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 Light scalar found in gauge theories with 
large number of fermions 
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we can turn to lattice new interesting results: 



While waiting for new physics at the LHC…

 Light scalar found in gauge theories with 
large number of fermions 

around the conformal transition

✦ Can this be understood via holography?

✦ What are the implications for solutions to the   
   hierarchy problem via strong dynamics (composite Higgs)?

(AdS/CFT correspondence)

we can turn to lattice new interesting results: 



Conformal window in SU(3) with large number of fermions (NF)

ΛQCD MP

αs

E

NF

Banks-Zacks
fixed point

8-9 16.5β=0

QCD-like Free theoryConformal

Mass gap ~ ΛQCD

Chiral-symmetry breaking



Conformal window in SU(3) with large number of fermions (NF)

ΛQCD MP

αs

E
ΛQCD MP

αs

E

NF

Banks-Zacks
fixed point

8-9 16.5β=0

QCD-like Free theoryConformal

Mass gap ~ ΛQCD No mass gap ~ ΛQCD

Chiral-symmetry breaking No chiral-symmetry breaking



EDINBURGH 2016/01; LLNL-JRNL-680732, NSF-KITP-16-004

Strongly interacting dynamics and the search for new physics at the LHC

T. Appelquist,1 R. C. Brower,2, 3 G. T. Fleming,1, 3 A. Hasenfratz,4, 3 X. Y. Jin,5 J. Kiskis,6 E. T. Neil,4, 7, 3

J. C. Osborn,5, 3 C. Rebbi,2 E. Rinaldi,8, 3 D. Schaich,9, 3, 10 P. Vranas,8 E. Weinberg,11 and O. Witzel12, 3

(Lattice Strong Dynamics (LSD) Collaboration)
1Department of Physics, Sloane Laboratory, Yale University, New Haven, Connecticut 06520, USA

2Department of Physics and Center for Computational Science,
Boston University, Boston, Massachusetts 02215, USA

3Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA
4Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

5Leadership Computing Facility, Argonne National Laboratory, Argonne, Illinois 60439, USA
6Department of Physics, University of California, Davis, California 95616, USA

7RIKEN–BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
8Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, California 94550, USA

9Department of Physics, Syracuse University, Syracuse, New York 13244, USA
10Institut für Physik, Humboldt-Universität zu Berlin, 12489 Berlin, Germany

11Department of Physics, Boston University, Boston, Massachusetts 02215, USA
12Higgs Centre for Theoretical Physics, School of Physics and Astronomy,

University of Edinburgh, Edinburgh EH9 3JZ, UK
(Dated: 28 January 2016)

We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.

PACS numbers: 11.15.Ha, 11.30.Qc, 12.60.Nz, 12.60.Rc

Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of
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We propose to construct a chirally broken model based on the infrared fixed point of a conformal
system by raising the mass of some flavors while keeping the others massless. In the infrared limit the
massive fermions decouple and the massless fermions break chiral symmetry. The running coupling
of this system “walks” and the energy range of walking can be tuned by the mass of the heavy
flavors. Renormalization group considerations predict that the spectrum of such a system shows
hyperscaling.

We have studied a model with four light and eight heavy flavors coupled to SU(3) gauge fields
and verified the above expectations. We determined the mass of several hadronic states and found
that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
F⇡ ⇡ 250 GeV. The 0++ scalar state behaves very di↵erently from the other hadronic states. In
most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.

PACS numbers: 11.15.Ha, 12.60.Rc

INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.
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Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of
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We propose to construct a chirally broken model based on the infrared fixed point of a conformal
system by raising the mass of some flavors while keeping the others massless. In the infrared limit the
massive fermions decouple and the massless fermions break chiral symmetry. The running coupling
of this system “walks” and the energy range of walking can be tuned by the mass of the heavy
flavors. Renormalization group considerations predict that the spectrum of such a system shows
hyperscaling.

We have studied a model with four light and eight heavy flavors coupled to SU(3) gauge fields
and verified the above expectations. We determined the mass of several hadronic states and found
that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
F⇡ ⇡ 250 GeV. The 0++ scalar state behaves very di↵erently from the other hadronic states. In
most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.
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INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.

PACS numbers: 11.15.Ha, 11.30.Qc, 12.60.Nz, 12.60.Rc

Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of
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that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
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most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.
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INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.

PACS numbers: 11.15.Ha, 11.30.Qc, 12.60.Nz, 12.60.Rc

Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be

ar
X

iv
:1

60
1.

04
02

7v
2 

 [h
ep

-la
t] 

 2
8 

Ja
n 

20
16

3

FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of
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We propose to construct a chirally broken model based on the infrared fixed point of a conformal
system by raising the mass of some flavors while keeping the others massless. In the infrared limit the
massive fermions decouple and the massless fermions break chiral symmetry. The running coupling
of this system “walks” and the energy range of walking can be tuned by the mass of the heavy
flavors. Renormalization group considerations predict that the spectrum of such a system shows
hyperscaling.

We have studied a model with four light and eight heavy flavors coupled to SU(3) gauge fields
and verified the above expectations. We determined the mass of several hadronic states and found
that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
F⇡ ⇡ 250 GeV. The 0++ scalar state behaves very di↵erently from the other hadronic states. In
most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.

PACS numbers: 11.15.Ha, 12.60.Rc

INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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What could we say from holography?



David B. Kaplan INT Feb. 22 , 2010

#3: UV and IR fixed points annihilate:

fixed points merge
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Conformal breaking in AdS5 due to mass running below the BF bound
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Conformal breaking in AdS5 due to mass running below the BF bound



● For simplification, we can regularize the IR with a brane 
                                                (it will characterize the back-reaction)

● The metric back-reacts where the tachyon blows up

● Position of the brane where tachyon becomes order one
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Profile of the tachyon should be 
almost flat to lead to a light dilaton 

(as brane would be almost free to move)
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Light dilaton?

Spontaneous breaking of scale invariance ☛ Massless dilaton?
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(a potential for the dilaton consistent with scale-symmetry)
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Not the case
 for the AdS tachyon:

No light dilaton expected!

AdS tachyon grows as ~ z2 
☛  sizable cost of energy to 

move the brane

In AdS5:

Light dilaton expected if the IR brane is almost free to move
(almost flat potential for the (radion) brane position)
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Limit, of course, not reached!

But… how 2 is close to 1?
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AdS predictions

the scalar becomes a factor ~1/2 lighter at dim[qq]=2
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QCD-like theories  approaching the conformal transition

The scalars become the lightest resonance !
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Implications for the LHC

(in strong dynamics to solve the hierarchy problem)



Nice scenarios to solve the hierarchy problem:

Tachyon in AdS puts you out from a CFT 

Hierarchy controlled 
by the “slow-rolling” of MΦ

(stable under radiative corrections)
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Could this scalar be the Higgs? Resurrecting Technicolor? 

Excitations around the AdS-tachyon expected to be lighter



Could this scalar be the Higgs? Resurrecting Technicolor? 

Higgs-like coupling?  Approaching free scalar limit = SM Higgs

Mass?  Not light enough

For MTC-ρ ~ 2-3 TeV   we have  MH ~ MTC-ρ / 2 ~ TeV

Excitations around the AdS-tachyon expected to be lighter
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Higgs coupling 't

● We can allow the Higgs boson to have 
BSM decays, i.e.:
– decay to weakly interacting stable 
particles (e.g. dark matter);

– decay to channels not searched      
(e.g. H ? cc);

– decay with unexpected topology    
(e.g. H ? XX ? ??).

● Fit performed constraining |kV|<1.

● The BSM decay changes the global 
Higgs width: 

i =
gHii

gSMHii

Hardly compatible  
with present measurements
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spin-2 resonances
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Singlet 𝜙:

Main production-mechanism: gluon-fusion
𝜙

~
�

f
|DµH|2 � mt

f
�t̄LtR



Janu
ary

9,
2017

P
r
e
pa

r
e
d

f
o
r
su

b
m
issio

n
t
o

J
H
E
P

T
h
e
G
lo
b
al

H
ig
g
s
as

a
S
ig
n
al

for
C
o
m
p
o
siten

ess
at

th
e
L
H
C

S
ylvain

F
ich

et
a,

G
ero

vo
n
G
ersd

or↵
b,

E
d
u
ard

o
P
o
n
tó
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Singlet 𝜙:

NGBs

(hh+WW+ZZ)
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Figure 1. Regions in the m� � � plane where the global Higgs decays dominantly into NGBs or
tt̄ pairs, assuming that all fermion resonances are heavier than the global Higgs. We take f = 800
GeV. The shaded region below the f̂ = 3f line requires a large hierarchy between f̂ and f , and
may not be realized in typical strongly coupled scenarios. We also show a current bound adapted
from the ATLAS heavy Higgs search of Ref. [9], which shows that the global Higgs must be heavier
than about 750 GeV.

decays are then dominated by the WW , ZZ, hh and tt̄ channels, as dictated by Eqs. (2.4)

and (2.5), since the loop-induced processes are always subdominant. As usual, in the region

where the equivalence theorem applies, one has that the decays intoWW , ZZ and hh are in

the proportion 2 : 1 : 1. However, since these partial widths scale like r2vm
3

�/f̂
2 ⇠ �3f4/m3

�,

while the partial decay width into top pairs scales like m2

tm
2

�/f̂
2 ⇠ m2

t�/m�, we see that

there is a non-trivial dependence in the m��� plane. The branching fractions into NGB’s

and tt̄ become equal when � = (
p
3/2)mtm�/f2. In Fig. 1 we show in green the region

dominated by the decays into NGBs, and in red the region dominated by decays into top

pairs. We mark in gray the forbidden region where f̂ < f , and also show for reference

the line where f̂ = 3f to indicate that typically one would not expect a large hierarchy

between f̂ and f . In any case, we see that the natural region of parameter space allows for

a large range of possibilities, although if the global Higgs is on the heavy side of the shown

range perhaps one should expect its decays to be dominated by the NGB channels.

We also note that in the case where the decays into fermion resonances are closed,

the decay width of the global Higgs is at most �
tot

/m� = O(0.1), so that the narrow

width approximation roughly applies. If decay channels involving the fermion resonances

were open – either mixed SM - resonance final states or a pair of resonances – these

channels can dominate and the global Higgs becomes a broad resonance that can reach

�
tot

/m� = O(1) [3].
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Figure 4. Projected LHC sensitivities to a global Higgs signal with 300 fb�1 at 13 TeV. The light
blue region is a bound adapted from an ATLAS heavy Higgs search [9]. The light red region is
a projected 95%CL limit from boosted top quark searches, as extrapolated from Ref. [24]. The
red, gray, yellow regions show the discovery Bayes factor for the global Higgs in the pp ! � !
JJ channel, and correspond respectively to weak, moderate and strong evidence for the signal
hypothesis.

This decay channel leads to boosted tops at the LHC. A recent search for such resonant

production of boosted top quark pairs has been carried out by ATLAS using 3.2 fb�1 of

13 TeV data [24]. For our purpose of presenting a projected sensitivity at 300 fb�1, we

extrapolate the expected 95% CL bound on � ⇥ BR given in Ref. [24], which is obtained

via a bump search in the distribution of the mass of the reconstructed tt̄ system, mreco

t¯t .

The extrapolation is done as follows. We first assume that the background event

number is large enough that the counting statistics in the bins of the mreco

t¯t distribution is

approximately Gaussian. When this hypothesis is true, it implies that the median expected

95% CL limit as well as the associated error bands can be extrapolated by rescaling the

limit by a
p

3.2/300 factor. This provides the projected 95% limit at 300 fb�1 shown in

Fig. 4. We see that the region defined by this limit corresponds to values of m� between

⇠ 0.8 and 1.5 TeV. We checked that the background in mreco

t¯t is sizeable, i.e. that the

event number in each bin is at least O(10), over the [0.8, 1.5] TeV range. Hence, the initial

hypothesis of Gaussian statistics is validated, and the extrapolation is consistent.

4.3 Results

The projected sensitivities are summarized in Fig. 4. In the JJ channel, we find that the

sensitivity reaches m� ⇠ 2 � 2.5 TeV with 300 fb�1, depending on �. The sensitivity is

greater for smaller �, reflecting the larger gluon fusion production rate, as explained in

– 15 –

Main production-mechanism: gluon-fusion
𝜙

~

(see also 1603.05668)
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Figure 1. Regions in the m� � � plane where the global Higgs decays dominantly into NGBs or
tt̄ pairs, assuming that all fermion resonances are heavier than the global Higgs. We take f = 800
GeV. The shaded region below the f̂ = 3f line requires a large hierarchy between f̂ and f , and
may not be realized in typical strongly coupled scenarios. We also show a current bound adapted
from the ATLAS heavy Higgs search of Ref. [9], which shows that the global Higgs must be heavier
than about 750 GeV.

decays are then dominated by the WW , ZZ, hh and tt̄ channels, as dictated by Eqs. (2.4)

and (2.5), since the loop-induced processes are always subdominant. As usual, in the region

where the equivalence theorem applies, one has that the decays intoWW , ZZ and hh are in

the proportion 2 : 1 : 1. However, since these partial widths scale like r2vm
3

�/f̂
2 ⇠ �3f4/m3

�,

while the partial decay width into top pairs scales like m2

tm
2

�/f̂
2 ⇠ m2

t�/m�, we see that

there is a non-trivial dependence in the m��� plane. The branching fractions into NGB’s

and tt̄ become equal when � = (
p
3/2)mtm�/f2. In Fig. 1 we show in green the region

dominated by the decays into NGBs, and in red the region dominated by decays into top

pairs. We mark in gray the forbidden region where f̂ < f , and also show for reference

the line where f̂ = 3f to indicate that typically one would not expect a large hierarchy

between f̂ and f . In any case, we see that the natural region of parameter space allows for

a large range of possibilities, although if the global Higgs is on the heavy side of the shown

range perhaps one should expect its decays to be dominated by the NGB channels.

We also note that in the case where the decays into fermion resonances are closed,

the decay width of the global Higgs is at most �
tot

/m� = O(0.1), so that the narrow

width approximation roughly applies. If decay channels involving the fermion resonances

were open – either mixed SM - resonance final states or a pair of resonances – these

channels can dominate and the global Higgs becomes a broad resonance that can reach

�
tot

/m� = O(1) [3].
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Figure 4. Projected LHC sensitivities to a global Higgs signal with 300 fb�1 at 13 TeV. The light
blue region is a bound adapted from an ATLAS heavy Higgs search [9]. The light red region is
a projected 95%CL limit from boosted top quark searches, as extrapolated from Ref. [24]. The
red, gray, yellow regions show the discovery Bayes factor for the global Higgs in the pp ! � !
JJ channel, and correspond respectively to weak, moderate and strong evidence for the signal
hypothesis.

This decay channel leads to boosted tops at the LHC. A recent search for such resonant

production of boosted top quark pairs has been carried out by ATLAS using 3.2 fb�1 of

13 TeV data [24]. For our purpose of presenting a projected sensitivity at 300 fb�1, we

extrapolate the expected 95% CL bound on � ⇥ BR given in Ref. [24], which is obtained

via a bump search in the distribution of the mass of the reconstructed tt̄ system, mreco

t¯t .

The extrapolation is done as follows. We first assume that the background event

number is large enough that the counting statistics in the bins of the mreco

t¯t distribution is

approximately Gaussian. When this hypothesis is true, it implies that the median expected

95% CL limit as well as the associated error bands can be extrapolated by rescaling the

limit by a
p

3.2/300 factor. This provides the projected 95% limit at 300 fb�1 shown in

Fig. 4. We see that the region defined by this limit corresponds to values of m� between

⇠ 0.8 and 1.5 TeV. We checked that the background in mreco

t¯t is sizeable, i.e. that the

event number in each bin is at least O(10), over the [0.8, 1.5] TeV range. Hence, the initial

hypothesis of Gaussian statistics is validated, and the extrapolation is consistent.

4.3 Results

The projected sensitivities are summarized in Fig. 4. In the JJ channel, we find that the

sensitivity reaches m� ⇠ 2 � 2.5 TeV with 300 fb�1, depending on �. The sensitivity is

greater for smaller �, reflecting the larger gluon fusion production rate, as explained in
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Extra doublet H´ (radial component of the Higgs-phase):
work in progress!

yij(H + iH 0 + · · · )Q̄i
Lu

j
R + · · ·

According to wikipedia: 2HDM Type-III

leading term safe from FCNC



Extra doublet H´ (radial component of the Higgs-phase):
work in progress!

H & H´ mix at one-loop ~ (mH/MH´)2

yij(H + iH 0 + · · · )Q̄i
Lu

j
R + · · ·

According to wikipedia: 2HDM Type-III

leading term safe from FCNC
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Figure 9: Observed (solid line) and expected (dashed line) upper limits on the signal strength parameter µ as a
function of the parameter tan � for a neutral pseudoscalar A with mass (a) mA = 500 GeV and (b) mA = 750 GeV.
The blue line at µ = 1 corresponds to the signal strength in the type-II 2HDM.
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Extra doublet H´ (radial component of the Higgs-phase):

H´

work in progress!

H & H´ mix at one-loop ~ (mH/MH´)2

yij(H + iH 0 + · · · )Q̄i
Lu

j
R + · · ·

According to wikipedia: 2HDM Type-III

LHC pheno:

leading term safe from FCNC

2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH ≃ 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)ϵµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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Extra doublet H´ (radial component of the Higgs-phase):

H´

2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.
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Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH ≃ 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)ϵµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]
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with β = (1 − 4m2
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H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.
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Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH ≃ 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)
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)
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(
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)

−Re(ab∗)ϵµνρσpµ
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−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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Conclusions
●  Lattice “sees” a light scalar close to the QCD conformal transition

●  From holography we could understand this transition as an 
       AdS tachyon turning on (going below the BF bound): 
                           No light dilaton expected !

●  BSM implications:  
       ☛ in TC-like scenarios: a scalar with couplings similar 
                                            to the Higgs (but heavier than 125 GeV)

        ☛ in Composite PGB Higgs models: Higgs partners (radial components)    

                             become the lightest resonances, accessible at the LHC  
                                 (extra singlet & doublet with large couplings to the top)

●  Future:  AdS-tachyon phase transition (BKT-type), Efimov states, … 

●  Lighter scalar due to dim[qq]→2, close to one (unitarity bound)  
         where the scalar-operator qq decouples

_
_


