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- Sextet model: simplest composite Higgs mechanism

- RG flows of lattice actions and crossovers

- Two RG based scaling strategies

- Are we at weak enough coupling?

- New results on the Nf=2 sextet model with SU(3) gauge group

- What to expect from LHC phenomenology

- Summary and Outlook



Standard Model: Charged currents in SU(2)L ⊗ U(1)Y sector

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Jefferson Laboratory, April 4 - 5, 2008, 15/19

walking coupling 
separates two scales

popular target of lattice BSM effort

Chiral symmetry breaking turns 
conformal FP into walking?

running coupling

non-conformal QCD-like
far from conformal window

- original Technicolor  paradigm replaced with  
  sextet SU(3) color rep:

- one massless fermion doublet
  chiral SB with three Goldstone pions

     longitudinal components of weak bosons

- composite Higgs mechanism  
  scale of Higgs condensate ~ F=250 GeV  
  

- conflicts with EW precision constraints?

ΛTC ~ TeV
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composite Higgs? simplest example: Nf=2 SU(3) sextet representation  
TC (ETC) language used                     is it outside (but close to) conformal window?
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m=0 bulk phase at weak coupling? chiral SB?
will determine the physics of the m=0 surface and the (non)existence of IRFP
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small taste breaking further reduced at =3.25

M2
 = c1 m  + c2 m2

Mi5
2

 = c0  + c1 m

=3.20

Pion
scPion
i5Pion
ijPion

taste breaking is 
comparable to HISQ 
performance when Mrho 

is matched

at beta=3.25 we see 
considerably reduced 
splitting

Nf=2 sextet bulk phase structure ?
are we sitting in the weak coupling phase when β=3.2 ?  
(most of the results)



new data: β=3.2 ➜ β=3.25
(non)Goldstone splittings and spectroscopy like in weak coupling QCD
full scan of bulk phase in progress to re-confirm chiSB phase
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  our group: mass-deformed theory close to m=0 critical surface and m -> 0 limit:

- two strategies complement: (1) inf volume mass deformed chiral or conformal
                                  (2) finite volume mass-deformed FSS
                                  
- direct access to effective anomalous dimension      if conformal

- similar to tests of RG scaling laws of moments of current correlator functions 
  (m=0 and m≠0 RG with running coupling and running;           exponent in progress)

- we will work with chiSB hypothesis which is consistent with all data

- conformal tests badly failed so far - additional conformal FSS tests in the works
  will be illustrated for Nf=12  (Ricky Wong’s talk)

γ

status of SU(3) Nf=2 sextet model analysis

γ (µ)
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rotator      pion
energy gap

Goldstone dynamics is different in each regime 
We study            -regimes (RMT) 
and p-regime (probing chiral loops)
complement each other 
interpretation of rotator levels in          limit:

mass deformed chiral regime in finite volume below conformal window:

δ  and ε
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Figure 1: The potential V (φ) for an unbroken
symmetry.

Figure 2: The potential V (φ) for a sponta-
neously broken symmetry. The arrow indi-
cates a possible choice of vacuum.

Since QCD describes a very large collection of phenomena at high energies extremely well, there
must thus be another way to include this symmetry in the real world. This was found by Goldstone [28]
and is often called the Nambu-Goldstone mode, while a direct realization is referred to as the Wigner
or Wigner-Eckart mode. Nambu’s papers for this are Ref. [29].

Let us first describe this mode for a simpler model. A complex scalar field with Lagrangian

L = ∂µφ∗∂µφ − V (φ) . (22)

We first look at a potential of the type shown in Fig. 1 with a standard form of the type

V (φ) = µ2φ∗φ + λ (φ∗φ)2 . (23)

We choose here λ > 0 to have a stable theory. This Lagrangian has a U(1) symmetry under the
phasetransformation

φ → e−iαφ . (24)

This transformation is rotation around the z-axis in Figs. 1 and 2.
If we choose µ2 > 0, the potential V (φ) has the form shown in Fig. 1, where the horizontal axes

are the real and imaginary part of φ while the vertical axis are V (φ). In order to have a full theory
we have to determine first the vacuum, or lowest energy state, of the system. The contribution of the
kinetic term, ∂µφ∗∂µ, is minimized by a constant and spatially homogenous field φ0. From the form of
the potential, we can see that the total energy is thus minimized for a value of φ0 = 0. I.e. 〈φ〉 = 0.
Excitations around the vacuum, which give the particle spectrum, have only massive modes with a mass
m = µ. Things to remark here: The vacuum is unique, i.e. there is only one possible choice of 〈φ〉.
There are two massive real modes in the spectrum corresponding to the real and imaginary part of φ.
The interactions of these particles are simply the four boson vertex directly present in the Lagrangian
(22). This mode corresponds to the most standard realization of symmetries like the realization of
rotation symmetries in standard quantum mechanics. States thus fall in multiplets of the symmetry
group and amplitudes obey the relations of the Wigner-Eckart theorem.

However, when we choose the potential with the same form but take µ2 < 0 the potential looks
differently as depicted in Fig. 2. The potential is still invariant under the symmetry (24), but now we
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Figure 3: The potential V (φ) for a spontaneously broken symmetry in the presence of a
small explicit symmetry breaking term. The arrow indicates now the only possible choice of
vacuum.

The linear term in η can be removed by a small additional shift. This happened because the lowest

energy state is slightly shifted compared to the value v =
√

−µ2/λ. But more importantly, when we
expand the exponentials, we now find that the π(x)-field has gotten a small mass, small compared to
the mass of the η-field, and no longer has only derivative interactions. The π mass

m2
π ≈

2
√

2β

v
. (33)

is small and can be expanded in the small symmetry breaking parameter β. The particle corresponding
to it, is now called a pseudo-Goldstone boson. As long as the explicit symmetry breaking is small, we
can still use Goldstone’s theorem as a first approximation and then add the corrections systematically.
This is precisely what we do in ChPT when the light quark masses are explicitly included.

2.5 Spontaneous symmetry breaking in QCD

We already argued in Sect. 2.3 that the chiral symmetry of QCD cannot be realized in nature since
the predicted parity doublets do not occur. We thus expect the chiral symmetry to be realized in the
Nambu-Goldstone mode. What theoretical evidence do we have directly for this?

Most of the remainder of this paper is about the Goldstone bosons from the spontaneous chiral
symmetry breakdown and their properties. In this way, all those properties are strong indications that
the picture described below is correct. However let us first give the full theoretical arguments.

• It has been proven that the chiral symmetry is spontaneously broken in the limit of a large number
of colours and assuming confinement [31].

• The vector symmetries remain unbroken in a vectorlike symmetry as QCD [32].

• Assuming confinement, the anomalies in the effective low-energy theory must match those for the
underlying QCD theory. For two flavours, this can be done but not for three or more flavours.
We thus need spontaneous symmetry breaking in order to have a correct anomaly matching for
three or more flavours [33].

We thus believe that the flavour symmetry SU(nF )× SU(nF ) is spontaneously broken down to the
diagonal subgroup SU(nF )V = SU(nF )L+R also for the realistic case of three flavours. There are eight
broken generators and we thus expect eight Goldstone boson degrees of freedom. If we look at the
hadron spectrum there are eight natural candidates for this. The three pions, π0, π±, four kaons, K±,

11

mq = 0
mq ≠ 0

tilted condensate

Not to misidentify rotator gaps
as evidence of chirally symmetric 
phase !

Our sextet simulations are in the p-regime   β=3.2 (and β=3.25)



strategy 1: L→∞ extrapolation first
mass-deformed theory 
close to m=0 critical surface
L→∞ extrapolated chiral and conformal 
scaling tests in sextet model

for L·Mπ > 5    
less than one percent L correction 
CM and CF signs correct, values are off
by factor of 3-4 (similar in QCD)

20 25 30 35 40 45 500.12

0.13

0.14

0.15

0.16

0.17

 L

 M
(L

)

M (L) = M  + cM g1(M  L)

cM(1 loop) = M2/64 2 F2 

M =  0.1350 ! 0.0012

cM=  0.0699 ! 0.014

2/dof= 0.86

fitted volumes:  243" 48, 323" 64, 483" 96 

M (L)  sextet rep with finite volume fit (m=0.003)
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F (L)  sextet rep with finite volume fit (m=0.003)
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〈Ψ̄Ψ〉L,T sextet rep with finite volume fit (m=0.003)
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β=3.2

β=3.2



(Mπ
2 )LO = 2B ⋅m + a2ΔB

(Mπ
2 )NLO = (Mπ

2 )LO + (δMπ
2 )1− loop + (δMπ

2 )
m2

+ (δMπ
2 )

a2m
+ (δMπ

2 )
a4

 would require more data

(δMπ
2 )1− loop = [(Mπ

2 )LO + a2 ]2 ln(Mπ
2 )LO

  a2m

sextet model is close to chiral log regime

  m2

kept   cutoff term in B  see  LO a2 term
  a4

Mπ
2 = c1m + c2m

2   + logs fitted function for Goldstone 

nucleon states, rho, a1, higgs, ...Mnuc = c0 + c1m +  logs 

(Fπ )LO = F,    (δFπ )1− loop = [(Mπ
2 )LO + a2 ]ln(Mπ

2 )LO    

Fπ = F + c1m + logs fitted function  

 (δFπ )
m2  m,    (δFπ )

a2m
= a2    

kept     cutoff term in F

ψψ = ψψ 0 + c1m + c2m
2+logs chiral condensate 

        Chiral hypothesis         (in)complete analysis on both sides      Conformal hypothesis

Mπ = cπ ⋅m
1/ym ,      ym = 1+ γ

leading conformal scaling 
functional form for all hadron masses 

Fπ = cF ⋅m
1/ym ,       ym = 1+ γ

chiral log regime was not reached in fermion mass range

universal critical exponent 

ψψ = cγ ⋅m
(3−γ )/ym + c1m

conformal scaling violation analysis?
fails in sextet model 

Del Debbio et al.

Strategy I:  L=∞ extrapolation first and scaling mass-deformed test 

recent improvements (Patella) from 
Dirac spectrum  
based on Giusti and Luscher
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- two independent determinations of the chiral condensate
- consistently non-vanishing in chiral limit
- all sextet results are treated as inf volume (m=0.003 is extrapolated in Ls)

β=3.2
β=3.2

Nf=2 SU(3) sextet chiral condensate
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m=0.003-0.006 range close to chiral log regime     
Nf=2 helps: SU(2) flavor analysis QCD-like
log detection will require more precise data    (pqsChiPT works but not well-tested)

Nf=2 SU(3) sextet chiral fits of Mπ and Fπ

χSB
Goldstone boson 

setting the EW scale F0
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MH/F0 ~ 6
without disconnected diagram Mrho/F0 ~ 7

m=0.003-0.006 range close to chiral log regime     
Nf=2 helps: SU(2) flavor analysis QCD-like
log detection will require more precise data     (pqsChiPT works but not tested)
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further Nf=2 SU(3) sextet model tests ? 

- L=∞ conformal scaling tests  ✓

- conformal FSS tests                will be shown in Nf=12 model

- confining force in chiral limit ?    Kieran Holland’s talk



 conformal hypothesis breaks down in global fits:
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large anomalous dimension!
inconsistent and large anomalous 
dimension!

γ (µ)

inconsistent large critical exponents     forced by chiral behavior 
in far infrared

it is not the running          at some scale μ!
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large and inconsistent critical exponents γ
are we close enough to the critical surface?

 conformal hypothesis breaks down in global fits:



1. conformal scaling test with FSS heavy use of RG theory

LM = f (x) + L−ωg(x)
x = m1/1+γ L
ω = ′β (g*)

methods developed in SU(3) Nf=12 fundamental rep:

2. confining force and its critical m=0 limit   Holland’s talk

Time for LHC phenomenology



We are doing LHC phenomenology based on MadGraph and FeynCalc    (Sannino et al)
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Figure 19: Branching ratios of the charged (first row) and neutral (second row) R2
resonance for S = 0.3 and g̃ = 2, 5 . We take MH = 0.2 TeV, s = 0.
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Figure 20: Feynman diagram of the signal processes for the dilepton production.

50

Feynman diagram of TeV scale new vector meson 
production

Drell-Yen production of composite vector bosons on the TeV scale

account. For signature (3) we have evaluated only the
irreducible pp ! 3‘! SM background. The second-most
important background for signature (3) comes from the
process pp ! ZZ when one of the leptons escapes detec-
tion. For simplicity we have neglected this background
which is at least a factor of 3 smaller than the leading one.

Finally there are various sources of systematical uncer-
tainties entering the signal and background determination.
These uncertainties lead to a reduction of the signal sensi-
tivity and have been estimated by the LHC collaborations.
It has been shown [41,42] that taking uncertainties in the
determination of the parton density function (PDF), the
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Nf=2 SU(3) sextet model summary:



- No inconsistency with        in Nf=2 SU(3) sextet model 

- We find inconsistency with conformal symmetry in all L=∞ like tests 

- Effective large anomalous dimension inconsistent and forced    (γ is in 1-2 range) 

- Kogut and Sinclair: looking for finite temperature        phase transition

χSB

χSB

χSB



- No inconsistency with        in Nf=2 SU(3) sextet model 

- We find inconsistency with conformal symmetry in all L=∞ like tests 

- Effective large anomalous dimension inconsistent and forced    (γ is in 1-2 range) 

- Kogut and Sinclair: looking for finite temperature        phase transition

χSB

χSB

- DeGrand et al. find: Nf=2 sextet beta function might have an IRFP zero? 
- model has small anomalous dimension ?
  γ(μ) < 0.45   controversy, if conformal;    if         what is γ(μ) ? 

SU(3) gauge theory with sextet fermions
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Figure 1: The step scaling function calculated in [2] (left) with thin links indicating an infrared fixed point.

Using fat links for the fermion action (right) the fixed point disappears [3]. See the text for more details.

The calculatation of the running coupling in the Schroedinger functional scheme using Wilson

fermions was started in [2] for the Nf = 2 sextet model. Using an unimproved (think link) Wilson

action a zero of the step scaling function was measured at one lattice spacing corresponding to

4
4 → 8

4
, see left panel of figure 1. Two more lattice spacings corresponding to 6

4 → 12
4

and

8
4→ 16

4
were then added [3] using an improved (fat link) Wilson action, see right panel of figure

1. The fixed point disappeared with a possible interpretation that the rougher lattice spacing result

was an artifact. The gauge action was the same in the two calculations. However changing not only

the fermion action but the gauge action as well to use fat links resulted in a step scaling function

with a zero for the lattice spacing corresponding to 6
4→ 12

4
, see figure 2. A possible interpretation

is that the absence of the zero previously was the artifact after all [4].

Changing the action and/or the lattice spacing led to results so far which show that discretiza-

tion effects are still there. Clearly a careful continuum extrapolation is necessary with a given

action in order to decide which finite lattice spacing result is the one prevailing all the way to the

continuum. A good check of the procedure would be the reproduction of the 2-loop β -function for

small renormalized coupling, carefully extrapolated to the continuum.

As a cross-check it would be helpful if the running coupling would be calculated in a different

non-perturbatively well-defined scheme. Reproducing the 2-loop β -function for small coupling is

always a good test for any scheme. For larger coupling two schemes can disagree on the value of

the coupling but if a fixed point exist for one scheme a fixed point should exist for the other scheme

too.

2.2 Thermodynamics

Another way of addressing the infrared behavior of the model is studying it at finite tempera-

ture. If chiral symmetry is broken at T = 0 one expects a chiral symmetry restoration temperature

Tc. If the model is conformal in the infrared then as far as chiral symmetry is concerned there

is no phase transition at all for T > 0. Lattice investigations of thermodynamical properties are

complicated by the fact that the lattice system at finite lattice spacing typically has a rich phase

4
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Figure 2: The step scaling function from [4] using fat links for the fermion action only (blue) and fat links
for both the fermion and gauge actions (black). The fixed point is visible again; see the text for more details.

Figure 3: The chiral susceptibility on Nt = 4 and Nt = 6 lattices from [5].

structure with various types of phase transitions and phase boundaries most of which however hap-
pens to be regularization specific and as such an artifact with no consequence to the continuum.
Bulk phase transitions are an example. A careful continuum extrapolation of the findings is hence
again essential.

The thermodynamic study of the Nf = 2 sextet model was initiated in [5]. Using unimproved
rooted staggered fermions in the fixed−Nt approach the Polyakov loop and the chiral condensate
was measured at various quark masses. In the fixed−Nt approach one lattice spacing corresponds

5
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(DeGrand et al.)

IRFP re-appearing? 
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pens to be regularization specific and as such an artifact with no consequence to the continuum.
Bulk phase transitions are an example. A careful continuum extrapolation of the findings is hence
again essential.

The thermodynamic study of the Nf = 2 sextet model was initiated in [5]. Using unimproved
rooted staggered fermions in the fixed−Nt approach the Polyakov loop and the chiral condensate
was measured at various quark masses. In the fixed−Nt approach one lattice spacing corresponds
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- The Nf=2 sextet model with SU(3) color is an interesting 
  candidate for the composite Higgs mechanism 

- Viability requires: confirmation, our own running couplings (see Nogradi’s talk from 
  Wilson flow and Holland’s talk on the F(R) force), the S-parameter, and  
  composite Higgs physics with LHC phenomenology. What will happen on July 4th?  

χSB


