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Motivations

1 Fundamental mechanism for electroweak symmetry breaking
2 Dark matter/dark energy
3 Insights on gauge dynamics
4 Connections with analytic frameworks
5 . . .

All important, but this talk will focus on motivations related to Dynamical
Electroweak Symmetry Breaking (DEWSB)
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The DEWSB framework

Motivation: provide a fundamental Electroweak Symmetry Breaking Mechanism
based on strong dynamics that solves the hierarchy problem

Consider a gauge theory with some gauge group G′ coupled to fermionic matter

G

H

H′

Global symmetry group G spontaneously broken to H ⊂ G
⇒ Number of Goldstone bosons: dimG - dimH

Gauge some H′ ⊂ G such that SU(2)L ⊗ U(1)Y ⊂ H′

Two main possible scenarios:
Technicolour if H′ ∩H 6= H′

Pseudo-Nambu-Goldstone-Boson (PNGB) Higgs if H′ ⊂ H
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The Higgs as a PNGB

Little Hierarchy Problem: if the Higgs boson is composite, how can its mass be
significantly lower than that of other states of the novel strong interaction?

Possible solution: the Higgs is a PNGB arising from the global symmetry breaking
(GSB) of the new strong interaction [Kaplan and Georgi, 1984]

Patterns of GSB G 7→ H for a theory with Nf Dirac fermions
1 SU(N) gauge group: SU(Nf )V × SU(Nf )A 7→ SU(Nf )V

2 Real gauge group: SU(2 Nf ) 7→ SO(2 Nf )
3 Pseudoreal gauge group: SU(2 Nf ) 7→ Sp(2 Nf )

Embedding of the standard model: SU(2)L × U(1)Y ⊂ H ⊂ G
↪→ The physical Higgs is identified with four of the pions

Partial Top Compositeness [Kaplan, 1991]: the mixing between the top quark and
a hybrid (chimera) baryon, formed by fermions in two different representations,
can explain the large mass of the top quark itself
Necessary conditions: large anomalous dimension of the chimera baryon
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Hunting for candidate models
5

bounds on the singlet pNGBs in Section IV. We o↵er our conclusions in Section V.

II. UNDERLYING MODELS FOR A COMPOSITE HIGGS WITH TOP PARTIAL

COMPOSITENESS

Coset HC  � �q�/q Baryon Name Lattice

SU(5)

SO(5)
⇥ SU(6)

SO(6)

SO(7)
5 ⇥ F 6 ⇥ Sp

5/6
 ��

M1

SO(9) 5/12 M2

SO(7)
5 ⇥ Sp 6 ⇥ F

5/6
  �

M3

SO(9) 5/3 M4

SU(5)

SO(5)
⇥ SU(6)

Sp(6)
Sp(4) 5 ⇥ A2 6 ⇥ F 5/3  �� M5

p

SU(5)

SO(5)
⇥ SU(3)2

SU(3)

SU(4) 5 ⇥ A2 3 ⇥ (F,F) 5/3
 ��

M6
p

SO(10) 5 ⇥ F 3 ⇥ (Sp,Sp) 5/12 M7

SU(4)

Sp(4)
⇥ SU(6)

SO(6)

Sp(4) 4 ⇥ F 6 ⇥ A2 1/3
  �

M8
p

SO(11) 4 ⇥ Sp 6 ⇥ F 8/3 M9

SU(4)2

SU(4)
⇥ SU(6)

SO(6)

SO(10) 4 ⇥ (Sp,Sp) 6 ⇥ F 8/3
  �

M10

SU(4) 4 ⇥ (F,F) 6 ⇥ A2 2/3 M11
p

SU(4)2

SU(4)
⇥ SU(3)2

SU(3)
SU(5) 4 ⇥ (F,F) 3 ⇥ (A2,A2) 4/9   � M12

TABLE I. Model details. The first column shows the EW and QCD colour cosets, respectively, followed

by the representations under the confining hypercolour (HC) gauge group of the EW sector fermions

 and the QCD coloured ones �. The �q�/q column indicates the ratio of charges of the fermions

under the non-anomalous U(1) combination, while “Baryon” indicate the typical top partner structure.

The column “Name” contains the model nomenclature from Ref. [27], while the last column marks

the models that are currently being considered on the lattice. Note that Sp indicates the spinorial

representation of SO(N), while F and A2 stand for the fundamental and two-index anti-symmetric

representations.

In this work we are interested in the underlying models for composite Higgs with top partial

compositeness defined in Ref. [24]. These models characterise the underlying dynamics below

the condensation scale ⇤ ⇡ 4⇡f , f being the decay constant of the pNGBs. As such, the need to

be outside of the conformal window: this leaves only 12 models [36], listed in Table I. They are

defined in terms of a confining gauge interaction, that we call hypercolour (HC), and two species

of fermions in two di↵erent irreducible representations of the HC. The two species of fermions

play di↵erent roles: the EW charged  generate the Higgs and the EW symmetry breaking

G. Ferretti and T. Karataev, arXiv:1312.5330
J. Barnard, T. Gherghetta and T. S. Ray, arXiv:1311.6562
G. Cacciapaglia, G. Ferretti, T. Flacke and H. Serodio, arXiv:1902.06890
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The lattice programme (Bennett et al., arXiv:1712.04220)

Goal: establish whether the SU(4) 7→ Sp(4) global symmetry breaking pattern is
viable as a mechanism of DEWSB

Target calculation
1 Sp(4) gauge theory with two fundamental Dirac flavours and three

antisymmetric Dirac flavours
2 compute spectral observables and decay constants
3 extract parameters of the effective field theory
4 compare with experiments

Needed validations
1 Study the pure gauge model
2 Compute the quenched spectrum
3 Study separately the gauge system with fundamental dynamical matter only

and with antisymmetric dynamical matter only
4 Perform calculations of the chimera baryon in a quenched and partially

quenched setup

Status: most of the validation calculations have been completed or are nearly
completed, and initial exploratory results for the target calculations are available
(Earlier exploration of Sp(2N) at finite temperature: Holland, Pepe and Wiese,
hep-lat/0312022)



Higgs Com-
positeness in
Sp(2N) – P1

Biagio Lucini

Motivations

DEWSB

Numerical
Results

Conclusions
and outlook

Sp(2N) groups

Sp(2N) can be defined as the subgroup of SU(2N) whose elements U fulfil the
condition

UΩUT = Ω , Ω =

(
0 I
−I 0

)
This constrains the structure of U as follows:

U =

(
A B
−B∗ A∗

)
, with AA† + BB† = I and AT B = BT A

For an element u in the algebra, this implies

u =

(
a b

b∗ −a∗

)
, with a = a† and b = bT

Other properties:
1 The dimension of the group is N(2N + 1)

2 The group is pseudoreal
3 The group has rank N ⇒ N independent SU(2) subgroups
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The glueball spectrum for Sp(∞)
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[E. Bennett et al., arXiv: 2010.15781]
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The quenched spectrum of Sp(4) Yang-Mills
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Glueball data from E. Bennett et al., arXiv: 2010.15781
Meson data from E. Bennett em et al., arXiv:1912.06505
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Nf = 2 Meson spectrum: quenched vs
unquenched
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Figure 18: Meson masses squared from quenched (blue) and dynamical (red) calculations,
in the continuum limit obtained by considering all the ensembles with m̂2

PS
<⇠ 0.6, as in

Section 4.3. The coloured bands illustrate the fit of the measurements used in the massless
extrapolations, with the width of the bands representing the statistical error in the fit.

details and results of this quenched calculations are presented in Ref. [83].

In Figs. 18 and 19, we show together the continuum extrapolated data both for quenched
and dynamical fermions, restricted to the linear-mass regime—to m̂2

PS
<⇠ 0.4 for the pseu-

doscalar decay constant and to m̂2
PS

<⇠ 0.6 for masses and decay constants of all other
mesons. As seen in the figures, f̂2

PS and m̂2
S are significantly affected by quenching, and

the differences become more substantial as the fermion mass decreases. We estimate the
discrepancies to be �f̂2

PS
/f̂2

PS ⇠ 20% and �m̂2
S
/m̂2

S ⇠ 25%, in the massless limit. The mass of
the V meson shows a somewhat milder discrepancy, at the level of ⇠ 10%. For other quan-
tities, quenching effects are not visible: the corresponding discrepancies are smaller than
the uncertainties associated with the fits. Interestingly, the resulting values of m̂V/

p
2f̂PS

for the dynamical and quenched simulations, which may be used to estimate the coupling
gVPP via the second KSRF relation, are found to be consistent with each other in the
massless limit [83]. The general conclusion of the comparison with the quenched results
is quite encouraging, although at present we do not know whether this conclusion is an
indication that the quenched approximation adequately captures the information encoded
in the two-point functions—possibly because of the proximity to large-N—or whether it is
just a trivial consequence of the large fermion masses we studied.

– 41 –

[E. Bennett et al., arXiv:1909.12662]
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Nf = 2 decay constants: quenched vs
unquenched
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Figure 19: Meson decay constants squared from quenched (blue) and dynamical (red)
calculations, in the continuum limit obtained by considering all the ensembles with m̂2

PS
<⇠

0.6 for f̂2
V and f̂2

AV, but restricting to m̂2
PS

<⇠ 0.4 for f̂2
PS, as in Section 4.3. The coloured

bands illustrate the fit of the measurements used in the massless extrapolations, with the
width of the bands representing the statistical error in the fit.

8 Continuum results: summary

In this section, we briefly summarise the continuum extrapolation results for the dynamical
theory, presented in Section 6 and 7.

C1. Our continuum results for the decay constants and masses of PS, V, and AV states,
for the ensembles satisfying m̂2

PS  0.4, are reported, in units of the gradient flow
scale, in Table 9.

C2. The global fit based on the EFT describing PS, V and AV states using hidden local
symmetry yields the results in Table 10, illustrated in Figs. 12 and 13.

C3. Section 6.1 discusses the GMOR relation and three sum rules in the continuum limit.
The main results are shown in Figs. 14 and 15.

C4. In Section 7 the continuum limit results are discussed in units of the decay constant
fPS of the PS states, that are summarised in Table 11, and illustrated in Fig. 16.
We include also the mass of the scalar flavoured state S. All our measurements are
in the range 1.39 <⇠ m̂V/m̂PS

<⇠ 1.87, in which the V states cannot decay to states

– 42 –

[E. Bennett et al., arXiv:1909.12662]
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Partially quenched spectrum

Sp(4) gauge theory with three dynamical antisymmetric Dirac flavours and two
quenched fundamental Dirac flavours

0 5 10 15 20
t/a

0.2

0.4

0.6
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1.0
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aM

PS (F)
V (F)
PS (AS)
V (PS)
Chimera O
Chimera O'

Clear identification of parity partner baryons
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Mixed representation spectrum
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Mass hierarchy for mesons qualitatively similar to the quenched case
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Conclusions and outlook

Strongly interacting theories other than QCD are relevant for both
phenomenology and theory

Motivated originally by phenomenology, we have started a comprehensive
programme of investigations in Sp(2N) models

The string tension and the glueball spectrum have been studied in pure
Yang-Mills in the large-N limit, yielding values that are compatible with the
extrapolation of SU(N)

The mesonic spectrum has been studied in Sp(4) in the quenched case, for
fermions in the fundamental and in the antisymmetric representation

Quenched results for the fundamental fermion case have been compared to
the dynamical theory with Nf = 2

We have provided first results for the partially quenched chimera baryon

A preliminary calculation of the spectrum for the mixed representation case
has been presented

A full simulation of the target phenomenological model is now within reach
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