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Outline
Higgs decays and LEP bound

Little Hierarchy

The simplest SUSY pGB Higgs: SU(3)/SU(2) 

goldstone counting: 

Higgs cascade decays: 

A “fake” Higgs could be discovered

Conclusions

8− 3 = 4 + 1 = h + η

h→ ηη → 2cc̄ , 4g
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Higgs BRs

light Higgs
coupling=mass

h→ bb̄
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Higgs small Width
Small bottom Yukawa

NP can easily change 
S

S
ZCaveat:

Γh→bb̄ ∼ y2
byb ∼

1
60

Γh

S

S
h

b̄

b

h yb
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LEP Bound

New decays weaken 
the bound 

SM BRs at 20%
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LEP Bound
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LEP Bound

h→ AA→ 2τ τ̄
mh > 105÷ 110 GeV

New ALEPH result!

arXiv:1003.0705
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Little hierarchy in SUSY

MSSM:
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H < M2

Z cos2 2β + 3
M4
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v24π2
log

Mstop
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Little hierarchy in SUSY

MSSM:

MH > 115 GeV→Mstop ! 1 TeV

M2
H < M2

Z cos2 2β + 3
M4

top

v24π2
log

Mstop

mtop

MSSM cut-offSM cut-off

(MZ ∼ −2MHu)δM2
Hu

= −
3y2

t M2
stop

4π2
log Λ
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Now what?

MSSM cut-offSM cut-off

δM2
Hu

= −
3y2

t M2
stop

4π2
log Λ
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Now what?

MSSM cut-offSM cut-off

 Raise tree-level Higgs mass (M_stop reduced)
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Now what?

MSSM cut-offSM cut-off

 Raise tree-level Higgs mass (M_stop reduced)

F-Term (NMSSM)

D-term (extended gauge structure)

 Remove 1-loop divergences
Λ→ f ∼ few TeV

δM2
Hu

= −
3y2

t M2
stop

4π2
log Λ
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SUSY+Little Higgs

Add global symmetries

Break them collectively

δm2
H ∼ Λ2

δm2
H ∼ M2

soft log Λ2

δm2
H ∼ f2 log Λ2

δm2
H ∼ M2

soft log f2

LH recipe
Reduce 1-loop 
divergences

 SM:

 LH:
 SUSY:

SUSY Higgs as a pGB:

Birkedal, Csacko , Gaillard; 
Chankowski, Falkowski, Pokorski, 

Wagner;
Roy, Schmaltz; Csaki, Marandella, 

Shirman, Strumia
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SU(3)/SU(2) in SUSY
Higgs sector

Extend SU(2)W × U(1)Y
SU(3)W × U(1)X

ΦHNo mixing terms
W =WΦ +WH

gauge symmetry

global symmetry
SU(3)Φ × SU(3)H
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Symmetry breaking: step I
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Φ sector takes a VEV 〈Φu,d〉 = (0, 0, F ∼ 10 TeV)
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Symmetry breaking: step I

Φ sector takes a VEV 〈Φu,d〉 = (0, 0, F ∼ 10 TeV)

Gauge symmetry

SU(3)W × U(1)X → SU(2)W × U(1)Y

Y = T 8/
√

3 + X5 eaten GBs

Global symmetry

SU(3)Φ × SU(3)H → SU(2)Φ × SU(3)H
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Step II: pGBs

Below 10 TeV 

Global symmetry breaking

Goldstones: 

MSSM + SU(3)H Global symmetry

SU(3)H → SUH(2)

8− 3 = 4 + 1 = (3) + 1 + 1
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Step II: pGBs

Below 10 TeV 

Global symmetry breaking

Goldstones: 

MSSM + SU(3)H Global symmetry

SU(3)H → SUH(2)

8− 3 = 4 + 1 = (3) + 1 + 1

Hu,d = e±iΠ/f




0
0

fu,d



 = fu,d




0

sin(h̃/
√

2f)
e±iη/

√
2f cos(h̃/

√
2f)




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Step III: EWSB

SU(2)W SU(2)HVEV=Misalignment between and 

Hu,d = e±iΠ/f




0
0

fu,d



 = fu,d




0

sin(h̃/
√

2f)
e±iη/

√
2f cos(h̃/

√
2f)




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Step III: EWSB

SU(2)W SU(2)HVEV=Misalignment between and 

SU(2)W × U(1)Y → U(1)EM

Hu,d = e±iΠ/f




0
0

fu,d



 = fu,d




0

sin(h̃/
√

2f)
e±iη/

√
2f cos(h̃/

√
2f)




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Higgs and eta

Hu,d = fu,d




0

sin(h̃/
√

2f)
e±iη/

√
2f cos(h̃/

√
2f)





Suppressed coupling to Z and W

ghV V = gSM
hV V

√
1− v2

EW /f2

h̃ =
√

2ṽ + h

η̃ = η/ cos(ṽ/f)

Suppressed coupling to SM fermions

yhff̄ = ySM
hff̄

√
1− v2

EW /f2

Friday, May 14, 2010



Higgs decays
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Higgs decays
h→ ηη vs. h→ bb̄ ??
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LK ∼ −h(∂µη)2
tan(ṽ/f)√

2f

pGB interactions

η

h
η

Higgs decays
h→ ηη vs. h→ bb̄ ??
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LK ∼ −h(∂µη)2
tan(ṽ/f)√

2f

pGB interactions

η

h
η

Higgs decays
h→ ηη vs. h→ bb̄ ??

Γh→ηη ∼
1

64π
(1− v2

EW

f2
)−1 m3

hv2
EW

f4

Γh→ff̄ ∼ ΓSM
h→ff̄ (1− v2

EW

f2
)
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LK ∼ −h(∂µη)2
tan(ṽ/f)√

2f

pGB interactions

η

h
η

Higgs decays
h→ ηη vs. h→ bb̄ ??
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The story so far...
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The story so far...

Found SUSY pGB Higgs model: no little hierarchy 
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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



Matter content I: Buried
SU(3)× SU(3)× U(1) ⊂ SU(6)

+2
B.B., Csaki, Falkowski, Weiler
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Matter content I: Buried
SU(3)× SU(3)× U(1) ⊂ SU(6)

+2
B.B., Csaki, Falkowski, Weiler

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

Q = (tQ, bQ, b̂Q) 3 3 0
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

No Top partner, no top mass
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Matter content I: Buried
SU(3)× SU(3)× U(1) ⊂ SU(6)

+2
B.B., Csaki, Falkowski, Weiler

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

Q = (tQ, bQ, b̂Q) 3 3 0
tc 3̄ 1 −2/3
b1,2
c 3̄ 1 1/3

V = (bV , tV , t̂V ) 3 3̄ 1/3
Vc = (bV

c , tVc , t̂Vc ) 3̄ 3 −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
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Buried Yukawas
Collective breaking

Wcoll
top = y1tcV Φu + y2HuVcQ + µV VcV + ỹ1tcVHu + ỹ2ΦuVcQ

mtop ∝ y1y2µV

Higgs exact GB if either 
y1 = 0 , y2 = 0 , µV = 0
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Matter content II: Charming

“Flipped” SU(6)
B.B., Csaki, Falkowski, Weiler
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Matter content II: Charming

“Flipped” SU(6)

no bottom partner, no bottom mass

B.B., Csaki, Falkowski, Weiler

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

Q = (tQ, bQ, t̂Q) 3 3 1/3
t1,2
c 3̄ 1 −2/3

bc 3̄ 1 1/3
L1,2 = (τ1,2, ν1,2, τ̂1,2) 1 3̄ −2/3
Lc = (νL

c , τL
c , ν̂L

c ) 1 3̄ 1/3
τ1,2,3
c 1 1 1

Friday, May 14, 2010



Matter content II: Charming

“Flipped” SU(6)
B.B., Csaki, Falkowski, Weiler

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

Q = (tQ, bQ, t̂Q) 3 3 1/3
t1,2
c 3̄ 1 −2/3

bc 3̄ 1 1/3
V = (bV , tV , b̂V ) 3 3̄ 0
Vc = (bV

c , tVc , b̂V
c ) 3̄ 3 0

L1,2 = (τ1,2, ν1,2, τ̂1,2) 1 3̄ −2/3
Lc = (νL

c , τL
c , ν̂L

c ) 1 3̄ 1/3
τ1,2,3
c 1 1 1
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Charming Yukawas

Collective breaking: Higgs exact GB if either 
y2 = 0 y1 = 0or

bottom mass from non-renorm. operator

mb ≈ yb cos βvEW F/µVmt ≈
sby1y2F√

(y1F )2 + 2(sby2f)2
vEW

LY = y1t
1
cΦuQ + y2t

2
cHuQ +

yb

µV
b1
cQΦdHd + . . .
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Higgs potential I

Radial potential: f is generated  at one loop

Small f needs mild tuning:

FT3 =
m2

r

|m2
Hu

| ∼ O(10%)

m2
r ≈ 4δλf2

m2
Hu
≈ −3y2

2 sin2 β
2π2 M2

soft log(Λ/MT )

δλ ≈ 3y4
2 sin4 β
8π2 log[(M2

soft + M2
T )/M2

T ]
Radial mode
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Higgs potential II
Higgs potential: also v is generated  at one loop

∆m2 ≈ − 3m2
t

8π2v2
EW

[
M2

T log
M2

soft + M2
T

M2
T

+ M2
soft log

M2
soft + M2

T

M2
soft

]

Finite Logs! No FT
Mixing with singlet

FT2 =
m2

h

|∆m2| ! 20%

m2
h =

(
1− v2

EW

f2

) {
m2

Z cos2(2β) +
3m4

t

4π2v2
EW

[
log

(
M2

softM
2
T

m2
t (M2

soft + M2
T )

)

−2
M2

soft

M2
T

log

(
M2

soft + M2
T

M2
soft

)]}
≈ 90 GeV
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Masses

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

Excluded by LEP 
h→ b̄b
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Eta couplings: Tree

Eta is SM singlet coupling ∼ mixing

iỹf (f̄γ5f)η

Extra suppression

ỹb ∼
mb

f
× m2

b

µ2
V
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Eta couplings: loop

κg ! 1
12
√

2
g2

s(mη)
64π2

m2
η

m2
b

m2
t f

µ2
V v2

EW

Γη→gg = (N2
c − 1)

|κg|2

π
m3

η

κg(∂2η)GG̃ iỹb(b̄γ5b)η

ỹb ∼
ỹt

16π2

mtmb

v2
EW

log(m2
T /m2

t )

ỹc ! O(10−4)! ỹb|tree
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Eta decays
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Eta decays

h→ 2η → 4g

“Buried” -non flipped
bb

gg

tautau

cc

phph
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Eta decays

h→ 2η → 4g

“Buried” -non flipped
bb

gg

tautau

cc

phph

“Charming” -Flipped

h→ 2η → 2cc̄
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OPAL limit on 4j 

s=relative production cross section

mη > 6 GeV
σZZh = σSM

ZZh(1− v2
EW /f2)

BR = 80%
s ≈ 0.6
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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
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EWPTs (S & T) 

rh gauge

cos2(ṽ/f) log(mh/Λ) sin2(ṽ/f) log(mr/Λ) log(Λ/mW )

mEWPT
h = mh(

mr

mh
)sin

2(ṽ/f) ≈ 120 GeV

like in the SM
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Spectrum overview
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Conclusions
Higgs and Eta pGBs of SU(3)/SU(2)

Higgs    2 Eta    4j cascade

Higgs below LEP bound,

No little Hierarchy 

Light SUSY and LH spectrum at LHC

Fake Higgs readily available

Higgs deeply buried under QCD background

h→ ηη → 2cc̄ , 4g

mh ≈ 90 GeV
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