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Hidden pion varieties in composite models for diphoton resonances
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and Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 23 May 2016; published 5 October 2016)

The diphoton excesses at 750 GeV seen in the LHC data may be the first hint of new physics at the TeV
scale. We discuss variations of the model considered earlier, in which one or more diphoton excesses arise
from composite pseudo-Nambu-Goldstone bosons (hidden pions) associated with new strong dynamics at
the TeV scale. We study the case in which the 750 GeV excess arises from a unique hidden pion leading to a
diphoton final state as well as the case in which it arises from one of the hidden pions decaying into
diphotons. We consider SU(N), SO(N), and Sp(N) gauge groups for the strong dynamics and find that
SO(N) and Sp(N) models give extra hidden pions beyond those in the SU(N) models, which can be used

to discriminate among models.

DOI: 10.1103/PhysRevD.94.075004

I. INTRODUCTION

The recently announced diphoton excess at =750 GeV
[1-4] may be the first hint of physics beyond the standard
model at the TeV scale. In Ref. [5], we have proposed,
based on stability of the theory and the strength of the
signal, that this excess results from a composite spin-0
particle decaying into a two-photon final state. In Ref. [6],
we have studied a particularly simple version of this, in
which the 750 GeV particle is a composite pseudo-Nambu-
Goldstone boson associated with new strong dynamics at
the TeV scale which is singly produced by gluon fusion and
decays into two photons. In particular, we have studied a
model that has an extra gauge group Gy = SU(N) at the
TeV scale, in addition to the standard model gauge group
Gsy =SU(3)e xSU(2), x U(1)y, with extra matter—
hidden quarks—in the vectorlike bifundamental represen-
tation of Gy and SU(5) D Ggy. We have studied detailed
phenomenology of pseudo-Nambu-Goldstone bosons—
hidden pions—one of which is the 750 GeV diphoton
resonance. A class of theories involving similar dynamics
with vectorlike matter charged under both hidden and
standard model gauge groups was studied in Ref. [7].
The possibility of obtaining standard model dibosons from
a composite scalar particle was utilized in a different
context in Ref. [8]. For related work explaining the
diphoton excess using similar dynamics, see Refs. [9-11].

In this paper, we study two classes of variations of the
minimal model in Refs. [5,6]. For definiteness, we keep the
Ggv quantum numbers of the hidden quarks to be 5 + 5 of
SU(5) D Ggy motivated by grand unification. [Note that
SU(5) here is used as a mnemonic; it does not mean that the
three factors of Ggy; are actually unified at the TeV scale.]
This provides the simplest way of preserving gauge
coupling unification at the level of the standard model,
which is significant given possible threshold corrections
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around the TeV and unification scales; see, e.g., Ref. [12].
The unification of the couplings becomes even better if we
introduce supersymmetry slightly above the TeV scale. In
the first class, we consider models in which a single
diphoton resonance arises from a unique Ggy-singlet
hidden pion. After reviewing the Gy = SU(N) model in
Refs. [5,6], we discuss models with Gy = SO(N) and
Sp(N). Other than being possible variations, these models
have an additional motivation that the matter content is
consistent with simple SO(10) grand unified theories. We
study symmetry breaking patterns and hidden pion con-
tents, and we predict the spectra of hidden pions under the
condition that the Ggy;-singlet hidden pion is responsible
for the 750 GeV excess. We find that SO(N) and Sp(N)
models have extra hidden pions beyond those in the SU(N)
model, which can be used to discriminate among models.
In fact, in terms of the hidden pion phenomenology, the
models discussed here essentially cover all possibilities
with the hidden quarks in a single representation of G and
5+ 5* of SU(5) D Ggy. In the second class, we consider
models in which multiple (two) diphoton resonances arise
from hidden pions. In Ref. [6], it was found that this can
occur if the model contains an extra hidden quark that is
charged under G but singlet under Ggy;. (Introduction of
such an extra hidden quark was motivated by cosmology
there.) We study Gy = SU(N), SO(N), and Sp(N) models
in this class. We demonstrate how parameters of the models
are determined and how other Ggy-charged hidden pion
masses are predicted once the two diphoton resonances are
observed.

The composite models we discuss contain would-be
stable particles which do not decay solely by Gy or Ggy
gauge interactions. If they are electrically or color charged,
their lifetimes must be short enough to evade cosmological
constraints. The cosmological constraints and decays of
would-be stable particles are discussed in Ref. [6] for

© 2016 American Physical Society
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Gy = SU(N). We extend these analyses to the case of
SO(N) and Sp(N).

The organization of this paper is as follows. In Sec. II, we
discuss models in which a single diphoton resonance arises
from hidden pions. Models with Gy = SU(N), SO(N),
and Sp(N) are considered in three subsections. In Sec. III,
we discuss models in which two diphoton resonances arise
from hidden pions. Again, models with Gy = SU(N),
SO(N), and Sp(N) are considered. In Sec. IV, we discuss
cosmological constraints and decays of the would-be stable
particles. Section V gives a summary.

II. MINIMAL MODELS FOR THE 750
GEV RESONANCE

Here we discuss variations of the minimal model in
Refs. [5,6]. After reviewing the salient features of the
model in Sec. I A, we present variations in which the
hidden gauge group is changed from SU(N) to SO(N) and
Sp(N) in Secs. I B and II C, respectively. We discuss the
symmetry breaking pattern and hidden pion spectrum in
each case. We find that the SO(N) and Sp(N) models have
extra hidden pions beyond those in the SU(N) case.

A. Gy =SU(N)

The model has a hidden gauge group Gy = SU(N), with
dynamical scale A ~ O(TeV), and hidden quarks charged
under both Gy and the standard model gauge groups, Gy,
as in Table L.! Here, we assume N > 3; the case of Gy =
SU(2) [=Sp(2)] is analyzed in Sec. IIC. The hidden
quarks have mass terms

EZ—me/D@D—mL\IIL\TIL—f—H.C., (1)

where we take mp ; > 0 without loss of generality, and we
assume mp ; < A. Note that the charge assignment of the
hidden quarks is such that they are a vectorlike fermion in
the bifundamental representation of Gy and SU(5) D Gy,
so that the model preserves gauge coupling unification at
the level of the standard model. Throughout the paper, we
assume that the hidden sector preserves CP to a good
accuracy.

The strong Gy dynamics makes the hidden quarks
condensate

(UpUp + LU % (0,0, + U0 ) =—c.  (2)

These condensations do not break the standard model
gauge groups, but they break the approximate SU(5) x
SU(5) flavor symmetry of the Gy gauge theory to the
diagonal SU(5) subgroup. The spectrum below A,

"Throughout the paper, we adopt the hypercharge normaliza-
tion such that the standard model left-handed Weyl fermions have
(qu.d,le)=(1/6,-2/3,1/3,-1/2,1).
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TABLE 1. Charge assignment of the minimal model with
Gy = SU(N). Here, ¥, and V,,; are left-handed Weyl
spinors. We denote representations of Gy by a Young tableaux
while those of Gg); by the dimensions of representations.

Gy = SU(N) SU3)c SU(2), U(l)y
v, 0 3 1 1/3
v, O 1 2 ~1/2
b, 0 3 1 ~1/3
b, 0 1 2 1/2

therefore, consists of 24 hidden pions, whose quantum
numbers under Gy = SU(3) x SU(2), x U(1)y are

w(8.1),, )((3’2)—5/6’ »(1,3)y, #(1. 1), (3)
where v, ¢, and ¢ are real scalars while y is a complex
scalar. The masses of these particles are given by

C
ms, = 2mD]72—|-3AC, (4)

c 4 3 5
= t7Ac+ AL+ Ay, (5)

2
e = (mD+mL)f2 3 4 12

C
m(%) :2mLF+2AL, (6)

4mp + 6m; ¢
2 D L
ny = f]Tz (7)
Here, f is the decay constant,” and Ac; y are contributions
from standard model gauge loops of order

3¢
~ A2 ,
C 162 L

395 391
BT A TR L)

where g3, ¢, and g; are the gauge couplings of SU(3),
SU(2),, and U(1)y, respectively, with ¢g; in the SU(5)
normalization. Using naive dimensional analysis [14], we
can estimate the quark bilinear condensate and the decay
constant as

N oy paYNa (9)

“Fle A

The couplings of the hidden pions with the standard
model gauge fields are determined by chiral anomalies and
given by

*Our definition of the decay constant f is a factor of 2 different
from that in Ref. [13]: f = F/2.

075004-2
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The masses of hidden pions y, y, and ¢ for m, = 750 GeV as functions of r = m,/m; for N = 6 (left) and as functions of N
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where a,b,c=1,...,8 and a=1, 2, 3 are SU(3).
and SU(2), adjoint indices, respectively, and d*¢ =
2tr[r*{1”, 1°}] with 1 being half of the Gell-Mann matrices.
Assuming that the ¢ particle produced by gluon fusion and
decaying to a diphoton is responsible for the 750 GeV
excess, we find that the diphoton rate and m, = 750 GeV
determine the parameters of the model as [6]

N
f:690GeVg\/6(p
SOGV\/‘\/ p_)gb_’m, (12)

where we have used the reference value of the diphoton
signal rate in Ref. [15] and used Eq. (9) in the second
equation. The ratios of branching fractions to various ¢
decay modes are given by

6 fb
p—>¢—yr)

(11)

2mD +3m;
5

B

693

L= ( > =~ 200
B(/)—W 14¢
By 2
o =2<.92 ) =15,
B¢‘_>7}’ 14sin HW
B¢—>ZZ _ 9+ 5tan49W 2 ~5
By, 14tan’@y, '
By 9 — 5tan’0y\ 2
M:2<$> =2, (13)
By, 14 tan Oy,

where e and Oy, are the electromagnetic coupling and the
Weinberg angle, respectively. The constraints from these
decay modes [16-20] are satisfied.

Under the conditions in Egs. (11) and (12), the masses of
the other hidden pions are predicted in terms of N and the
ratio r = mp/my, [6]. In the left panel of Fig. 1, we show
the masses of hidden pions v, y, and ¢ as functions of r for
N =6. If mp and m; are unified at a conventional
unification scale (around 10'* — 10!7 GeV), then their ratio
at the TeV scale is in the range r = 1.5-3, with the precise
value depending on the structure of the theory above the
TeV scale. In the right panel, we show these masses at
r — oo as functions of N. In drawing these plots, we have

taken A = 3.5 TeV./N/6 motivated by Egs. (9) and (11)
and used Eq. (8) with unit coefficients. We find that the
colored hidden pions w and y are relatively light, m,, <
1.6 TeV and m, < 1.2 TeV, unless N is very large,
N > 10. We stress, however, that these masses are depicted
under the assumption that 6(pp — ¢ = 77)37.y = 6 b. If
this rate is smaller, then the value of f and, hence, A,

becomes larger. This makes the hidden pion masses larger

TABLE II. Charge assignment of the Gy = SO(N) model.
¥ and v p.. are left-handed Weyl spinors.

Gy = SO(N) SU@3)¢ SU2), U(l)y
Uy O 3* 1 1/3
v, O 1 2 -1/2
v, O 3 1 -1/3
v, O 1 2 1/2

075004-3
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FIG.2. The masses of the (6,1)_, /3, (3,2), 6, and (1, 3), hidden pions appearing in the SO(N) model, as functions of r = mp/m, for

N = 6 (left) and as functions of N for r — oo (right).

because of larger gauge loop contributions. For detailed
phenomenology of these hidden pions, see Ref. [6].

B. Gy =SO(N)

We now discuss the case with G = SO(N). We assume
that the hidden quarks transform as the vector representa-
tion of SO(N); see Table II. The masses of the hidden
quarks are given as in the SU(N) case, Eq. (1). We note that
the matter contents in the SO(N) model discussed here and
the Sp(N) model discussed in the next subsection fit into
representations of the SO(10) grand unified group, while
this is not the case for the SU(N) model.

The approximate flavor symmetry of the Gy sector is
now SU(10). This symmetry is broken to an SO(10)
subgroup by the hidden quark condensations, which can
again be written as Eq. (2) and do not break Ggy;. We,
therefore, have 99 — 45 = 54 hidden pions. Specifically, in
addition to v, y, ¢, and ¢ in Eq. (3), we have hidden pions
transforming as

(6.1) 05 (3.2)y6
under Ggy (which are all complex scalars). The masses of
these additional hidden pions are given by

(1,3); (14)

, 10

m(6‘1)72/3 = sz f2 +—= AC + 15 Ay, (15)
5 4 3 1
M3y, = (mp + mL)fz t38ct AL+ 55 Ay (16)
5 3
m(1‘3)1 = 2mL f2 + 2AL + 5 Ay, (17)

while those of v, y, ¢, and ¢ are still given by Eqs. (4)—(7).

In the left panel of Fig. 2, we show the masses of
the additional hidden pions as functions of r for N = 6.
In the right panel, we plot the masses of these hidden
pions at r — oo as functions of N. Again, we have taken

A=35TeVy/N/6 and used Eq. (8) with unit

coefficients. We find that the additional colored hidden
pions satisfy mg1),, < 1.7 TeV and m@aa), o S 1.2 TeV
unless N is very large, N > 10. [These numbers assume
o(pp = ¢ = 77) 13 1ev = 6 fb.] All the additional hidden
pions require extra interactions beyond the Gy gauge and
standard model interactions to decay. If long-lived, the
(6,1)_,/5 and (3,2), ¢ hidden pions give phenomenology
similar to that of long-lived R hadrons in supersymmetric
models, while the (1,3); hidden pion gives phenomenol-
ogy similar to that of long-lived sleptons.

C. Gy =Sp(N)

We finally discuss Gy = Sp(N) (N: even).” We assume
that the hidden quarks transform as the fundamental
representation of Sp(N), as in Table III. The masses of
the hidden quarks are given as in Eq. (1.

The approximate flavor symmetry of the Gy sector is
SU(10). This symmetry is broken to an Sp(10) subgroup
by the hidden quark condensations, which are given by
Eq. (2) and do not break Ggy. We, therefore, have 99 —
55 = 44 hidden pions. Specifically, in addition to v, y, @,
and ¢ of the SU(N) case, we have hidden pions trans-
forming as

(3.1)y5.

(3216, (L),

(18)

under Ggy; (Which are all complex scalars). The masses of
these hidden pions are given by

5 c 4 4

M), = 2Mp 75 380+ 5 Ay (19)
2 4 3 1
m(3'2>1/6 = (mD + mL)fZ + = AC + 4AL + — 60 Ay, (20)

Our notation is such that Sp(2) = SU(2).
“If we embed Gy into the SO(10) grand unified group, these
mass terms arise through SO(10) violating effects.

075004-4
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TABLE III. Charge assignment of the Gy = Sp(N) model.
Wy, and Wy are left-handed Weyl spinors.

Gy = Sp(N) SU(3)c SU(2), U(l)y

L O 3* 1 1/3

v, | 1 2 -1/2

v, | 3 1 -1/3

v, | 1 2 1/2

s c 3
m(l‘l)l = 2mLF+§Ay, (21)

while those of v, y, ¢, and ¢ are given by Eqgs. (4)—(7).

In the left panel of Fig. 3, we show the masses of
the additional hidden pions as functions of » for N = 6.
In the right panel, we plot the masses of these hidden
pions at r — oo as functions of N. We have taken

A=35TeVy/N/6 and used Eq. (8) with unit coeffi-
cients. We find that the additional colored hidden
pions satisfy M3, < 1.4 TeV and maa), o < 1.2 TeV
unless N is very large, N > 10. [The numbers are for
o(pp = ¢ = v7)13 rev = 6 fb.] Again, all the additional
hidden pions require extra interactions beyond Gy gauge
and standard model interactions to decay. If long-lived, the
(3,1),/; and (3,2),  hidden pions give phenomenology
similar to that of long-lived R hadrons, while the (1,1),
hidden pion gives phenomenology similar to that of long-
lived sleptons.

So far, we have discussed models in which Gy =
SU(N), SO(N), and Sp(N), and the hidden quarks are
fundamental representations of Gy. The analysis can be
easily extended to other representations. Since chiral
symmetry breaking is expected to occur in the same way
(other than, possibly, some special cases [21]), the physics
of the hidden pions in models with hidden quarks in
complex, real, and pseudoreal representations is identical
to that of the models with the hidden quarks in the

Sp(6)

1400 m(3,1)2/3
1200 I(pp>@--YY)13Tev=6 fb
> M3.2)46
» 1000
[©)
» 800
©
e 600
400 me1.1),
200
0.1 05 1 5 10 50 100

r=mplmg
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fundamental representations of G = SU(N), SO(N),
and Sp(N), respectively.

III. MODELS WITH TWO DIPHOTON
RESONANCES FROM HIDDEN PIONS

Here we consider models in which the two diphoton
resonances arise from hidden pions. In Ref. [6], it was
found that this can occur if the model has an extra hidden
quark charged under G but singlet under Ggy;. In that
paper, the introduction of such an extra hidden quark
was motivated by cosmology. In Sec. IIl A, we study the
Gy = SU(N) model in detail, identifying one of the two
resonances as the 750 GeV diphoton resonance. In par-
ticular, we demonstrate how parameters of the models are
determined and how the other hidden pion masses are
predicted once the two diphoton resonances are observed.
We describe SO(N) and Sp(N) variants in Secs. 1l B
and III C, respectively.

A. Gy =SU(N)

We first discuss the case with Gy = SU(N). The matter
content of the model is given by Table IV, and the masses of
the hidden quarks are given by

L= —mD\IJD\T/D - mL\I/L\TJL - mN\IJN\T/N + H.C., (22)
where we assume mp; v S A.

The spectrum below A consists of hidden pions
w (8, 1), )((3’2)—5/6v »(1,3),, #(1,1),,
&3, 1)—1/37 1(1’2)1/21 n(1,1),, (23)

where y, &, and A are complex while the others are real.
Note that there are two hidden pions which are singlet
under Ggy: one charged under SU(5) D Ggy, ¢ and the
other singlet under it, . The masses of the hidden pions are
given by

Sp(N).r>eo
1500| I(pp~>¢--yY)13Tev=6 fb
> M 1213
[0))
% 1000} M@ 216
1)
©
€
500}
M@, 1),
2 4 6 8 10
N

FIG. 3. The masses of the (3,1),3, (3,2), 6, and (1, 1), hidden pions appearing in the Sp(N) model as functions of r = mp/m,, for

N = 6 (left) and as functions of N for r — oo (right).
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TABLE IV. Charge assignment of the SU(N) model for two
diphoton resonances. ¥, ; y and \PD.L’N are left-handed Weyl
spinors.

PHYSICAL REVIEW D 94, 075004 (2016)

2 2 —
Gy —SUN)  SUB).  SU),  U(l), (5 (2mp - 3m ) s 0mp = ms) ) =
v, O 3* 1 1/3 s(mp—myp)  {5Bmp+2my +25my) ) f
v, O 1 2 -1/2 (29)
Uy O 1 1 0
gD g ‘;’ ; _ig where ¢ and f are the hidden quark bilinear condensate and
@L ol 1 1 0 the decay constant, respectively.

N The mixing between ¢ and # vanishes for mp = m; due
to the enhanced SU(5) flavor symmetry. Except for this
special case, the mass eigenstates ¢, and ¢_ are deter-

= 2mp 7t 3hc, (24) " mined by Eq. (29) as
4 3 5 ¢, =ncosf+ ¢sinb, ¢_ = —nsinf + ¢ cos 6.
quﬂ _ 2mL 24, (26) Here, the mixing gngle 6 and the mass eigenvalues m . and
A _ are related with mp ; v as
4 1 2,2 2 2 2 (02
mzz(mD-FmN)i—f'—Ac-F—Ay, (27) :Lm_—3(m+—m_)tan9+m+tan 0 31
: 23 15 o= 2(1 + tan? 9) - B
3 3 f2m? +2(m% —m?)tand + m> tan’> @
m2 = (m; +m +oA; +=—Ay, 28 =L 7= n + 32
A ( L N)f2 L 20 Y ( ) my, c 2(1 +tan20) s ( )
|
" _ f2omi —m2 4 (m} —m?)tan6 + (6m2 — m?) tan’ 0 (33)
N7 10(1 + tan2 0)

The dimension-five couplings of the hidden pions with the standard model gauge fields are determined by chiral
anomalies. The couplings of v, ¢, and ¢ are given by Eq. (10), while those of # are given by

N93 5

}ll/pO'Gd Ga
64\/— 7 f'7

The couplings of the mass eigenstates ¢, can be read off
from these expressions and the mixing in Eq. (30). By
requiring that ¢_ reproduces the 750 GeV signal

m_ =750 GeV, o(pp = ¢- = 77)13 ey =6 1b,

(35)

we can determine the value of f as a function of the mixing
angle 6 between ¢... This is plotted in Fig. 4.

Under the conditions of Eq. (35), the properties of the
second eigenstate ¢, are determined by m, and 6. In
Fig. 5, we show the contours of 6(pp — ¢, = y7) 31ey ID
the @/ —m, plane. The dark shaded region cannot

Ng;
e;wpawa W
pr 641572 f’7

L NG (34)
oo eaisep e

700F ‘ " 0PS¢ YY) raTev=6Tb -
600F
500F
400¢F
300t
200
100
0.0 0.2 0.4 0.6 0.8 1.0
o/t

fI(NIB) IGeV

FIG. 4. The required value of the decay constant f to obtain the
750 GeV diphoton rate, o(pp = ¢_ = y7)13 rev = 6 fb.
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2500F
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Q+ 15001
g

1000

500L

0.0
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FIG. 5. Contours of o(pp— ¢, = ¥7)izmev in the

0/xr —m, plane under the conditions that m_ =750 GeV
and o(pp = ¢_ = y7)13rev = 6 tb. The dark shaded region
cannot be obtained under m_ = 750 GeV, while the light shaded
region is either excluded by the ATLAS 13 TeVor CMS 8 TeV data
or outside the regime in which the hidden pion picture is valid.

be obtained under m_ =750 GeV. The light shaded
region is either excluded by the ATLAS [3] 13 TeV or
CMS [22] 8 TeV data or outside the regime in which
the hidden pion picture is valid. [As mentioned in Ref. [6],
it is possible that m_ = m_ =750 GeV, explaining the
apparent wide width of the 750 GeV excess. Our present
analysis does not include this case, which requires us to
take 6(pp = ¢ = ¥7)131ev < 6 1b.]

There are two qualitatively different regions to notice. In
the first region

~0.1(=0.9) S~ 503, (36)

N

¢_ is mostly ¢ while ¢, is mostly #. In this region, we have
viable parameter space for a wide range of m,; in
particular, for 0 <0/7x < 0.3, m, can be smaller than a
TeV. The diphoton rate o(pp — ¢, — y7)1arey i Of
0(0.1-1 fb). In the second region

¢->V¥h3Tev=6 fb

0.6 0.7 0.8
o/

PHYSICAL REVIEW D 94, 075004 (2016)
04<%<0s, (37)
/1
the mass of ¢, must be large, m, 2 1.4 TeV. In this
region, the identity of the two eigenstates ¢p, is almost
opposite the case above: ¢_ ~n and ¢, ~ ¢. The diphoton
rate 6(pp = ¢, — 7¥)13 rev 18 again of 0(0.1-1 fb).
Below, we demonstrate if the second diphoton excess is
observed, how parameters of the models are determined
and how we can make further predictions. For this purpose,
we choose a benchmark point from the second region,
where the diphoton rate is larger than the first region for the
same value of m,. Motivated by a slight excess in the
ATLAS data (although it is not significant) [1,3], we choose
m, =1.6 TeV, (38)
and 0 ~ /2. In the left panel of Fig. 6, we plot the values of
the hidden quark masses mp ; y that reproduce Eqgs. (35)
and (38) as functions of 6, around 6 ~ z/2. Here, the
value of the decay constant f is determined so that
o(pp — ¢_ — yy) =6 fb is obtained at /s = 13 TeV,
see Fig. 4. In the dark shaded regions, no choice of mp ; y
may reproduce the required ¢, masses. The light shaded
region is excluded because of too large diphoton rates. In
the right panel of Fig. 6, we plot predictions for the
production cross section of ¢, times the branching ratios
into two electroweak gauge bosons at /s = 13 TeV. We
find that the diphoton rate is indeed an observable size, as
anticipated from Fig. 5. With Egs. (35) and (38), the masses
of all the other hidden pions are determined as functions of
0, as in Fig. 7. Similar analyses can be performed for any
other values of m, once the second excess is seen.
In Fig. 7, we have also depicted the mass of the hidden 7’
determined by the naive scaling [23]

6
my = al\/%A,

where a; is an O(1) coefficient, and A is determined from f
using Eq. (9). (The hidden #' mass also has a contribution

(39)

25

SYY)13Tev=6
6 TeV

a(pp->¢.->XX)/fb

Yy

0.6

0.5

0.4 0.7 0.8

ol

FIG. 6. The hidden quark masses mp, ; y that reproduce m_ = 750 GeV and m = 1.6 TeV as functions of @ (left). The production
cross section of ¢ times branching ratios into two electroweak gauge bosons at /s = 13 TeV (right).
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FIG. 7. The masses of hidden pions v, y, ¢, &, and 1 as well as
the hidden #’ as functions of 0. Here, we have chosen N = 6.

from the hidden quark masses, which we absorb into the
definition of a;.) In the plot, we have chosen a; = 1 for
definiteness. We find that the hidden # is relatively light;
this is because for € ~ 7 /2 the value of the decay constant f
required to reproduce the 750 GeV excess is smaller than
that for & ~0 (or in the model without an extra hidden
quark); see Fig. 4 and Eq. (11). The couplings of the hidden
' with the standard model gauge bosons can be estimated
by the U(1), anomaly as

Ng? Ng3
L~ 3 ! €;wpo-GaDGaa + 2 ! €/4ypawaywa0
TN AT T it
Ngi
+ ‘"B, B,,. 40
64v3n2f " e (40)

(This expression is valid in the large N limit, and we
expect that it gives a good approximation even for
moderately large N.) In particular, the hidden #
also decays to a diphoton final state, with the rate
o(pp =1 = y7)13 ey ® O(fb). While the estimate of
the hidden 7/ mass is subject to relatively large uncertain-
ties, we expect from the plot that m,, is larger than m ., at
least, for some region of 6 and m_. In this case, the
diphoton excess associated with #' appears above the
second diphoton excess.

The relatively small value of f also implies that the
dynamical scale A and, hence, the masses of higher
resonances, are also smaller. In particular, C-odd and
P-odd spin-1 resonances, which we call hidden rho
mesons, have masses about A and are expected to be
lighter than in the model without an extra hidden quark.
The hidden rho mesons that have the same Gg,; quantum
numbers as the standard model gauge bosons mix with
them and are singly produced at the LHC. This gives lower
bounds on the hidden rho meson masses. A particularly
strong bound comes from the hidden rho meson that has the
same Ggy charges as ¢, which we refer to as p,. This
particle decays into an electroweak gauge boson and ¢,
with ¢ subsequently decaying into a pair of electroweak
gauge bosons. (The decay of p, into a pair of ¢ is
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kinematically forbidden.) The search for a resonance
decaying into Wy [24] excludes the p,, mass smaller than
about 2 TeV. While this constrains the parameter space, the
model is still viable given the theoretical uncertainties
associated with the estimate of the hidden rho meson
masses and the fact that these masses are larger for larger
N, scaling as /N for the fixed diphoton phenomenology.

We finally mention that even if CP is not preserved in the
hidden sector, the decay of ¢, into two ¢_’s is prohibited in
the limit m; = m; because of the enhanced flavor sym-
metry. This limit occurs at 8/z = 0.5 for m_ = 1.6 TeV;
see the left panel of Fig. 6. Therefore, for such values of
0/, the model provides the second diphoton excess from
hidden pions even if CP invariance in the hidden sector is
not postulated.

B. Gy =SO(N)

For G = SO(N), we may add a Majorana fermion ¥ as
an extra hidden quark transforming as the vector repre-
sentation of SO(N). Here we consider this minimal setup
shown in Table V, although it is straightforward to extend
the analysis in the case of multiple extra hidden quarks.

The masses of the hidden quarks are given by

E = —mD\I/D\I’D - mL‘IfL\I/L _%Wz —+ H.C., (41)

where we assume mp ;. m < A. The hidden quark con-
densations

(UpTp + VL Up) ~ (U, 0, + U0

~
~

%(\112 LU = e, (42)
break the approximate SU(11) flavor symmetry to SO(11),
so we have 120 — 55 = 65 hidden pions. Specifically, in
addition to w, y, @, ¢, £, A, and n of the SU(N) case [see
Eq. (23)], we have hidden pions in Eq. (14).

The physics of the diphoton resonances is essentially the
same as in the SU(N) case, so we can simply repeat the
analysis in the case of Gi; = SU(N). For example, if we set
m, = 1.6 TeV, the resulting hidden pion spectrum is as

TABLE V. Charge assignment of the SO(N) model for two
diphoton resonances. ¥, , \TID’L, and ¥ are left-handed Weyl
spinors.

Gy :SO(N) SU(3)C SU(2)L U(l)y
U, O 3 1 1/3
U, O 1 2 -1/2
U, O 3 1 -1/3
U, O 1 2 1/2
g O 1 1 0
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@->VY)131ev=6 fb

.6 TeV

Me.1) 53

m3,2)46

m,3),

mass/GeV

0.6 0.7 0.8

0.4 0.5

0
0.3

o/t

FIG. 8. The masses of the (6,1)_,/, (3,2),,, and (1,3),
hidden pions appearing in the SO(N) model with an extra hidden
quark ¥ as functions of 6 for m, = 1.6 TeV.

given in Fig. 7 fory, y, @, ¢, &, A, and 57 and in Fig. 8 for the
SO(N) pions of (6,1)_,3, (3,2)/6, and (1,3),.

C. Gy =Sp(N)

For Gy = Sp(N), the condition of global anomaly
cancellation [25] requires us to introduce two Weyl
fermions W, , that transform as the fundamental represen-
tation of Sp(N). The matter content of this minimally
extended model is given in Table VI.

The masses of the hidden quarks are given by

;C = —mD‘lfD\T/D - mL\IfL\IfL — m\Ill‘Ijz + H.C., (43)

where we assume mp;,m < A. The hidden quark con-
densations

(Up¥p + ‘I’I)‘T/D ~ (U, 0, + ‘I’Z‘T’D
~ (U0, + U0 = —c,  (44)

break the approximate SU(12) flavor symmetry to Sp(12),
so we have 143 — 78 = 65 hidden pions. In addition to v,
7> @, ¢, & A, and n of the SU(N) case, we now have hidden
pions in Eq. (18) and one more set of £ and A: & and A'. The
physics of the diphoton resonances is again essentially the
same as in the SU(N) case. For m_ = 1.6 TeV, the masses
of the Sp(N) hidden pions (3,1),3, (3,2) 6, and (1,1),

TABLE VI. Charge assignment of the Sp(N) model for two
diphoton resonances. ¥p, ; , \TID’L, and W, , are left-handed Weyl
spinors.

Gy = Sp(N) SUB3)¢e SUQ2), U(l)y
U, O 3 1 1/3
U, O 1 2 -1/2
U, O 3 1 -1/3
U, O 1 2 1/2
U, O 1 1 0
0, O 1 1 0

PHYSICAL REVIEW D 94, 075004 (2016)

¢ >¥V)1370=6 b

6TeV 30213
> M3,2)1
O]
§ m,1),
£

0.6 0.7 0.8

0.5

0.4
s
FIG.9. The masses of the (3,1),3, (3,2); 6, and (1, 1), hidden

pions appearing in the Sp(N) model with extra hidden quarks
W, , as functions of 6.

are given in Fig. 9. The masses of £ and & and of 4 and A/
are degenerate.

D. Comment on direct couplings
with the standard model

We finally comment on possible direct couplings
between the hidden pions and the standard model particles.
With an introduction of the singlet hidden quark Wy (or
U/W¥,,), we may introduce the coupling

L= y\I/L\T/NhT, (45)

where / is the standard model Higgs field. This coupling
induces mixing between the singlet pions ¢, and the
standard model Higgs field and, hence, leads to efficient
decays of the singlet pions into the standard model
particles, e.g., top quarks. We assume that this coupling
is sufficiently suppressed that our discussion is not affected.

IV. DECAYS OF WOULD-BE STABLE PARTICLES

The composite models we have discussed contain
would-be stable particles which do not decay solely by
Gy or Ggy gauge interactions. Unless the reheating
temperature of the Universe is very small, they are
abundantly produced in the early Universe.” If they are
electrically or color charged, their lifetimes must be short
enough to evade cosmological constraints. In Ref. [6], we
discussed the cosmological constraints and decays of these
particles for Gy = SU(N). Here, we extend these analyses
to the case of SO(N) and Sp(N). Unless otherwise stated,
we consider models without standard model singlet U’s.
We comment on the effects of the singlets occasionally.

We first consider hidden baryons. In the Sp(N) models,
there are no stable baryonic composite particles. This is a
significant merit of the Sp(N) models, since the decays of

>For discussions on the production of quasistable particles with
a small reheating temperature, see, e.g., Ref. [26].
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hidden baryons typically require operators with dimensions
higher than those of would-be stable hidden mesons.

The SO(N) models have baryonic states. We assume
that m; < mp in the following. For even N, the lightest
hidden baryon is composed of N/2 ¥, and N/2 V¥,
and is neutral under the standard model gauge group.
Since the thermal relic abundance of this particle is
small enough, it can be stable. The mass difference between
the lightest hidden baryon and other low-lying hidden
baryons is of order |mp — m;| =~ O(100 GeV) or
g1,3NA/167* ~ O(10-100 GeV), which is smaller than
the masses of hidden pions. Thus, other low-lying hidden
baryons decay into the lightest hidden baryon and standard
model particles through the emission of off-shell hidden
pions. Their lifetimes are as large as the lifetime of the
emitted hidden pion. We discuss the lifetimes of would-be
stable pions later. If we introduce a standard model singlet
U, then the lightest hidden baryon can be standard model
gauge charged. This is evaded if the mass of W, m is
sufficiently larger than m; .

For Gy = SO(N) with odd N, the lightest baryon is
composed of (N +1)/2 ¥, and (N—1)/2 ¥, (or vice
versa), which is charged under the standard mode
gauge group as (1,2);,. Although the lightest baryon is
electromagnetically neutral, direct dark matter experiments
put a strict upper bound on the abundance of hyper-
charged particles as ng/s < 8 x 10718 [27]. The thermal
abundance of the lightest hidden baryon is determined by
the annihilation into hidden pions and is as large as
ng/s ~1071% x (mz/10 TeV), where my is the mass of
the lightest hidden baryon. The possibility of stable hidden
baryons, therefore, is excluded. The decay operators of
hidden baryons depend on the size of N. For N = 3, there
are four Fermi operators between three hidden quarks and
one standard model fermion. For N = 5, there are operators
composed of five hidden quarks and one standard model
fermion. If we introduce a standard model singlet ¥ with
m < my, then the lightest hidden baryon becomes standard
model gauge group neutral, composed of (N —1)/2 ¥,
(N —1)/2 ¥, and one V. In this case, the lightest hidden
baryon can be cosmologically stable.

Next, we consider hidden pions. Hidden pions which
have nonzero “D” and/or “L” numbers are would-be stable.
For Gy = SO(N) and Sp(N), these particles can decay via
the following dimension-six operators:

ﬁN

1 M | . 1
777 Vs UsS 5 40 UsWs(5 5+ 77 Uic"Vs5'6,5

* *

1 . —. =
+ e \I/éaf‘\llgsraﬂs, (46)

*

where we have used SU(5) (D Ggy) notation to simplify
the expression. If we introduce a standard model singlet U,
L number is easily broken by a renormalizable interaction
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between the standard model Higgs, ¥;, and W. With this
interaction, hidden pions that are would-be stable due to L
number can decay even promptly.

Notably, with superparticles at a low energy scale, the
first term in Eq. (46), which leads to decays of all
the would-be stable hidden pions, is generated from the
dimension-five superpotential term

1
M,

W =

VW55, (47)

This should be contrasted with the case of Gi; = SU(N), in
which writing down superpotential terms which have
dimensions smaller than six and lead to the decay of
(3,2)_s/6 requires an introduction of a standard model
singlet hidden quark. The loop of superpartners generates
the first term in Eq. (46) with

1 g 1
M? 162> M.’

(48)

where m (> A) represents the masses of superpartners, and
gy is the G gauge coupling at 7. The resultant lifetimes of
the would-be stable hidden pions are

L gy VNA*\? -1
o [871' (16712 471M*ﬁ1) m,,}
Y M, 2 m 2/N\-!
107 secx (1016 GeV) (10 TeV) (6)
—4 -1 —4
() (0w
3 TeV 1 TeV 7
where m,, represents the hidden pion masses. The colored
hidden pions efficiently annihilate around the QCD phase
transition era [28], and, hence, their lifetimes need only be
smaller than 10'3~15 sec [6]. This is easily satisfied. On the
other hand, the noncolored hidden pions (1,1), and (1, 3),
annihilate only via electroweak interactions. Their abun-
dances after freeze-out are about p/s ~ 10™° GeV. These
noncolored hidden pions decay into a pair of lepton
doublets through interactions in Eq. (46). If the main decay
mode is into the first or second generation leptons, the
constraint from the big bang nucleosynthesis requires the
lifetime to be shorter than about 10* sec [29]. This is
satisfied for M, < 10'® GeV. If the main decay mode is
into the third generation leptons, then the lifetime should be
shorter than ~0.1 sec [29], requiring smaller values of M.
Note that, as we have mentioned above, if we introduce a
standard model singlet ¥, then the (1,1), and (1,3),
hidden pions can decay much more efficiently.
As discussed in Ref. [6], conformal dynamics of G can
make M, in Eq. (47) small even if the suppression scale at

high energies M., is large. In fact, a supersymmetric Sp(2)
gauge theory with matter multiplets ¥, ; and ¥, ; is in the
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conformal window [30]. Assuming that the Sp(2) gauge
theory is in the conformal phase below the scale M cgr, M,
is given by

m \US/ M -1/5
=4x107M T .
% *°<10 TeV) (10‘6 GeV

(50)

Here, we have determined the anomalous dimension of the
operator YW by requiring that the beta function of the
Sp(2) gauge coupling vanishes.

With conformal dynamics, dynamical scale A may
be related with the superpartner mass scale [6]. The Gy
gauge theory can be in a conformal phase above 1, and as
the superpartners decouple, the theory may flow into a
confining phase. For Gy = Sp(N) with ¥, ; and ¥, ;, we
find A ~0.1m.

V. SUMMARY

In this paper, we have studied variations of models in
which the diphoton excess at =750 GeV is explained by a
composite pseudo-Nambu-Goldstone boson associated
with new strong dynamics at the TeV scale. We have
studied a class of models in which one or two diphoton
resonances arise from the strong dynamics with the gauge
group Gy = SU(N), SO(N), or Sp(N). We have analyzed

PHYSICAL REVIEW D 94, 075004 (2016)

symmetry breaking patterns and hidden pion contents in
these models and predicted the spectra of hidden pions
under the condition that a standard model singlet hidden
pion is responsible for the 750 GeV excess. We have found
that SO(N) and Sp(N) models have extra hidden pions
beyond those in the SU(N) model, which can be used to
discriminate among models. We have noted that the Sp(N)
models do not have stable baryonic composite particles,
which is cosmologically favorable because making hidden
baryons decay sufficiently quickly typically requires oper-
ators with very high dimensions. If the future data confirm
the existence of the =750 GeV particle, searches of other
resonances discussed in this paper would help reveal the
structure of the new TeV sector responsible for the excess.
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