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Probing a new strongly interacting sector via composite diboson resonances

P. Ko’
School of Physics, KIAS, Seoul 130-722, Korea

Chaehyun Yu'
Institute of Physics, Academia Sinica, Nangang, Taipei 11529, Taiwan,
and Department of Physics, Korea University, Seoul 02841, Korea

Tzu-Chiang Yuan®

Institute of Physics, Academia Sinica, Nangang, Taipei 11529, Taiwan
(Received 11 April 2016; revised manuscript received 23 January 2017; published 28 June 2017)

Diphoton resonance was a crucial discovery mode for the 125 GeV Standard Model Higgs boson at the
Large Hadron Collider (LHC). This mode or the more general diboson modes may also play an important
role in probing for new physics beyond the Standard Model. In this paper, we consider the possibility that a
diphoton resonance is due to a composite scalar or pseudoscalar boson, whose constituents are either new
hyperquarks Q or scalar hyperquarks Q confined by a new hypercolor force at a confinement scale A,.
Assuming the mass m (or mé) > A, a diphoton resonance could be interpreted as either a QQ('S,) state
np with JP€ =0~ or a QQ'('S)) state ng with JP€ = 07", For the QQ scenario, there will be a spin-
triplet partner y, which is slightly heavier than 77, due to the hyperfine interactions mediated by hypercolor
gluon exchange; while for the QQ" scenario, the spin-triplet partner X ¢ arises from higher radial excitation
with nonzero orbital angular momentum. We consider productions and decays of 71, N Voo and Xpat the
LHC using the nonrelativistic QCD factorization approach. We discuss how to test these scenarios by using
the Drell-Yan process and the forward dijet azimuthal angular distributions to determine the J”¢ quantum
number of the diphoton resonance. Constraints on the parameter space can be obtained by interpreting
some of the small diphoton “excesses” reported by the LHC as the composite scalar or pseudoscalar of the
model. Another important test of the model is the presence of a nearby hypercolor-singlet but color-octet
state like the 'S, state 118Q or ngé, which can also be constrained by dijet or monojet plus monophoton data.

Both possibilities of a large or small width of the resonance can be accommodated, depending on whether

the hyper-glueball states are kinematically allowed in the final state or not.

DOI: 10.1103/PhysRevD.95.115034

I. INTRODUCTION

It is well known that the discovery mode of the
125 GeV Standard Model (SM) Higgs boson at the
Large Hadron Collider (LHC) is the diphoton channel,
hsm(125 GeV) — yy. Perhaps it is somewhat ironic that
the discovery mode of the Higgs boson has something to do
with the one-loop induced higher-dimension operator1 for
the diphoton mode, rather than the other renormalizable
tree-level vertices coming from the spontaneous breaking
of the electroweak gauge symmetry via the Higgs mecha-
nism. All such tree-level couplings, 4ff and hVV (f and V
denote the SM fermion and the weak gauge boson,
respectively), are proportional to the masses of the
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'"The dominant production mechanism for the SM Higgs at the
LHC is also a one-loop induced gluon fusion process.
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final-state particles, which is a generic feature of the
Higgs mechanism. Thus, for a relatively light SM Higgs
of 125 GeV, all kinematically accessible tree-level proc-
esses are suppressed by the light masses of the final-state
particles. It is therefore of the utmost importance for LHC
run II (as well as for future e™e™ colliders like CEPC or
ILC) to verify that the 125 GeV boson does couple to the
SM fermions and that weak gauge bosons are in line with
SM expectations.

Nevertheless, the diphoton mode remains an important
process, since it is a very clean signal at the LHC. In
particular, this mode may play a role for probing new
physics beyond the SM. Recall that the 750 GeV bump
reported around Christmas time in 2015 by the two LHC
collaborations [1,2] is also a diphoton resonance. This
bump was very hard to explain within SM, and many
different ideas have been proposed to accommodate this.
Unfortunately, it was rather short lived—the “excess” has
faded away in the summer after more data were collected
and analyzed [3.,4].

© 2017 American Physical Society
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It is not necessary for diphoton resonance to arise from
one-loop induced amplitude. An attractive alternative
scenario is to introduce a composite bound state of new
heavy particles with QCD and/or QCD-like interactions, as
was considered in Refs. [5—13] to explain the “excess” of
the 750 GeV bump. Here the diphoton amplitude is not
suppressed by the loop but rather by the wave function for
finding two heavy particles at the origin to form the bound
state. This scenario is distinguishable from another inter-
esting scenario, where the diphoton excess is due to a
pseudo—Nambu-Goldstone boson (pNGB) coming from
the spontaneous breakdown of a global symmetry [14-
24], and the diphoton amplitude is suppressed by the
anomaly term. In general, the new composite states can
be investigated through any diboson resonance as well as
diphoton resonance at the LHC [25-32].

In this paper, we explore in detail such a scenario in
which diphoton (or in general, diboson) resonance that
might appear in the future LHC experiments may be due to
new confining strong interaction (which we call hypercolor
interaction, or h-QCD in short) and new particles (h-quark

Q or scalar h-quark Q) that feel not only this new strong
force but also the SM gauge interactions. If the new
particles belong to a SU(2), doublet and feel strong color
interactions, it would modify the 125 GeV Higgs signal
strength in the gg — H — yy channel. And there would be
strong constraints from electroweak precision tests para-
metrized by the oblique S and T parameters. To avoid these
issues, we assume that the new particles are colored but
SU(2), singlets with hypercharge Y = eQ.2 We consider
the spin of the new particle being either 0 (complex scalar
boson Q) or 1/2 (Dirac fermion Q) and study their lowest-
lying bound states, 75("'So), 719('So), and wo(*Sy ).

For the case where the new fermion Q belongs to a
SU(2), doublet but feels no strong color interaction, as was
discussed previously in the context of quirks [33] or iquarks
[34], besides the yy, ZZ, and Zy channels, other diboson
decay modes of the hyperquarkonia like W*W~, W¥y, and
W=*Z in the final states are also possible. A more general
case for the heavy fermion Q being a colored SU(2),
doublet will be treated in Ref. [35].

The paper is structured as follows: In Sec. II, we set up
the model of hypercolor QCD and discuss its bound-state
spectra, including the 'S, color-octet states 75, and 178Q. The

productions and decays of the bound states at the LHC for
the vectorlike hyperquark and the scalar hyperquark cases
are discussed in Secs. III and IV, respectively. In Sec. V, we
briefly discuss how to distinguish between the two scenar-
ios of hyperquark and hyperscalar quark composites. In
Sec. VI, we discuss the possible interpretation of the high-
mass diphoton resonances at 710 GeV and 1.6 TeV reported

’In the numerical analysis, we will take ¥ = ¢y = 2/3, and
one can easily scale the results for other values of ¥ = e.
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with small “excesses” at the LHC as a composite scalar 1y
or pseudoscalar 77, in the model. We also briefly discuss the
small “excess” of the photon + jet resonance at 2 TeV as the
decay product of the color-octet state n8Q or 17%. Finally, we

summarize our study in Sec. VIIL

II. HYPERCOLOR MODEL SETUP

For the hyper—strongly interacting model, we assume
that
(1) There is a new confining gauge group SU(N,)
with strong coupling ¢ and a confinement scale
A;,, defined as

6r
(llNh - anh)ah(M) ’

AN, =Mexp |- (1)

where n i is the number of hyperquark flavors, M is

a heavy mass scale, and a, = ¢*/4x.

(2) There is a new vectorlike h-quark (hyperquark) Q
and its antiparticle Q (or scalar h-quark Q and its
antiparticle QT), whose quantum numbers under the
SUB3)exSU2), xU(1)y x SU(N,) are defined
as (3,1,Y;N).

(3) Both Q and Q are heavier than the confinement scale
Ay, so that Q0 (Q0") bound states can be treated as
heavy hyperquarkonia, analogous to J/y, 5., T, n,,,
etc. in QCD.

If a),(mgvg)mg > A, the bound system would be more
like a Coulombic bound state, since the nonperturbative
confinement effect would be smaller than the Coulomb
interaction. One can show that Coulomb dominance can be
a reasonably good approximation for the entire range of «;,
[35]. In the following, we will accept this assumption and
present various numerical results assuming the binding
potential V is Coulombic. Namely,

c c
V—_ hah_F_as’

r r )
with C, = (N7 —1)/(2N,) and Cp = (N2-1)/(2N,).
Note that the new strong interaction dominates over
QCD interaction for a,(M) = 0.2, while the two inter-
actions are competitive with each other for a;, (M) ~ 0.1.
When interpreting the results, one has to keep in mind that
these numerical results are based on the assumption of
Coulomb dominance. The wave function at the origin for
the radial quantum number n =1 S-wave ground state
assuming Coulomb dominance is given by [36]

IR5(0)]? = mQ<‘;—‘:> - 4([0,105,, + Cray) %)3 (3)

This nonperturbative quantity is very important, since it
determines both production and decay rates of the S-wave
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00 bound states. The wave function R, s(0) for the 00"
bound state is approximately the same as R;(0), up to the
one-loop correction to the hyper-QCD potential [37].

Besides the heavy Q, there is also the massless h-gluon
gn. Due to h-color confinement, the lightest h-hadron
would be a scalar or pseudoscalar h-glueball state. For
pure SU(3),, case, the lightest scalar glueball mass is given
by mg ~ (4=7)A;, [38-40]. Depending on the mass of the
h-glueball, the lightest QQ (or QQT) bound state may or
may not decay into two h-glueballs. In this work, we
consider cases where decay into h-glueballs is either open
or forbidden kinematically.

A. Spectra of new resonances

We assume that a, (mgvg) ~ v < 1, so that the h-QCD
version of nonrelativistic QCD (NRQCD) [41] for char-
monia and bottomonia applies. Otherwise, there is no
systematic way to calculate decay and production rates
for the bound states. This condition implies that if o, (M) ~
0.5 or larger, then the system would no longer be non-
relativistic, and there is no guarantee that the NRQCD
approach would give a good description of QQ bound
states. As mentioned before, we also assume o, M > A,
so that the nonperturbative effects are small and one can
make an approximation using the Coulomb potential for the
QO system. Then the binding energy of this system is
approximately given by

(Cray + Cray)?

M(n*STILy) =2mgy|1 -
(I’l J) mQ 8)’12

(4)

Note that the degeneracy in the orbital quantum number / is
special only for the Coulomb potential. The mass

of the lowest state, 7¢, is approximately given by M, , =

M(1'Sy) = 2m, for small o, The excited 2'S, state 7, has
a mass

2
M) = 2mg (11— [Cray, + Cray] 2/32>. (5)
= [Chay + Cra]?/8

For instance, for a, = 0.2 and mo = 1 TeV, the mass
difference of ;1’Q and 7 is about 28, 47, and 70 GeV for
N, =3, 4, and 5, respectively.

The mass of a spin-triplet partner y, is determined by
hyperfine splitting

M,,—M,, :@ah Rs(0)[?

3
M, 3" M

/1
“?(Chah +Cra,)*, (6)
where the last equation only holds for Coulomb potential
between Q and Q. The resulting mass splitting between 'S,
and 38, is
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AM < (45,122,264) GeV for N, = (3.4,5).  (7)

For simplicity, we ignore the mass difference and set
M,, =M, in our analysis.

In the scalar h-quark scenario, we expect that the mass
spectrum of low-lying states is the same as that in the
h-quark case up to one-loop correction and spin-dependent
hyperfine splitting,3 because the potentials in the two
scenarios are identical.

B. Color-octet bound state

Next, we consider the QQ('S,) bound state, 178Q, which is
a singlet under h-QCD, but an octet under ordinary QCD.
One can easily extend the analysis to other color-octet
states with different spin and orbital angular momentum. It
is well known that the potential of a QQ pair is attractive in
the color-singlet state, but repulsive in the color-octet state.
Nevertheless, the 118Q bound state can still be formed
because the attractive hyper—strong interaction is stronger
than the repulsive one from ordinary QCD. The potential of
the QQ pair is expressed as the sum of two terms

v—_Sa + Csay ’ (8)
r r
where Cg = C4/2 — Cf with C4 = N,. The wave function
R} ,(0) at the origin of 118Q can be given in the same form as
Eq. (3) by the substitution of Cj,a;, + Cra, — Cpay, — Cga.
Similarly, one can obtain the wave function at the origin,
REQ (0), for the scalar h-quark pair.

III. BOUND STATES OF HYPERQUARKS

In this section, we consider a vectorlike h-quark singlet
Q with Y = e, =2/3 and mass m,. Q belongs to the
fundamental representations of both SU(N,,) and ordinary
SU(3). gauge theories, and thus feels new strong inter-
action as well as ordinary strong interaction. First, we
consider the spin-singlet S-wave state 1,('Sy). Then, the
spin-triplet S-wave state w,(*S;) will be taken into
account.

A. Production and decay of 7,

The pseudoscalar bound state 7, of new hidden quarks
can decay into two photons, yZ, ZZ, two gluons, or two
h-gluons. Their decay widths are given by

N.N,a’e}
Cing = yr) === 5—CIRisOP.  (9)
Q

The hyperfine splitting is proportional to 1/ mZQ, so that it
would be negligible for heavy h-quarks.
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The cross sections for (a) pp — g — vy, (d) pp = 19 = 99.(©) pp = ng = ZZ,and (d) pp — ny — Zy fora;, = 0.2 at the

LHC with /s = 13 TeV in units of fb as functions of M, o- The blue, red, and green solid (dashed) lines in these plots correspond to the
Ny, = 3,4, and 5 cases, respectively, in which ny — g9, is allowed (forbidden). See the text for explanation of the cyan lines in each of

these plots.

CFNhaf
2
2mQ

C(ng — g9) =

F(”]Q - VZ) :(xw<4 - I”Z)/Z(l _xw))r(nQ - 73/)’

4NcNha2e‘éxW(l —ry)3/?
mp(2—rz)*(1 - x,)?

C(ng = gugn) =(CiNeay/CeNwai)T(ng = gg).  (13)
Here x,, =sin*@y and r; = mj/4m. We note that
1o does not decay into a pair of fermions or WW owing
to the singlet nature of Q and the J”C quantum number of 7,
being 0~*.* The branching ratios strongly depend on a;, if
No = gngn is allowed. For a;, ~0.1, BR(ngp = gg,)~
BR(179 = gg) ~0.5. However, for a, 202, the 1y —
9ngn channel is dominant. If ny — g,g;, is Kinematically

“We shall ignore loop-induced decays such as 5y — y*r”,
77, Z*y* — ff, WTW~, because they are loop suppressed.

forbidden, BR(17p — gg) becomes 0.99 irrespective of a,
and N, [35].

At the LHC, the 5, can be produced via gluon fusion.
The cross section for the diphoton production pp — 1o —
yy is given by

Cyy
o(pp = ng = ry) = Vng = 99)l'(ng = ry),
(P =10 = 11) = 5 Tlng = 99)Tlng = 17)
(14)
where C,, is defined as [42]
7 (1 dr 5
ng = ? _fg(7>fg(M /ST)’ (15)
M?)s T

with f,(7) being the gluonic parton distribution function at
the longitudinal momentum fraction of the gluon z. By
making use of the MSTW2008NLO data at /s = 13 TeV
[43], one finds that Cy, = 2137 and 7.14 at M =750
and 2 TeV, respectively. Similarly, one can obtain the cross
section for the two-gluon production via the 7, decays.
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In Fig. 1, we show the production cross sections of
(a) two photons, (b) two gluons, (c) two Z bosons, and
(d) Zy via the n, resonance for a;, = 0.2 as functions of the
mass of 1y, M, 0 The blue, red, and green lines denote
the N, =3, 4, and 5 cases, respectively, where the solid
(dashed) lines correspond to the cases in which the o —
gngy, channel is open (closed).

In Fig. 1(a), the solid (dashed) cyan line represents the
expected 95% C.L. upper limit on the fiducial cross section
times the branching ratio of a spin-0 resonance to two
photons at /s = 13 TeV in ATLAS data by assuming
the ratio I'/M, , = 2% (I' = 4 MeV) [3]. We note that the
observed 95% C.L. upper limit in ATLAS is almost the
same as the one expected by the ATLAS Collaboration [3].
Since the total decay width of 7, is about 150 MeV to
10 GeV for a;, = 0.2, one could impose the bound on the
model somewhere between the two cyan lines. Note that the
ratio I'/M,, 0 could be about 10% for larger a;,. As shown in
Fig. 1(a), the lower bound on M, is about 800 (1200) GeV
for Ny =3 (5) if ng — g9, is allowed, while it could be
about 1300 (1900) GeV if ny — g,9, is closed. The
difference for the lower bounds simply arises from the
difference in the total decay width of 7y, which is much
larger in the former case.

In Figs. 1(b)-1(d), we show the cross sections
for (b) pp—-mng—g99, () pp—>ng—~2Z, and
(d) pp = ng — Zy. The cyan lines denote the observed
95% C.L. upper limits on the fiducial cross section times
branching ratio for (b) dijet production [44], (c) ZZ
production [45], and (d) Zy production [46] at /s =
13 TeV in ATLAS data. As shown in Fig. 1, the gg and
ZZ productions are not constrained by experiments yet.
However, the search for a resonance which decays into Zy
starts by constraining this model, in particular, in the case
that ny — g,,g;, is forbidden.

In summary, the case of pp — 5y — yy is mostly
constrained by current experimental data. In other words,
1o — vy would be the most promising channel for probing
this composite model. One may obtain similar results with
experimental bounds at /s =8 or 13 TeV in CMS or
ATLAS for pp — yy [47-49], pp — jj [50-54], pp —
ZZ [55-65], and pp — Zy [66-70].

B. Production and decay of v,

One of the decisive tests for a spin-singlet S-wave bound
state 1y of a new fermion-antifermion pair would be to
search for its spin-triplet partner y, which is almost
degenerate with 775. This state is analogous to J/y in
the charmonia and has J¢ = 17—. Here, we discuss the
decay and production of a color-singlet spin-triplet v .
Due to its quantum numbers, v, does not decay into two
gluons and two h-gluons. It can decay into ggg, 959,91, 997
gngny, or a pair of fermions via a virtual photon or Z boson.

PHYSICAL REVIEW D 95, 115034 (2017)

Because of the singlet nature of Q and J*¢ = 17, y, does
not decay into two EW gauge bosons if the SU(2), x
U(1)y gauge symmetry remains unbroken. We find that y,,
can decay into WW due to small effects of EW symmetry
breaking, but the branching ratio of y, — WW is quite
small.

The decay rates of the w, into the ggg and
ITI~ (I = e, u, 7) final states are given by

(7> =9)ag N (N2 — 1) (N2 - 4)

r = R5(0)?
(WQ_)ggg) 3671'sz N% | IS() ’
(16)
N .N,a*e> 2(1 - 4x,,
Flwg — 117 =75 Q[ - e )
myg (4-rz)(1-x,)

2(1 = 4x,, + 8x2)
(4 - rZ)2(1 - xw)z

The decay rate for wy — g,9,9; is given by Eq. (16) by
replacing a,, Nj, and N, with a,, N, and N}, respectively.
We consider cases in which this decay channel is allowed or
kinematically closed. Note that yy — g,g,y is also pos-
sible if the mass of the scalar h-glueball is less than M, .
The decay rates for other channels will be presented in
Ref. [35]. The branching ratios for v, strongly depend on
ay, and yo = g,9,9, O gngny becomes a dominant decay
channel for a; 2 0.2-0.3. However, for a, ~0.1, yo —
I~ is dominant, and its branching ratio is about 0.3 [35].
Therefore, the dilepton production via the y, resonance
would be another promising channel for probing or
constraining this model for smaller ;. We also note that
the search for a new resonance in dijet events can constrain
this model via pp — wo — qg.

As is well known, the y, resonance is strongly con-
strained by the Drell-Yan (DY) production of gg — vy —
[T~ in pp collisions with the following cross section:

]\Rlsm)v. (17)

(2JV,Q + Dl(wo = I717)
sM,, T

Yo~ Yo

x Y Coullwo > qq).  (18)

99

opy(pp = wo = I717) =

where Cyj is given by [42]

47 (1 dr
=5 Jp e

[fo(2)fq(M?/s7) + f4(2)f  (M?/57)].
(19)

M*/s T

Here, f, z denote the parton distribution functions of ¢ and
g evaluated at the scale p =M, o and J,, o =1 is the
spin of w,. For example, by making use of the
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FIG. 2. The cross sections for (a) pp — wo — 71~ and (b) pp = wy — ¢g in units of fb for ;, = 0.2 as functions of M, at the
LHC with /s = 13 TeV. The solid (dashed) lines correspond to the case in which y, — g,g,,9; is allowed (forbidden). See the text for

explanation of the cyan lines.

MSTW2008NLO data [43], at /s = 13 TeV, one obtains
C. =1054, C;; =627, Cz =83, C.; =36, and C,; =
153 for u=750GeV; and C,; =149, C,;="7.1,
Cy; =033, C.; =0.11, and C,; = 0.044 for u =2 TeV.
In dijet production, T'(y, — [*I7) is replaced by
>-T'(yo — ¢q) in Eq. (18).

In Fig. 2(a), the cross section for the DY process, pp —
wo — [T~ (I = either e or p), for @, =02 at /s =
13 TeV is shown in solid (dashed) lines in the case in which
Vo = 9n9gngn 1s allowed (forbidden). The cyan line denotes
the upper 95% C.L. limit on the cross section times the
branching ratio to two leptons at /s = 13 TeV in ATLAS
data [71]. As shown in Fig. 2(a), the v production is not
constrained by the DY process except in the region in
which M,, < 700 GeV and Nj, = 5 whenyy = g,9,9, 18
forbidden.

In Fig. 2(b), we show the dijet production cross section
in pp = ywy — qg at \/s = 13 TeV. The cyan line corre-
sponds to the same upper bound as in Fig. 1(a) with the
lepton pair’s branching ratio replaced by the light quark
pair’s branching ratio. The search for a new resonance in
the dijet production does not constrain this model yet.

C. Excited states

Another characteristic feature of any composite model is
the existence of excited states, similar to v/, 77.., T(nS), and
so on. These excited states can cascade-decay into the
ground state(s) by emitting h-gluons, gluons, and electro-
weak gauge bosons, in analogy with y' — J/wnz, 5.y, etc.
All these channels require detailed information on the
bound-state spectra and the wave functions, and we will not
consider them any further in this paper.

In passing, we briefly mention the decays and the
productions of an excited state r]’Q, which is the 2!, state.
We find that the cross section for pp — ’7/Q — yy could be

about 12% of that for pp — ng — yy.

D. Production and decay of the color-octet bound state

In this section, we consider the production and decay of
the color-octet bound state, r/SQ, which could be formed
when the h-color-singlet interaction of QQ is much
stronger than the color-octet QCD interaction.

;78Q can decay into two-body modes gg, gy, Zg and three-
body modes ggg, ggy, as well as gg,g, (if kinematically
allowed). Note that it does not decay into yy or g;g; due to
color conservation. Also, 118Q — gy is the unique signature
for the color-octet bound state, unlike the usual color-
singlet bound states. The final state y + jet is the same as
the final state of the excited quark decay ¢* — gy, so the
bounds from the excited quark searches would apply here.
The three-body modes are suppressed by phase space and
will be treated elsewhere [35]. The decay rates of r]8Q - gg,
vg, and Zg are

(N2 = 1)(NZ = 4)Nya5

Ll — g9 = AN RS (0)]%.  (20)
(N2 — 1)N,a,ae?
M = 19l =—— 7 IR, (O, (21)
Mo
(N2 = 1)Nya,aedx, (4 —ry)

3 o c N o'w 8 2

Ly = Zg) = 32(1 = x,)m} R, ().
(22)

The branching ratios in each of the above decay channels
are 0.70, 0.15, and 0.15, respectively.

The production of the color-octet bound state can be
constrained by resonance searches in the dijet production
corresponding to the pp — nSQ — gg mode, and in the
y + jet production corresponding to the pp — 118Q 79
mode. In Fig. 3, we depict the cross sections for Fig. 3(a)

pp — ;7% — yg and Fig. 3(b) pp — ;7% — gg by setting
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The cross sections for (a) pp — ngQ — ygand (b) pp — ;78Q — ¢gg in units of fb for @, = 0.2 as functions of M’?Z at the LHC

with /s = 13 TeV. See the text for explanation of the cyan lines.

a;, = 0.2 as functions of Mn"Q . The cyan line in Fig. 3(a)

denotes the 95% C.L. limit on the production cross section
times the branching ratio to a photon and a quark or a gluon
for an excited quark ¢* at \/s = 13 TeV in ATLAS data
[72]. Similar limits can be obtained from the bounds for the
excited quark production at /s = 8 or 13 TeV in CMS or
ATLAS data [73-76]. The cyan line in Fig. 3(b) is the same
as that in Fig. 1(b). As shown clearly in Fig. 3, both
production modes at /s = 13 TeV do not constrain this
model for @, = 0.2. However, for larger a, this model
would be constrained, in particular, in the yg production
channel.

IV. BOUND STATES OF SCALAR HYPERQUARKS

In this section, we consider extra scalar quark singlet Q
with ¥ =ep =2/3 and mass my. Q belongs to the

fundamental representation of SU(N,) gauge theory like
Q. The lowest bound state is denoted as Ny which is a color

as well as a hypercolor singlet bound state of QQT in the
S-wave state 75('So) with J°© = 0**. There will be no
analogy of y (®S,) if the constituent particles are scalar
quarks rather than Dirac fermions. Instead, the JF¢ = 17
state (y) arises from higher radial excitation with nonzero
orbital angular momentum, J = L = 1. Since the vector
resonance for scalar constituents has a zero node at the
origin in the radial wave function, the wave function
vanishes there. Its production rate will be suppressed by
the derivative of the wave function, and thus it will be
relatively smaller than the S-wave ground state.

A. Productions and decays of Nos X s and nSQ

The scalar bound state 7, of new scalar h-quarks
can decay into two photons, yZ, ZZ, two gluons,
or two h-gluons. The decay widths of these modes are
given by

N.N,a*e? .
Fing =) == IRisOF.  (23)
Mo
NCNhaze‘éxw(4 —rz) - )
I'(n; Z) = R5(0)|7, 24
(”Q_)V ) 4m2Q(1_xw)2 |R15(0)] (24)
NNyoepx;, (8 —8ry +3ry)\/T—rg - s
- 2 2 2 IR15(0)]°,
4mQ(2 - rZ) (1 - xw)
(25)
Ny(NZ = 1Dag = 2
L(ng = 99) = —o——|[Ris(0)". (26
8N .my,
NC(N%L - 1)(1% 2
I'(n; =——"—""|R5(0)|", 27
(ng = 9ngn) SN [R15(0)] (27)

where R 5(0) is the wave function at the origin of the scalar

quark bound state. Note that R,(0) is the same as R;(0)
up to one-loop-order correction for the QCD-like potential
[37] and the hyperfine splitting, which is absent in the case
of the scalar h-quark. We note that 5 does not decay into a
pair of fermions or WW, just like the case of 7.

The branching ratios strongly depend on a;, if o = 9n9n
is allowed. For a;, ~ a; and Nj, = 3, both BR(n5 = gi9n)

and BR(nQ — gg) approach 0.5. However, for a; = 0.2,
BR(nQ — gng,) becomes dominant over other decay
channels. Actually, BR(n5— g,,9;) 2 0.8 for a;, = 0.2 [35].
On the other hand, if N = 9nIn is kinematically closed,
BR(nQ — gg) becomes more than 0.98 in the entire param-
eter space.

In Figs. 4(a)-4(d), we plot the cross sections for
pp =Ny =Y, PP =Ny = 99, pp —> Ny —> ZZ, and
(d) pp—>mny— Zy, respectively, for a, =02 at
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FIG.4. The cross sections for (a) pp — Ny = 77s ®) pp — Ny = 99 ©)pp — ng = 27, and (d) pp — ng = Zy for aj, = 0.2 at the
LHC with /s = 13 TeV in units of fb as functions of M”é. The cyan lines are the same experimental upper bounds as in Fig. 1.

/s = 13 TeV, as functions of Mﬂ@ with the same exper-
imental upper bounds as in Fig. 1. The solid (dashed) lines
correspond to the cases in which the np = 99 decay is
allowed (forbidden). The cross sections for the 7 pro-
duction in Fig. 4 are a little bit smaller than those for the 77
production in Fig. 1. The difference mainly originates in the
different spins of the particles constituting the bound states.

The vector resonance y 5 can decay into a pair of leptons,
and thus it is constrained by the DY process like y, in the
fermion case. We find that the production cross section
for pp — x5 — ™I~ is highly suppressed by the derivative
of the wave function at the origin. For M,,Q > 500 GeV, we
find that o(pp — x5 — 717) £ O(107*) fb, which is
much smaller than the LHC upper bound. Similarly,

However, general features are the same as in Fig. 1. the cross section for the dijet production is
10* T T T T 10* T T T T
Np=3 Ny=3
Np=4 Np=4
Ny=5 Ny=5
10% E 10° E
g g
2 8
“lo10? { <k E
i T
g g
© %
10" E 10' E
100 | | | 00 | | ! |
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Mnoe[GeV] Mnos[GeV]
FIG. 5. The cross sections for (a) pp = % — ygand (b) pp = % — gg in units of fb for a, = 0.2 as functions of M s at the LHC
. . Y . 0 A 5
with /s = 13 TeV. The cyan lines are the same experimental upper bounds used in Fig. 3.
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o(pp = x5 — qq) £ O(107%) fb, which is not con-
strained by the data at all.

The scalar h-quarks can also make a QCD color-octet
bound state but an h—color singlet. We denote such a
ground state by 7%, just like 7%, in the h-quark model. 7%
can decay into gg, gy, or Zg, where we suppress the three-
body decay modes. The decay rates of the two-body modes
are given by

(N% - 4)Nha% 8

r‘[”ISQ - gg] = 16Ncm2Q U (0) 2, (28)
8 Nyasaey o o

Na,aex,, (4 —ry)

T - Zg) = ——— 2" RS (0))>. (30
The branching ratios of the above decay channels are 0.70,
0.15, and 0.15, respectively. In Figs. 5(a) and 5(b), we show
the production cross sections for pp — WSQ — yg and

pp = ;7% — gg, respectively, in units of fb for a;, = 0.2
as functions of M”sQ at /s = 13 TeV, compared with the

same experimental bound (cyan lines) used in Fig. 3. We
find that the expected cross sections in the scalar h-quark
model are half of those in the h-quark model, and
neither channel is constrained by the LHC data at /s =
13 TeV yet.

V. HOW TO DISTINGUISH A
COMPOSITE Q0 FROM 00"

One of the key questions is how to distinguish 7, from
1 if one finds a heavy diphoton resonance state in the near
future at the LHC. This can be answered by noting that the
JPC€ quantum numbers of two states are different, namely
0~" vs 0" . Hence, the polarizations of two photons in the
final states should be orthogonal vs parallel. A similar
issue has been studied for the 125 GeV Higgs to determine
its JP¢ quantum numbers. For example, one can study
the azimuthal angle distribution of the forward dijet
in gg— ngp(or ;7@) — yy. Furthermore, if the gg—
1o (or ’7@) — ZZ channel is kinematically allowed, one

may study the JP¢ quantum numbers of the scalar or
pseudoscalar resonance via the angular distribution of
decay products of the two Z bosons.

Another possible way to distinguish the two composite
scenarios is via the DY production of the vector resonance
Wo Or yp — ITI~. As shown in Fig. 2, the predicted cross

section for the DY production of y, — [717 is 0.1-1 fb at
\/E = 13 TeV. On the other hand, we find that the cross

PHYSICAL REVIEW D 95, 115034 (2017)

section for the DY production of y5 — ITI~ is at most
10~ fb at /s = 13 TeV. Therefore, the two ratios

o(pp =y~ 1"17)

o(pp = x5 = 1117)
S
o(pp = ng = rr)

o(pp = ng = 17)

. (31

in which some unknown factors such as N, and the wave
functions at the origin are canceled out, may prove to be
useful in distinguishing between the two cases.

VI. INTERPRETATION OF DIPHOTON AND
PHOTON + JET RESONANCES AS COMPOSITE
SCALAR OR PSEUDOSCALAR AT THE LHC

Although there is no significant clue on any new physics
at the LHC, there are a few resonant excesses with small
significances deviated from SM predictions. In this section,
we investigate the possibility that these small excesses
might be interpreted as pseudoscalar or scalar composite
particles, whose constituents are either new vectorlike
quarks (QQ) or scalar quarks (QQ+). In this section, we
fix N, = 3, but we set @, and e to be free.

A. Two diphoton resonances at 710 GeV and 1.6 TeV

At the 2016 ICHEP conference, both ATLAS [3] and
CMS [4] reported new results on the 750 GeV diphoton
excess, including new data in 2016. Combining the 2015
and 2016 data, the ATLAS Collaboration [3] observed a
local significance of 2.36 excess at 710 GeV with a large
decay width to mass ratio, I'/M = 0.1, and another one of
2.4¢ at 1.6 TeV with a narrower width. On the other hand,
the CMS Collaboration [4] has observed no significant
excess by combining 2015 and 2016 data. In this section,
we attempt to identify these small excesses in ATLAS data
as signals of a pseudoscalar or scalar composite particle in
the hypercolor model.

First, we consider the excess at 710 GeV. According to
the MSTW2008NLO data [43], we have C,, = 2807 and
237 at /s =13 and 8 TeV, respectively. The expected
value for the yy signal at 710 GeV in the SM is about 1 fb,
and it could reach about 2 fb with 26 uncertainty [3]. In the
following analysis, we interpret the 2.30 local excess at
710 GeV as the production of 7, or Ny decaying into yy,
whose signal strength is taken to be less than 1.3 fb.

In Fig. 6, the cyan region corresponds to the region in
which a(pp — ng(or ny) = yy) < 1.3 fb when Moo =
gngy 1s allowed for the 710 GeV resonance. The gray region
is ruled out by the bound from the search for a resonance
decaying into a photon + jet at /s = 8 TeV in ATLAS
data [73]. Explicitly, we set the bound o(pp —>178Q /0 —yg)<
18fb for MWQ/Q ~710 GeV and I'/M ~ 5% by assuming
that the product of the efficiency and acceptance is 0.33 [9].

The dashed (dotted) line denotes the total decay width

F,,Q/Q /GeV corresponding to the ratio I'/M = 0.05 (0.01).
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L5r

FIG. 6. The allowed region of a;, and e, for a resonance at 710 GeV in the diphoton channel at ATLAS [3]. The left (right) panel
corresponds to the h-(scalar) quark model. The gray region is ruled out by the photon + jet search at /s = 8 TeV in ATLAS data [73].
The dashed (dotted) line denotes the total decay width an/@/ GeV corresponding to the ratio I'’/M = 0.05(0.01).

The left (right) panel in Fig. 6 corresponds to the case of 77
(ng)- In the h-scalar quark model, the allowed region is a
little bit broader than in the h-quark model. Both models
prefer the narrow decay width for the resonance so that the
bound from the y 4+ jet search might become stronger.
There would be other constraints from the dijet, dilepton,
ZZ, and Zy searches, but the constraints are much weaker
than for the photon + jet search, as shown in Fig. 1.
Next, we consider the excess at 1.6 TeV. Here, Cy, =
31.05 and 1.18 at /s = 13 and 8 TeV, respectively. The
expected value for the cross section times the branching
ratio to yy in the SM at 1.6 TeV is about 0.3 fb, and it could

2.0

1.5

0.5

0.3 04
ap

0.2

reach about 0.8 fb with 2¢ uncertainty [3]. Therefore, we

interpret the 2.4¢ local excess at 1.6 TeV as the production
of ng or 1, decaying into yy, whose cross section is less
than 0.7 fb.

In Fig. 7, the cyan region corresponds to the region in
which o(pp = ng(or ny) = yr) < 0.7 fb when Moo =
gn9y 18 kinematically allowed for the 1.6 TeV resonance. As
in Fig. 6, the gray region is ruled out by the bound from the
search for a resonance decaying into a photon + jet at
/s =8 TeV in ATLAS data [73], and we set the bound
o(pp - ngQ/Q —yg) <42 b for M, . =16TeV and

I'/M = 5% by assuming that the product of the efficiency

0.3 0.5
ap

0.2

0.1 04

FIG. 7. Same as Fig. 6, for the 1.6 TeV resonance.
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FIG. 8.
corresponds to the h-(scalar) quark model.

and acceptance is 0.33 [9]. Compared to the previous
resonance at 710 GeV, the 1.6 TeV resonance has a much
broader region of the parameter space and is less con-
strained by other LHC data.

B. y + jet resonance at 2 TeV

The CMS Collaboration also announced that there might
be some excess around 2 TeV in the photon + jet channel
[74]. The largest deviation is seen at a mass of 2.0 TeV with
a cross section about 45 fb, while the SM background
expectation is about 19 fb [74]. Here, we interpret the
excess as the production of the color-octet state, 118Q 10

decaying into yg for N, =3, whose cross section is
restricted to be less than 26 fb.

In the left (right) panel of Fig. 8, the yellow regions
denote the allowed regions of a;, and e for the 1}, (7%)
case. The lines denote the contour values of the cross
section for the photon+g production from the octet states.
The gray regions are disfavored by the diphoton search
at /s = 13 TeV by assuming that I'/M = 2% in the
ATLAS data [3], corresponding to the region where
o(pp = yy) > 0.2 fb. In the scalar h-quark case (right),
a much broader region is allowed, but it is impossible to
achieve more than 10 fb for the cross section in the
perturbative region. However, in the h-quark case (left),
it is possible to achieve a cross section of 10 fb for j, ~ 0.3
and ey ~ 1.5.

VII. CONCLUSION

Diphoton or, in general, diboson resonance can play the
role as a window to reveal new physics beyond the SM, like
the existence of a hidden strongly interacting sector studied
in this work.

The allowed region of @, and e, for a resonance at 2 TeV in the photon + jet search at ATLAS [3]. The left (right) panel

In this paper, we have studied the possibility that a high-
mass diphoton resonance is a composite scalar or pseudo-
scalar boson made up of QQ or QQ". We have calculated
the diphoton production cross section pp — 1y (n Q) -y
and the Drell-Yan production cross section from pp —
qq — ’I/Q()(Q) — ["]~ at LHC 8 TeV. We found that the
Drell-Yan production via y, at \/s = 8 TeV has already
been constrained for the scenario of QQ bound state. We
discussed how to distinguish the two composite scenarios
by determining the J”© of the scalar n;, or pseudoscalar 77
diphoton resonance and using the Drell-Yan production of
charged leptons of the y or y resonance. The total decay
width of 7 or i can be either large or small depending on
whether the g;, g, mode is open or closed. We note that the
h-glueball case has been omitted in other similar analysis in
the literature.

We interpreted the two small diphoton “excesses” at
710 GeV and 1.6 TeV reported by the LHC as the scalar or
pseudoscalar composite in our model and determined the
allowed regions of the parameter space from the data. We
also found that existing photon + jet data from ATLAS
impose strong constraints on the color-octet state nSQ or nSQ.

Besides the hyperquarkonia approach we are adopting
here for the diboson resonances, there are many alternative
composite interpretations as well. For example, in the
composite Higgs model [31], the diboson resonances are
considered as pNGBs. However, there are important dis-
tinctions between these two approaches using hyperquar-
konia and pNGBs. The most notable distinction is that
while the hyperquarkonia are formed by new strong
confinement force, the pNGBs are coming from sponta-
neous symmetry breaking. Hence the mass differences
between the lowest-lying state and excited states are
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generally quasi-degenerated with mass differences less than
100 GeV or so in the former case, but large in the latter case.
Moreover, in the hyperquarkonia approach, we can con-
sider both fermionic and bosonic constituents in the new
gauge group, while only fermionic constituents are possible
to generate pNGBs. We have showed that one can use
Drell-Yan to differentiate these two composite scenarios
based on fermionic or bosonic constituents.

Finally, we note that for the case of h-quarks and scalar
h-quarks forming SU(2), doublets, general diboson reso-
nances and even charged composites as discussed in
Ref. [34] are also possible. P-wave scalar h-quark bound
states are also interesting. These are all potentially relevant
at LHC run II in the searches for new physics. We hope to
report these results in more detail elsewhere [35].
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