).  

But at minimum,
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Little Hierarchy problem



{



Light Higgs-like scalar arises as a 
bound state from a strongly-interacting
EWSB sector

• A composite Higgs solves the 
   hierarchy problem
• A light Higgs is preferred by the 
   electroweak fit

A light composite Higgs can naturally 
arise as a (pseudo) Goldstone boson

Composite Higgs

━━━━━

━━━━━
━━━━━

…

━━━━━
━━━━━
━━━━━

mW

━━━━━mh
h

mρ

Georgi, Kaplan



o

o Need custodial symmetry

o Replace U(1)Y by SU(2)R

o 

o Need ‘symmetry’ for S-parameter:  SO(5) → SO(4)

o GBs: 4 SO(4) = (2,2) of SU(2)L x SU(2)R like the Higgs !

Yukawa and gauge interactions break SO(5), Higgs gets small 
mass from top

Minimal Composite Higgs
mZ/mW cos θW � 1⇒ T ∼ 0

SU(2)L × SU(2)R → SU(2)C

Agashe, Contino, Pomarol, → Margarete Mühlleitner’s talk



In non-minimal composite Higgs models where 
Higgs is in SO(6)/SO(5):

  SO(6) / SO(5) = 15-10 = (2,2)Higgs + (1,1)η 

Depending on SM fermion embedding, similar
phenomenology possible.

NonMCH, eg. SO(6)/SO(5)
→ Alex Pomarol’s talk



}



Back to susy pGB pheno...



pGB’s: Higgs + singlet

Σu,d(3±1/3) = e
iT aGa




0
0

fu,d



 , T
a
G

a =
1
f

�
0 H

H
†

η

�
,

Parameterization of Higgses: 
GB of SU(3)→SU(2) 



Goldstone interaction fixed by symmetry

                        
Lhη2 ≈ −h(∂µη)2

tan(ṽ/f)√
2f

higgs

η

η

h→ ηη vs. h→ bb

higgs

b

b
vs.
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o Found Susy pGB Higgs model, no little 

   hierarchy problem

o Higgs + singlet η, Higgs decays mostly into η.

   Higgs and η mass? LEP? ⇒ Matter content!

o What happens to singlet ? ⇒ Matter content!

So far...

higgs

η

η

?
mh

= ?
mη

= ?

The story so far...

Found SUSY pGB Higgs model: no little hierarchy 
problem

Higgs + 1 singlet

Higgs decays into η h
η

η

mh
=?

mη
=?

Matter content

b , τ , c , g ??

Friday, May 14, 2010

The story so far...

Found SUSY pGB Higgs model: no little hierarchy 
problem

Higgs + 1 singlet

Higgs decays into η h
η

η

mh
=?

mη
=?

Matter content

b , τ , c , g ??

Friday, May 14, 2010

?



Very surprising result:

η decays dominantly into 2 gluons!



Eta decays - tree level

Eta is in the third component of the Higgs triplet. Couples to light SM fermions only via

their mixing with their heavy quark partners after EW breaking

i ỹf (f̄γ5f )η

Buried Charming

Top ỹt ∼ m
3

t√
2v2

EW
f
∼ 0.2 ỹt ∼ mt√

2f
∼ 0.2

Charm ỹc ∼ m
3
c√

2v2

EW
f
∼ 10

−9
ỹc ∼ mc√

2f
∼ 10

−3

Bee ỹb ∼ mbm
2
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2v2

EW
f
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ỹb ∼

m
3

b

µ2

V
f
∼ 10

−12

Tau ỹτ ∼ m
3
τ f√

2fv2

EW

∼ 10
−8

ỹτ ∼ m
3
τ f√

2fv2

EW

∼ 10
−8

Coupling to bottom is the largest for buried Higgs (light bottom partners), and

extremely suppressed for charming Higgs (no bottom partners)

Coupling to charm is the largest for charming Higgs

AA (Rutgers University) Buried Yale’09 22 / 29

η in 3rd component of Higgs triplet 

SM fermions mostly in 1,2 component of Quark triplet  

→ Coupling                ~ to mixing with heavy partner

Eta fermion coupling

non-flipped

i(f̄γ5f)η

flipped
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EW
f
∼ 10

−9
ỹc ∼ mc√

2f
∼ 10

−3

Bee ỹb ∼ mbm
2
t√

2v2

EW
f
∼ 10

−2
ỹb ∼

m
3

b

µ2

V
f
∼ 10

−12

Tau ỹτ ∼ m
3
τ f√

2fv2

EW

∼ 10
−8

ỹτ ∼ m
3
τ f√

2fv2

EW

∼ 10
−8

Coupling to bottom is the largest for buried Higgs (light bottom partners), and

extremely suppressed for charming Higgs (no bottom partners)

Coupling to charm is the largest for charming Higgs

AA (Rutgers University) Buried Yale’09 22 / 29

η in 3rd component of Higgs triplet 

SM fermions mostly in 1,2 component of Quark triplet  

→ Coupling                ~ to mixing with heavy partner

Eta fermion coupling

non-flipped

i(f̄γ5f)η

flipped

meta<2mb

Eta couplings: Tree

Eta is SM singlet coupling ∼ mixing

iỹf (f̄γ5f)η

Extra suppression

ỹb ∼
mb

f
× m2

b

µ2
V

Friday, May 14, 2010



For meta < 2 mb  will decay mostly to two gluons

Eta decays - 1 loop

κgη�µνρσGa
µνGa

ρσ , κg =
g2

32π2

�

ψ

ỹψ

mψ
c2(ψ)τψf(τψ)



Text

Masses

Perturbativity:
y2 = 1.8→ Λ = 108TeV
y2 = 2.1→ Λ = 103TeV

Excluded by LEP 
h→ b̄b

Friday, May 14, 2010



Higgs decays dominantly 

    higgs → 2 η → 4 gluons

Eta is naturally light ( 7-8 GeV).

Very non-standard Higgs phenomenology!



LHC Signals
1) Higgs Impostor
2) Subjet ‘unburying’
3) Rich & light spectrum



The “fake” Higgs

Hu ≈ (f + r/
√

2)




0

sin((ṽ + h/f))
cos((ṽ + h/f))





It Couples like the Higgs but suppressed

m2
r ≈ 4λHf2 ∼ 350 GeV

gg → r → ZZ → 4leasily visible @ LHC:

grV V = gSM
hV V × (vEW /f) ≈ 1

2
× gSM

hV V

Friday, May 14, 2010

Higgs Impostor



Jet substructure in ttH
Unburied Higgs

LHC is a very jetty place, and brute force kinematic cuts are not enough

Concentrate on the kinematic regime where Higgs is boosted, pT (h) >∼ 150 GeV,

so that 2 jets from Higgs decay are approximately collimated and appear as one

fat jet in the detector

Then study the jet substructure, to identify the characteristic kinematics and color

flow of buried Higgs It turns out for QCD it is not easy to fake that substructure

Jet substructure tools successfully earlier applied for the SM Higgs in the

W (H → bb̄) channel Butterworth et al [0802.2470] and t t̄h channel, Plehn et al

[0910.5472] .

AA (Rutgers University) Unburied Higgs Planck 2010 8 / 14

Falkowski, Krohn, Shelton, Thallapillil, Wang in preparation

Bump Hunting

Cut on mass democracy αsub
>∼ 0.7 on color flow βsub

<∼ 0.03,

After all cuts, signal displays a clear peak in the invariant mass of the fat jet, while

background sharply drops at high masses

50 100 150
m�j�

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Σ�fb��10GeV

Background (black)

Signal + Background (purple mh = 80 GeV, red mh = 100 GeV, orange mh = 120 GeV)

mh = 80 GeV mh = 100 GeV mh = 120 GeV
pp → hW 6.7 7.6 6.8

pp → ht t̄ 6.1 6.1 7.1

AA (Rutgers University) Unburied Higgs Planck 2010 13 / 14

Can unbury the Higgs! 



Today on the arxiv
 shown here: mη= 4GeV (mη = 8GeV slightly harder)

Jet Substructure II: hW→evjj
Chen, Nojiri, Sreethawong  arXiv:1006.1151v1 [hep-ph]
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Figure 3: Dijet invariant mass distributions for pp → Wh and h → 2η → 2j (mη = 4 GeV)

and SM backgrounds from electromagnetic calorimeter-based analysis using CA algorithm

(left) and KT algorithm (right) for L = 30 fb−1 at the LHC. The histogram color code is

listed in Table 3.

from KT algorithm with R=0.4 for signal (left) and Wjj background (right) after

imposing pre-selection cuts. The peak of signal distribution is a bit higher than the
true pseudoscalar mass due to gluon radiation contribution. Although the distribu-
tion for Wjj background seems to peak near the pseudoscalar mass value, however,

it should keep in mind that the position of the peak is approximately linear in pT .
The imposition of high-pT cut along with the jet mass upper bound can be useful

for background reduction.

In Table 2, we show the number of expected signalsignal red

Wjj black
WW light green
tt̄ dark blue

tq yellow
tW magenta

tbW light blue

Table 3: Histogram color

code for signal and back-

grounds.

and background events in a dijet invariant mass window

110 GeV≤ mjj ≤ 130 GeV for 30 fb−1 integrated lumi-
nosity at the LHC. The first row shows number when only
pre-selection cuts are applied. Lower entries are numbers

after cuts on number of jets, jet mass, and electromag-
netic calorimeter-based variables are separately imposed.

The final row shows the number of events after all cuts.

After pre-selection cuts, Wjj events constitute the
dominant background. Backgrounds from WW and tt̄

with b-jets misidentified as leptons are also significant.
We require nj ≤ 4 which helps eliminating tt̄ and tbW

events by a factor of four. By demanding mj < 8 GeV, the number of backgrounds

is reduced by a factor of 3 ∼ 10. Again, it should be emphasized that these num-
bers are before applying high-pT cut on jets. The efficiency of Rem and Eiso cuts

are impressive. They remove backgrounds by one order of magnitude while keep-
ing more than half of signal events. Lastly, since Eem

T cut is equivalent to pT cut

– 9 –

http://arxiv.org/abs/1006.1151v1
http://arxiv.org/abs/1006.1151v1
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unburied Higgs
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unburied Higgs

and even tighter, considering high-Eem
T events hence corresponds to focusing on a

boosted Higgs boson regime for signal. This cut is proved to be very helpful for
Higgs discovery in our study. This is because jets in several background processes

are coming from hadronic W decay or mistagged b-jet. In the case that both jets
are from single W , it is unlikely that they are simultaneously hard. The condition
Eem

Tj1,2
≥ 100, 50 GeV will select roughly ten percent of signal events out of those

after pre-selection cuts. While only 0.37 and 2.28 percent of Wjj and tt̄ events can
pass this cut, they are still large enough to dominate over signal. On the contrary,

all other backgrounds are suppressed to the negligible level. Another advantage of
Eem

T cut is that the invariant mass of uncorrelated dijet moves toward higher mass
region when a harder Eem

T cut is adopted, but the signal always peaks at the value

of the Higgs boson mass.

After applying all cuts altogether, the
Jet algorithm σS (fb) S/

√
B

CA 1.13 7.09

KT 0.97 7.03

Table 4: Signal cross section and statis-

tical significance after all cuts in the dijet

invariant mass window 110 GeV ≤ mjj ≤
130 GeV for L = 30 fb−1 at the LHC.

dijet invariant mass distributions for mη =
4 GeV signal and backgrounds are shown in

Figure 3 for L = 30 fb−1 at the LHC. The
CA (KT) algorithm is used in analysis in
the left (right) plot. The color code is listed

in Table 3. The Higgs boson signal can be
clearly visible above the backgrounds and

the performances of CA and KT algorithms agree well with each other. The sig-
nal cross section and statistical significance after all cuts in the dijet invariant mass

window 110 GeV ≤ mjj ≤ 130 GeV are listed in Table 4, which shows that a 7σ
level can be achieved.

4. Jet Substructure and mη = 8 GeV Case

When the mass of η becomes larger, the angular splitting between two gluons from
η decay increases and, on average, the transverse energy spreads into broader region

inside a defined cone. This can be clearly seen in the Rem and Eiso distributions shown
in Figure 4. They are even harder and broader than those for Wjj background (see

lower panels of Figure 1). As a result, we found that the electromagnetic calorimeter-
based method fails as a strategy for Higgs discovery if pseudoscalar particle is not
light enough.

In the following, we take another approach based on jet substructure technique
to identify the hadronic decays h → 2η → 2j.

Jet Substructure

When reconstructing jets, one has to adopt an algorithm which iteratively merges

protojets – experimental objects such as calorimeter towers, clusters, or final state
particles – into jets. Therefore, jet recombination process in jet-finding algorithms,

– 10 –
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Very rich phenomenology

Out[144]=
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Summary

higgs

η

η

o The Higgs search is ‘at risk’ because the Higgs
   width is very sensitive to new light unseen 
   physics.

o Higgs can be below SM LEP bound (90 GeV)

o Higgs buried in QCD background (subjets

   & detailed LEP analysis in progress)

o Fake Higgs predicted
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Easiest SUSY embedding of LH is “simplest little Higgs”

Extend  SU(2)W×U(1)Y   to  SU(3)W×U(1)X

Higgs doublets become SU(3) triplets

and receive cloned partners

F-Term respects SU(3)1×SU(3)2 symmetry

Simplest super-Little Higgs

Hu,d → Hu,d = (Hu,d, Su,d) = 3, 3̄

Φu,d = 3, 3̄

W =WΦ +WH

Kaplan, Schmaltz ’03; Schmaltz ’04



At ~ 10 TeV:

Global symmetries 

Gauge symmetry 

 

5 GB eaten by heavy gauge fields.

Symmetry breaking: Step 1
�Φu,d� = (0, 0, F ∼ 10 TeV)

⇒ SU(3)1 × SU(3)2 → SU(2)1 × SU(3)2

⇒ SU(3)W × U(1)X → SU(2)W × U(1)Y



At ~ 500 GeV:

Global symmetries 

4 + 1 Goldstone bosons. Higgs doublet H + singlet η :

 

Step 2: pGBs

⇒ SU(2)1 × SU(3)2 → SU(2)1 × SU(2)2

Σu,d(3±1/3) = e
iT aGa




0
0

fu,d



 , T
a
G

a =
1
f

�
0 H

H
†

η

�
,

�Hu,d� = (0, 0, fu,d ∼ 500 GeV)



Higgs doublet misaligns SU(2)2 and SU(2)W

 
 

EWSB if v ≠ 0  .                           breaks to SM

         SU(2)W×U(1)Y → U(1)Q

Step 3: SM

�H� = (0, v)

Hu = (HT
,

�
f2 − |H|2) sinβ

Hd = (H ,

�
f2 − |H|2) cos β



SB summary
�Φu,d� = (0, 0, F ∼ 10 TeV)

Hu = (HT
,

�
f2 − |H|2) sinβ

Hd = (H ,

�
f2 − |H|2) cos β

�H� = (0, v)

⇒ SU(3)W × U(1)X → SU(2)W × U(1)Y

⇒  SU(2)W×U(1)Y → U(1)Q

⇒ SU(2)1 × SU(3)2 → SU(2)1 × SU(2)2

Y = T 8/
√

3 + X
�Hu,d� = (0, 0, fu,d ∼ 500 GeV)
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Susy dynamics 
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Both f/F and v/f radiatively generated through bottom- 
top loops in Coleman-Weinberg.
Triplet potential

( mHu )2  finite !

physical ( mHiggs )2

Higgs potential

SU(3)W × U(1)X representations

SU(3)C SU(3)W U(1)X

Q = (tQ, bQ, b̂Q) 3 3 0
V = (bV , tV , t̂V ) 3 3̄ 1/3
Vc = (bV

c , tVc , t̂Vc ) 3̄ 3 −1/3
tc 3̄ 1 −2/3
b1,2
c 3̄ 1 1/3

L1,2 = (τL
1,2, ν

L
1,2, ν̂

L
1,2) 1 3̄ −1/3

Ec = (νE
c , τE

c , τ̂E
c ) 1 3̄ 2/3

ν1,2,3
c 1 1 0

(12)

This assignment of representations is anomaly free. The quark and lepton masses originate
from the Yukawa couplings and the supersymmetric mass terms

W = y1tcV Φu + y2HuVcQ+µV V Vc + yb1ΦdQb1
c + yb2HdQb2

c + yτ1ΦdL1Ec + yτ2HdL2Ec. (13)

More Yukawa and mass terms are needed to give masses to all neutrinos but we are not
concerned with it here. As in the case of the triplet Higgs superpotential, these are not the
most general Yukawa couplings consistent with the gauge symmetries, in particular ỹ1tcV Φu

and ỹ2HuVcQ are omitted. Omitting those and other allowed terms amounts to imposing
a collective breaking of the global SU(3)1 symmetry which acts on Hu,d and remains after
gauge symmetry breaking via Φu,d VEVs. Note that in the top sector SU(3)1 is restored
if any of the three couplings: y1, y2 or µV is set to zero. At the same time, in the bottom
sector SU(3)1 is restored if either y2 or yb1 vanishes. The latter means that the bottom loops
induce corrections of order y2

2y
2
b1 log yb1F

M2

soft
to the Higgs mass. Since F ∼ 10 TeV, an order

one value of yb1 starts reintroducing the little hierarchy problem due to the large log(yb1F ),
and in the following we assume yb1 < 0.1 to keep fine-tuning under control. On the other
hand, in the top sector all Yukawa couplings can be order one, as long as µV <TeV.

The top Yukawa and mass terms included in eq. (13) at one-loop lead to radiative gen-
eration of the global symmetry breaking scale f and the electroweak scale vEW . The former
arises as a consequence of the negative contributions to the mass and quartic terms of the
triplet Hu,

m2
Hu

≈ −
3y2

2 sin2 β

2π2
M2

soft log(Λ/MT )

λHu ≈
3y4

2 sin4 β

8π2
log((M2

soft + M2
T )/M2

T ) (14)

where MT =
√

µ2
V + sin2 βy2

2f
2 is the mass of the heavy fermionic top partner, and Msoft is

the soft supersymmetry breaking scale (we assumed the common soft mass for all the stops
and F % f). The potential (14) also generates the mass m2

r = 4λHuf
2 for the radial mode

of the triplet Hu corresponding to the fluctuations of the VEV f . This part of the potential
is in many respects similar to generating the Higgs potential in the MSSM. In particular, the

6

mass term is logarithmically divergent and proportional to the soft supersymmetry breaking
scale. Yet it does not lead to the fine-tuning problem at the same level as in the MSSM.
This is because 1) the scale f is larger than the electroweak scale 2) we are free to take
the Yukawa coupling y2 to be larger than the SM top Yukawa coupling. One can define the
amount of fine tuning necessary to maintain the hierarchy between F and f as the ratio of
the loop induced correction of the triplet mass to the physical radial mass

FT3 =
m2

r/2

|m2
Hu

|
∼

y2
2f

2

M2
soft

log
M2

soft+M2

T

M2

T

log Λ2

M2

T

. (15)

For example, for f ∼ 350 GeV and y2 ∼ 1.8 the fine-tuning is usually in the 5-10% range
and the couplings remain perturbative up to Λ ≈ 103 − 104 TeV. 3 Note however, that the
entire low-energy theory below F could have been defined without actually specifying the
structure of the UV completion of the theory around F and the origin of the scale f . We find
it very appealing that such a simple theory perturbative up to scales of as big as 108 TeV
can be found. It is entirely possible that other UV completions with even less tuning can
give the same low-energy physics around the TeV scale, for example a somewhat different
anomaly free fermion matter content can be also used [18].

The one-loop contributions to the pGB Higgs potential, on the other hand, are completely
finite and calculable. Electroweak symmetry breaking is triggered by negative contributions
to the Higgs mass parameter from top/stop loops,

∆m2 ≈ −
3m2

t

8π2v2
EW

[

M2
T log

M2
soft + M2

T

M2
T

+ M2
soft log

M2
soft + M2

T

M2
soft

]

(16)

while the contributions from the bottom sector are down by m2
b/m

2
t $ 1. There are also

one-loop contributions to the pGB Higgs quartic, and the Higgs boson mass is

m2
h =

(

1 −
v2

EW

f 2

){

m2
Z cos2(2β) +

3m4
t

4π2v2
EW

[

log

(

M2
softM

2
T

m2
t (M

2
soft + M2

T )

)

−2
M2

soft

M2
T

log

(

M2
soft + M2

T

M2
soft

)]}

(17)

Note that the tree-level Higgs boson mass is suppressed with respect to mZ by the factor of
cos(ṽ/f) which is of order 0.8 − 0.9 for the interesting range of f . The one-loop corrections
lift the Higgs boson mass above the tree-level value, but for natural values of the heavy top
and soft mass they cannot add much more than 10 GeV. As a consequence, the Higgs mass
typically ends up in the 80-100 GeV range, see e.g. fig. 2. The fine tuning in the doublet
Higgs potential (which is usually the main source of fine tuning in the MSSM) defined as

FT2 =
m2

h/2

|∆m2|
(18)

3For a smaller Yukawa coupling, y2 ≈ 1.64 at the scale f , the theory would stay perturbative up to
Λ ≈ 108 TeV which is also the Landau pole for the strong coupling g3 in the presence of one family of the
vectorial states (V, Vc). However in this case the fine-tuning of the scale f is about 1%.
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to the Higgs mass parameter from top/stop loops,
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while the contributions from the bottom sector are down by m2
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Note that the tree-level Higgs boson mass is suppressed with respect to mZ by the factor of
cos(ṽ/f) which is of order 0.8 − 0.9 for the interesting range of f . The one-loop corrections
lift the Higgs boson mass above the tree-level value, but for natural values of the heavy top
and soft mass they cannot add much more than 10 GeV. As a consequence, the Higgs mass
typically ends up in the 80-100 GeV range, see e.g. fig. 2. The fine tuning in the doublet
Higgs potential (which is usually the main source of fine tuning in the MSSM) defined as

FT2 =
m2

h/2

|∆m2|
(18)

3For a smaller Yukawa coupling, y2 ≈ 1.64 at the scale f , the theory would stay perturbative up to
Λ ≈ 108 TeV which is also the Landau pole for the strong coupling g3 in the presence of one family of the
vectorial states (V, Vc). However in this case the fine-tuning of the scale f is about 1%.
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For example, for f ∼ 350 GeV and y2 ∼ 1.8 the fine-tuning is usually in the 5-10% range
and the couplings remain perturbative up to Λ ≈ 103 − 104 TeV. 3 Note however, that the
entire low-energy theory below F could have been defined without actually specifying the
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it very appealing that such a simple theory perturbative up to scales of as big as 108 TeV
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Eta decays - buried Higgs
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Model independent bound mH > 78 GeV

s = relative Higgs production cross-section, 
      in our case s = (1-(vew/f)2) ~ 0.7-0.8 and Br ~ 0.8
We need meta > 6 GeV otherwise θmin ~ 4 meta/mH

too small and 2-jet bound would apply. 

OPAL limits on h→4j
OPAL
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Figure 7: Upper limits at 95% CL for s2 in the mA versus mh plane, assuming
100% decays of h0 into A0A0 and 100% decays of A0A0 into (a) cc̄cc̄ (b) gggg (c)
τ+τ−τ+τ− (d) τ+τ−gg (e) cc̄τ+τ− and (f) cc̄gg. The iso-contour lines are for values
of s2 ≤ 1, 0.8, 0.6, 0.5 , 0.4 and 0.2. These limits are derived using the combined
results from Z0 → νν̄, Z0 → µ+µ− and Z0 → e+e− channels and for centre-of-mass
energies between 189 and 209 GeV.
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