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We use a holographic description of technicolor dynamics to study gauge theories that only break chiral
symmetry when aided by a strong four fermion interaction. These Nambu-Jona-Lasinio (NJL) assisted
technicolor models provide examples of different dynamics from walking technicolor which can, by
tuning, generate a light Higgs like ¢ meson. We compute the vector meson (p) and axial vector meson
(A) spectrum for a variety of models with techniquarks in the fundamental representation, enlarging the
available parameter space over a previous analysis of walking theories. These predictions determine the
parameter space of a low energy effective description where LHC constraints from dilepton channels have
already been applied. Many of the models with low numbers of electroweak doublets still lie beyond
current constraints and motivate exploration of new signatures beyond dilepton for LHC and a 100 TeV

proton collider.
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I. INTRODUCTION

The discovery of a light Higgs boson at 125 GeV [1] and
then the failure to find any new physics up to 1 TeV or
above suggests nature is fine tuned. Models of beyond the
Standard Model physics are then hard to celebrate since
they too are all uncomfortably tuned. Nevertheless it seems
sensible to continue to attempt to rule out possible
paradigms. The paradigm we will consider here is techni-
color models [2] of electroweak symmetry breaking which
solve the hierarchy problem to the Planck scale by naturally
generating a strong coupling regime in the TeV energy
range and a resulting composite Higgs. Any such electro-
weak dynamics must be rather different from QCD though
since it must generate a light ¢ particle to play the role of
the Higgs [3] and generate lower contributions to the
precision S parameter [4]. Examples of ideas that might
change the dynamics are walking [5], where the anomalous
dimension of the quark bilinear gg, y, runs slowly in the
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strong coupling regime, or the addition of strongly coupled
Nambu-Jona-Lasinio four fermion operators [6]. It has
been hard to understand these new strongly coupled models
since lattice work is intensive and struggles with widely
separated scales (although much promising work has been
done to move in this direction [7]).

Recently models have emerged from holography [8] that
potentially allow study of these strongly coupled systems.
Holography provides a rigorous method of computation
in a selection of strongly coupled gauge theories close to
N =4 supersymmetric gauge theory including theories
with quarks [9]. If one works in the limit where one can
neglect quark loops, the quenched (probe) limit, the key
ingredient to determine whether chiral symmetry breaking
is present and the spectrum is precisely the running of y
[10,11]. Embracing that observation we can construct
holographic models of generic gauge theories [12]. The
predictions for the QCD (N, = 3, Ny = 2) spectrum lie
surprisingly close to observation at roughly the 10% level
and one can hope as one moves away to theories with, e.g.,
walking behavior that the models will continue to make
sensible predictions of the spectrum [13].

We note that the model we use separates chiral symmetry
breaking and confinement. The assumed dynamics here is
that the gauge coupling runs to a critical value for chiral
symmetry breaking at which scale the quarks become
massive and decouple from the running. There is then a
pure Yang Mills theory below the mass scale whose
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running is very fast and starting at strong coupling—it will
very quickly reach any critical value for confinement in the
pure glue theory. Chiral symmetry breaking thus implies
confinement to lie very close in scale but is independent. In
this scenario we can neglect confinement in the background
geometry when computing the dynamically generated
masses. Indeed in top down D3/D7 models the mesons
spectrum is blind to physics at scales below the quark mass
and in the D3/D7 model with a magnetic field [14] chiral
symmetry breaking is known to be independent of confine-
ment. We think that our models are therefore sensible
attempts to describe the physics.

In a previous paper [15] we studied the spectrum and
couplings of the p and A vector mesons of gauge theories
with walking dynamics using our holographic model (light
pseudo-Goldstone modes could also exist but when they do
they are hard to pin down because their mass is determined
by the potentially unknown origin of flavor physics and
explicit singlet quark masses). The philosophy here is to
lean over backwards to construct a realistic model in order
to understand whether it is, or how it could be, excluded.
For this reason we picked a holographic model that
supports the idea of a light o emerging if y runs slowly
at the chiral symmetry breaking scale. We then manhandled
the IR running (that is unknown at strong coupling) to a
precisely tuned form to generate the physical 6/Higgs mass
relative to the pion decay constant F', which determines the
weak scale in these models. We also tuned a further
parameter (the 5d gauge coupling x below) to set § =
0.1 although this is only a tuning at one part in ten so not as
extreme as that needed to get the Higgs mass.

The predictions for the spectrum of this holographic
dynamics naturally fit very well in the parameter space of a
low energy effective theory [16] already widely studied
[17]. That model has the Standard Model fields, Higgs, and
massive vector and axial gauge fields to play the role of
the p/V and A. The parameter space reduces, once the
precision S parameter, Higgs mass, m,,, and electroweak
scale v are fixed, to the M, versus § = ﬂMV /Fy plane
(here My, Fy are the mass and decay constant of the
vector). There has been considerable study of limits on this
plane from LHC dilepton final state data [17]—the V and A
states mix with the Standard Model gauge bosons so can be
singly produced and give very clean Drell Yan signals. The
constraints had been reported as restrictive [18], including
exclusions over 3 TeV and for g up to 8 at low masses. What
our holographic analysis [15] showed though was, that at
least for the dynamics in the holographic model, the top
down predicted spectrum lay at large §~ 8.5 and large
M, ~ 4 TeV. There is therefore still work to be done to
exclude the paradigm because these parts of parameter
space are relevant to top down models. Additional channels
at LHC should be considered to add to the constraints and
higher energy colliders may be needed to complete the
exclusion (we are working on extending these limits and
will report in a future publication).

In both the holographic models and low energy effective
description there is a third parameter

1 (F2+F3
= (—=1"A_1). 1
@ 2< 7 (1)

From the point of view of the LHC constraints we are
interested in here, this parameter is unimportant if || <
0.3 so we did not seek to tune it in the holographic model
(where it typical lies around 0.05). However, it is worth
stressing that in the low energy effective description which
includes mixing with the electroweak gauge bosons this is
tightly constrained to lie at the 0.001 level by the electro-
weak measurements of sin’#,,. To make a holographic
model fully compliant with constraints one needs an
addition dial to tune—for example one could add higher
dimension operators (by changing the UV boundary con-
ditions in any given channel as we will see below) to
represent instanton effects or high scale dynamics.
Functionally though one is now talking about tuning in
a three parameter space of the running strength, x and this
new parameter at around 1 part in 1000 or more. This
tuning is present already in the low energy effective
description analysis and one can test there that changing
|w| up to 0.1 only changes the spectrum at the few percent
level. The goal of our holographic analysis is to ask a top
down model to broadly indicate the predicted pieces of
parameter space of that model one would expect from a UV
completion of the physics. Here fine tunings which effect
the spectrum at a few percent level are not crucial (the
tuning of the light Higgs mass is the most important tuning
and we do include that) and the conclusion that the high M 4
and large § volume of parameter space are important
certainly remains. The goal of highlighting the need for
probes of that volume remains also.

A natural question to ask is how robust are the pre-
dictions of the holographic model? This is hard to answer
since it is a model and not rigorously derived from the base
theory described. Indeed it is worth stressing that even
though a holographic model may capture QCD at the 15%
level if treated favorably by fitting across all parameters
the errors can as much as double if one fits to a single
parameter. The holographic models are a very coarse
predictor. We are simply using them here to motivate
new pieces of parameter space to encourage experimental
searches.

To add to the understanding of the variance in the
predictions of the holographic model, here we want to
ask how the predictions are effected if the underlying
dynamics is changed. Recent work has shown how the
dynamics of the Nambu-Jona-Lasinio model can be easily
incorporated into the holographic description [19-21].
Thus the models we will study here will consist of a
technicolor theory that has not reached the critical coupling
needed for chiral symmetry breaking at the electroweak
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scale. The symmetry breaking nevertheless occurs because
of the aid of a four fermion interaction term at a scale of a
few 10s of TeV with a tuned coupling. This dynamics is
easily incorporated into the holographic description using
Witten’s multitrace prescription [22] and the expected
dynamics is observed. In a previous paper we also showed
that if the running of the gauge theory is sufficiently slow
then a light Higgs can result in these models [20]. Such
models have been previously called NJL assisted techni-
color (NJL-aTC) or ideal walking models [23,24].

Here we will analyze models with an SU(N,) gauge
theory and techniquarks in the fundamental representation.
We first concentrate on models with a single electroweak
doublet present (which formally the experimental con-
straints we will use apply to) but with varying number of
singlet techniquarks to vary the total number of flavors N,
and hence the running in the theory. The techniflavors
also have common four fermion/NJL interactions

Ly, = A2 i wil* (2)

with i a color and flavor index, ¢* the coupling and A the
UV cutoff, which act to enhance the interaction for
techniquark condensation. We explain how to include these
interactions holographically in Sec. II. The holographic
model again contains a coupling (k) that can be tuned to
generate the benchmark value S = 0.1.

To generate the light Higgs in the holographic model we
need the running of the gauge coupling or anomalous
dimension of the yy condensate to be very carefully tuned
(at one part in 100) to a sufficiently gentle running value at
the symmetry breaking scale. There are potentially two
such solutions (shown in one case in Fig. 1 below). One is
present for any gauge theory where it is somewhat weakly
coupled as it leaves the asymptotically free regime. The
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FIG. 1. Here we show the running of the anomalous dimension,
7. against RG scale p, for the No =3 N; =12 theory. It
asymptotes to an IR value that places it, using the 2 loop f
function, just inside the conformal window before chiral sym-
metry breaking sets in. Here we also show the IR and UV scales,
separated by a factor of 20, of two NJL assisted theories that
generate m,,/F, = 0.5.

second possibility is if in the strongly coupled regime it
approaches an IR fixed point at a value of y that is
subcritical—in this case there is a strongly coupled solu-
tion. We explore both possibilities, identifying models
tuned to the physical F,, m;, and S and computing the
properties of the p, A mesons (we again neglect the extra
level of tuning to set @ small to keep the numerics
tractable). We concentrate on models with a UV cut of
20 times the technicolor scale as a simple, plausible
example (higher cutoffs do not show very different behav-
iors). For the weakly coupled models the values of M, and
g lie at M 4 lower than those we saw in the walking theories
—they are more typical of a scaled up QCD theory
(M4 ~3.25 TeV, g~ 7). The model predicts high values
of § =~ 10 though. On the other hand, for the most strongly
coupled theories the M, value is moved higher to as much
as 4 TeV. Our interpretation here is that the strongly
coupled, slowly walking theories connect the low scale
dynamics to the higher cutoff scale of the NJL. dynamics
more strongly and this tends to raise the A mass. These
strongly coupled NJL-assisted theories appear in the same
region of the M, parameter space as the strongly coupled
walking theories of our previous paper, supporting this
understanding. The theories with weaker gauge coupling
but stronger NJL coupling are therefore the key point of this
paper—they provide alternative UV dynamics that leaves
the theory in different, smaller M, regions of the low
energy effective theory’s parameter space. By varying N
we can move smoothly between these regimes. This
analysis therefore enlarges the region of parameter space
in the low energy theory that true UV completions can
realize. Unfortunately, for the one doublet models, this area
of parameter space still lies beyond the reach of LHC
dilepton limits. From the models we construct here it is
clear that essentially the entire region where My > M, and
M, < 4 TeV would need to be excluded experimentally.

It is also worth stressing that the walking models of [15]
may very well not exist if the tuned IR runnings needed to
generate the light Higgs are not the true dynamics. On the
other hand these NJL assisted models have subcritical
gauge dynamics with running periods that surely exist and
are consistent and realizable theories at least below the
scale of the NJL interactions A.

We also study the predictions of similarly tuned models
with more than one electroweak doublet—here the exper-
imental limits are expected to be similar to those on one
doublet models although they have not been explicitly
determined. Increasing the number of doublets enlarges the
electroweak F, relative to the rest of the spectrum and
therefore, at fixed weak scale, tends to decrease both M,
and less so g bringing the theories closer to exclusion.

These realizations of the UV technicolor theories we
have found, are mostly beyond the reach of the current
LHC dilepton searches. However, they do motivate new
signatures (which we will explore in future work) but also
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the reach of future colliders with higher energies. Here (in
Fig. 4) we present projections for dilepton searches at
14 TeV (3 ab™"), 27 TeV (15 ab™") and 100 TeV (3 ab™!)
pp colliders which begin to probe the parameter space of
the models.

II. HOLOGRAPHIC MODEL

A. Holographic description of gauge dynamics

We use a holographic model to describe the gauge
dynamics—the dynamic AdS/QCD model which is
described in detail in [12] and originates from the
D3/probe D7 system. The action is

S = —/d“xduTru3

1 Am?(r) 1
< [ZDXP D WP 4 o (R )] )

2k2

Here u is the holographic coordinate dual to energy scale.

X is the field dual to the quark condensate gg. Am? is a
renormalization group scale/radially dependent mass term
which we fix using the two loop running of the gauge
coupling in the theory of interest as described in [12]—this
ansatz, Am?* = =2y = —3a(u)(N? — 1)/2N .z includes IR
fixed points for the running for appropriate choices of N,
Ny. Chiral symmetry breaking is induced if Am? falls
through -1 where there is an instability (the Brietenlohmer
Freedman bound [25] is violated). Note that as described in
[11] if we rewrite the dimension one field X as a
dimensionless field ¢» = X/u (and integrate by parts) then
it becomes a canonically normalized field in AdS of mass
squared —3. The BF bound is then when this mass passes
through —4.

The solution of X’s equation of motion, which can be
found numerically for a given choice of Am?, describes the
vacuum of the theory. We use the on mass shell condition
|X|(u = Xo) = Xo with |X|'(X,) = 0 and require |X| = m
in the UV or at the cutoff A to describe a techniquark of
bare mass m. Asymptotically the solution is |X| = m +
(GLqr)/u? so the bare mass and quark condensate can be
extracted numerically. Fluctuations of X describe the o (or
Higgs) and = fields.

The vector and axial vector fields describe the operators
gy"q and gy"ysq and their fluctuations give the p and A
spectrum and couplings. The five dimensional coupling « is
a free parameter of the holographic description.

The theory lives in a geometry

1
ds* = r’dx3,, + —du?, r?r=u’+|TrX)* (4)
r

|TrX]| is included in the definition of r in the metric which
provides a “backreaction” on the metric in the spirit of

probe brane models [9] and communicates the mass gap to
the mesonic spectrum.

The spectrum of the theory is found by looking at
linearized fluctuations of the fields about the vacuum where
fields generically take the form f(u)e'?~, p?> = —M?>. The
resulting Sturm-Louville equation for f(u) gives a discrete
spectrum. By substituting the wave functions back into the
action and integrating over u the decay constants can also
be determined. The normalizations of the fluctuations are
determined by matching to the gauge theory expectations
for the vector-vector, axial-axial, and scalar-scalar corre-
lators in the UV of the theory as described in detail in [12].
Note that in the holographic literature [12] the dimension
2 coupling between the vector meson and its associated
source is normally written as F3 whilst in the Weinberg
sum rule literature [4] it is written as my Fy,. We will adopt
the latter definition here to fit the other literature on
technicolor.

Our models will focus first on a single electroweak
doublet of techniquarks but we will assume the existence of
technicolor singlet quarks to change the UV running of the
coupling. In the computations of F, and Fy,, for the
electroweak physics only the electroweak doublet contrib-
utes—so factors of Ny and N, in these quantities reflect the
values in a one doublet model. We will also present results
for models with 2,3, and 4 doublets.

We will tune our models to the observed electroweak
data so their predictions for the V, A spectrum can be
excluded. In this spirit we will tune x to produce p-A
degeneracy to ensure the electroweak S parameter [4]

S—4H[F—%/—F%}, (5)

My, M

is sufficiently small (we pick § = 0.1 as a benchmark
point). Note tuning « to zero makes the Lagrangian terms
for the p and A the same so that the A mass drops to that of
the p. However, since the suppressed, first term in the action
is the one which links the symmetry breaking X to the A, to
maintain F2 (which is the leading value in the AA
correlator) one must raise the overall scale.

B. Holographic NJL operators

Our main goal in this paper is to include NJL four
techniquark interactions into the holographic model so that
they contribute to the chiral symmetry breaking dynamics.
Does this change the predictions for the V, A masses
relative to the pure, walking gauge dynamics we described
in [15]?

NJL interactions can be introduced simply using
Witten’s double trace prescription [22]—see [19] for a
top down analysis of these operators in the D3/probe D7
system and for formal studies of their impact on gauge
dynamics.
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The basic principle is that one begins with a theory that
does not break chiral symmetry on its own. The effective
potential can be computed against the quark mass—for
example in the simplest NJL. model one uses the Coleman
Weinberg potential of a free fermion but below we will use
holography to compute this effective potential in theories
with sub-critical running for y. If we now add a Lagrangian
term to the gauge theory of the form in (2) and condensa-
tion occurs then (y;wg) # 0 and an effective hard mass is
generated at the UV scale A

2

MA =47 (WLyr) (6)
In the effective potential the higher dimension operator is

now of the form

2A2
AV =4 (7)
g2

which at small g forces the potential to prefer m, = 0 but at
higher g can cause a minimum at finite m,. The usual NJL
gap equation is the condition for minimizing this potential
made of the free fermion’s Coleman Weinberg potential
plus this term.

Witten’s prescription (elucidated further in this context in
[19]) shows that imposing (6) is equivalent to minimizing
the effective potential in the holographic model. Thus in
our models below we allow solutions for X(u) with
nonzero mass, m, at the scale A but interpret them as
the massless theory with the NJL term present. For these
solutions one can read off the associated g> of the NJL
interaction by substituting the numerical values of m and
(wrwg) from X into (6). Note the NJL term is adding an
extra BF bound violation at the UV cutoff which causes
chiral symmetry breaking. Below we will categorise
theories by their values of y before the NJL term is added.

C. N.=3, Ny =12 example

Let us consider a particular example of this dynamics at
work. We will pick a theory with N, = 3 and N, = 12 (that
is one electroweak doublet and 10 electroweak singlet
quarks) and describe it with the dynamic AdS/QCD model
based on the two loop running of the gauge coupling. The
running of y is shown in Fig. 1—note this theory lies in the
conformal window and is never quite strong enough in this
ansatz to break chiral symmetry by itself (that is Am? in the
holographic model never falls to —1). The theory can be
made to break chiral symmetry though by the inclusion of
an NJL term at a scale A.

We pick two scales—one is X, the IR value of the
holographic field X which can be thought of as the IR mass
scale induced by the symmetry breaking. We also pick a
UV cutoff A for example at 20 X;. We now link these scales
to the gauge dynamics by picking y;g = y(X,)—this can be

any choice a priori so that the theory samples any running
profile over a factor of 20 in scales from the range of
running of the full gauge dynamics. In Fig. 1 we show two
examples of such ranges by the vertical lines. We solve for
X(p) between X, and A.

We can next compute the spectrum and couplings of this
background as usual. Here one must pick a value for k—for
the moment one can pick any value. Note one needs to be
careful when looking at excitations of X that represent the ¢
or Higgs—asymptotically the u dependent wave functions
for these fluctuations 5X (1) must satisfy the same ratio of
mass to condensate (ie NJL coupling ¢*) at A as the
background field X(u). This condition can be enacted
numerically as the UV boundary condition rather than the
usual 6X(A) = 0. Now one can make this an electroweak
symmetry breaking model by imposing F, = 246 GeV
and rescaling all other scales appropriately. Generically of
course the o mass will not be 125 GeV.

The next step is to vary yr to attempt to find a theory
where the 6 mass does also match the observed Higgs mass.
That is, one attempts to find a period of running that is
suitably tuned flat to generate the correct Higgs mass. In
this case there are two such regimes which we will describe
shortly.

Even having completed this program of computations
one will find that the S parameter is not our chosen value of
0.1. Now one can return through this cycle but varying «
until both m,; and S are the desired values—this is a
laborious task.

As mentioned in the Introduction, at this point one could
also embark to tune @ to zero. One could for example
introduce higher dimension operators associated with p or
A operators by changing the UV boundary conditions in the
meson computations. One could justify this as including
instanton effects in the strongly coupled gauge theory
because the large N, origin of holography neglects these
effects. Or given the presence of an NJL operator here one
might expect extra higher dimension operators from the
same origin. Tuning at 1 part in 1000 in a 3 dimensional
space though is too numerically intensive for the benefit.
This final tuning is not expected to change the spectrum
sufficiently (based on studying changes in the spectrum
when |w| is changed by up to 0.1 in the low energy theory)
to change our conclusions.

In Table 1 we show the outcome of the computations
after tuning m; and S—for the moment consider just the
two entries for Ny = 12. The two regions of running
between X, and 20X, are shown in Fig. 1—the regions
between the two vertical lines. The key thing to achieve the
correct Higgs mass in the model is that the running is “just
right” being neither too steep nor too gentle. There is
therefore one solution to each side of the steepest running
period in the model.

We can now look at the behavior of the model as Ny is
changed. The two loop runnings as a function of Ny and N,
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TABLE I. Data from the holographic model for N, = 3 with
one doublet (Np = 1) and Ayy/mpr = 20, and with yjr and «
tuned to m;, = f,/2 and S = 0.1.

N. Ny K 7IR M, GeV g ®

3 2. 1.88  0.087 3173.84 9.48985 0.021
3 7. 2.02 0.106 3155.96 9.55277  0.026
3 8. 2.06 0.113 3157.07 9.57466  0.027
3 9. 2,12 0.121 3151.88 9.60021  0.029
3 10. 221 0.133 3145.25 9.63716  0.032
3 10.6 227 0.142 3146.26 9.66491  0.034
3 11. 233 0.15 3143.9 9.68823  0.036
3 11.2 236 0.1548  3146.69 9.70334  0.036
3 12 2.61 0.188 3148.39 9.7985 0.042
3 12.2 2775 0.204 3146.36 9.84262  0.045
3 12.4 3. 0.236 3162.9 9.92767  0.049
3 12.4 361 0314 3239.04  10.1171 0.057
3 12.2 421 0.383 3323.12  10.2644 0.061
3 12 475 0441 3405.94  10.3749 0.063
3 11.2 7.55  0.696 3844.55  10.7299 0.070
3 11. 8.6 0.7758  3989.28  10.8029 0.074
3 10.6 117 0.9695 432282  10.9215 0.091

provide ansatzes for the nonperturbative running of y. Of
course they are not trustable since they are based on
perturbation theory but they are indicative of behaviors
we expect to see. Given this we will choose to use fractional
Ny to explore the possible behaviors as a continuous
parameter is changed in the running (at large N. N;/N,
does become continuous). Now again consider Table 1.

Let us first consider increasing N, above 12. The IR
fixed point value falls as N, increases and the running
generically becomes slower. The two solutions which give
the correct m; value move inwards toward the point of
strongest running—that is the yR values for the two
solutions move toward each other. Before one reaches
Ny = 13 the two solutions merge at the point of strongest
running and beyond that the running becomes too slow to
generate a large enough m;,.

If one reduces N the IR fixed point rises, the running
becomes stronger in the middle regime, and soon the gauge
theory is capable of breaking chiral symmetry unaided.
Before this happens we see the two NJL assisted solutions
separate (the yrs move apart) as they move away from the
strongest running regime (which generates too large an
my,). Further the solution at strongest coupling quite soon
ends as N decreases because the running at the scale where
the symmetry breaking occurs (where y1r is now very close
to 1) is too strong and the Higgs too heavy. The weaker
coupling solution continues to exist for all N, but is pushed
into the UV to ensure that the running remains sufficiently
slow. By Ny = 2 the yg value has fallen below 0.1 which is
only very barely nonperturbative and holographic modeling
could no longer be sensible. For these “weaker coupling
solutions” the NJL dynamics is dominating the symmetry

breaking whilst for the “stronger coupling solutions” the
gauge theory is playing a much larger role.

Note there is also the possibility of “NJL opposed”
symmetry breaking where a repulsive (negative ¢g*) NJL
interaction acts against the gauge dynamics—see [20] for a
discussion of this mechanism in gauge theories and [26] for
discussions in a condensed matter context. Mostly where
we have found such solutions, they have too large a Higgs
mass (in the holographic model to achieve a negative g> the
solution X(u) must turn negative before the cutoff—such
solutions are very u dependent and this breaking of
conformal symmetry leads to a large myj). The most
strongly coupled points (at largest M,) for our theories
are briefly of this type so we include such solutions.

In summary, for N. =3 we have understood how to
holographically describe NJL assisted technicolor models
and found weaker (at all N,) and stronger coupling
solutions (near N, = 12) that generate the correct m,,
and S. Explicit numerical results are provided for this case
in Table I and the values are plotted in the M, — § plane in
Fig. 2 (this plane will be the phenomenologically interest-
ing plane below). Note the U-shaped nature of the curve
with varying (continuous) Ny—the cusp corresponds to
where the two solutions described above merge at the
largest value of Ny = 12.4. The branch that moves to
highest M is the strongly coupled solutions at smaller N,
up to the point where they cease to exist at Ny = 10.6. The
lower M 4 branch are weakly coupled solutions which exist
for all N, below 12.4.

One can also study the dependence of the theory on the
UV cutoff value. For example, consider increasing A by an
order of magnitude from 20 to 200 times the IR scale for the
case of N. = 3, Ny = 12 (for A = 200X, numerical data is
provided in the Table VIII of the Appendix). We show the
equivalent results to those discussed above in Fig. 2. Note
that the results still have a “two branch meeting at a cusp”

11.0
10.5
= 10.0
9.5
N, =3,A = 20X,
e N.=3,A=200X,
9.0 . . . .
2000 2500 3000 3500 4000 4500

MA (GeV)

FIG. 2. The solutions from Table I for the N. = 3 theory in the
M, vs g plane. The orange points are for A = 20X, the black
ones are for A = 200X,
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structure but here the two branches lie on top of each other
in the plot. We find the p and A meson masses for the
weakly coupled solutions tend to move lower by as much as
500 GeV although the effect is less pronounced on the
stronger coupled solutions (which are strongly linked to the
higher cutoff scale). We have also considered higher cutoffs
but the results are largely unchanged from the A/X, = 200
case. These very low values of M4 appear inconsistent with
the low energy theory below—in the holographic model
M, > My, whilst in the low energy theory My > M, at
these values of M 4. The origin of this discrepancy is that @
has grown quite large in the holographic models’ results
and here one should undertake the extra tuning skipped
above to reduce it. Given, as we will see, that the models at
A = 20X already motivate searches across the full allowed
M, range with My > M, we again do not pursue this
tuning. Henceforth we will present results just for A/ X, =
20 since they present a robust challenge to collider
constraints but one should remember that changing the
cutoff can influence the precise predictions (but not our
generic conclusions below).

For the phenomenological analysis below we will use
this holographic technology to explore the predictions of a
range of models model with different choices of N. and N.

D. Parameter counting

The parameter count in the holographic model is worth
noting: for a particular theory with N, N the running of «

1 1.

(and hence the anomalous dimension y) is fixed by the
perturbative two loop result. We choose the ratio X,/A
which effectively determines F,/A. We then set the scale of
the theory by requiring F; = 246 GeV and fix yr through
m;,. The model then predicts M, F,, M4, F 5. We next tune
Kk to force S = 0.1. The remaining three predictions we will
express as

2M 1 (F2+ F>
Mm@:\/’ z, o=z 7”—2 A-1). (8)
Fy AN

In fact for all our models @ < 0.15 which is at a level where
the experimental constraints are unchanged in the high
energy reach regime so we suppress that parameter in
our plots.

III. PHENOMENOLOGICAL MODEL

We will make use of the phenomenological model of the
spin one states made from a single electroweak doublet
from [16] as we did in [15]. It is important to stress that the
same low energy theory describes the walking theories we
considered previously and the NJL assisted models we
study here. Although the dynamics of chiral symmetry
breaking is changing the low energy degrees of freedom
and symmetries are the same. The Lagrangian for the low
energy effective theory is

L . 1
Lioson = — ETr[WWWW] —-B, B*" — ETr[FL,,DF’ﬁ" + FruFY]

4om

1
+ m*Tr[C}, 4 C,| +5Tr

2

[D,MD*M?] = Fr,Tr[Cy ,MCtM]

i§r3 +
~ = Tr[CL, (MD*M" = D*MM") + Cr,(M'D"M — D*M’ M)]
7S e 2 q n_4 2
+ TTr[CLﬂ + Cr, | Tr[MM'] —l—ETr[MM |- ZTr[MM ] 9)

where Wﬂy and B,w are the ordinary electroweak field gauge
fields, Fy g, are the field strength tensors associated to the
vector meson fields Ay g, ~[27], and the Cy, and Cva” gauge
fields are Cy, = Ay, —%Wﬂ and Cg, = Ag, — %Bﬂ.

The matrix M takes the form

1
M =—[v+ H+2iz"z,

V2
Here 7 are the Goldstone bosons produced in the chiral
symmetry breaking, v = u/+/A is the corresponding VEV,
and H is the composite Higgs. The Higgs is assumed to

have Standard Model Yukawa couplings to the fermions.
The covariant derivative is

a=1,273. (10)

|
D,M = 3,M — igWe*M + igMB, 7. (11)

When M acquires its VEV, the Lagrangian of Eq. (9)
contains mixing matrices for the spin one fields. The mass
eigenstates are the ordinary SM bosons, and two triplets of
heavy mesons:p and A.

Including all the interactions with the electroweak gauge
and Higgs fields of dimension 4 needs six parameters: the
mass, m and coupling g of the new gauge fields, the Higgs
VEV o, and three couplings r,, r3, and s. The model
predicts

2, Pls=r)v’

G (s+rp)0?
M3 =m?+ y , Mﬁ:m2+7g( 42) (12)
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and
2M 2M
Fv—g7 FA:\/_~ Ay Fr=(1+20)F} - F3,
g g
(13)
where
,UZgZ U2§2r3
=—(1 —r3), =1- . 14
o= Frnl 2= 1=G (g

Without loss of generality we chose s = 0 here, noting that:
(a) the p/A production rates, as well as the partial decay
width of Z to fermions (dijets and dileptons) are indepen-
dent of s (at the per-mil level); (b) the branchings of p to
dileptons increases by 10% at most for s reaching 10 in
absolute value because of the p — ZH partial width
decreases; (c) we do not involve here Higgs boson
phenomenology and use only the dilepton channel to probe
the phenomenological model parameter space.

Of the five remaining variables we set F; = 246 GeV,
and S = 0.1. This leaves three degrees of freedom My, §, @
which can be experimentally constrained.

Phenomenologically the three parameters are treated as
completely free parameters. The parameter count is the
same as that of the holographic model which makes
absolute predictions for these numbers as a function of
N, Ny, and A.

In [17] the model was implemented in CalCHEP [28] using
LanHEP [29] to automatically derive the Feynman rules.
This implementation is publicly available at HEPMDB
(High Energy Physics Model Database) [30] under
hepmdb:1012.0102 ID. In [15] the model implementation
was extended by nonzero s and @ parameters and became
available under hepmdb:1218.0319. In our study we use
this implementation of the model.

The most relevant signals from the model come from
p/A resonant production either in Drell-Yan(DY) or vector
boson fusion (VBF) production processes followed by p/A
decay to fermions or boson [31]. Here we use pp —
p/A — ¢t¢~ DY process with dilepton (dielectron and
dimuon) final states as the easiest (but not necessarily the
best, as we discuss below) one for reinterpretation of the
present experimental data and projections for future lumi-
nosities and collider energies. We use a very similar
approach as in [18].

We have explored the dependence of the experimental
constraints on the parameter @. For |o| < 0.3 the impact on
the exclusion regime is small and any changes occur at
M, ~ 1.5 TeV. The high mass reach area is least affected.
Given the holographic models, both for the walking
theories in [15] and our NJL assisted models here place
@ < 0.15 in all cases we will simply suppress this para-
meter which is not playing a significant role in constraining
the models.

A further useful parameter to monitor (although it is not
independent) is « from

aAn*Fy = FAM2 — F3M3 (15)

which allows tracking of the second Weinberg sum rule or
equally the degeneracy of the p — A pair.

IV. RESULTS

Our first goal is to explore the LHC’s potential to probe
the NJL-aTC model space, as predicted by the holographic
model, using recent limits from the dilepton DY search
channel. We use LHC searches for dilepton resonances
only and reinterpret them for the NJL-aTC parameter space.
The choice of dilepton signature is very well motivated
since this is the cleanest signature to search for the vector
resonances. However, as we will see below (and as it was
shown in [15]) it becomes less efficient in the region of
large values of § where couplings of resonances to SM
fermions are suppressed.

In Fig. 3 we present the up-to-date LHC reach for the
model parameter space. We use here the CMS DY limits on
Z' production at 13 TeV (36 fb~!) from the dilepton

Exclusion from pp — p/A — I71~, LHC@13TeV, 36 fb~!

Exclusion from p
10 Exclusion from A

R

500 1000 1500 2000 2500 3000
1“\/[‘4 (GeV)

3500 4000 4500 5000

FIG. 3. The combination of shaded (pink and dark blue) regions
presents 95% CL exclusion of the M, —§ space from the
CMS observed limit on dilepton resonance searches at the
LHC@13 TeV with 36 tb~!. Solid and dashed lines along
the borders of the shaded area represent an expected CMS limit
and our limit using binned likelihood method respectively. The
predictions for NJL-ATC holographic model with a cutoff of 20
times the IR techniquark mass(tuned at each N., N £ O give
S = 0.1 and the correct Higgs mass) are overlaid. The coral-
colored dots are predictions for N. = 3 and different N, while
green and gold are for N, = 4 and N. = 5 cases respectively. For
N. =3 we present “trajectories” for higher number of the EW
doublets: Np = 2, 3, 4 and connect them by the dashed line to
indicate overall region of theory space. Parameter «, from the
phenomenological model, is related to p — A degeneracy and the
holographic points lie near the line « = 0 as a result of tuning to
a small S parameter.
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(combined dielectron and dimuon) final state [32] reinter-
preted as limits on the phenomenological model’s param-
eter space. The CMS limit in [32] was expressed as a ratio,
R,=0c(pp>27Z - "¢ )/ o(pp > Z > £ )—the 7/
signal cross section in the dilepton final state to the
Standard Model (SM) cross section of a Z boson to the
dilepton final state. The choice of this ratio R, was made to
remove the dependency on the theoretical prediction of
o(pp — Z — ¢£+¢7) and correlated experimental uncer-
tainties. We have reinterpreted this limit (see details below)
and have found the phenomenological model’s §— M,
parameter space excluded at 95% confidence level(CL). We
have found exclusion separately for p and A resonances,
indicated by pink and dark-blue shaded regions respec-
tively in Fig. 3. The overlay of these regions gives us
eventually the overall exclusion region. We have used
CalCHEP to evaluate the signal dilepton signal cross sections
at tree-level and the modified ZzZWPROD program [33] to
evaluate the mass-dependent QCD NNLO K-factor.

To make projections for future collider energies and
luminosities, first, we have reproduced the CMS expected
limits using the following binned likelihood method. We
assume resonance widths are negligible compared to the
Gaussian-smearing effects of finite detector resolution. The
signal hypothesis probability density function is defined by
a Gaussian distribution with the width equal to the detector
resolution (1.2% of resonance mass), and a signal-strength
modifier, x, which is the expected number of events at the
experiment. The background is estimated by invariant
dilepton mass distribution with very high statistics.
Where there are few background events (e.g., my+,- >
2 TeV at 13 TeV), we use the CL, method alongside a toy
Monte Carlo in order to construct the distribution of a
single test-statistic for background only and signal +
background hypotheses. One can see that the limit from
our approach which is represented by dashed lines along
the borders of the shaded area in Fig. 3 closely reproduces
the expected CMS limit from the dilepton search. This
agreement validates our approach and allows us to use it for
future collider energies and luminosities projections which
we present below.

In Fig. 3 we also present a dashed black line lying in the
large § region and indicating a 1% level of signal-to-
background (S/B) ratio. This line gives an idea (from the
most optimistic expected control of systematic uncertain-
ties) about the potential limit of the dilepton signature to
probe the phenomenological model parameter space.

This contour line is not expected to change with the
increase of the collider energy since the irreducible dilepton
background and the signal will scale the same way with
the energy increase. The dip for My ~2.7 TeV and §~5
in S/B contour is related to the sharp increase of
Br(p — WTW~), which respectively leads to a sharp
decrease of dilepton signal rate. This sharp change happen

for M, ~ 2.7, where p and A are switching their roles: in
M, > 2.7 region p becomes mostly vector, while A
becomes mostly pseudovector. It is important to note that
the details here most likely depend on the fact that the
analysis of the phenomenological theory has been done for
one electroweak doublet of technifermions. For higher
numbers of doublets there are more electroweak charged
p/As involving respective mixing. The LHC potential to
probe the respective parameter space is likely to be
enhanced in the case of higher p/A multiplicty, thus one
can consider the limit in the M4 § parameter space for one
doublet we are using here as a conservative one. We
concentrate on one doublet models here which are hardest
to experimentally exclude but it would be interesting to
perform proper analysis of the phenomenological model
beyond one doublet models in the future.

Figure 3 shows that the LHC limit reaches M, ~
3.5 TeV (for small ) and g ~ 8 (for small M ,), so appears
to be tightly constraining. However, to orient ourselves in
theory space consider a technicolor model that is a scaled
up version of QCD, a theory whose spectrum we know.
We scale f, =93 MeV to Fy = 246 GeV and find M, =
2.05 TeV, My, =325TeV, $=03 and §g=7. This
theory is excluded by S and the absence of a light
Higgs but provides a reference values to place on the
exclusion plot Fig. 3. It is not excluded purely in terms of
the p, A bounds.

The goal of our previous paper [15] was to ask where
true models of technicolor lie in the larger parameter space
of the phenomenological model—the particular dynamics
of a top down construction should lie at just one point in the
parameter space. In that paper we used our holographic
description to explore if there are walking gauge theories,
with manhandled IR running couplings, that generate the
observed Higgs mass. We found candidate walking models
lay near a ~ 0 (the edge of the hashed region in Figure 3 of
this paper). For one electroweak doublet models § lay near
8.5 for N, =3 and 6.5 for N. = 5. As more electroweak
doublets were added § fell to as low as 3 for 6 doublet
models. Here these walking models are strongly coupled
over scales far above the electroweak scale and this had the
effect of increasing the A mass relative to the QCD case.
See [15] for more details.

Now we can add to these predictions by including NJL-
aTC models. We show the theories predictions as data
points in Fig. 3. We considered for these plots models with
a UV cutoff 20 times the IR techniquark mass. For a given
value of N. and number of electroweak doublets there is a
trajectory along which N changes. For example, consider
the top trajectory in Fig. 2—this corresponds to N, = 3 and
one electroweak doublet. The data is therefore that in
Table I and Fig. 2. As we saw in Sec. II C there are two
solutions at some N values. The first branch are relatively
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weakly coupled solutions where the NJL interaction
dominates the physics—these solutions are bunched up
near M, = 3.25 close to the scaled up QCD value in this
plane. These solutions have a higher § as large as 10
though. The trajectory to larger M 4 represents the stronger
coupled solutions for 10.6 < N, < 12.4 (with N, = 10.6
the most strongly coupled solution and at largest M ,)—
here the gauge dynamics does most of the work of breaking
electroweak symmetry with a small assist form the NJL
interaction. These solutions, as they get stronger, track to
the a = 0 line where the equivalent N, = 3 walking theory
in [15] lay. Again these theories are strongly coupled all the
way to the UV cutoff so the dynamics raises the A mass.
This seems like a consistent picture suggesting that possible
top down completions of technicolor with a light Higgs lie
between scaled up QCD and a roughly 4 TeV A mass. Our
models here have predicted a larger value of §~ 10 than
previously studied models and this presents a further
challenge to experimental constraints.

In Fig. 3 we show further trajectories for one doublet
theories with N, =4 and 5 (the data is in the Tables V
and VII of the Appendix). The increase in N, naturally
decreases the mass scale of the theory since more colors are
contributing to F, which is the physical weak scale. The
holographic model predicts that § will also decrease a little.
Nevertheless the strongly coupled branch sees an increase
in M, toward the a = O contour again.

For completeness we also show equivalent trajectories
for the N. = 3 theory with 2,3, and 4 electroweak doublets
(the respective data is given in Tables II-IVof the
Appendix) and for the N. = 4 theory with 2 electroweak
doublets (the respective data is given in Table VI of the
Appendix). Formally the bounds from the phenomenologi-
cal model do not apply since it is presented and has been
constrained only for the one doublet case. However, the
results show that increasing the number of doublets
contributing to F, does lower the scale of the new physics
and leaves these models more open to experimental
probing.

Finally of course we should comment that our results
here further emphasize the conclusion of [15] that top down
models of technicolor with a small number of doublets and
dynamics tuned to give a light Higgs are not yet constrained
by LHC searches.

V. BEYOND LHC

We have found that the LHC dilepton searches to date do
not exclude any region of parameter space of the walking or
NIJL assisted paradigms. A total exclusion would need not
only a higher collider energy but also new signatures to
probe 3—4 TeV resonances especially in the large § region
with very low dilepton rates. We illustrate this point in
Fig. 4 where we present projections for dilepton searches at

Exclusion from pp — p/A — I*1~, 14TeV, 3 ab™!
11

Exclusion from p

10 I Exclusion from A

1500 2000 2500 3000 3500 4000 4500
A/IA (GeV)

Exclusion from pp — p/A — 1T1~, 27TeV, 15 ab™!
11

Exclusion from p
Exclusion from A
a<0
------ S/B=1%

10

1500 2000 2500 3000
]\/[,1 (GeV)

Exclusion from pp — p/A — 1*1~, 100TeV, 3 ab™!

3500 4000 4500

11
Exclusion from p

10 I Exclusion from A
a<0 Np = Y

------ S/B 1%

1500 2000 2500 3000 3500 4000 4500
My (GeV)

FIG. 4. Shaded areas present 95% CL projected exclusion on
the M, — § plane for 14(3 ab™!) (top), 27(15 ab~') (middle), and
100 TeV (3 ab~")(bottom) pp collider from dilepton DY reso-
nance searches. The notations are the same as in Fig. 3.

14 TeV (3 ab~")(top), 27 TeV (15 ab~!)(middle), and
100 TeV (3 ab~!)(bottom) pp colliders. One can see a
gradual improvement of the colliders potential while
moving from the 14 TeV to 100 TeV case. One can see
that the 14 TeV (3 ab~') LHC will be able to probe the
Np =4 region of NJL-aTC parameter space, which in
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comparison to the holographic predictions for the walking
theories [15] for large N, are shifted not only to the lower §
values but also to the lower M, values. Moreover, one can
see that 27 TeV and 100 TeV pp colliders will be able
to probe the NJL-aTC parameter space for N, = 3 with
Np zZ 3 and N, =4 with Np 2 2.

At the same time one can see that all of the models with
Np = 1lyingin the § > 7 and M, > 3 TeV region are out
of reach of even a 100 TeV collider if only the dilepton DY
signature is used.

It is apparent that the dilepton signature becomes less
efficient in probing the technicolor parameter space for
large values of § where the couplings of the p/A to fermions
are suppressed. Therefore exploration of higher values of §
motivates the study of additional di-boson signatures either
from DY production or from the additional VBF production
channel. One should note that VBF production of p/A
followed by respective diboson(VV) or boson-Higgs(VH)
decay looks particularly promising in the very large §~7
region since neither production nor decay of new heavy
resonances are suppressed by 1/g. Moreover, the increase
of collider energy can further enhance the significance of
the VBF channel, which highlights a special role for the
100 TeV pp collider to potentially search the entire
technicolor parameter space.

VI. DISCUSSION

In this paper we have continued our analysis from [15]
asking whether collider searches for techni-p and A mesons
can be used to exclude the technicolor paradigm. We are
using recently developed holographic technology to effi-
ciently compute the spectrum of a wide range of theories
(although we again caution that the errors on the predic-
tions could be sizable—they serve to motivate collider
searches though). We also note that these models separate
chiral symmetry breaking in the quark sector from confine-
ment which is assumed to occur in the deep IR pure glue
sector below the quark mass. The low energy description of
such models with one electroweak doublet has been studied
and there are constraints from dilepton Drell Yan processes
at the LHC [17]. Figure 3 displays these constraints in this
context.

In [15] we studied theories where we allowed walking
technicolor a last gasp chance to survive by adjusting by
hand the IR running at the level of 1 part in 100 to generate
a light o to play the role of the Higgs. Such theories lived on
the a = 0 contour in Fig. 3 and are not yet excluded.

Here we have studied NJL assisted technicolor models
where the gauge dynamics is subcritical for chiral sym-
metry breaking but a four fermion interaction at a cutoff A
(which we have set at roughly 20 TeV) helps drive
electroweak symmetry breaking. A light Higgs is again
predicted if the gauge coupling’s running is sufficiently
slow but here this tuning can be achieved by choosing an
appropriate period of the running between the weak scale
and the cutoff. We stress that these are new understandings
emerging from the holographic models. These results
provide an alternative set of dynamics to test the robustness
of the previous predictions. Theories of this type with
strong gauge dynamics typically lie toward the a =0
boundary in Fig. 3 as the walking theories did. On the
other hand theories where the gauge coupling is much
weaker and the NJL coupling drives the symmetry breaking
dynamics lie at lower M, values that are somewhat more
accessible, if not to LHC, then to future colliders (see Fig. 4
for the improved bounds from dilepton DY).

It is worth stressing that the holographic models reveals
the fine tuning needed (1 part in 1000 if one include tuning
my, S, and w) to realize such a strongly coupled model of
electroweak symmetry breaking. This is of course as
unpalatable as in any other tuned model. Nevertheless it
seems worthwhile to thoroughly probe the paradigm—to
discover or exclude it. We conclude that the full large M,
parameter space up to of order 4 TeV in the low energy
effective theory is of interest and attempts should be made
to experimentally exclude it.

In addition to motivating future colliders, these results
highlight a need to go beyond dilepton DY channel and to
enlarge the analysis with additional (VBF) production and
diboson/boson-Higgs decays channels. Such advancing of
the analysis will be the subject of our future publication and
could potentially lead to a discovery or closure of the
technicolor paradigm.
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APPENDIX

TABLE II. Data from the holographic model for N. = 3 two
doublets (Np = 2) with Ayy/m = 20, and with yj and « tuned
to my, = f,/2 and S = 0.1.

Nc Nf K YIR MA GCV g [0)

3 7. 1.07  0.113 2903.8 6.76636  0.029
3 9 1.15 0.131 2871.05 6.80515  0.034
3 10.6 1.27  0.156 2829.65 6.85821  0.041
3 11. 1.32  0.1665 2816.17 6.86352  0.04

3 12. 1.59 0.221 2766.36 6.98571  0.056
3 12.2 1.77  0.258 2756.48 7.05298  0.060
3 122 222 0342 2757.74 7.19161  0.077
3 12. 265 042 2795.2 7.30377  0.086
3 11. 482 0.771 3094.87 7.63437  0.113
3 10.6  6.13  0.967 3255.41 7.72081  0.129
TABLE III.  Data from the holographic model for N. = 3 three

doublets (N = 3) with Ayy/m = 20, and with y; and « tuned
to m, = f,/2 and S = 0.1.

NC Nf K VIR MA GeV g w

3 7. 0.84  0.126 2661.76 5.54162  0.035
3 9. 0.92 0.146 2613. 5.5766 0.041
3 106 1.06 0.178 254191 5.62969  0.050
3 11. .12 0.192 2519.49  5.65212  0.054
3 12. 1.55 0.289 243546  5.79584  0.075
3 12. 1.93 037 2424.33 5.90026  0.089
3 11. 396 0.765 2635.85 6.22799  0.129
3 106 5.06 0.9638 2751.28 6.30215 0.144

TABLE IV. Data from the holographic model for N, = 3 four
doublets (N = 4) with Ayy/m = 20, and with yj and « tuned
to m, = f,/2 and S = 0.1.

NC Nf K YIR MA GeV g w

3 8 0.78  0.148 2429.57  4.82693  0.043
3 9 0.84 0.163 2387.25  4.84825  0.047
3 10.6 1. 0.2026 2304.46 490318  0.058
3 11. 1.08 0.223 2275.79 492974  0.063
3 11.8 1.44  0.308 2202.82 5.03582  0.082
3 11.8 192 0416 2186.3 5.15059  0.100
3 11. 355  0.759 2337.84 538471  0.135
3 10.6 457  0.9607 2431.51 545628  0.152

TABLE V. Data from the holographic model for N. =4 one
doublet (Np = 1) with Ayy/mr = 20, and with yr and « tuned
to my, = f,/2 and S = 0.1.

N. Ny K 7IR M, GeV g 1)

4. 2. 1.38  0.088 3112.67  8.22107  0.020
4. 8. 148 0.1042  3080.76  8.26713  0.025
4. 10. 1.53  0.113 3069.71 8.29139  0.027
4. 12. 1.6 0.1256  3057.63  8.32556  0.031
4 143 175 0.152 3037.64  8.39431  0.037
4 15. 1.84  0.166 3024.66  8.42963  0.040
4 16 2.06  0.202 301234 8.51722  0.047
4 162 213 0.215 3017.05  8.54779  0.050
4 16.5 245 0.265 3023.5 8.65904  0.057
4 165 275 0.311 3047.51 8.75399  0.063
4 162 333 0.396 3116.56  8.90973  0.071
4 16 3.67 0442 3162.05  8.98434  0.075
4 15. 5.6 0.684 347355  9.28038  0.088
4 143 7.7 0.909 376093 943319  0.102
TABLE VI. Data from the holographic model for N, = 4 two

doublets (Np = 2) with Ayy/m = 20, and with y; and « tuned
to my, = f,/2 and S = 0.1.

NC Nf K YIR MA GeV g w

4 8 0.89 0.121 2738.32  5.869 0.033
4 10 092 0.129 272487  5.88569  0.036
4 12 0.99 0.145 268493 591411  0.040
4 143 1.14  0.1795 2621.76 597608  0.050
4 15. 1.23  0.1995 2593.19  6.01003  0.055
4 16. 1.56  0.2715 253526  6.12375  0.071
4 16. 2.18  0.395 2522.24  6.29143  0.090
4 15. 3.64 0.673 2695.61 6.55105  0.118
4 143 495 0904 2856.95  6.66686  0.136
TABLE VII. Data from the holographic model for N. = 5 one

doublet (N = 1) with Ayy/mp = 20, and with y1g and  tuned
to my, = f,/2 and S = 0.1.

N. Ny K YIR M, GeV g 10)

5 10. 1.22 0.108  2994.82  7.40201  0.027
5 12. 1.25  0.115  2987.77  7.41937  0.029
5 14. 1.31  0.125  2962.05  7.4432 0.032
5 16. 1.37  0.138 294985  7.4742 0.035
5 177 1.5 0.161 291146  7.521 0.041
5 19. 1.6 0.181 2900.96  7.57054  0.046
5 20. 1.78 0216  2888.02  7.64511  0.053
5 205 215 0.282  2880.7 7.77428  0.064
5 20 3.1 0432 294286  8.0188 0.081
5 19 4.5 0.63 3133.44  8.25156  0.094
5 177 69 0.965 349738  8.45762  0.119
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TABLE VIII. Data from the holographic model for N, = 3 one doublet (N, = 1) with Ayy/mp = 200, and with
yir and « tuned to m;, = f,/2 and S = 0.1.

NC Nf K YIR MA GeV g w

3 2 2.12 0.168 2450.08 9.33511 0.131
3 4 2.23 0.18 2461.13 9.37285 0.130
3 9 24 0.192 2552.5 9.44938 0.120
3 10.6 2.54 0.2143 2642.26 9.52481 0.113
3 11 2.63 0.2245 2669.57 9.5557 0.111
3 12 3.1 0.279 2825.51 9.70417 0.099
3 12.1 322 0.294 2872.67 9.74188 0.097
3 12.1 4.15 0.396 31554 9.96588 0.082
3 12 4.48 0.4329 3257.74 10.0358 0.078
3 11.8 5.1 0.496 3416.16 10.1432 0.074
3 11.4 6.48 0.624 3701.95 10.3208 0.073
3 11 8.42 0.776 3988.24 10.4732 0.082
3 10.6 11.5 0.9694 4296.59 10.5911 0.105
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