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3. The Higgs boson as a PGB

4. Beyond mSUGRA



⇒  Supersymmetry

 The Higgs boson made light by an approximate symmetry

⇒  Gauge symmetry

h= A5
Aµ→ Aµ+dµα ⇒ m2A2µ

⇒  Global symmetry

h→ h+α ⇒ m2h22

(⇒  By accident: not an explanation)

 The Higgs boson from an extended symmetry



A minimal model: SO(5)/SO(4)

1. Standard Model:                                 

⇒ Gauged standard SU(2)xU(1) inside SO(4)

⇒  Three massless bosons produced
Since Adj[SO(4)] = Adj[SO(3)] + 3 ⇒ 3 GBʼs

⇒  Preliminaries

φi=1,...,4⇒ SO(4)/SO(3)

andwith φ2 = v2 < φi >= (0,0,0,v)

and the 3 GBs “eaten up” by the         and the Z 
broken down to U(1)em

W±



A minimal model: SO(5)/SO(4)

by a strong dynamics at 
1. Extend to  SO(5) broken to SO(4) 

Λ≈ 4π f�
Ng

, Ng = 4

2. Introduce with φ̂i=1,...,5⇒ SO(5)/SO(4) φ̂2 = f 2

3. Gauge standard SU(2)xU(1) inside SO(4)
acting on first 4 φi=1,...,4

4. For ElectroWeak Symmetry Breaking
what matters is relative orientation:
< φ̂i >= (0,0,0,0, f ) ⇒ no EWSB
< φ2 >= f 2 ⇒ maximal EWSB at v=f

 Since Adj[SO(5)] = Adj[SO(4)] + 4 ⇒ a PGB Higgs 

SU(2)L×U(1)Y

SO(5)×U(1)B−L

f
SO(4)× U(1)B−L



EWSB continued

Study V = V0 f 2δ(φ̂2− f 2)−A f 2φ2 +B f 3φ5

1. v << f requires tuning B/2A to 1:

⇒  1/Δ ≈ 10÷20%

Take f = 500 GeV as benchmark ⇒ Λ ≈ 3 TeV

< φ2 >≡ 2v2 = f 2[1− (
B

2A
)2]

A > 0

explicit SO(5)-breaking
(where from?)

mh = 2
√

Av v = 175 GeV

∆ =
A

v2

∂v2

∂A
≈ f2

v2



EWSB continued

2. The Higgs boson has reduced couplings to W and Z

(∂µφ̂)2 = (∂µ(f2 − φ2)1/2)2 ≈ 1
4f2

(∂µφ2)2

and, after symmetry breaking, from φ→ v + h

(∂µφ̂)2 ≈ v2

f2
(∂µh)2

requiring a field redefinition
h→ h

(1 + v2/f2)1/2
≈ (1− v2/f2)1/2h

A(WLWL→WLWL) =−Gs√
2

sin2 α(1+ cosθ)⇒

sinα =
√

2v

f
Λunit =

ΛSM
unit

sinα
≈ 2.4 TeV f500



1. loop effects

h
�S, �T |SM = aS,T logmH +bS,T

�S, �T |this−model = aS,T [(cosα)2 logmh +(sinα)2 logΛ]+bS,T

= (T̂ , Ŝ)|SM(mEWPT,e f f )
mEWPT,e f f = mh(Λ/mh)sin2 α

(sinα)2 ≈ 0.25

∆S = 0.25(
2 TeV

Λ
)22. At the cutoff 

How about the EWPTs? (the usual story)

(can be defended in some “UV-completions”?)

∆Ŝ =
g2v2

Λ2



This model (continued)
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from scalars

at the cutoff
f.t. ≈ 10÷20%

E0(WLWL)≈ 2.4 TeV f500

S≈ 0.2
1

f 2
500

LEPEWWG

1
f 2
500

still not defendable as it stands
Better than Higgless, although

 so far (for small finetuning)



More than 1 Higgs doublet PGB
Pomarol et al

⇐ 1 Doublet
⇐ 1 Doublet+ 1 Singlet

⇐ 2 Doublets

⇑
SU(2)xSU(2)



Some vectors (ρ-like) might be there as well

ξ = ( v
f )2



Extend SO(5) to the top

SO(5)⊃ SU(2)L×SU(2)R

U2/3X = (X5/3,X2/3)

Y = T 3
R +2B

⇒ 3 more quarks than normal

(Other choices possible, sometimes with more extra states)

L top
Y = λ1Ψ̄L�φuR +λ2 f ŪLUR +λ3 f X̄LXR +λ4 f ŪLuR

= 5 of SO(5) (=2+2+1 of SU(2))ΨL ≡ (q,X ,T )L

ΨL ≡ (q,X ,T )L; uR,dR,XR,TR

“composite” quarks

What cuts off the top loop?



mass eigenstates and their composition

The Yukawa Lagrangian of the third quark generation consists of a SO(5) symmetric mass
term for the top and two soft symmetry breaking mass terms for U and X:

Ltop = λ1Ψ̄Lφ uR + λ2f ŪLUR + mX X̄LXR + h.c. (16)

The Yukawa couplings that generate all the other (small) fermion masses, including the bottom
one, are taken conventional, i.e. explicitly breaking, like the gauge couplings, the SO(5) symmetry.

Since explicitly
Ψ̄Lφ uR = q̄LHcuR + X̄LHuR + ŪLφ5uR, (17)

after symmetry breaking Ltop becomes, to quadratic order in H ,

Ltop = λ1f(1 −
|H|2

f 2
)ŪLuR + λ1q̄LHcuR + λ1X̄LHuR + λ2fŪLUR + mXX̄LXR + h.c. (18)

In turn, to relevant order in v, the spectrum and the composition of all the coloured triplets (three
more than normal) is given by

composition mass
b = bL + dR 0

t = tL + tR mt = λtv(1 − λ2
t
v2

2m2

X

− λ2

T
v2

2m2

T

)

X(5/3) = XL(5/3) + XR(5/3) mX

X(2/3) = XL(2/3) + XR(2/3) mX(1 + m2
t

2m2

X

)

T = UL + TR mT =
√

λ2
1 + λ2

2f > 2λtf

(19)

where

(qL)t = (tL, bL), λt =
λ1λ2√
λ2

1 + λ2
2

, λT =
λ2

1√
λ2

1 + λ2
2

(20)

and

tR = − sin χUR + cos χuR, TR = cos χUR + sin χuR, tan χ =
λ1

λ2

. (21)

Note that, to this approximation, the b-quark is massless and of standard composition, unlike the
top, whose right-handed component is an admixture of doublet and singlet.

2.5 Fermionic loop effects

The fermionic sector of the model is characterizes by essentially two free parameters: the masses
mX and mT of the new fermions, the latter being necessarily heavier than 2λtf . Couplings λ1

and λ2 can be expressed in terms of λt and the ratio mT /f. Using the Lagrangian (18), we can
recompute the one-loop contribution from the top sector to the A parameter. The quadratically
divergent part cancels, and Atop is only logarithmically sensitive to the cutoff. We plot Atop as a
function of mT ,mX in fig. for the reference value of the cutoff Λ = 2πf . We assumed tan χ < 1
in this plot; the opposite choice, corresponding to interchanging λ1 and λ2, gives larger and more
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b-quark is normal (because there is no state to mix with)!

state mass composition
b 0 standard

t mt ! λtv(1 − 1
2
ε2
L − 1

2
ε2
R)

tL ! t0L − εLT 0
L,

tR ! t0R − εRX0
R

T mT =
√

λ′2
1 + λ2

2f TL ! T 0
L + εLt0L

X5/3 mX unchanged

X2/3 mX(1 + 1
2
ε2
R) XR ! X0

R + εRt0R

Table 1: The masses and compositions of the physical states in terms of the fields appearing in (3.4),

denoted by zero superscript. The mixing parameters are εR = mt

mX
and εL = λT v

mT

the top loop can be simultaneously responsible for this contribution. An additional motivation is
that we would like to find an effective four-dimensional (4d) description of existing 5d ‘composite
Higgs’ models [3], [4], in which the SO(5) symmetry is naturally present in the fermion sector
from the very beginning.

3.1 A minimal model

The minimal way to extend the SO(5) symmetry to the top Yukawa coupling is to enlarge the
left-handed top-bottom doublet qL to a vector ΨL of SO(5), which under SU(2)L×SU(2)R breaks
up as (2, 2) + 1. The full fermionic content of the third quark generation will be

ΨL = (q, X, T )L; tR, bR, XR, TR (3.1)

where qL, XL, XR are SU(2)L-doublets, while all the other fields are singlets. We have introduced
the right-handed states needed to preserve parity in the strong and electromagnetic interactions
and to give mass to the new left-handed fermions. The qL = (tL, bL) and tR, bR have the standard
SU(2)L × U(1) quantum numbers, while the SO(5) symmetry fixes the hypercharges of the new
vector-like states5: Y (XL,R) = 7/6, Y (TL,R) = 2/3.

The Yukawa Lagrangian of the third quark generation consists of an SO(5) symmetric mass
term for the top and of three soft symmetry-breaking mass terms:

Ltop = λ1Ψ̄Lφ tR + λ2f T̄LTR + λ3fT̄LtR + mX X̄LXR + h.c. (3.2)

The Yukawa coupling that generates the bottom mass is taken conventional, i.e. explicitly break-
ing, like the gauge couplings, the SO(5) symmetry.

Since explicitly
Ψ̄Lφ = q̄LHc + X̄LH + T̄Lφ5 ,

after the EWSB Ltop becomes to leading order in H

Ltop = λ1q̄LHtR + λ1X̄LHctR + (λ1 + λ3)fT̄LtR + λ2fT̄LTR + mXX̄LXR + h.c. (3.3)

5The hypercharge of the components of ΨL is given by Y = T 3
R + 2B, with B the baryon number. We can take

T 3
R of qL, XL as −1/2 and +1/2 respectively, whereas UL has T 3

R = 0.
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εR =
mt

mX
εL =

λT v
mT



4 Signal and background simulation

The Lagrangian of the model is implemented into CalcHEP (v2.4.3 [26]), a tree level Monte
Carlo event generator that can deal with multi-particle final states. We generate ttWW events
from b̃R pair production in CalcHEP, which are further processed in PYTHIA 6.4.01 [27].
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Figure 5: Pair production cross section for b̃R at the LHC. Only masses above the t + W
threshold are considered.

Figure 5 shows the b̃R pair production cross section at the LHC. We use CTEQ6L parton
distribution functions and consider only the contribution from light quarks, u and d. The
dominant contribution comes from the gluon-initiated hard scattering up to about a b̃R mass
of 800 GeV. The QCD scale was set to the mass of b̃R. The cross sections include the
contributions from s-channel EW exchange diagrams, though the combined contribution from
these channels is negligibly small. For example, for b̃R mass of 500 GeV, the contribution
from EW channels is about three orders of magnitude smaller than those involving the QCD
coupling.

Figure 6 shows the 4W + 2b final states expected in 10fb−1 of LHC data as a function
of the b̃R mass, for two Higgs masses and considering only the production cross section and
branching fractions. For a b̃R mass of 500 GeV, the yields are about 5000 events from tW and
900 from bH for a Higgs mass of 300 GeV. The yield is about 2800 events from only the tW
channel for a Higgs mass of 115 GeV, with no contribution from the bH channel.

As discussed in Section 2.3, there are additional exotic quarks with exactly the same
properties as b̃R which therefore enhance the total number of events: for mb̃R

= 500 GeV and

mH = 300 GeV, including b̃R,L and q̃R,L, this multiplying factor amounts to 11.2. In the case
of the models discussed in Ref. [6, 18–20], where some have only one light Q = 5/3 quark q̃
instead of b̃R, this factor is 1/B2 = 4.6.
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Figure 6: Number of 4W + bb events expected from the tW and bH decays of b̃R for 10 fb−1

of LHC data.

4.1 Trigger strategy and event reconstruction

In order to investigate how such events could be examined using an LHC detector such as
ATLAS, we first restrict ourselves to simulating b̃R pair production and their decays through
the tW channel. For the present model analysis, we choose mb̃R

= 500 GeV and mH = 300
GeV. We apply event filters and acceptance criteria based on nominal ATLAS parameters as
found in the Technical Design Report [22]. The following “trigger”, applied to the generated
events, is based on the lepton criteria for selecting W → !ν events: at least one electron or
muon with pT > 25 GeV must be found within the pseudorapidity range |η| < 2.4, where
η = − ln tan(θ/2) and θ is the angle relative to the pp collision axis; then, the “missing
ET ”, calculated by adding all the neutrino momenta in the event and taking the component
transverse to the collision axis, must exceed 20 GeV.

We mimic cone-based hadronic jets as they might be observed in a detector: stable charged
and neutral particles within |η| < 4.9 (the range of the ATLAS hadronic calorimeter), exclud-
ing neutrinos, are first ranked in pT order. Jets are seeded starting with the highest pT tracks,
with pT > 1 GeV; softer tracks are added to the nearest existing jet, as long as they are
within ∆R < 0.4 of the jet centroid, where ∆R =

√
∆φ2 + ∆η2. The number of jets with

pT > 20 GeV is shown in Figure 7. The signal is peaked around 8 jets. Additional jets can be
produced in quark hadronization and underlying parton activity, while jets can be lost due to
falling below the energy threshold or outside the geometric acceptance.

The background sample is dominated by tt events generated using TopRex (version 4.11)
[28] and PYTHIA (version 6.403), with CTEQ6L parton distribution functions. The small
ttH contribution to the background has been modelled with PYTHIA. As expected, the
background has fewer high-pT jets than the signal, peaking around 5 jets.

Figures 8 and 9 compare signal and background distributions for transverse momenta of
generated particles as well as event-level observables such as the “trigger” (highest-pT ) lepton
pT , missing ET , and scalar sum of the ET ’s of all the jets in the event.
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and similar (mutatis mutandis) for T, X
Γ( bZ )~ Γ( tW )~ Γ( bh )~ 5÷20 GeV

Γ( bZ )~ Γ( tW )~ Γ( bh )~ 5÷20 GeV

4W + 2b

pp→ BB

Composite quark production

Significant production/ no   ET/



 Composite quark signals

Single production also possible

Q≡ (T 2/3,B−1/3,X5/3)

qq→ QQ̄ Q→ tV, th

If they exist, easier to catch than KK-vectors
(like squarks, but without      )ET/

T (1 TeV )→ Z t → l+l−l±νb
pp→ XX̄ +BB̄→ l±l±+ jets+ET/

(t or b, depending on the charge)


