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We propose that the 750 GeV resonance, presumably observed in the early LHC Run 2 data, could
be a heavy composite axion that results from condensation of a hypothetical quark in a high-colour
representation of conventional QCD. The model, motivated by a recently proposed solution to the strong
CP problem, is very economical and is essentially defined by the properties of the additional quark -
its colour charge, hypercharge and mass. The axion mass and its coupling to two photons (via axial
anomaly) can be computed in terms of these parameters. The axion is predominantly produced via
photon fusion (yy — A) which is followed by Z vector boson fusion and associated production at
the LHC. We find that the total diphoton cross section of the axion can be fitted with the observed
excess. Combining the requirement on the cross-section, such that it reproduces the diphoton excess
events, with the bounds on the total width (I'y: < 45 GeV), we obtain the effective coupling in the range
1.6x107% GeV~! > C4 2> 6.5x 107> GeV~!. Within this window of allowed couplings the model favours
a narrow width resonance and y2Q ~ O(10). In addition, we observe that the associated production
qq — Ay — yyy can potentially produce a sizeable number of three photon events at future LHC.
However, the rare decay Z — A*y — yyy is found to be too small to be probed at the LHC and eTe™
colliders.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

oMM (pp - R— yy)~ (10+3) fb (1)
o™M(pp—>R—>yy)~(6+3) b (2)

1. Introduction

There is preliminary evidence for a new diphoton resonance at

~750 GeV in the early LHC Run 2 data. ATLAS reports an excess
of 15 events (with detector efficiency 40%) in four bins around
750 GeV in their 3.2 fb~! 13 TeV data [1]. This presumably im-
plies a relatively large width for the putative resonance, fitted to
I' =45 GeV in one model template. The local (global) statistical
significance of the observed excess is 3.90 (2.30). CMS also sees
an excess, which consists of ~10 events peaked at 760 GeV [2].
The CMS excess is consistent with the narrow width resonance at
2.60 (1.20) local (global) significance.

The anomalous events are not accompanied by any significant
missing energy, neither leptons or jets are seen. No resonances at
invariant mass 750 GeV are seen in the Run 2 data in ZZ, WTW ™,
tt or jj events and the diphoton resonance has not been observed
by ATLAS in 8 TeV Run 1 data. The pp — R — yy cross section
needed to explain the excess is estimated as [3]:

* Corresponding author.
E-mail addresses: neil.barrie@sydney.edu.au (N.D. Barrie),
archil.kobakhidze@sydney.edu.au (A. Kobakhidze), matthew.talia@sydney.edu.au
(M. Talia), lei.wul@sydney.edu.au (L. Wu).

http://dx.doi.org/10.1016/j.physletb.2016.02.010

The 8 TeV Run 1 data is compatible with the 13 TeV Run 2 data
at the level of 20, providing the signal cross section grows by at
least a factor of ~4-5. Together with the 8 TeV data, the diphoton
excess contributing to the combined production rate is given by [4]

o(pp—>R—yy)=(@A4+1.1) M. (3)

From the available data it is premature to draw any definite
conclusion about the properties of the diphoton resonance, includ-
ing its very existence. Nevertheless, assuming the observed excess
is not a statistical fluke, the suggested large branching ratio of
R — yy is strongly reminiscent of the composite neutral pion.
The vast majority of composite models discussed so far in rela-
tion to the LHC diphoton resonance (see, presumably, an incom-
plete list of Refs. [5-19]), assumed production of the resonance via
gluon fusion. It has been pointed, however, that the excess can be
accommodated in a more minimal scenario via photo-production
[20-24]. Drell-Yan production pp — RR — 4y has also been dis-
cussed in [16,17] within the effective field theory approach. Spe-
cific models relying on the photo-production mechanism can be
found in [25-27].
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In this paper we propose a very economical model where a
pion-like heavy composite axion is responsible for the LHC dipho-
ton excess. Theoretically the model is motivated by a recently
proposed solution to the strong CP problem [28], and involves
high-colour (other than triplet) vector-like quark(s). The quark-
antiquark condensate breaks the axial symmetry associated with
the high-colour quark and results in a composite axion that cou-
ples predominantly to two photons. The axion mass and its cou-
pling to two photons (via axial anomaly) can be computed es-
sentially in terms of the colour charge, hypercharge and the mass
of the high-colour quark. In what follows we describe the model
in more details and study the diphoton resonance in this frame-
work.

2. High-colour quarks and the heavy composite axion

The model we propose for the 750 GeV LHC resonance is ex-
tremely economical. In the minimal scenario we just add to the
Standard Model a vector-like quark Q in some representation R
of the SU(3) colour gauge symmetry group. We also assume that
it carries the hypercharge yg and is a weak isospin singlet. For
the higher than colour triplet representation R, there is a separate
U(1)y x U(1)4 global symmetry of strong interactions associated
with @ quark number conservation and chiral phase rotation of
Q, respectively. The latter axial U(1)4 symmetry is broken explic-
itly by a @ quark mass and the QCD and hypercharge anoma-
lies. The divergence of the axial current density ]ﬁ‘f = QyHy®Q
reads:

L T(R)as
dulh =2imoQy°Q+ — ~= "Gy Gy

d(R)yLay
L ARy

Y4
where G‘;w and By, are gluon and hypercharge field strength ten-
sors, respectively; a3 is the colour SU(3) and o is the U(1)y
hypercharge fine-structure constants; T(R) is the Dynkin in-
dex for the SU(3) representation R, which is expressed through
the corresponding eigenvalue of the quadratic Casimir oper-
ator, C3(R), and the dimension of the representation, d(R),
as:

EuvaﬁBprotﬂ ) (4)

1
T(R) = §C2(R)d(7€) . (5)

Recall a separate axial symmetry in the sector of conventional
light quarks, ¢ = (u, d)T, is also anomalous:

. L .S a3
dujly = 2imyiiyu + 2imgdy>d + Ee“”“ﬁcjgucgﬁ

3(y2 + y2a
4 u YT

87 EﬂvaﬁBprotﬁ ) (6)

where ji = uy>u +dy>d and y, =4/3 and y4 = —2/3 are hy-
percharges of right-handed up and down quarks, respectively. The
colour anomaly actually eliminates one of these axial symmetries
and through the QCD instantons solves the 7 mass problem. The
symmetry which is colour anomaly-free results in the following
Noether current density:

Ji=i—-TR)JY . (7)

The corresponding charge is:

Qy=fd%72. (8)

Table 1
Estimates of F 4 for various high-colour representations according to Eq. (10). The
strong coupling is assumed in the range a3(Aqcp) = 0.3-0.5.

Repr. C(R) T(R) Fa, GeV
d(R)=6 10/3 5/2 2.0-12.0
d(R)=8 3 3 1.3-6.0
d(R)=10 6 15/2 75-4590.0
d(R)=15 28/3 35/2 (0.007-8.13) - 108

Just like in the case of light quarks, the conventional colour
forces bound Q quarks into colourless hadrons. The composite me-
son would then condense,

(01QQI0) = —cF 4, (9)

breaking the axial symmetry, generated by the charge, (8), spon-
taneously [c is a constant ~O(1)]. This breaking is accompanied
by a composite pseudoscalar, A~ Qy°>Q, the pseudo-Goldstone
boson of the spontaneously broken approximate axial symmetry.
With lack of imagination, we call it the heavy axion. We would
like to associate this composite axion with the 750 GeV LHC reso-
nance.

Due to the high-colour representation, the scale of axial
symmetry breaking in Q-sector is naturally hierarchically larger
than the scale of the chiral symmetry breaking in the conven-
tional quark sector, F4 > fr ~ 130 MeV. We also assume that
mg > my 4, therefore Q-sector can be safely considered as being
decoupled from the g-sector. Following [29], we roughly estimate:

2 3
fA“fﬂeXp[m (ZCZ(R)_1>:| s (10)

where Aqcp ~ 1 GeV. One can see that F 4 is very sensitive to
values of the strong coupling constant o3 at low energies. At the
same time, determination of o3 at low energies contains signif-
icant uncertainties. For example, the estimate obtained from the
charmonium fine stricture splitting is «3(1 GeV) ~ 0.38+0.05 [30],
while extracting o3 from the hadronic decays of tau lepton gives
a3(1.7 GeV) ~ 0.331£0.013 [31]. In our estimations below we al-
low a3(Aqcp) = 0.3-0.5. With this, to have a feel of numbers, we
presented some estimates in Table 1.

The mass of the axion can be computed using the standard cur-
rent algebra technique. In the decoupling limit, Dashen’s formula
[32] gives:
= —

1 s. 934 ]10)

(0/9Q|0) ~ 4cmg F.A . (11)

Hence, the mass of the heavy axion, m4 ~ 750 GeV, is defined
(up to a constant c) by the Q quark mass and the axion decay
constant.

The heavy axion coupling to the hypercharge can be read off
from the hypercharge anomaly of the current density Eq. (4). Ig-
noring again the axion mixing with the light mesons we compute:

L app =Ca€""*P AB,Bog (12)

with

Ca=d(R) Yo (13)
AT am L

We observe here an enhancement by a factor d(R) due to the
high-colour representation of Q. Recalling that B, = cosfw F}:v —
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Fig. 1. The Feynman diagrams for photon fusion (inelastic, semi-elastic and elastic scattering subprocesses from left to right in top panel), the weak vector boson fusion

(left-lower panel) and associated production (right-lower panel) of the heavy axion A.

sin@wFﬁv, we can extract from Eq. (13) Ayy, AyZ and AZZ

couplings, respectively:

Cyy =Cacos’by , Cyz=-2tanbyCyy ,

sz=tan20WCW s (14)

where 6y is the weak mixing angle, tan6y ~ 0.55.

The composite axion in principle decays to ordinary quarks and
leptons through weak processes. They also may decay into light
mesons as well as to exotic bound states of ordinary quarks and
the high-colour quark. Hence, the total width of the axion can in
principle be sizeable. We keep it as a free parameter in our nu-
merical analysis, subject to the constraint I';o; < 45 GeV, where

Fm[:FVV +Fzy+rzz+Ar. (15)

We note that the collider phenomenology of a massive pseu-
doscalar field coupled to hypercharge topological density has been
discussed long ago in [33-35].

3. Numerical results and discussions

In our study, there are three subprocesses contributing to the
heavy axion inclusive production rate, which are the photon fu-
sion production (yy — .A), the Z vector boson fusion production
(qq — Aqq) and the associated production (qq — Ay /Z). The cor-
responding Feynman diagrams are shown in Fig. 1. The contribu-
tion to the photon-fusion is dominated by the inelastic scatter-
ing, which is followed by the semi-elastic and elastic processes.
The Lagrangian described by Eq. (12) is implemented by using
FeynRules [36]. The cross sections of the above production pro-
cesses are calculated with Madgraph 5 [37] at /s = 13 TeV with
NN23L0O1 PDFs [38].

In Fig. 2, we present the dependence of the leading order pro-
duction cross sections of the heavy axion on the effective coupling
C4 at 13 TeV LHC. It can be seen that the production rate of the
photon fusion is about O(10) times larger than that of the Z vec-
tor boson fusion. For example, when C4 = 2.5 x 1074, the cross
sections of the photon fusion and the Z vector boson fusion can
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Fig. 2. Dependence of the leading order production cross sections of the heavy axion
on the effective coupling C 4 at 13 TeV LHC.

reach about 0.24 pb and 0.0046 pb, respectively. Also, due to the
hierarchy between the couplings Cy,, C)z and Czz (cf. Eq. (14)),
the associated production of Ay has a much larger cross section
than that of .AZ, which can reach about 1.3 fb for C 4 =2.5 x 10~*
at 13 TeV LHC. So if the heavy axion dominantly decays to the
diphoton, there will be a sizable number of three photon events at
the future LHC searches. The rare decay Z — y ¥y can also be in-
duced, but its branching ratio is found to be less than 10~'2, which
is hardly observable at future colliders such as FCC-ee (~10'2
events of Z) or CEPC (~10'0 events of Z).

Note that if the heavy axion only has the couplings with yy,
Zy and ZZ, the production cross sections and the decay widths
of the heavy axion will be linearly correlated, which will lead
to a tension between the predicted total width and the value
I ~ 45 GeV, favoured by ATLAS. However, in our model, the heavy
axion usually can have other decay modes. The corresponding de-
cay partial width AT depends on the specific representation of the
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Fig. 3. Contour plots of the branching ratio of A — yy and the exotic decay width AT versus the effective coupling C 4 within 20" range of diphoton excess in Eq. (14).

extra quarks, their masses and couplings. So we treat AT as a free
parameter in our model. Then, the branching ratio of A — yy can
be computed by,

Lyy

VY T, 4Tz, + T2z + AT (16)
where in the limit m 4 > mg,
2 .3 2 .3 2 .3
oo Cyry M 5 = CzyMa g = C2zMA (17)
vy ar 4 8 ar

Due to AT >0, we can have the upper limit on the Br(A4 —
yy) =~ 61%, which in turn provides a lower limit on the effec-
tive coupling C 4. On the other hand, a very wide width of A is
not favoured by the LHC observation. We require the total width
I'tor <45 GeV in our following calculations.

In Fig. 3, we perform a fit of the branching ratio of A — yy,
the exotic decay width AT and the effective coupling C 4 to the
observed number of excess events within 20 range (cf. Eq. (3))
under the total width bound I'y¢ < 45 GeV. From Fig. 3, we can
see that when the coupling C 4 becomes large, the branching
ratio Br(A — yy) should be smaller to suppress the cross sec-
tion of pp — A+ X. In addition, the total width bound produces
a upper limit on the coupling C4 < 1.65 x 10~% GeV~! and a
lower limit is provided by the upper limit of the branching ra-
tio, C4 > 6.5 x 107> GeV~!. We can also see that a small value
of C4 is easier to satisfy the current experimental constraints and
achieve the diphoton enhancement by a large branching ratio of
A—vyy.

The range of the effective coupling C 4 consistent with the re-
quired cross section is found to be 1.6 x 107% GeV~! > C4 >
6.5 x 107> GeV~!. Using Eqs. (11), (13) and the values derived
in Table 1, we can determine which high colour representation
R of Q is most compatible with the allowed coupling range.
We find that d(R) =6 and 8 are ruled out by the predicted
mass of the quark which violates mq < F 4. For the d(R) =10
case we find 1.1 x 107°y% GeV™' > C4 2 1.6 x 107%y3 Gev!,
where the upper limit is due to the requirement of mq < F.4.
The d(R) = 15 scenario can accommodate the coupling range
1.7 %1075y GeV™' 2 C4 215 x1071%7% GeV~'. Each of these
scenarios has a maximum effective coupling of approximately
~10%y?%, comparing this to Fig. 2, we see that consistency with
observation tends to favour narrow width resonances for hyper-
charges of yzQ ~ (O(10), within the accuracy of our approximations.

4. Conclusion

We have proposed a new model to account for the 750 GeV res-
onance that has been observed in the early LHC Run 2 data. This
resonance can be accounted for by a 750 GeV heavy composite ax-
ion which results from the condensation of hypothetical quarks in
a high-colour representation of conventional QCD. The axion mass
and its coupling to two photons can be computed using the colour
charge, hypercharge and mass of the new quarks, which can then
be matched to the cross-section required by the LHC Run 2 analy-
sis. The axion is predominantly produced via photon fusion which
is followed by Z vector boson fusion and associated production at
the LHC. We find that the total diphoton cross section of the axion
can be fitted to the observed excess. Combining the requirements
of the diphoton excess events and total width (I < 45 GeV), we
can obtain the allowed values of the effective coupling which are
in the range 1.6 x 10~% GeV™! > C4 > 6.5 x 10~> GeV~'. This
range can be satisfied in the d(/R) = 10 and 15 cases within this
model. Although, to obtain consistency between the model and al-
lowed range we tend to require a narrow width resonance and
yzQ ~ (O(10), within the accuracy of our approximations.

We also notice that the associated production of qq — Ay can
potentially produce a sizeable number of three photon events at
future LHC. The rare decay Z — yyy is also studied but is found
too small to be probed at the LHC and eTe™ colliders.
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