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I would like to thank the organisers for inviting me to review 
the lattice results concerning “the recent developments of 
strong EW symmetry breaking models and simulation 
results”.

Thanks to everybody who sent details on their work.
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The Standard Model and beyond
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Impressive overall 
agreement with the SM 
predictions.

[ATL-PHYS-PUB-2019-010]
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123 124 125 126 127 128
 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

[ATLAS, arXiv:1806.00242] 

The Higgs mass

mH known ~0.2% accuracy!

mH : EW precision observable ?

Spin: highly constrained

CP properties: much more 
challenging
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A very Standard Model like Higgs boson.
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Theoretical:  
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hierarchy 
Fermion masses 

Unexplained phenomena:
dark matter 
neutrino masses 
matter-antimatter asymmetry 

The Standard Model flaws

Compositeness of the Higgs sector addresses the 
naturalness and sheds light on the origin of the EWSB   

  Calls for a more quantitative 
understanding of the non-
perturbative dynamics of gauge 
theories 

Lattice calculations can provide 
guidance to model builders and to 
BSM searches 
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Parameters : 

• Gauge group : SU, SO, Sp, E,…
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Near-conformal - dilaton-like scenario

Strongly coupled theory close to the 
conformal window: light scalar σ: 
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Near-conformal dynamics.

Pseudo-Nambu-Goldstone bosons.

Progress in the theory landscape  & alternative mechanisms.

Outline
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Near-conformal dynamics on the lattice
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increasing evidence that near-conformal 
dynamics give rise to a light scalar state:  

SU(3) with Nf=8 fundamental fermions.

SU(3) with Nf=2 sextet fermions.

SU(3) 4 light + 8 heavy fundamental flavors.

SU(2) with Nf=1 or 2  adjoint.

Evidence for a light scalar 

Evidence for Light Scalar in SU(3) Nf=8 
 Phys.Rev. D99 (2019) 014509 

• In LO!PT, F"(mq) ~ f". The lattice results show NLO >> LO 
for F"(mq), but M# ~ M" << M$. 

• Notational convention: chiral limit mx , finite quark mass Mx

[Lattice Strong Dynamics Collaboration arXiv:1807.08411  ] 

 

[Fodor, Holland, Kuti, Wong  arXiv:1901.06324  ] 
[ LatKMI Collaboration arXiv:1610.07011] 

[Brower, Hasenfratz, Rebbi, Weinberg, Witzel  arXiv:1609.01401] 

 

[Del Debbio,  Lucini,  Patella,  Pica, Rago arXiv:1512.08242  ] 

[Athenodorou,  Bennett,  Bergner,  Elander,  Lin,  Lucini, Piai arXiv:1702.06452] 

SU(3) with Nf=8 

https://arxiv.org/pdf/1807.08411.pdf
http://arxiv.org/abs/arXiv:1901.06324
http://arxiv.org/abs/arXiv:1610.07011
http://arxiv.org/abs/arXiv:1609.01401
http://arxiv.org/abs/arXiv:1512.08242
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What is the effective field theory description?

SU(3) with Nf=8 

https://arxiv.org/pdf/1807.08411.pdf
http://arxiv.org/abs/arXiv:1901.06324
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http://arxiv.org/abs/arXiv:1609.01401
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Several candidate EFTs :
A bound state model for a light scalar 

Chiral perturbation theory with a dilatonic meson

Linear Sigma EFT for Nearly Conformal Gauge Theories

The large-mass regime of the dilaton-pion low-energy effective theory

Linear sigma model for multiflavor gauge theories

Proposition of an alternative paradigm: complex CFT  

Effective Field theories for near-conformal dynamics. 

[Holdom&Koniuk arXiv:1704.05893 ] 

 

[Goldberger, Grinstein, Skiba arXiv:0708.1463 ] 
[Matsuzaki, Yamawaki arXiv:1311.3784 ] 
[Golterman, Shamir arXiv:1603.04575 ] 
[Appelquist, Ingoldby, Piai, arXiv:1702.04410] 

 

[Lattice Strong Dynamics collaboration  arXiv:1809.02624] 

 

[Golterman, Shamir arXiv:1805.00198  arXiv:1810.05353] 

 

[ De Floor, Gustafson, Meurice  arXiv:1807.05047] 

 

[J. Kuti, Thu 14:20]

https://arxiv.org/pdf/1704.05893.pdf
http://arxiv.org/abs/arXiv:0708.1463
http://arxiv.org/abs/arXiv:1311.3784
http://arxiv.org/abs/arXiv:1603.04575
http://arxiv.org/abs/arXiv:1702.04410
http://arxiv.org/abs/arXiv:1809.02624
http://arxiv.org/abs/arXiv:1805.00198
http://arxiv.org/abs/arXiv:1810.05353
http://arxiv.org/abs/arXiv:1807.05047
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Linear Sigma Model EFT expressions for pi-pi scattering 
lengths and effective ranges, scalar decay constants have 
been derived: lattice calculations underway. 

Near-conformal dynamics: SU(3) with Nf=8 fundamental fermions
[G. Fleming (LSD collaboration), Thu 16:30]

SU(3) Nf=8 LSM9 LO Fits

• LSM with 9 LO breaking terms, required when M! ~ M", so 
far is good description of lattice results. 

• James Ingoldby has computed dilaton and LSM EFT 
expressions for pi-pi scattering lengths and effective 
ranges, scalar decay constants.  Lattice calculations 
underway.

Lattice units

#2/dof=1.30

Preliminary

Linear Sigma Model fits : good description of the data.
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Dilaton-EFT has a "large mass" regime : 
systematic expansion when mass is not small 
relative to the confinement scale.

In that regime physical quantities exhibit 
hyperscaling relations to leading order.

Quantitative tests of the LO Dilaton-EFT. 

Confirms that the LSD data are in the large-
mass regime of the Dilaton-EFT.

Near-conformal dynamics: SU(3) with Nf=8 fundamental fermions

Fits	with	LSD	data										(Appelquist	et	al.	‘18)											

•  Fits	to	data	at	5	different	masses,	

•  					

•  			

•  Determine													from		
																,											,	and										for	
						each	data	point,	using							:	
	
	
						constant	to	within	3	percent	
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[M. Golterman and Y. Shamir arXiv:1805.00198  arXiv:1810.05353 ] 

 

[M. Golterman, Thu 16:30]
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SU(3) with Nf=2 fermions in the symmetric representation

Dilaton hypothesis with two typical dilaton 
potentials. 

Infinite volume extrapolation of mPS and 
fPS.

fd/fPS and md/mPS are very sensitive to the 
noisy 0++.

[R. Wong (LatHC), Thu 14:40]

Walking, the
dilaton, and

complex CFT (II)

Chik Him (Ricky)
Wong

Outline

Introduction

Implicit Maximum
Likelihood
Estimate

Results and
Implications

Results and ImplicationsResults and Implications
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Large separation of scale needed for composite models.

Promising composite Higgs model are chirally broken in 
the IR but conformal in the UV.

Mass-split models can feature a light dilaton or a PNGB 
scenarios.

UV: driven by IRFP.

IR: 6 heavy flavors  decouple ↝ χSB.

Hyperscaling: dimensionless ratio = f(ml/mh) .

Spectrum: light-light, light-heavy, heavy-heavy states. 0.1 0.2 0.3 0.4
0
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amh = 0.150, β = 4.03
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Mass-split model: 4 light + 6 heavy fundamental flavors of SU(3)

[Hasenfratz, Rebbi, Witzel arXiv:1609.01401] 
 

[Luty,Okui arXiv:0409274] 
[Dietrich Sannino arXiv:0611341] 
[Vecchi arXiv:1506.00623] 
[Ferretti, Karateev arXiv:1312.5330]  
 

[O. Witzel (LSD collaboration), Thu 16:10]

http://arxiv.org/abs/arXiv:1609.01401
http://arxiv.org/abs/hep-ph/0409274
http://arxiv.org/abs/hep-ph/0611341
https://arxiv.org/abs/1506.00623
http://arxiv.org/abs/arXiv:1312.5330
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introduction near-conformal composite Higgs models results 4+6 summary

First results for four light and six heavy flavors
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[O. Witzel (LSD collaboration), Thu 16:10]

http://arxiv.org/abs/arXiv:1609.01401
http://arxiv.org/abs/hep-ph/0409274
http://arxiv.org/abs/hep-ph/0611341
https://arxiv.org/abs/1506.00623
http://arxiv.org/abs/arXiv:1312.5330


 21

Pseudo-Nambu-Goldstone Boson Higgs



Strongly coupled gauge theory featuring χSB pattern G ↝ H 

Gauge the new fermions Q under SU(3)cxSU(2)LxU(1)Y: 4 of the PNGBs are 
interpreted as the Higgs doublet.

Write down the EFT: ξ parametrises the hierarchy between the weak scale and 
the strong sector spontaneous symmetry breaking scale.

Deal with the top: next slide.
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Pseudo-Nambu-Goldstone Higgs: adding the top

Need an another sector at a scale ΛUV.

Approach 1:
At  ΛNP add   

Approach 2: “Partial Compositeness”
At  ΛNP add  

Generic couplings: V = 1 +O(⇠)

F = 1 +O(⇠)

1

⇤dO�1
UV

q̄qOSCT

1

⇤dO�5/2
UV

q̄
a
O

a
SCT

[Kaplan, Nucl. Phys. B365, 259 (1991) ] 
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Requires fermionic bound 
states charged under SU(3)c.
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Flavor symmetry upgraded to SU(4). 

Chiral symmetry breaking SU(4)→Sp(4) 
[5 GBs]

Electroweak embedding and EFT.

Phenomenologically viable.

Vector meson phase shift and g coupling: control 
cross section production. 

Wilson-clover, Luscher formalism: 2 moving frames  
+ Breit-Wigner parametrisation of the resonance

Minimal composite Higgs: SU(2) with Nf=2 fundamental fermions

[Sannino, Cacciapaglia: arXiv:1402.0233, arXiv:1508.00016]

[T. Janowski, Friday 14:00 ]

Conclusions and outlook

Conclusions:

Composite Higgs models, which address the naturalness
problem can be studied using lattice gauge theory techniques

⇡⇡ scattering = W and Z scattering at high energies

Techniques from lattice QCD can be applied directly, only
flavour structure di↵erent

First result for the phase shift in the SU(2) model with 2
fundamental flavours - g⇢⇡⇡ ⇠ 11(2) somewhat larger than
SU(3) value

Next steps:

Chiral extrapolation - in progressm new ensemble in
production

Continuum limit

T. Janowski
Resonance study of SU(2) model with 2 flavours of fermions in the fundamental representation
21 / 23

[Arthur, Hietanen, Pica, Sannino, VD arXiv:1607.06654] 

[Arthur, Hansen, Hietanen, Pica, Sannino, VD arXiv:1602.06559] 

 

[Arbey, Cacciapaglia, Cai, Deandrea, Le Corre, Sannino arXiv:1502.04718]

http://arxiv.org/abs/arXiv:1402.0233
http://arxiv.org/abs/arXiv:1508.00016
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Sp(4) with Nf = 2 fundamental fermions [Lee, Bennett, Hong, Lin, Lucini, Piai, Vadacchino ,arXiv:1811.00276.] 
[Bennett, Hong,Lee,Lin, Lucini, Piai, Vadacchino, arXiv:1712.04220] 

 

[J.-W. Lee, Friday 14:20]
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χSB pattern SU(4)→Sp(4) [5 GBs]

Same χSB has SU(2)=Sp(2) 

Wilson fermions

Spectrum extensive study:chiral behavior 
and discretisation error

Comparison with SU(2) + Nf = 2 
fundamental fermions ?

http://arxiv.org/abs/arXiv:1811.00276
https://arxiv.org/abs/arXiv:1712.04220
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UV completion: SU(4) gauge theory:
5 Weyl in AS irrep (6) 
3 Dirac in the fundamental irrep (4).   

Feature baryons charged under SU(3)c

Partial compositeness: Ferretti’s model

for notations, the detailed proofs of some identities discussed in section 3. and technical details
about our hybrid Monte Carlo algorithm.

2 Overview of the model

Let us briefly review the model described in ref. [13] which we refer to as “Ferretti model”. The
UV completion is a gauge theory with GHC = SU(4) “hypercolor” gauge group, coupled to five
Weyl fermions  I

mn in the two-index antisymmetric representation of the hypercolor group (i.e.
the dimension 6 representation, that, in the following, we also call “sextet” representation: for
a summary of group and group-representation properties, see, for instance, ref. [18, appendix])
and three Dirac fermions written in terms of pair of Weyl fermions �a

m,�̄a
0

m in the fundamental
representation of the hypercolor group. Hence, in the field definition the indices I, a, a0 run
over the flavor and read respectively I = 1, . . . , 5, whereas a, a0 = 1, . . . , 3; on the other hand,
m,n = 1, . . . , 4 denote hypercolor indices. The global internal symmetry of the theory is

GF = SU(5)⇥ SU(3)⇥ SU(3)0 ⇥U(1)X ⇥U(1)0 . (1)

The charges of the various fields are listed in table 1.

GHC GFz }| { z }| {

SU(4) SU(5) SU(3) SU(3)0 U(1)X U(1)0

 6 5 1 1 0 �1
� 4 1 3 1 �1/3 5/3
�̃ 4̄ 1 1 3̄ 1/3 5/3

Table 1: GHC is the hypercolor gauge group and GF the global symmetry group before symmetry
breaking.

The symmetry-breaking pattern of the model can be described as

GF/HF =

✓
SU(5)

SO(5)

◆
⇥
✓
SU(3)⇥ SU(3)0

SU(3)c

◆
⇥
✓
U(1)⇥U(1)0

U(1)X

◆
, (2)

and is realized by the bilinear fermionic condensates h✏mnpq I
mn 

J
pqi / �IJ , and h�̄a

0
m�

a
mi / �a

0
a.

The symmetry-breaking pattern GF/HF is compatible with a custodial symmetry, described by
the Gcus group, such that HF � Gcus � GSM, with Gcus = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥U(1)X
and GSM = SU(3)c ⇥ SU(2)L ⇥U(1)Y is the Standard Model gauge group. More in detail, the
electroweak gauge group SU(2)L ⇥ U(1)Y is embedded in the unbroken SO(5), by considering
the subgroup SO(4) ' SU(2)L⇥SU(2)R, identifying U(1)R as the subgroup of SU(2)R generated
by the third generator T 3

R
, and setting the hypercharge Y = T 3

R
+X. The 14 Nambu-Goldstone

bosons in the SU(5)/SO(5) coset can be classified according to their SM SU(2)L⇥U(1)R charges
as:

14 ! 10 + 2±1/2 + 30 + 3±1 = (⌘, H,�0,�±) , (3)

where the field H can be interpreted as the Higgs field. Indeed this field is a doublet under
SU(2)L and can therefore be written as a two-component complex field H = (H+, H0). The
spin-1/2 states appear as a triplet of the hypercolor theory, and are natural candidates to

3

[Ferretti arXiv:1404.7137]
[Ferretti, Karateev: arXiv:1312.5330] 

https://arxiv.org/abs/1404.7137
http://arxiv.org/abs/arXiv:1312.5330
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[Ferretti arXiv:1404.7137]

A challenge for lattice simulation

Lattice simulation of SU(4) gauge theory:
2 Dirac in AS irrep (6) 
2 Dirac in the fundamental irrep (4).  

[Ayyar, DeGrand, Hackett, Jay, Neil, Shamir, Svetitsky arXiv:1812.02727  ] 
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for notations, the detailed proofs of some identities discussed in section 3. and technical details
about our hybrid Monte Carlo algorithm.

2 Overview of the model

Let us briefly review the model described in ref. [13] which we refer to as “Ferretti model”. The
UV completion is a gauge theory with GHC = SU(4) “hypercolor” gauge group, coupled to five
Weyl fermions  I

mn in the two-index antisymmetric representation of the hypercolor group (i.e.
the dimension 6 representation, that, in the following, we also call “sextet” representation: for
a summary of group and group-representation properties, see, for instance, ref. [18, appendix])
and three Dirac fermions written in terms of pair of Weyl fermions �a

m,�̄a
0

m in the fundamental
representation of the hypercolor group. Hence, in the field definition the indices I, a, a0 run
over the flavor and read respectively I = 1, . . . , 5, whereas a, a0 = 1, . . . , 3; on the other hand,
m,n = 1, . . . , 4 denote hypercolor indices. The global internal symmetry of the theory is

GF = SU(5)⇥ SU(3)⇥ SU(3)0 ⇥U(1)X ⇥U(1)0 . (1)

The charges of the various fields are listed in table 1.

GHC GFz }| { z }| {

SU(4) SU(5) SU(3) SU(3)0 U(1)X U(1)0

 6 5 1 1 0 �1
� 4 1 3 1 �1/3 5/3
�̃ 4̄ 1 1 3̄ 1/3 5/3

Table 1: GHC is the hypercolor gauge group and GF the global symmetry group before symmetry
breaking.

The symmetry-breaking pattern of the model can be described as

GF/HF =

✓
SU(5)

SO(5)

◆
⇥
✓
SU(3)⇥ SU(3)0

SU(3)c

◆
⇥
✓
U(1)⇥U(1)0

U(1)X

◆
, (2)

and is realized by the bilinear fermionic condensates h✏mnpq I
mn 

J
pqi / �IJ , and h�̄a

0
m�

a
mi / �a

0
a.

The symmetry-breaking pattern GF/HF is compatible with a custodial symmetry, described by
the Gcus group, such that HF � Gcus � GSM, with Gcus = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥U(1)X
and GSM = SU(3)c ⇥ SU(2)L ⇥U(1)Y is the Standard Model gauge group. More in detail, the
electroweak gauge group SU(2)L ⇥ U(1)Y is embedded in the unbroken SO(5), by considering
the subgroup SO(4) ' SU(2)L⇥SU(2)R, identifying U(1)R as the subgroup of SU(2)R generated
by the third generator T 3

R
, and setting the hypercharge Y = T 3

R
+X. The 14 Nambu-Goldstone

bosons in the SU(5)/SO(5) coset can be classified according to their SM SU(2)L⇥U(1)R charges
as:

14 ! 10 + 2±1/2 + 30 + 3±1 = (⌘, H,�0,�±) , (3)

where the field H can be interpreted as the Higgs field. Indeed this field is a doublet under
SU(2)L and can therefore be written as a two-component complex field H = (H+, H0). The
spin-1/2 states appear as a triplet of the hypercolor theory, and are natural candidates to
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Partial compositeness on the lattice 

negative. We also use the fits to construct the overlap
factors in the simultaneous continuum (a → 0) and chiral-
sextet ðm 6 → 0Þ limit. Figure 4 shows these quantities in
units of the Wilson flow scale t0. Phenomenologists may
find the results more interesting as dimensionless ratios
with F6, the sextet pseudoscalar decay constant, which we
have studied previously [5,28]. Figure 5 shows the overlap
factors ZL;R=F3

6 as a function of ðMP4=F6Þ2, a dimension-
less proxy for the fundamental fermion mass. Taken
together, Figs. 3, 4, and 5 show that the overlap factors
are rather flat functions of m 4 and m 6, the free parameters in
Ferretti’s model.
Lattice calculations can be affected by (among other

factors) the size of the simulation volume. We have not
simulated multiple volumes, so we cannot see this depend-
ence directly. However, we can compare our volumes to
those of QCD simulations if we temporarily set the flow
parameter to its QCDvalue,

ffiffiffiffi
t0

p ≃ 0.14 fm, and then present
our simulation volumes in fm: V ≃ ð1.6 fmÞ3–ð2.2 fmÞ3.
This is similar to the volumes of ð1.8 fmÞ3 and ð2.7 fmÞ3

used in a lattice calculation of the analogue quantity in QCD
(see below), which saw no noticeable finite-volume effects
[29]. We also note that MPL > 4 for all our data sets (as
shown in Table I). We therefore have grounds to claim that
finite-volume effects are small in our calculation.

IV. DISCUSSION

A. Comparison to QCD

The present results for the overlap factors ZL;R may be
compared to QCD studies related to proton decay. The low-
energy effective action of grand unified theories often
contains four-fermion operators OB which violate baryon
number [30–33]. Typical proton decay channels appearing
in this context include p → π0eþ and p → πþ ν̄e. A
common theoretical goal is therefore to compute the matrix
elements hπjO=BjPi. Studies of these matrix elements date
back more than thirty years and continue to this day;
Refs. [29,34–39] provide a useful but incomplete sampling
of the literature.

FIG. 4. The overlap factors in the joint continuum and sextet-chiral (m 6 → 0) limit, as a function of the fundamental fermion mass m̂ 4.
These limits are taken from the fits to Eq. (3.15).

FIG. 5. The overlap factors in the joint continuum and sextet-chiral (m 6 → 0) limit, plotted against the squared mass of the
fundamental pseudoscalar. The axis variables are dimensionless ratios constructed with the sextet’s pseudoscalar decay constant F6,
calculated in Ref. [5].
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individual ensembles, while Table III provides the mea-
sured values of the fermion masses m̂ 4 and m̂ 6 and of the
Wilson flow scale t0=a2. As in our previous studies of this
model, hatted variables denote dimensionless quantities
constructed by multiplying by appropriate powers of t0=a2.
For instance, m̂ 4 ≡ ðm 4aÞ × ð

ffiffiffiffiffiffiffiffiffiffiffi
t0=a2

p
Þ.

B. Correlation functions

Our goal is to calculate the overlap factors ZL;R, which
we define according to

h0jOα
L;Rð0; 0ÞjΛ; 0; σi ¼ ZL;Ruð0; σÞα; ð3:1Þ

where jΛ;p; σi is a top-partner chimera state of definite
momentum and spin, and uðp; σÞα is an on-shell Dirac
spinor. The operatorsOL;Rðx; tÞ are listed below. To extract
the lattice regulated version of this amplitude, we conduct
joint correlated fits to the following time-slice correlation
functions:

CPS
$ ðtÞ¼

X

x

Tr½P$ h0jOL;Rðx;tÞΛ̄ð0;0Þj0i&∼ZL;RZΛe−MBjtj;

ð3:2Þ

CSS
$ ðtÞ ¼

X

x

Tr½P$ h0jΛðx; tÞΛ̄ð0; 0Þj0i& ∼ Z2
Λe

−MBjtj;

ð3:3Þ

with ZL;R, ZΛ, and MB as free parameters. The mass MB
was computed already in Ref. [7], and we verified that the
new operators used in this study reproduce the masses on
each ensemble. In these expressions, P$ ¼ 1

2 ð1 $ γ4Þ is a
parity projection operator and Tr denotes a trace over the
free spinor indices. In order to isolate the lowest-lying
baryon state, we perform the fit to an exponential on Cþ for
positive times and C− for negative times; see Appendix C
for details. OL;R is a point operator, while Λ and Λ̄ are
smeared. We employ Gaussian smearing on time slices,
fixing to the Coulomb gauge before smearing.
Λ is the baryon interpolating field. In analogy with

hyperons in QCD, let u and d denote the two different
flavors of fundamental fermions and s denote a sextet
fermion. Then

Λ ¼ 2sðuCγ5dÞ þ dðuCγ5sÞ − uðdCγ5sÞ ð3:4Þ

where C is the charge-conjugation matrix. We use the
following shorthand,

uðdΓsÞ≡ ϵABCD uAαðdBβΓβγsCDγ Þ; ð3:5Þ

sðuΓdÞ≡ ϵABCD sABα ðuCβ ΓβγdDγ Þ; ð3:6Þ

with Greek spinor indices and uppercase Latin hypercolor
SU(4) indices. This operator, familiar from baryon spec-
troscopy in QCD [25], has quantum numbers ðJ; IÞ ¼
ð1=2; 0Þ and is chosen to have strong overlap with the Λ
baryon.
As written, the global flavor structure of Eqs. (3.5) and

(3.6) only makes sense for the theory we are simulating and
not for the enlarged global symmetry of Ferretti’s model.
For the latter, let qa denote a fundamental fermion with
flavor SUð3Þ index a, and Qi denote a sextet fermion with
flavor SOð5Þ index i. With the same spin and hypercolor
structure as above, the counterparts of Eqs. (3.5) and (3.6)
with manifest flavor transformation properties are

qðqΓQÞ≡ ϵabcqbðqcΓQiÞ; ð3:7Þ

QðqΓqÞ≡ ϵabcQiðqbΓqcÞ: ð3:8Þ

For OX, X ¼ L, R, we use the following four operators
relevant to partial compositeness in this model
[3,16,17,26],

TABLE II. The ensembles used in this study. All ensembles
have volume V ¼ N3

s × Nt ¼ 163 × 32. The numbering of the
ensembles matches that of Ref. [7]; we have dropped ensembles
8, 11, and 12 because fits to propagators involving point operators
were unsuccessful. More details relating to these ensembles may
be found in Refs. [5,7].

Ensemble β κ4 κ6 Configurations

1 7.25 0.13095 0.13418 61
2 7.25 0.13147 0.13395 71
3 7.30 0.13117 0.13363 61
4 7.30 0.13162 0.13340 71
5 7.55 0.13000 0.13250 84
6 7.65 0.12900 0.13080 49
7 7.65 0.13000 0.13100 84
9 7.75 0.12800 0.13100 84
10 7.75 0.12900 0.13080 54

TABLE III. Fermion masses and flow scales. Fermion masses
are defined via the axial Ward identity. Measurement of these
quantities is described in Ref. [5].

Ensemble t0=a2 m̂ 4 m̂ 6

1 1.093(9) 0.0422(7) 0.020(1)
2 1.135(9) 0.028(1) 0.025(1)
3 1.13(1) 0.0345(8) 0.032(1)
4 1.111(9) 0.0228(6) 0.0381(8)
5 1.85(2) 0.050(1) 0.034(1)
6 1.068(5) 0.082(1) 0.0896(8)
7 1.46(2) 0.046(2) 0.080(2)
9 1.56(1) 0.108(1) 0.071(1)
10 1.75(2) 0.073(2) 0.077(2)
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ZL,R:  mixing of “chimera” states with the 
top quark:

Assuming                              and 
imposing                : 

B. Implications for phenomenology

Returning to Eq. (2.1) and suppressing the L,R subscripts, the top quark Yukawa cou-
pling is, schematically,

yt ⇠
G

2
Z

2

MBF6

. (4.3)

The e↵ective coupling can be expressed as

G ⇠ g
2

EHC
/⇤2

EHC
, (4.4)

where the dimensionless coupling gEHC characterizes the extended hypercolor dynamics. If
the four-fermion interaction arises from the exchange of weakly coupled heavy gauge bosons,
one might expect g2

EHC
⇠ 0.1. Re-arranging terms, we find

yt ⇠

✓
gEHCF6

⇤EHC

◆4 ✓
Z

F
3

6

◆2
F6

MB
. (4.5)

This rearrangement is convenient since we see in Fig. 5 that Z/F 3

6
' 0.3, and our previous

calculation found that F6/MB ' 1/6 [7]. The product of the last two factors in Eq. (4.5) is
about 0.01. As yt ' 1, it follows that we need

✓
gEHCF6

⇤EHC

◆4

' 100 , (4.6)

or

gEHCF6

⇤EHC

' 3 . (4.7)

Even if we only make the very conservative assumption that gEHC < 1, this result is not
consistent with the expectation that ⇤EHC � F6.

In the above discussion we have ignored the running of the four-fermion coupling. This
coupling is presumed to be generated at the (high) EHC scale, where the estimate (4.4)
is applicable. The overlap factors are evaluated at the (low) hypercolor scale, and so the
strength of the four-fermion coupling in Eq. (4.3) must be given at the hypercolor scale,

G(⇤HC) = G(⇤EHC) exp

✓
�

Z
⇤EHC

⇤HC

�(gHC(µ))
dµ

µ

◆
. (4.8)

Here gHC is the running gauge coupling of the hypercolor theory, while � is the anomalous
dimension of the top-partner operator that couples to the quark field via the four-fermion
interaction. (We neglect the e↵ect of all the Standard Model gauge interactions, since they
are presumed to be weak all the way from the EHC scale down to the hypercolor scale.)
If the anomalous dimension is large and negative over many energy decades, this running
significantly enhances the four-fermion coupling at the low scale.

Two considerations, however, prevent this enhancement. First, our spectroscopy studies
suggest that the model at hand is QCD-like, and not nearly conformal—the spectroscopy
of slowly running theories, for example SU(3) with eight fundamental flavors, looks very

13

yt ⇠ 1
gEHCF6

⇤EHC

⇡ 3 Incompatible with ⇤EHC � F6
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The Higgs potential is not guaranteed to trigger EWSB: 
the potential is induced by loops of gauge bosons and 
top quarks.
The top contribution requires to estimate a 4-point 
function.

Vector boson contribution is controlled by a LEC, similar 
to the one that controls the pion mass spitting in QCD:

Staggered over Wilson-clover action, with normalized 
hypercubic (nHYP) smeared gauge links.

Compute :

After continuum extrapolation 

Partial compositeness on the lattice: the Higgs potential 

IV. CLR IN THE CHIRAL AND CONTINUUM LIMIT

The ultimate goal of this study is the value of the low-
energy constant CLR in the continuum limit. As discussed
above, CLR is finite and therefore physical only in the chiral
limit of the sextet fermion. In the present partially quenched
lattice calculation, unitarity requires a simultaneous chiral
limit for the sea and valence sextet fermions. Therefore, the
sole free parameter in the continuum limit is the mass of the
fundamental fermions. In Sec. III D we took the chiral limit
for the valence sextet fermions. We now turn our attention
to the continuum limit and chiral limit for the sextet sea
fermions.
To conduct this joint limit, we consider the dimension-

less product ĈLR ¼ CLRt20. We model our data with a
simple linear function,

ĈLR ¼ p0 þ paâþ p6m̂ 6; ð4:1Þ

which neglects dependence on the fundamental fermion
mass m̂ 4. Later we test the stability of the fit parameters
against alternative models, e.g., including dependence
on the fundamental fermion mass. First, we construct
jackknife correlation matrices among the lattice quantities
CLR, m 4, and m 6 on each ensemble. We do not include
correlations with the flow scale t0=a2 (i.e., with â≡ a=

ffiffiffiffi
t0

p

[28]), which has a negligible error compared to the other
quantities we extract. We then conduct a correlated fit to
Eq. (4.1), obtaining p0 ¼ 0.028ð4Þ, pa ¼ −0.021ð4Þ, and
p6 ¼ 0.16ð3Þ, for χ2 ¼ 9.2=7 dof.
Figure 5 displays the result of the fit. The hollow black

points show the fit at the values of â and m̂ 6 of the
individual ensembles; they follow the solid blue data points
closely. The lattice artifacts [ðpaâÞ from Eq. (4.1)] iden-
tified by the fit appear in red. The green points show the

data minus the lattice artifact. According to the model,
subtracting the artifacts from the full fit yields a linear
function of m̂ 6, which is displayed as a green band. This
band represents the continuum limit.
It is significant that the fit, Eq. (4.1), works so well

without including any dependence on m̂ 4, the mass of the
fundamental fermions. We have found before that the
fundamental fermions have only a weak influence on
quantities constructed from the sextet fermions [28,29].
We can test the stability of our fit against the inclusion of an
m̂ 4 term, as well as higher-order terms in m̂ 6 and â:

ĈLR ¼ p0 þ paâþ p6m̂ 6 þ p4m̂ 4

þ p66m̂ 2
6 þ pa6âm̂ 6 þ paaâ2: ð4:2Þ

Figure 6 shows the stability of the best-fit result p0 under
the inclusion of these additional terms, one at a time. No
significant discrepancy is seen; the largest deviation comes
from the fit “Base − pa þ paa,” where the term paâ in
Eq. (4.1) is replaced by paaâ2, thereby modeling the lattice-
spacing dependence as quadratic instead of linear. As can
be seen from Fig. 5, although the lattice-artifact contribu-
tions are significant, they vary little over the set of
ensembles considered, which makes it difficult to deter-
mine whether linear or quadratic dependence on â is a more
appropriate description of our results.
The fit including the quadratic paa yields a best-fit value

of p0 ¼ 0.020ð2Þ, as compared to the result p0 ¼ 0.028ð4Þ
from the base fit. Since we cannot reject either hypothesis,
we conservatively adopt half of the difference in central
values between these two fits as a systematic error, giving
our final result

ĈLR ¼ 0.024ð4Þstatð4Þsys: ð4:3Þ

FIG. 5. Fit of ĈLR to Eq. (4.1). The data appear in blue. The best fit is in hollow black points. The lattice artifact term paâ from
Eq. (4.1) identified by the fit appears in red. The green points show the data minus the lattice artifact. The smooth green band shows the
continuum prediction, i.e., Eq. (4.1) minus the paâ term.
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SU(3) Conformal window: new results @Lattice2019

Case studies of near-conformal and conformal betas functions for SU(3) 
with  Nf=10, 12 and 13 fundamental fermions and with Nf=2 in the sextet  
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SU(3) with Nf= 2,3,4,5,6 fundamental fermions.

Careful analysis of the finite volume effects.

Chiral and continuum extrapolation performed 
from the stable ρ regime (mρ < 2 mπ).

Assuming KSRF-relations: estimation of gρππ

Motivation: Vector resonance  is an experimental 
signature of an underlying strong dynamics.

Scale fπ = 246 GeV, first resonance ∼ 2 TeV  
independently of the the number of underlying 
flavors.

Flavor dependence of mρ /fπ  (QCD-like phase)
[Nogradi, Szikszai  arXiv:1905.01909  ] 
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Figure 4. Our final results for the ratio mϱ/fπ in the chiral-continuum limit for each Nf . Two
procedures are used for the chiral-continuum extrapolation in order to assess systematic errors; the
two agrees within errors. Method one is our final result and method two serves as a cross-check or
confirmation.

Nf fπw0 mϱw0 mϱ/fπ

2 0.0801(5) 0.64(2) 7.9(2)

3 0.082(1) 0.63(3) 7.7(3)

4 0.0824(9) 0.68(3) 8.2(4)

5 0.086(1) 0.69(3) 8.0(4)

6 0.088(2) 0.71(4) 8.1(5)

Table 1. Continuum results for each Nf in the chiral limit.

In the second procedure the ratio is fitted directly via

mϱ

fπ
= C0 + C1m

2
πw

2
0 + C2

a2

w2
0

(4.4)

where now we have three fit parameters C0,1,2 hence dof = 13 for all Nf . The results

are shown again in figure 3. Clearly, both cut-off and mass effects are remarkably small
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Higgs a composite state in WW+ZZ channel ?



No sign of new physics at the LHC: strong constraints on BSM

Lattice simulations can test/explore mechanisms that can guide 
phenomenologists and BSM searches.

Near-conformal dynamics:
Several attempts to test EFT in a regime with a light scalar. 
Explorative study of a mass-split model  

PNGBs Composite Higgs models: 
First calculation of vector meson resonance parameter 
Investigation of partial compositeness and of the Higgs potential 

Conclusion


