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ABSTRACT: Since the discovery in 2012 of the Higgs boson at the LHC, as the last missing
piece of the Standard Model of particle physics, any hint of new physics has been intensively
searched for, with no confirmation to date. There are however slight deviations from the
SM that are worth investigating. The CMS collaboration has reported, in a search for
heavy resonances decaying in tt with a 13-TeV center-of-mass energy and a luminosity
of 35.9fb~!, deviations from the SM predictions at the 3.5¢ level locally (1.90 after the
look-elsewhere effect). In addition, in the ditau final state search performed by the ATLAS
collaboration at /s = 13TeV and £ = 139fb~!, deviations from the SM at the 20 level
have been also observed. Interestingly, both slight excesses are compatible with a new
pseudoscalar boson with a mass around 400 GeV that couples at least to fermions of the
third generation and gluons. Starting from a purely phenomenological perspective, we
inspect the possibility that a 400-GeV pseudoscalar can account for these deviations and
at the same time satisfy the constraints on the rest of the channels that it gives contributions
to and that are analyzed by the ATLAS and CMS experiments. After obtaining the range
of effective couplings compatible with all experimental measurements, we study the gauge
invariant UV completions that can give rise to this type of pseudoscalar resonance, which
can be accommodated in an SO(6)/SO(5) model with consistency at the 1o level and in
a SO(5) x U(1)p x U(1)x/SO(4) x U(1)x at the 20 level, while exceedingly large quartic
couplings would be necessary to account for it in a general two Higgs doublet model.
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1 Introduction

There are many searches for new physics being done at the Large Hadron Collider (LHC)

but for the moment only a scalar particle that resembles the last missing piece of the Stan-
dard Model (SM) has been discovered, the Higgs [1, 2]. The fact that no clear indication
of signs of new physics emerges from these collider searches implies that, as phenome-

nologists, we should pay attention to the small but coordinated deviations from the SM

behavior that may arise in different search channels as possible hints of a specific type of

new physics. Interestingly, there are two particular somewhat recent searches in which this

behavior seems to be happening. On one hand, in the ditop search performed by the CMS



collaboration [3] at a center of mass energy /s = 13 TeV and a luminosity of £ = 35.9fb~1,
with top quarks decaying into single and dilepton final states, deviations from the SM be-
havior arise at the 3.5 o level locally (1.9 o after the look-elsewhere effect) that can be
accounted for by a pseudoscalar with a mass around 400 GeV that couples at least to top
quarks and gluons. On the other hand, in the ditau search done by the ATLAS collabo-
ration [4] at /s = 13TeV and £ = 139fb~!, deviations from the SM at the 20 level are
observed which, interestingly enough, can be accounted for by pseudoscalar coupling to tau
leptons, bottom-quarks and gluons, once again with a mass around 400 GeV. Furthermore,
whatever new physics may account simultaneously for these possible hints should also be
consistent with other collider searches to which it could provide contributions to [5-14].

In this work we consider initially from a pure phenomenological bottom-up approach
the possibility that a pseudoscalar with a mass of 400 GeV is indeed responsible simultane-
ously for these observed hints and at the same time satisfies the constraints coming from
other final states that it could contribute to and that are search for at the LHC. An idea in
this direction was considered also in [15]. Considering the interactions of the pseudoscalar
up to dimension-5 operators, we find that there exists a well-defined region of couplings
in which the hints as well as the constraints can be satisfied at the same time. We then
study the implications on the new physics of possible gauge invariant models in which a
pseudoscalar with that particular mass and couplings can be obtained. We find that, given
the parameter space consistent with the measurements, it turns out to be highly unlikely
that the pseudoscalar could be accommodated in a two Higgs doublet model (2HDM) even
in more general possible versions of it [16]. However, we show that if the pseudoscalar
is associated with a pseudo-Nambu-Goldstone (pNGB) boson of broken global symmetry
in composite Higgs models [17-23], one can accommodate its mass and couplings for an
SO(6)/SO(5) model [24, 25] with consistency and the 1o level with the measurements, and
in a SO(5) x U(1)p x U(1)x/SO(4) x U(1)x [25] at the 20 level.

The remainder of the work is organized as follows: in section 2 we summarize the main
experimental searches, carried out by ATLAS and CMS, for heavy resonances that give rise
to small deviations from the SM expectations or that could restrict the possible parameter
space. Section 3 is devoted, from a general approach of effective field theories, to the
phenomenology of a 400-GeV pseudoscalar boson that can account for these experimental
signatures. In section 4 we analyze numerically the range of couplings allowed and excluded
by the experimental data, while section 5 is dedicated to the UV completions that could
give rise to this 400-GeV pseudoscalar boson with the allowed couplings. Finally, we present
our main conclusions in section 6.

2 Experimental hints and constraints

In the present work we consider several searches carried out at the LHC by the ATLAS
and CMS collaborations that either show a hint or lead to a constraint for a pseudoscalar,
and that allow us to determine the effective couplings of the proposed new state. A brief
summary of the searches and the parameters used is presented in this section.



2.1 Final state tt

A moderate excess in top quark pair production has been found by the CMS collabo-
ration [3]. This excess' has been proved to be compatible with an intermediate state
consisting on a scalar or pseudoscalar boson with a mass of 400 GeV created via gluon
fusion and decaying into a top-antitop quark pair. In ref. [3] the CMS collaboration pre-
sented a search for heavy Higgs bosons decaying into a top quark pair in single and dilepton
final states within a data set corresponding to an integrated luminosity of 35.9fb~—!, with
a center-of-mass energy of 13 TeV. The masses of the hypothetical scalar and pseudoscalar
bosons were probed within the range 400 to 750 GeV and a total relative width from 0.5
to 25% of its mass. The largest deviation from the SM background was observed for a
pseudoscalar boson with a mass of 400 GeV and a total relative width of 4%, with a local
significance of 3.5 £ 0.3 standard deviations. The significance of the excess becomes 1.9
standard deviations after accounting for the look-elsewhere effect in the mass, total width
and CP-state of the new resonance. The analysis considered tree level interactions with
the top quark only, as well as interactions with gluons induced at one-loop level. Under
those assumptions it was found that, for m4 = 400 GeV and I" 4 /m 4 = 0.04, a top coupling
g ~ 0.9 yields the maximum likelihood ratio between the hypothesis of the existence of
the pseudoscalar boson and the SM scenario, as can be seen in figure 7 of that work.? For
0.6 < gas S 1 the model exceeds the range of compatibility with the SM in more than
two standard deviations, is consistent with the measurement at one standard deviation
and is below a critical value which would yield a nonphysical scenario, in which the partial
decay width of the pseudoscalar boson into a top-antitop pair would exceed the total decay
width from that channel. In the present work we consider cross sections of the t¢ channel
in agreement with those values of g4,7.

There is no current 13-TeV ATLAS search in the ditop channel though there is a
search at 8 TeV with 20.3fb~! [27]. In final states with an electron or muon, large missing
transverse momentum, and at least four jets, there is no significant deviation from the
SM prediction with the caveat that dileptonic final states and angular variables were not
utilized for this analysis, and cross section limits were set only for masses from 500 GeV to
750 GeV. Therefore a combined analysis is not possible.

2.2 Final state 771

In ref. [4] the ATLAS collaboration reported a search for heavy scalar and pseudoscalar
bosons performed with data corresponding to Run 2 of the LHC, with an integrated lu-
minosity of 139fb~! at a center-of-mass energy of /s = 13TeV. The search for heavy
resonances was performed within the mass range 0.2 — 2.5 TeV, in the 777~ decay channel.
The relevant data for this work is presented in plots of oy, X BR;+ vs 049 X BR,., that show

'We would like to stress that higher-order electroweak corrections to the SM-tf production can become
important in the vicinity of the pair production threshold [26] and may be responsible for the excess
observed. It is therefore important that further improvements of the theoretical description of the standard
model ¢t process in the vicinity of the production threshold are calculated in order to clarify the origin of
this deviation.

*We are using the same notation as ref. [3] in this subsection.



ellipses for one and two standard deviations containing the observed value at the center.
For a mass of 400 GeV the SM scenario lies more than two standard deviations away from
the observed value. In this work we demand o x BR lying within the area contended by
the 1o ellipses (excepted where explicitly stated).

The corresponding CMS ditau final state search was done with an integrated luminosity
of 35.9fb ! [28]. Similarly to the ATLAS search, gluon and bottom fusion production
modes were considered, searching for heavy resonances in the mass range 90 GeV—-3.2 TeV.
No excess over the SM background was observed. Nonetheless, the expected and observed
cross section limits from the CMS analysis are weaker than the ones from ATLAS given
the smaller amount of data included in comparison to the ATLAS search. This implies
that the signal interpretation of the ATLAS excess at around 400 GeV is compatible with
the expected (observed) upper limits from the CMS analysis at the level of 1.1(1.9)c [29].

2.3 Final state bb

The CMS collaboration has searched for Higgs bosons decaying into a bottom-antibottom
quark pair accompanied by at least one additional bottom-quark, with data correspond-
ing to a center-of-mass energy of 13TeV and an integrated luminosity of 35.7fb~1, [10].
The analysis considered scalar and pseudoscalar bosons with masses ranging from 300 to
1300 GeV, finding no significant deviation from the SM. An upper limit for the cross section
times branching fraction is reported: oy, X BRy, = 5.7 pb at 95% confidence level (CL),
for a mass of 400 GeV.

2.4 Final state ttit

Another decay channel of interest for the present work consists on the decay of the pseu-
doscalar boson into four tops. We consider the result reported in ref. [14] by the ATLAS
collaboration, where a production cross section of two pairs top-antitop was found to be
24fg fb. Interestingly, notice that this value is roughly two standard deviations above the
SM prediction.

2.5 Final state Zh

A pseudoscalar boson decaying into a Z boson and a neutral SM Higgs boson has been
probed by the ATLAS and CMS collaborations in multiple searches, finding no evidence
of any significant deviation from the SM background. In the present work we consider the
constraints for o x BR reported by the ATLAS collaboration [9], that sets limits in the
gluon fusion and bottom fusion initial states, for a mass of 400 GeV the 95% CL bounds
are roughly 0.22 pb and 0.25 pb, respectively.

2.6 Final state v~

Searches for new heavy particles decaying into two photons within mass ranges containing
400 GeV have been carried out by the ATLAS and CMS collaborations. No excess has
been found by any search and upper limits were set for production cross section times
branching ratio.



In ref. [5] the ATLAS collaboration presented a search for scalar particles decaying via
narrow resonances into two photons with masses ranging 65 to 600 GeV, using 20.3 fb~!
at /s = 8 TeV, having found no evidence for the existence of these particles and setting
an upper limit of o x BR,, < 2 — 3fb at 95% CL. Another search performed by the
ATLAS collaboration is presented in ref. [7] with an integrated luminosity of 36.7fb~! at
/s = 13 TeV. This search included spin-0 particles decaying into a final state consisting
on two photons within a mass range of 200 to 2700 GeV. For 400 GeV the upper limit was
found to be 2 — 3fb at 95% CL. In ref. [6] the CMS collaboration explored the diphoton
mass spectrum from 150 to 850 GeV with an integrated luminosity of 19.7fb~!, at a center
of mas energy of /s = 8 TeV. Assuming a total decay width between 0.1 GeV and 40 GeV
the CMS collaboration reported an upper limit < 4 — 15fb at 95% CL.

2.7 Final state VV

The V'V final state, with V = W, Z, has been explored by the ATLAS and CMS collabo-
rations at the LHC in numerous searches, finding no excesses in any of them.

A search for heavy neutral resonances decaying into a W boson pair was carried out
by the ATLAS collaboration in ref. [30] using a data set corresponding to an integrated
luminosity of 36.1fb~! with a center-of-mass energy of 13 TeV. The search focuses on the
decay channel (WW — evuv) and provides an upper limit for 0 x BRyw as a function
of the mass of the resonance, ranging from 200 GeV to 5TeV. For the analysis various
benchmark models were considered, including Higgs-like scalars in different width scenarios.
In ref. [31], the ATLAS collaboration presents a search for heavy resonances decaying into
a pair of Z bosons leading to two pairs lepton-antilepton, or two pairs lepton-neutrino,
for masses ranging from 200 to 2000 GeV. A similar search was published by the CMS
collaboration in the range 130 GeV to 3 TeV [32].

2.8 Final state Z~

A search for the Higgs boson and for narrow high mass resonances decaying into Z+ is
presented by the ATLAS collaboration in ref. [8] using 36.1fb™! of pp collisions at /s =
13 TeV. The search for high mass resonances focuses on spin-0 and spin-2 interpretations.
The results are found to be consistent with the SM and upper limits on the production
cross section times the branching ratio are reported, varying the observed values between
88fb and 2.8 fb for masses within 250-2400 GeV in the case of spin-0 resonances.

3 Phenomenology

Considering the experimental hints described in the previous section as a possible sign
of new physics at an invariant mass around 400 GeV, we propose initially from a purely
phenomenological perspective to do an analysis in which we study the compatibility of
some of these hints with the introduction of a new pseudoscalar state a with a mass
mq = 400 GeV, that interacts solely with 3" generation charged quarks and leptons, the



SM gauge bosons Z, gluons, photons, and H, as:

- - YN _ _
Ling = % a GWG“V—F% a E W F*"™ +gzn(a 0 yh)ZF +ig; a tyot+igy a by’b+igr a TY°T,
(3.1)

with FHv = (1/ 2)etP? F,p and similarly for G . g, g, gr, and gzj, dimensionless cou-
plings, whereas g,y and g,, have dimension of an inverse mass scale, the first ones are
expected to be present at tree level, whereas the second ones are expected to be induced at
the one-loop level. This is the most general CP-invariant interaction Lagrangian linear in
the pseudoscalar state a that can be written up to dimension-5 operators, neglecting pseu-
doscalar interactions with the kinetic terms of massive electroweak gauge bosons ZWZ“”
and WJVW“” and with F, wZ* that, though they are of the same order as the interaction
with photons (1-loop order), for the phenomenology we want to address they turn out to
be irrelevant. In fact, due to their connection via electroweak (EW) symmetry, the pseu-
doscalar coupling to EW massive gauge bosons and to Z+v should be similar in nature to
the diphoton coupling. Re-scaling the photon coupling by the corresponding factors and
modifying the decay rates by the appropriate phase spaces we obtain, in the interesting
region of couplings, V'V and Z+v cross sections that are one to two orders of magnitude
below the bounds discussed in the previous section.

In order to be able to separate the contribution of possible heavy colored and/or
electromagnetically charged beyond the SM (BSM) states to gy and g, that have been
integrated out from our effective theory, from those of the 3¢ generation quarks and
leptons, we explicitly write g4¢ and gy, as,

2 2
G99 = 123:;115 X42x+91), gy = 27?:% X <§) 4.2 (z +g+x <2Q/g> > . (3.2)
with oy = ¢g2/(47) and o = e?/(4n) and where we are already assuming that in eq. (3.1),
in what concerns the SM quark contributions, only the top quark provides sizable con-
tributions to the loop-induced couplings and we explicitly used that the loop function

¢ /Q(mz /(4m?)) ~ 4.2 for m, = 400 GeV. Furthermore, we parameterize the contributions
from heavy BSM states that have been integrated out as coming from vector-like fermions
in the fundamental representation of SU(3), with EM charge @, whose contribution is
accounted by the dimensionless parameter x and a separate BSM contribution from color-
less vector-like fermions charged under EM and accounted by the dimensionless parameter
z. These loop contributions are normalized with respect to the top quark contribution
such that, for example, in the presence of a color triplet heavy fermion F' with EM charge

Qz = Qr, are:

gr mi 2
mpg 4.2’

rT=xp = (3.3)

where we used Af (m2/(4m%)) ~ 2 for mp > m,, and g is the vector-like coupling of a
to the heavy fermion F'. Analogously, for a colorless vector-like fermion F with EM charge



Qg we would obtain,

1 (QE>2 g My

2
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We restrict ourselves to the case in which the pseudoscalar behaves as a narrow reso-
nance, narrow width approximation (NWA), with a total width I',/m, < 8%. The domi-
nant 2-body partial decay widths for a take the form,

2 2
__ oz fMa my
Lospr="Ne=g 1 1—477737 (3.5)
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a
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(3.8)

where f represents the fermions of interest, f =¢,b,7 and N, =3 for f =¢,band N. =1
for 7.

In what respects the production of the pseudoscalar, the main channels are gluon and
bottom fusion. Following ref. [33], the hadronic production cross section from parton pairs
PP at an energy /s can be written as,

1
> Cpplaspp- (3.9)

U(M)Ha)zsxm
a
P

For the LHC at /s = 8, 13 TeV, considering only couplings to gluons and bottom-quarks,
we obtain the following:

\/g ng CbE
8 TeV 4592 29
13TeV | 40187 | 278

The typical values that we find for the production cross sections at the LHC for /s = 13 TeV
that are consistent with the experimental hints are ~ 20 pb and ~ 10 pb for gluon and
bottom fusion, respectively.

Having all these elements at hand, we can calculate under the NWA, the contribution
of a to the different final states that either show a possible hint of BSM physics or otherwise
put a constraint on the couplings of the pseudoscalar to SM particles. We do this in the
following section and comment on our findings. In particular we focus on the cases in which
there could be a UV contribution to the gluonic operator x # 0 and when such contribution
vanishes, x = 0.



4 Numerical results

In this section we study the cross sections of the different production modes of the 400-
GeV pseudoscalar, taking into account their dominant decay channels, as a function of two
parameters at a time, fixing the rest of the parameters to two benchmark points, one with
2 = 0 and another one with x # 0, defined as follows:

e g =0.78, g, =0.39, g =0.04, x =0,
e g =0.7, go=0.37, g, =0.04, z = 0.13.

All the cross sections have been computed with the expressions detailed in the previous
section, except the tttt production, which has been calculated with MadGraph_aMC@NLO
2.5.2 [34] at leading order. For the pseudoscalar productions via gluon fusion and in asso-
ciation with bottom-quarks we have considered K-factors of 2 [3] and 1.24 [35], respectively,
while a K-factor of 1.27 [14], with a 20% uncertainty, has been used for tttt production.
Likewise, for each final cross section we consider 1o uncertainties, also detailed in section 2.
We present the results as contour plots of the different cross sections as a function of a pair
of couplings, and each contour line is labeled with the corresponding cross-section value
at 10. The red shaded areas correspond to values of the cross sections lower than their
reference values subtracting their uncertainty of 1o, and the blue ones to higher than these
reference values plus 1o. In the case of the ditau channel, we demand consistency at the
1o level with the experimental measurements (given by an ellipse in the gluon and bottom
fusion channels, see section 2). Therefore, both blue and red shaded areas are excluded by
data, and only the white area would be allowed by the LHC experimental measurements
and consistent with the possible hints of new physics. Recall also that the only channels
that show slight excesses or deviations from the SM predictions are ¢t and 777, as well
as tttt, while the other channels only impose exclusion limits on the total cross sections
at 95% CL. In addition, it is important to note that the channels that are not shown in
the following contour plots are due to the fact that they impose softer constraints on our
parameter space. In particular, we find that the coupling to a Z and a Higgs is restricted
to: gzn < 0.03, roughly independently of the other couplings, while the new physics contri-
bution to diphotons, called z, shows a stronger dependence on ¢; and x, with larger values
allowed for smaller g; and x: z < 1.2 for g4 = 0.7 and z = 0, and smaller values for larger
gt and z: z < 0.5 for g4 = 0.78 and z = 0.13. Neither gzp nor z determine the shape of
the white regions in the plots we show.

Concerning the branching ratios of the dominant decay channels of the 400-GeV pseu-
doscalar, we find that for the parameter region consistent with the experimental measure-
ments, they are dominated by either ditops of dibottoms since we find that the pseudoscalar
coupling to ditops is large, but more interestingly the consistency with measurements im-
plies a large coupling to dibottoms, up to 30 times the Higgs bottom-quark Yukawa cou-
pling. For the benchmark scenario with z = 0, the maximum value for BR(a — ¢t) allowed
by our analysis is 0.970, the minimum one is 0.270 and the average value is 0.675, while the
maximum value for BR(a — bb) is 0.726, the minimum one is 0.022 and the average value
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Figure 1. Production cross-section predictions of relevant 400-GeV pseudoscalar channels with
1o uncertainties of in the [g¢, gs] plane, with x = 0 (left panel) and = = 0.13 (right panel). In
both plots g, is fixed to 0.04. Each contour line is labeled with the 1o cross-section value of the
corresponding considered channel. Blue and red shaded areas are excluded by data.

is 0.319. On the other hand, within the benchmark scenario with z = 0.13, the maximum,
minimum, and average values allowed by our analysis for the ¢t (bl_)) decay modes are 0.806,
0.541, and 0.696 (0.450, 0.187, and 0.296), respectively. Notice also that the contribution
of the bottom-quark loop to the production of the 400-GeV pseudoscalar via gluon fusion,
for the favored values of the g, and g; couplings, is of order 6-8% compared to that of the
top-quark loop.?

In the left panel of figure 1 we show the values of the cross sections with an uncertainty
of 1o of the channels tt, tttt, and 777~ in the [g;, gp] plane with z = 0 and g, = 0.04. Each
contour line is labeled with the corresponding value at 1o, marking the blue (4+10) and red
(-10) shaded areas that are excluded by data. Therefore, only g; values ranging from about
0.7 to 0.85 would be allowed by the LHC experimental measurements, provided that g is
more or less within the range [0.28, 0.4]. In this favored region the width varies 4-6% with
respect to the mass, dominated by the t¢ decay channel, and the main branching fractions
vary among theses values: BR(a — t£) ~ 0.6-0.8, BR(a — bb) ~ 0.2-0.4, BR(a — 7777)
~ 0.001, and BR(a — gg) ~ 0.035-0.045. These latter values of BR(a — gg) hardly change
as a functions of the couplings considered and will not be shown again. The right panel
of figure 1 is devoted to same analysis but switching on the coupling z, with a value of
0.13. Since the coupling of the pseudoscalar to gluons is now contributing to the t¢ channel,
the constraints on g; are softer and this coupling can take lower values, close to 0.6. The
maximum g; values are also reduced, up to approximately 0.8. The range of allowed values
of gy is also reduced, from values around from 0.32 to 0.37. In this case the width varies

3.5-6% and the branching ratios of the dominant channels are BR(a — tt) ~ 0.55-0.75,

3 Also as comparison, for the production of the SM Higgs boson, the b-quark contribution to the gluon-
fusion is approximately 3-4% that of the t-quark, besides the coupling of the Higgs to bottoms is much
smaller than the 400-GeV pseudoscalar one.
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Figure 2. Production cross-section predictions of relevant 400-GeV pseudoscalar channels with 1o
uncertainties in the [g¢, ] (with z = 0 and g, = 0.39) and [g¢, 2] (g = 0.04 and g, = 0.39) planes,
left and right panels, respectively. Each contour line is labeled with the 1o cross-section value of
the corresponding considered channel. Blue and red shaded areas are excluded by data.

BR(a — bb) ~ 0.25-0.45, and BR(a — 7t77) ~ 0.001. The reduction in the white area
when comparing the figure on the left with = 0 with the right one at x = 0.13 is provided
by the increased constraint in the ditau channel since in fact there is a reduction in the
constraint from the ditop channel which would have naively provided a larger white area.
However this increment in the ditau constraint can be understood by looking on the right
plot of figure 2 where we see that the ditau ellipse allows larger values of g; at x = 0 than
at x = 0.13, which is sensible since both x and g; contribute to the gluon fusion diagram
that enters in the ditau channel. Coming back to figure 1, the preferred values for g; and
gp, which we have calculated with our effective model, compatible with the ATLAS and
CMS experimental measurements, lie in the white areas and therefore are able to explain
the new physics hints while at the same time are consistent with the data at 68% CL.

Left panel of figure 2 is dedicated to the pseudoscalar cross-section predictions in the
[gt, g-] plane, with x = 0 and g, = 0.39. Contour lines label the values of these cross
sections with 1o uncertainty, indicating the blue and red shaded areas not allowed by data.
The parameter space region allowed by data is centered at g; ~ 0.78 and g, ~ 0.040, with
gt varying between 0.74 and 0.82, and g, between 0.033 and 0.047, approximately. In the
favored region the width varies 5.5-6% with respect to the mass, increasing mainly with g,
since the branching fractions to 7-lepton pairs is small. The main branching fractions take
the following values: BR(a — tt) ~ 0.65-0.7, BR(a — bb) ~ 0.3-0.35, and BR(a — 7+77)
~ 0.001-0.002. It is important to remark here that these not-excluded values of g; are in
accordance with the allowed values in the [g;, gp] plane of figure 1. Contrary to these contour
plots, once the restrictions from the other channels are accomplished, the bb channel does
not impose any restriction on the parameter space of the [g;, g-] plane, with the values set
as we have indicated for the rest of the couplings, and the most restrictive channels are
only tt, 7777, and tttt.

~10 -
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Figure 3. Production cross-section predictions of relevant 400-GeV pseudoscalar channels with 1o
uncertainties in the [gr, gp] (with g; = 0.78 and x = 0) and [gp, ]| (with g; = 0.75 and g, = 0.04)
planes, left and right, respectively. Each contour line is labeled with the 1o cross-section value of
the considered corresponding channel. Blue and red shaded areas are excluded by data.

In the right panel of figure 2 we show the values of the cross sections with an uncer-
tainty of 1o of the channels tt, tttt, and 777~ (99 — a — 7777) in the [g;, x| plane.
Only g; values ranging from about 0.68 to 0.83 would be allowed by the LHC experimental
measurements, provided that z is less than 0.13. In this favored region the width varies
4.5-6% with respect to the mass, dominated by the t¢ decay channel, since the branch-
ing ratio to gluons is small and the branching ratios of the dominant decay channels are
BR(a — tt) ~ 0.61-0.68, BR(a — bb) ~ 0.31-38, and BR(a — 7777) ~ 0.001. In this
plane, the bb channel comes back into play by excluding a small portion of the parameter
space that tt, 7777, and tttt allowed.

In the left panel of figure 3 the 1o cross-section values of the tt, tttt, and bbbb channels
are displayed in the [g;, gs] plane. The allowed values of g, (white area) vary between 0.035
and 0.046, depending on the value of gp, which is constrained to the range [0.37, 0.42]. In
the favored region the width varies 5.5-6% with respect to the mass, increasing mainly with
gp, since the branching ratio to 777~ is small. The branching fraction of the dominant
channels are here BR(a — tt) ~ 0.65-0.70, BR(a — bb) ~ 0.3-0.35, and BR(a — 7+77)
~ 0.001. These values of g, correspond to those allowed in the left panel of figure 2, which
indicate a good agreement of these data at 68% CL.

The contour lines of the cross sections of the tt, bb, and 77~ channels, with 1o of
uncertainty, are shown in the right panel of figure 3 in the [gy, x] plane. Allowed values
of g, vary between 0.33 and 0.4, while x can reach allowed values up to 0.10, depending
strongly on g,. In the favored region the width varies 4.5-5.5% with respect to the mass,
increasing mainly with gy, since the branching fraction to gluons is small. The dominant
branching ratios are in this case BR(a — tf) ~ 0.64-0.72, BR(a — bb) ~ 0.28-0.36, and
BR(a — 7t77) ~ 0.001. Again, the values of x and g, are in agreement with the allowed
values of figures 1 and 2.
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One significant conclusion is that the most restrictive channels are tt, tttt, and 7777,
in which the production of the pseudoscalar and/or its decays are governed by g;, together
with the bb channel when the values of g, are significant and competitive with respect to
those of g;. Recall also that in the scenario with x = 0.13, the bounds imposed by tttt
channel are lower than the other channels.

Finally, we find it important to keep in mind that the white areas of the six plots
shown in this section are compatible with each other and show the allowed-by-data values
for each of the effective couplings of a 400 GeV pseudoscalar that can produce the slight
excesses in tt and 777 reported by CMS and ATLAS, respectively.

In summary, we find that the ranges of couplings compatible with the excesses in the
ditop and ditau channels that at the same time satisfy the constraints from all the other
searches mentioned in section 2 are g, € [0.68, 0.82], g, € [0.3, 0.42], g, € [0.035, 0.047]
and = € [0, 0.13], with small variations depending on the actual value of .

5 UV completions

In this section we describe several models and analyze whether they can reproduce the phe-
nomenology of the previous section. We start with 2HDMs, finding that usually they can
not pass the constraints from flavor violating decays. Then we consider models containing
a composite pseudoscalar singlet, and study the case where this state is a pNGB.

5.1 Two Higgs doublet models

These models contain a neutral pseudoscalar that could reproduce the collider phenomenol-
ogy. In models of Type-I, IT, IIT and IV the couplings with the SM fermions are proportional
to the SM Yukawa coupling, up to the factor ¢5 or its inverse, with ¢ being defined by the
ratio of the vacuum expectation values (vev) of both neutral doublets. In Type-I models
all the couplings are given by :l:tgl, in units of the SM Yukawa. In Type-1I, up-quark
couplings are given by tgl, whereas down-quarks and charged leptons are given by ¢3. In
Type-III (also on L 2HDM), quarks have a factor :tt/gl an charged leptons tg. In Type-IV
(also in F 2HDM), up-quarks and charged leptons have a factor itgl and down-quarks a
factor ¢tg. These structures of couplings cannot accommodate the excesses.

A generalization for the couplings in the Higgs sector of a 2HDM has been considered
in ref. [16] that allow to enhance the interactions with up- or down-type quarks, while
suppressing flavor changing neutral currents via flavor alignment. The authors refer to
this framework as Spontaneous Flavor Violation (SFV). Particularly interesting for our
study is the case of up-type SF'V 2HDM, where in the mass basis the up-quark diagonal
Yukawa matrix is rescaled by a real parameter &, whereas each down-type Yukawa is
rescaled by an independent factor: k;, namely: Y, = diag(yu,ye,y:) — &Y, and Yy =
diag(yq, ys, yp) — diag(kq, ks, k). A similar framework corresponds to the down-type SFV
2HDM, exchanging the role of up- and down-type quarks. In the sector of charged leptons:
Y, = diag(ye, Yy, yr) — &Ye. The new parameters are independent, and can be suitably
chosen to reproduce the collider phenomenology we wish to describe.
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The problem arises given that this model gets strong constraints from flavor physics.
Since the neutral Yukawa couplings are aligned, flavor violation requires the presence of a
charged Higgs boson. For large x;, this state gives contributions to C?S at 1-loop, inducing
B — s7. Following ref. [16], for the values of £ and k; that can fit the results of section 4,
we obtain a strong lower bound on the mass of the charged Higgs: mpy 2 3.4TeV. But in
2HDMs my and m 4 are related by m% = m?%,4+v?(Ag—2A5)/2, with V' D )\4(H§H1)(HIH2)+
)\5(HIH2)/2, thus one would have to require (Ag — A5)/2 ~ O(100) for m4 ~ 400 GeV,
loosing perturbative control of the theory.

5.2 Composite models with a pseudoscalar singlet

Let us consider now the case of a pseudoscalar singlet state that, given the absence of
charged partners, is less constrained than the 2HDM. In particular we find it interesting to
consider it as a pseudo NGB associated to a global symmetry of a new sector, since in this
case its mass can be naturally smaller than the mass of the other states of the new sector.

We assume the presence of a new strongly interacting sector with a mass gap at an
infrared scale of order few TeV, that leads to bound states, to which we will refer as reso-
nances, one of them being a pseudoscalar. We will consider the case where the pseudoscalar
is a singlet under the SM gauge symmetry. Moreover, we will take it as a composite NGB
of the new sector, generated by the spontaneous breaking of a global symmetry, such that it
can be lighter than the rest of the resonances. In this case the shift symmetry of the NGB
singlet forbids a potential, making this state massless, but if the symmetry is explicitly
broken by the interactions with the SM, a potential is generated at radiative level. The
SM gauge interactions can give this explicit breaking of the global symmetry, the interac-
tions with the SM fermions can also do that, the latter being model dependent. One of the
most popular examples for the interactions with fermions is partial compositeness, where
at a high UV scale Ayy >TeV linear interactions of the SM fermions and the composite
operators are generated: Lyy = M/SMO.* The shift symmetry can also be broken by
anomalous interactions with the SM gauge fields, as in the case of the ' of QCD, or by
anomalies in the new sector, that are independent from the first ones. [36, 37]

It is interesting to consider that also the Higgs arises as a pNGB [17-23], obtaining an
explanation for its mass being smaller than the masses of the other resonances, although
tuning is still required [38]. Scenarios with the pseudoscalar singlet and the Higgs be-
ing composite pNGBs have been considered, for example, in refs. [24, 25, 33, 39|, giving
estimates of the potential and couplings with the SM sector, as well as building specific real-
izations. In the following we will describe some general properties of a pseudoscalar singlet
that is a composite pNGB, and in the next subsections we will consider some realizations
of these ideas for the hints at 400 GeV.

In the simplest example the resonances of the strongly interacting sector are determined
by one mass scale, namely, the decay constant of the NGBs, f, that sets the scales of
their self-interactions, and one coupling, g., that characterizes all the interactions between
resonances. These couplings can be thought in analogy with fr and g, for the QCD mesons.

4Auv can be, for example, of order Mp; or Mgur.
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We will consider 1 <« g, < 47 and the resonance’s masses given by m, = g.f. There can
be departures form this very simplified picture, for example if the NGBs arise from a non-
simple group their decay constants can be different: fz for the Higgs and fp for the singlet,
there can also be different couplings and deviations from the estimate of m,. For simplicity
we will assume the one scale and one coupling approach, except where explicitly stated.

For the interactions with fermions we will consider Ayy > m, and approximate scale
invariance in a large window of energy, such that the running of the linear coupling A is
driven by the anomalous dimension of O, leading to an exponentially suppressed coupling
for an irrelevant operator and to A ~ g, for a relevant one [40]. At energies of order m, the
linear interactions lead to mixing of the elementary and composite fermions, such that the
massless fermions, before EW symmetry breaking, are partially composite, with a degree
of compositeness €, ~ Ay (my)/g«. The Yukawa couplings are modulated by e as:

Yy ~ €y Gu€pp, - (5.1)

In the case of three generations of resonances, ¢ and g, are squared matrices of dimen-
sion three.

When the breaking of the shift symmetry is dominated by partial compositeness, the
mass of the (pseudo) scalar can be estimated as:

2 2
mi2z ~ ]\fcyt2 (42:)21)2 ) m%j ~ Ncyt2 (497:)2 f2 . (5.2)
The separation between v and f typically requires a tuning of order £ = v?/f2, and allows
a splitting between my, and mp. For f ~ 800 GeV one can obtain mp ~ 400 GeV, although
these estimations are up to factors of O(1).5
At energies below m,, one gets a theory with the SM fields and the pNGB H and
P. The P interactions with SM fermions and gauge bosons require at least dimension-5
operators:

Log O gP/(‘A P A, A 4+ i%P&Lﬂwg, (5.3)

where A, stands for a generic SM gauge field strength tensor, ¢ 1, and ¢ are SM fermions
and A is the scale at which these operators are generated, that for simplicity was written
to be the same for all the operators. One could also include terms as 8MP1EV“1/), however
they can be absorbed in the Yukawa and anomalous terms after field redefinitions [41].

The analysis of section 4, as well as the estimates of this section, show that a partially
composite third generation of fermions, having sizable couplings with the pNGB pseu-
doscalar, can generate the proper interactions to account for the sought deviations.® In
this scenario it is also possible to generate PAA interactions by anomalous breaking of the
global symmetry of the new sector.

®Contributions to the pseudoscalar mass from anomalies in the new sector can be estimated as m% ~
N;g?/(4m)? f2, with N determined by the number of fermions responsible for the anomaly.

5A model independent analysis using effective operators has been done in [42] in which it was shown
that the current LHC searches in 4-tops imply a bound on the composite scale f 2 730 GeV.
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5.2.1 Flavor structure

Concerning the ditop and ditau deviations, it is enough to couple the pseudoscalar state
to the third generation of fermions. However, as we will show below, in this case the
pseudoscalar exchange induces FCNC with Wilson coefficients above the bounds allowed
by meson physics. Therefore, in the absence of other effects that could ameliorate this
situation, one has to consider interactions with the three generations and study this case.

The coupling with the gauge bosons, PAA, breaks the shift symmetry of the NGBs,
requiring either insertions of the fermion mixing that explicitly break the symmetry, or an
anomalous breaking, generating topological terms, as the Wess-Zumino-Witten term [43,
44].” To leading order in 1/fp one gets:

L csg2GG + cw g WW + CBQ/QBB) . (5.4)

S
off 1672 fp

The coefficients can be estimated as:

2
Cilpe ~ N2, il

~ Ny. 5.5
p f (5.5)

anom
In both cases the interaction is generated at loop level, in the first case it is modulated by the
Yukawa couplings of the SM fermions, whereas in the second case ¢; measures the number
of fermions Ny generating the anomaly. Rewriting eq. (5.4) in the basis of mass eigenstates,
one obtains the interaction with photons, with coefficient e?(cy + cg) /(1672 fp).

As we will show in the next subsections, it is interesting to write gpyy as function of
Yy, the matrix of Yukawa coupling of the Higgs, in the following form:

ey _ Avhy | By (5.6)
A fr fr
where A, and By, are 3 x 3 matrices, determined by the embedding of the Left- and
Right-handed fermions, respectively. After rotation of the SM fermions to the mass basis,
Yr/r = U rY1 /R, OnE gets:
m m

f;f + f;" UlLByUx, (5.7)

where my, is the diagonal fermion mass matrix. As expected, for A and B proportional to

gp% — Ul ALUL

the identity the couplings are aligned with the masses, whereas in other cases they are not
and lead to flavor transitions.

The analysis of flavor violation by a pNGB pseudoscalar is similar to the analysis of
ref. [46] for the Higgs sector. If the pseudoscalar and the Higgs arise from the same coset,
in the case where there is more than one independent invariant generating the Yukawa
interactions, one can expect a misalignment of the of the pseudoscalar couplings. In sec-
tion 5.3 we will consider a case where the Right-handed fermions can be embedded in two
inequivalent ways, and in section 5.4 we will consider a case where the coset arises from
the product of groups, and the embedding depends on the arbitrary charge under one of

"See also [45] for a discussion of topological terms.
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Table 1. Estimates of coefficients of unitary Right-handed matrices using partial compositeness,
taking the masses at the TeV scale.

these groups. Finding a realization where there is only one independent invariant could
lead to alignment of the couplings, relaxing the bounds from flavor.

A better determination of the flavor violating couplings requires assumptions about
the flavor of the new sector. We will consider the case of flavor anarchy [47], where the
couplings between fermionic and pseudo/scalar resonances are given by matrices with all the
coeflicients of order g4, such that flavor transitions between resonances have no suppression,
and in the conclusions we will comment on other possibilities. It is well known that in this
case bounds from flavor changing neutral currents (FCNC) require m,. 2 10-20 TeV [47, 48].

In anarchic partial compositeness the size of the coefficients of the rotation matrices
are determined by the degree of compositeness. Ordering the flavors by increasing mixing,
leads to (UlﬁL)ij ~ sz/eéw and (UwR>ij ~ Efb/ﬁzp’ with ¢ < j.

For quarks, assuming that (Uy, )ij ~ (Uq, )ij,> We get:

eq ~ (Vokm)izey » i <3, (5.8)
m? 1
W
€y~ — e, =u,d. 5.9
v (Vek)isgeed v (59)

These equations determine the degree of compositeness of the chiral quarks in terms of

physical parameters as the CKM angles and masses. The only parameters that are not

3
q

mixings are saturated, 62 2 1/gx.

determined are € and g, although the masses give lower bounds for €3 when the right

q

Similar estimates can be made for leptons, although in this case Upnng depends on the
realization of neutrino masses. Assuming that the large mixing angles of the PMNS matrix
are generated in the neutrino sector, bounds from flavor violation in the lepton sector are
minimized around the Left-Right symmetric limit, €/ ~ € [49], leading to:

) 7
e =, (5.10)
gxv

In this framework the coefficients of the rotation matrices can be estimated as in table 1.

8This assumptions is not necessary, since the condition is U Ua, = Vekwm, it is a simple hypothesis
under which we can estimate the mixings. It is also possible to mix the elementary fermions with more
than one composite operator, leading to less trivial situations.
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The integration of P leads to FCNC with the four fermion interactions [24],

Lo = CIM(W@L0h) (WFvh) | (5.11)
ijkl v? 1

The AF = 2 bounds from meson mixing give constraints on the size of the flavor violating
coefficients, C;j = Cfbjij :

There can also be dimension-5 operators with covariant derivatives, that can violate
flavor, as Py /RY Dy, /r- These operators can be rewritten in terms of Py H Yy and
its hermitian conjugate after field redefinitions [50, 51].

5.3 A model with P from SO(6)/SO(5)

Refs. [24, 25] have considered the spontaneous breaking SO(6) to SO(5), that delivers five
pNGBs transforming as 5 SO(5). By using that SO(4)~SU(2),xSU(2) g, under this group
5~ (2,2)®(1,1), leading to a model with custodial symmetry that generates a Higgs and
a pseudoscalar singlet. An extra conserved U(1)x factor must be added to accommodate
the hypercharge of the SM fermions, with Y =T} + X.

The NGB unitary matrix is given by:

U=-exp(ivV2I1/f); I =hiT%+ PTp; (5.13)

where T% and Tp are the broken generators associated to the Higgs and the pseudoscalar.

To determine the interactions of the NGBs with the SM fermions one has to choose
the representations of the fermionic composite operators O that mix with the elementary
fermions. To avoid explicit breaking of the SM gauge symmetry, these SO(6) represen-
tations, when decomposed under the SM gauge symmetry, must contain multiplets trans-
forming as the SM fermions, or in other words: the EW representations of the SM fermions
are embedded into representations of SO(6)xU(1)x. These embeddings are not unique,
and the phenomenology of P, in many aspects, depends strongly on this choice. We will
consider the following embeddings:

Oq“v Ou ~ 62/37 quv Od ~ 6—1/37 ¢l>we ~ 6—1 . (514)

The presence of two embeddings for ¢: ¢* and ¢%, means that it interacts linearly with two
different operators: £ D q(AquOqu + AjaO,a). 6 is the smallest dimensional representation
that allows to protect the Zbpby, coupling, that demands embedding ¢ in a (2,2)y/3 of
SO(4)~U(1)x [52]. u is embedded in the same representation, but since there are two
SO(4) singlets 6 ~ 5@ 1 ~ (2,2) & (1,1) & (1,1), there is a free parameter ¢, = cosb,
that determines the projection over the SO(5) singlet, whereas s, = sin6,, determines its
projection over the 5, in fact there is one 6, for each generation. Since 65,3 does not contain
a -1/3 singlet, the down sector is embedded in a 6_; /3, With a new parameter 4, similar to
the up sector. Finally the leptons are embedded in a 6_1, with a 6. for the lepton singlet.

Since the SM fermions do not fill the embeddings, the linear interactions that lead to
partial compositeness explicitly break the global symmetry and generate a potential for the
NGBs, which coefficients can be estimated as we did for the quadratic ones in eq. (5.2) [25].
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We assume that at low energies, of order few to ten TeV, the strong dynamics generates
resonances that mix with the elementary fermions. Integrating them one obtains to leading
order:

Leg D Z &L (h—i—z];cotw) Yr +h.c., (5.15)

P=u,d,l

where generation indices are understood, such that cot, is a matrix in the generation space:
coty, = Diag(cot %, cot Gi, cot Gi) , cot By = cy /5y - (5.16)

Comparing with eq. (5.6), in this model we obtain A = I and B = cot,, a diagonal matrix.
Rotating the chiral fermions to the mass basis, the diagonal coefficients of the second
term of eq. (5.15) lead to:
i my
gpw ¢1A = f Z’UwR’]lCOte ~ TCOtew, (517)
J

where in the right-hand-side we have made the assumption that the term with j = ¢ dom-
inates, that will be the case when the mixing angles are small and the ratio cot Gfp / cot %
does not compensate the smallness of those mixings.

Although cot,, is diagonal, if its elements are not universal, it does not commute with
Uyy and generates flavor violating interactions ypy,i. For i # j:

(U, €0ty Uyp)ig = (c0tys, — ot (U, )26 (U )2+ (c0tysy — cotes, (U )36(Unp )35+ (5.18)

Since SO(6)~SU(4), it contains anomalous representations. Fermions of the composite
sector transforming with these representations contribute to the anomalous interactions
with the fields of SO(6):

Cs|an0m =0, CW|anom = _CB|anom =n, (519)

where n is an integer number. Unfortunately, in this model there are no anomalous contri-
butions to the interactions with gluons, that could increase o(gg — P) with small impact
on 044, neither with the photons, that could boost a signal in the clean v+ decay channel.

5.3.1 Matching

Making use of the previous results we can obtain the couplings of eq. (3.1) in the
0O(6)/SO(5) model. From egs. (5.15) and (5.17) we get:

92

1672f

m? A
Tw cot by, , Ggg = 4.2—""— cot by . (5.20)

Using the benchmark point with x = 0, described in section 4, we get for the third gener-
ation:

f f f
cot 6; 4TeV , cot 6y, 145T v cot 0, 23TeV (5.21)
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Model prediction Bounds

c VRe(c?) | /Im(c?)
KO | 2x 10757 43 x 10765V | 1.4 x 1074 | 1x 1077

DO | 107%PY +5x 10785 | 44 %1074 | 4.4 x 1074
BY | 4ax 1074V + ) 8x 1074 | 8x 107
BY 2 % 1073(c + PV 8x107% | 8x 1073

Table 2. Wilson coefficients for meson mixing. Defining the Wilson coefficient as C' = (c¢/TeV)? an
taking f = 1TeV, the second column shows the estimates for ¢ in the model, the third and fourth
columns show the bounds on the real and imaginary parts of these coefficients [53].

Notice that although cot € ~ 100, it does not lead to large couplings with the pseu-
doscalar, since these couplings are proportional to the quark masses. In the case of flavor
universal cot § one gets: gg ~ 2 x 1074, g, ~ 2.5 x 1072 and g, ~ 0.3.

Thus by choosing these values for cot 6, the SO(6)/SO(5) model is able to reproduce
the phenomenology described in the previous sections, in the case without anomalous
interactions from the new sector.

5.3.2 Flavor transitions

Let us study now FCNC induced by P-exchange. The Wilson coefficient of eq. (5.12) is
given by
i ok
ikl 1 mhm
C:[Z = jll(U&R Cotw UwR)ij(quR COtd, Uz/JR)kl . (5.22)
mp ff

Using the estimates of table 1 and ref. [53] we can obtain bounds on

cfzj) = cotfp — coté) : (5.23)

Taking f = 1 TeV and the Wilson coefficient as C' = (¢/TeV)?, we get the predictions and
bounds of table 2.

From table 2 and assuming real Wilson coefficients, we obtain that the values c((fl) ~ b5

and 05131) ~ 34 saturate the bound from K-system, whereas B, requires cgl) +c&31) < 2and

By: 0221) + cg’l) < 4 for saturation. Since cot 0, ~ 100, constraints from B-meson mixing

require a cancellation in cgj ) of order few percent, with one more order of magnitude for
complex coefficients with arbitrary phases.

Bounds from D mesons allow cq(fl) ~ 44, while constraints on cgﬂ) are very soft. Since
cot By ~ 5, no tuning is needed to satisfy these bounds.

For leptons, there are strong bounds from p — 3e and 7 — £¢'¢", with ¢ being muons
and electrons. However, since the couplings involved are suppressed by the initial and final
lepton masses, for cot 02 < O(30) the predicted flavor violating BRs are several orders of

magnitude below the bounds.
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Summarizing, departures from universality must be lower than few percent (per mil)
for the down sector in the case of real (complex) coefficients, demanding either tuning or
flavor symmetries and departure from anarchy, whereas they can be of order one for the
up sector and leptons.

5.4 A model with P from a broken U(1)

The coset SO(5)xU(1)pxU(1)x/SO(4)xU(1)x also delivers the Higgs and the pseudoscalar
as NGBs from a strongly interacting sector.” The Higgs emerges from the same coset as in
the well known minimal composite Higgs model, namely, SO(5)/SO(4), whereas P emerges
from the spontaneous breaking of U(1) p. The extra U(1) factor is not spontaneously broken
and it is required to accommodate the hypercharge of the SM fermions, with ¥ = TI% + X.
Since the NGBs arise from different factors of the symmetry group, H and P can have
different decay constants. We assume that the same dynamics is responsible for the spon-
taneous breaking of both factors and take them of the same order.
The NGB unitary matrices are given by:

Un = exp(ivV2h8T%/ fr);  Up = exp(ivV2PQp/fp); (5.24)

where T% and Qp are the broken generators of SO(5) and U(1)p. For a state with well
defined charge QQp, Up is just a phase.

In order to determine the interactions of the NGBs with the SM fermions, one has to
choose an embedding into representations of SO(5)xU(1)pxU(1)x. A simple and realistic
case can be obtained by considering the following:

qu ~ 52/3,pq7u ) Od ~ 102/37pd7 Ol ~ 507pl y Oe ~ 1007]35 . (525)

The first and second subscripts in eq. (5.25) are the U(1) x and U(1) p charges, respectively.
The values of Qp are a priori arbitrary.

Again the linear interactions of partial compositeness explicitly break the global sym-
metry and generate a potential for the NGBs. Ref. [25] has shown that, to generate a
potential for P, at least one SM fermion must interact with two operators of the new sec-
tor with different p-charges. Following that reference we introduce two embeddings for ug,
with different charges under U(1)p: pl and p2.

At energies below the TeV, where the massive resonances can be integrated, ones
obtains Yukawa interactions:

h P - h P
Lef DULUR L}mu + Zﬁff (PgMu — mupu)] +drdr | —mg + iﬂf*(z?qmd — Mqpd)
P P

v

h P
+erer L}me + i\/ﬁff(plme — mepe)] (5.26)
P

with py, = (pu1+pu2)/2. In the case of one generation only, to leading order the P couplings
are proportional to the Higgs ones, being determined by the () p charges and fp. In the case
of three generations p, are diagonal matrices, thus the alignment with the Higgs coupling

9A conserved SU(3) factor accounting for color is understood.
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depends on whether QQp is universal for the three generations or not. Comparing with
eq. (5.6), in this model we obtain A = v/2py, and B = —/2py,,..

If the diagonal terms dominate the sums, the flavor conserving coupling can be ap-
proximated by:

v m, i . Mri i i
Ipyiviy = ﬂ% Z(\Um\?zpﬁﬁ Uy 2ip)) = \/i%(pfpi i), (5.27)
J

The flavor violating couplings have now contributions from Left- and Right-handed unitary
matrices, for ¢ # j:
v 2 1 3 1 mzb
pyivi y =l0h, = Py, ) Uy )2i(Upy )2j + (0, —pr)(UJL)Si(UwL)Sj]ffP
i

—»KpiR-—pLR><U;R>m<U¢R>2j+—<p3R——p;R><UzR>&<U¢R>aﬂfo. (5.28)

The triangle anomaly with one U(1) p and two SU(3). or SO(5) generators gives anoma-
lous couplings [33], for a multiplet of composite fermions f:

Cs|anom - prdéf)léf) 5 CW‘anom - prd:(’)f)jéf) ; CB’anom - prd(f ( )( (f))Qa
! f !
(5.29)

where do and ds (I and I3) are the dimensions (indices) of the representations under
SU(2)r, and SU(3)., respectively. In the present example, for each generation of fermionic
resonances transforming as in eq. (5.25), taking py = 1 for all the fermions, one obtains:
cs >~ 12, cyy ~ 22 and cp ~ 14.

5.4.1 Matching

To reproduce the phenomenology, we match the couplings of eq. (3.1) in the SO(5)x
U(1)/SO(4) model. From egs. (5.26) and (5.27) we obtain:

m m mq
g V2P -p®), g V2 P b)), g = vV2ET () -p®). (5.30)
Ip fp Ip

Taking into account eq. (5.4), we obtain for the anomalous coupling to gluons,

Ggg = 167 2f [4 2\[ ) + 4Cs‘anom} y (531)
with ¢slanom given in eq. (5.29). Similar expressions can be derived for EW gauge bosons.
For the benchmark points we get:

3 _ ) ol @ _ B3 02 SP (3) _ 3) _oq P
Pt — p 26050 Po —Pa ~I00L< mT QOTV (5.32)

The bottom-quark requires charges O(100). The global current associated to the sym-
metry U(1)p is expected to create spin one composite states, that can couple to the com-
posite fermions with coupling . and charge Qp. A well defined perturbative description of
the theory of resonances requires §.Qp < 4, thus for charges O(100) one has to demand
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Js« < 0.1. However, since the mass of the spin-one state is estimated as ~ g, fp, for such
a small U(1)p coupling one would expect a very light resonance. This is in fact expected
given that for such a large charge the UV-running would imply a Landau pole at low en-
ergies, signaled by the presence of low mass resonances. We consider this to be a more
serious problem than the flavor constraints discussed in the next section, that depend on
several assumptions in the UV. Therefore, this model is in strong tension with the large
coupling g, that is required at 68% CL by the 7-channel with pseudoscalar production by
bottom fusion. However this strong tension can be alleviated by considering the 95% CL
limits, that contain a region with g, = 0 and g, 2 0.023, requiring (p§3) — pég)) ~ 10.

For the second benchmark point, where an anomalous contribution to the gluon cou-
pling is included, taking x ~ 0.13 £ 0.05 we obtain:

fr

() (1407 IP
Ef:pfdQ ~ (1.4 2'7)Tev' (5.33)

5.4.2 Flavor

Using the couplings of eq. (5.28) in (5.12) one obtains the Wilson coefficients induced by

P-exchange in this model. The bounds on deviations from universality of pg})% are as in

table 2, changing ng ) by Apg; ) = (pg; — pfjl)%). Thus the constraints on cij ) apply also to

Ap(ij ). For leptons, in the Left-Right symmetric limit, constraints on Ap(ij ) are similar to
YR 1

those on Apgj). -
In this model there are as well bounds on Apf;i ), that can be obtained by a similar
calculation, taking into account that the Left-handed angles are of CKM size. Assuming

real Wilson coeflicients, for the Kaon system we get: Ap((fl) < 7 and Ap((]?’l) <3 x 103, for

By: Ap((lzl), Ap((lgl) < 17 and for By: Ap((fl), Ap(ggl) < 34. Since the estimate of eq. (5.32)
gives (p§3) — pg’)) > 102, the constraints from meson mixing require cancellations at few
percent level, whereas for complex coefficients the tuning is at per mil level. For D mesons

Apgm) < 2, while constraints on Apggl) are very soft.

6 Conclusions

Several experimental results from the LHC could be pointing to a new pseudoscalar state
at 400 GeV, mostly coupled to the third generation of fermions. Results from CMS in the
tt final state as well as the results from ATLAS in the 777~ channel, favor a pseudoscalar
neutral particle that is produced via gluon fusion or in association with bottom-quarks.
We have analyzed from a phenomenological perspective, initially in a bottom-up approach,
the couplings that such state should have with those fermions and gauge bosons to be
able to reproduce the different excesses, while at the same time keeping below the bounds
the related channels that show no deviations with respect to the SM. Scanning over
the parameter space of the most general CP-invariant interaction Lagrangian linear in the
pseudoscalar state a that can be written up to dimension-5 operators, we have found regions
in which the new physics hints, as well as all experimental constraints, can be satisfied and
in which the pseudoscalar coupling to gluons can be induced by the SM top quark, that
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gives by far the dominant contribution, but there can also be room for contributions from
heavy new states. We found that the couplings of the pseudoscalar to top quarks and
7 leptons are of the same order of magnitude as the Higgs ones, while the coupling to
bottom-quarks is required to be ~ 20 — 30 times larger than the one for the Higgs.

Though our low-energy phenomenological effective model satisfies all current experi-
mental bounds and provides an explanation for the hints in ditop and ditau final states for
the regions of parameter space considered, one may wonder in which of these and/or other
channels one could expect to find a signal for the presence of the pseudoscalar in future
measurements. In this aspect, one of the channels in which one would expect to be able
to probe the previous scenario in the future is in the production of 4-tops in which there
is currently an excess that is around twice the SM one. Furthermore, given the hint of an
excess in the 777~ channel initiated by b-quarks, one could also expect the pseudoscalar to
provide an excess in the bb final states in future measurements. On the other hand diboson
channels are more model dependent due to their possible UV contributions, thus there are
no robust predictions for diboson final states, though one would expect any possible signal
to show first in the diphoton channel due to its cleanness.

We have also considered a set of gauge invariant models, analyzing their capability to
reproduce the collider phenomenology related with the hints at 400 GeV. We have found
that, although usual 2HDMs of Type I-IV cannot reproduce the pseudoscalar couplings
required by the phenomenology, more sophisticated models as SF'V 2HDM could in principle
do it [16]. However the contributions of this model to flavor changing processes, induced
at radiative level by exchange of a charged Higgs, require the masses of these states to be
above ~ 3TeV, demanding quartic couplings above the perturbative regime to split the
pseudo scalar mass m 4 from the CP-even heavy Higgs mass mpy. On a different direction,
models with a new strongly interacting sector leading to a light pseudoscalar singlet could
also potentially reproduce the LHC phenomenology we wish to address. We have analyzed
two specific realizations that have already been considered in the literature, although in a
different context. One of the models contains a composite state that is a pseudo Nambu
Goldstone boson arising from an spontaneous breaking of SO(6)/SO(5), which Yukawa
couplings are aligned with the Higgs ones. In this model SO(6) anomalies can generate
contributions to the couplings with EW massive gauge bosons, but not with the gluons or
photons. Under the assumption of flavor anarchy, bounds from mixing in Kaon and B-
meson systems require tuning to obtain an approximate universal factor in the down sector,
another interesting possibility that requires a dedicated analysis would be the introduction
of flavor symmetries. The other model we consider is based on the coset SO(5) x U(1)p x
U(1)x/SO(4) x U(1)x, in which the light state arises from an spontaneous breaking of a
U(1)p symmetry of the new sector, that can also generate anomalous contributions to the
couplings with gluons and photons. However at 1o level the coupling of the bottom-quark
demands U(1) charges of new composite fermions ~ O(100), introducing some tension.
At 20 level this requirement is relaxed, since the 777~ channel with initial b-quarks is
compatible with the SM.

Besides the introduction of flavor symmetries, it is also interesting to consider other
realizations of flavor, as in ref. [54]. In this case the Right-handed mixing angles are model
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dependent, and can be very small. As a consequence, for the SO(6)/SO(5) model the
bounds from meson mixing can be fully relaxed. On the other hand, for the SO(5) x
U(1)p/SO(4) model, there are flavor violating contributions generated by the Left-handed
mixing angles that are of CKM size, thus departures form universality of U(1) p Left-handed
charges are constrained as in the anarchic case.

Last, it would be interesting to study models with a pseudoscalar arising from other
cosets, in particular with unified groups, where one could expect to obtain contribu-
tions to the gluon coupling from the anomaly, as well as models with elementary weakly-
coupled states.
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