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ABSTRACT: We expand upon the littlest Higgs model of Arkani-Hamed, Cohen, Katz, and Nelson [1].  The SU(5) symmetry of the ACKN model is expanded to an SU(11) containing an SU(5)xSU(5) whose SU(3)xSU(2)xU(1) diagonal subgroup will become the gauge group for the standard model.  Spontaneously breaking the SU(11) to SO(11) yields a nonlinear sigma model, amongst whose pseudo-Goldstone bosons is the Higgs.  We introduce new scalars and fermions at the 1 TeV scale to give the desired couplings for the Higgs and the top.
1. Introduction
In the standard model, a scalar Higgs doublet is used to spontaneously break the SU(2)xU(1) electroweak gauge group to the U(1) of electromagnetism.  The Higgs is the only fundamental scalar to appear in the standard model, so it is natural to ask if it is fundamental.  Tests of the longitudinal components of the W and Z bosons suggest that the Higgs is fundamental up to energies of at least 1 TeV [2].   Without fine tuning, quadratically divergent diagrams like these
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Figure 1: One loop corrections to the Higgs mass from the quartic self interactions,

gauge bosons loops, and fermion loops. [2]
will tend to push the Higgs mass up to order 
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.  However, recent evidence suggests that the Higgs mass is less than 200 Gev [3].  As the energy at which the Higgs looks fundamental rises, this becomes more pronounced and raises the question, why is the Higgs so light?

A series of papers [4, 5, 6] used dimensional deconstruction to realize the Higgs as a pseudo-Goldstone boson.  At each site in theory space, there is a symmetry under which the Higgs is an exact Goldstone boson.  However, viewing the sites together, the symmetry is broken, softly giving mass to the Higgs.  Hence, a diagram must contain interactions coming from multiple sites in order to give mass to the Higgs.  The quadric divergences from figure 1 must all vanish by the symmetry arguments, pushing up the mass renormalization to higher loop diagrams.  

One of these papers [6] gave a description of the Higgs using a minimal moose diagram, one with only two sites in theory space.  The ACKN model goes further, introducing the smallest possible extension of the standard model, dubbed the Littlest Higgs [1].  It does not come from a moose diagram and realizes the necessary coupling with a minimal number of operators.  This paper will extend that approach to a unifiable theory.
We extend the SU(5) symmetry to an SU(11) which contains two commuting SU(5) subgroups, each of which lies in SU(6) which commutes with the other SU(5), allowing a replication of the Littlest Higgs approach and giving a natural way to unify the standard.  Our nonlinear sigma model contains a 5 and 
[image: image6.wmf]5

 of the diagonal SU(5) which will be identified with the Higgs of the SU(5) GUTs as well as a 24 of scalar particles that get massive at the 1 TeV scale.  Other fermions also appear at the 1 TeV to give the top the desired Yukawa coupling.
2. Nonlinear Sigma Model and Goldstone Boson Fields
The following construction parallels closely that of ACKN [1].  We consider an SU(11)/SO(11) nonlinear sigma model.  Some condensate of fermions at high energy gives a VEV to an 11x11 symmetric matrix transforming as 
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.  The direction of the condensate is chosen to point along 
[image: image9.wmf]0

S

 where

[image: image10.wmf]÷

÷

÷

ø

ö

ç

ç

ç

è

æ

=

S

0

0

0

1

0

0

0

0

1

1


and the boldfaced 1 are 5x5 identity matrices.  As promised, this preserves an SO(11) subgroup.  The broken generators satisfy 
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allowing the nonlinear sigma model to be written
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where 
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, the Goldstone boson fields.  In the QCD chiral lagrangian f would be the pion decay constant.


We gauge an SU(5) in the upper left hand corner and another SU(5) in the lower right hand corner.  The second of these will be broken to SU(3)xSU(2)xU(1) spontaneously.  The diagonal subgroup is identified with the standard model gauge group.  The standard model couplings will then obey a relation like
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where
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is the i-th standard model coupling, 
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is the i-th coupling of SU(3)xSU(2)xU(1)< SU(5), and 
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is the coupling for the second SU(5).

An 11 of SU(11) decomposes as
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under the SU(5)xSU(3)xSU(2)xU(1) subgroup.  Spontaneously breaking to the standard model gauge group, the 11 decomposes as
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Under SO(11), the adjoint of SU(11) will transform as the 55, the antisymmetric tensor, and the 65, the symmetric tensor.  The symmetric tensor is the Goldstone boson field and under the stand model it transforms as
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under the standard model gauge group.  The first line of particles will be Higgsed in the symmetry breaking.  The second line is a 15 of SU(5) and are new scalars which will get massive at 1 TeV.  The third line is the Higgs, 5-plet familiar from GUT theories.  We have introduced new colored scalars to accompany the Higgs.  This will give rise to a doublet-triplet splitting problem.


The Goldstone boson fields can be written as


[image: image24.wmf]÷

÷

÷

ø

ö

ç

ç

ç

è

æ

=

P

h

h

h

h

f

f

†

†

†


where h is the Higgs 5-plet and 
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 is the 15 of SU(5).
3. Top Yukawa Coupling
For the first two generations of the standard model, we introduce the traditional multiplets with couplings to the Higgs.  To get the right top quark Yukawa coupling while respecting enough symmetry to protect the Higgs mass, we introduce a 45 of fermions SU(11), Ψ.  Contained in the 45 are a 10 and a 
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of the diagonal SU(5)
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The 45 couples to the Goldstone boson field in an SU(11) invariant way as
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The zeroth order terms in the Goldstone fields give mass to all the fermions in the multiplet.  We introduce a second coupling that break SU(11), but respects the upper left SU(6)
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where i,..,n runs from 1 to 6.

In terms of the T and 
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 these couplings are 
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where i,..,m runs from 1 to 5.

Finally, we introduce T, a 10 of SU(5), and couple it to the 
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, preserving the lower right SU(6) as 
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This marries one linear combination of t and T to become massive.  The other combination, 
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is the top quark and has a Yukawa coupling

[image: image37.wmf]m

kl

ij

ijklm

h

t

t

M

f

M

"

"

2

2

1

2

2

e

l

l

+


Note that if either of the SU(11) violated terms is set to zero, this coupling vanishes.  

To avoid baryon number non-conservation, the SU(3)xSU(2) singlet in the t” of SU(5) is not identified with the tau positron.  Rather, it is an exotic particle.  Moreover, it must be assigned baryon number 1 while the colored scalars have baryon number 2/3 in order to ensure baryon number conservation.  

4. Coleman-Weinberg Potential

Breaking the global SU(11) symmetry introduces all new operators consistent with the residual symmetry.  From the Coleman-Weinberg potential, we can examine the contributions these operators give to the potentials for the pseudo-Goldstone bosons [7]. From the kinetic terms in the nonlinear sigma model, there is a potential
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where the gauge boson mass term comes from the kinetic term
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as in [1].  The resulting operator will go as   
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That each gauge interaction leaves one of the SU(6) symmetries invariants, this potential cannot give mass to the Higgs 5-plet.  However, it does give mass of order gf to the other scalars.

Similarly, there will be a Coleman-Weinberg potential coming from the fermion interaction term and will go as


[image: image41.wmf]op

mn

ijklop

ijklmn

†

2

2

~

S

S

e

e

l


and again, cannot give a quadratically divergent contribution to the Higgs mass.

5. The High Energy Theory

What sort of high energy theory would give rise to this effective lagrangian?  We imagine at high energies that the SU(3)xSU(2)xU(1) has unified into an SU(5) so that the gauge group is SU(5)xSU(5).  We add to this a strongly coupled SO(N) gauge group.  It is the spontaneous breaking of this by a fermion condensate that will give rise to the nonlinear sigma model.  Under the SU(5)xSU(5)xSO(N) we add the multiplets 
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.  To cancel the anomalies we must add N 5’s under the second SU(5) and N 
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’s under the first SU(5).  This is in addition to the standard fermion content.  Finally, we imagine that the theory is supersymmetric at this high energy and must add the appropriate superpartners.


The coupling constants of the low energy theory will run and unify at some high scale [8].  However, adding this large matter content gives rise to some concern about how quickly the couplings will become strong.  We want the forces to unify before the theory becomes nonperturbative.  This will be addressed in the future.
6. Conclusion

We have expanded upon the ACKN model to the minimal global symmetry that allows for SU(5)xSU(5) with each group commuting with an SU(6).  We have added a large number of scalar particles which naturally become massive due to the Coleman-Weinberg potential.  The Higgs is also paired with a colored triplet, creating a splitting problem which may be addressed in future work.  To have the top Yukawa coupling to take the desired form, we introduced a large number of fermions at the 1 TeV scale.  How this affects the running of the coupling constants is also a topic of future investigation.

This model provides an economical way to expand the little Higgs idea to a GUT.
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