
Big-pions at the LHC

University of  Wisconsin-Madison

Yang Bai

@Texas A&M University, May 24, 2016



collaborators:

Vernon Barger Joshua Berger Ran Lu James Osborne Ben Stefanek

YB, Joshua Berger, Ran Lu, arXiv:1512.05779
YB, Joshua Berger, arXiv:1603.07335

YB, Vernon Barger, Joshua Berger, arXiv:1604.07835

YB, Joshua Berger, James Osborne, Ben Stefanek, arXiv:1605.today



3

Higgs Discovery in Diphoton
11.1 Significance of the signal and its strength 41
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Figure 19: Diphoton mass spectrum weighted by the ratio S/(S + B) in each event class, to-
gether with the background subtracted weighted mass spectrum.

Table 5: Values of the best-fit signal strength, µ̂, when mH is treated as an unconstrained pa-
rameter, for the 7 TeV, 8 TeV, and combined datasets. The corresponding best-fit value of mH,
bmH, is also given.

µ̂ bmH (GeV)
7 TeV 2.22+0.62

�0.55 124.2
8 TeV 0.90+0.26

�0.23 124.9
Combined 1.14+0.26

�0.23 124.7

section times the relevant branching fractions, relative to the SM expectation. In Fig. 20 the
combined best-fit signal strength, µ̂, is shown as a function of the Higgs boson mass hypothesis,
both for the standard analysis (left) and for the cut-based analysis (right). The two analyses
agree well across the entire mass range. In addition to the signal around 125 GeV, both analyses
see a small upward fluctuation at 150 GeV, which is found to have a maximum local significance
of just over 2 s at mH = 151 GeV—slightly beyond the mass range of our analysis.

The best-fit signal strength for the main analysis, when the value of mH is treated as an un-
constrained parameter in the fit, is µ̂ = 1.14+0.26

�0.23, with the corresponding best-fit mass being
bmH = 124.7 GeV. The expected uncertainties in the best-fit signal strength, at this mass, are
+0.24 and �0.22. The values of the best-fit signal strength, derived separately for the 7 and
8 TeV datasets, are listed in Table 5. For the cut-based analysis the corresponding value is
µ̂ = 1.29+0.29

�0.26 at bmH = 124.6 GeV, and for the sideband background model analysis the value
measured is µ̂ = 1.06+0.26

�0.23 at bmH = 124.7 GeV. These values are shown in Table 6 together with
the expected uncertainty, and the corresponding values for the main analysis.

The uncertainty in the signal strength may be separated into statistical and systematic con-
tributions, with the latter further divided into those having, or not, a theoretical origin: µ̂ =
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Figure 3: Invariant mass distribution of diphoton candidates for the combined
√
s = 7 TeV and

√
s

= 8 TeV data samples. The result of a fit to the data of the sum of a signal component fixed to mH
= 126.8 GeV and a background component described by a fourth-order Bernstein polynomial is su-

perimposed. The bottom inset displays the residuals of the data with respect to the fitted background

component.

6 Systematic uncertainties

Most of the systematic uncertainties of this analysis are discussed in Ref. [6] and [13]. These will be

only briefly described and updated here, while new systematic uncertainties arising from the introduction

of additional categories will be adressed in more detail. All uncertainties are treated as fully correlated

between 7 and 8 TeV data except that on the luminosity. The uncertainties can affect the signal yield, the

signal resolution, the migration of events between categories and the mass measurement.

6.1 Uncertainties on the signal yield

The systematic uncertainties affecting the signal yield are the following:

• The uncertainty on the integrated luminosity is ±3.6% for the 8 TeV data. It is obtained, following
the same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminos-

ity scale derived from beam-separation scans performed in April 2012. For the 7 TeV data this

uncertainty has been updated to 1.8%.

• The uncertainty on the trigger efficiency is 0.5% per event;

• The uncertainty on the photon identification efficiency for the 8 TeV analysis has decreased with
respect to Ref. [6]. It is based on the comparison of the efficiency obtained using MC and the

combination of data-driven measurements: extrapolation from Z → ee events, a method using
an inclusive photon sample and relying on a sideband technique, and radiative photons Z→ ℓℓγ

10
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Hint of a Heavier Diphoton Resonance
ATLAS, Moriond EW, 2016

The resonance mass is around 750 GeV and could be a narrow or a 
broad or two narrow ones 
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Results

Marco Delmastro Diphoton searches in ATLAS 10

2878 events (mγγ > 200 GeV)

SPIN-0 ANALYSIS SPIN-2 ANALYSIS

5066 events (mγγ > 200 GeV)

background-only fit background-only fit

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 19

Mass spectra – 3.8TMass spectra – 3.8T

3.8T3.8T

CMS, Moriond EW, 2016

The required cross section to explain the excess is around 5 fb
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Diphoton Inverse Problem

The first observed diphoton resonance is the neutral pion       , 
composite particle from strong dynamics.

⇡0

HIGH ENE RGY PHOTONS

tions were made and repeated whenever deemed
necessary.
1. Tantalum radiator removed. This always reduced

the quadruple counting rate to a small number appro-
priate to pairs from the air plus accidental coincidences.
2. Magnetic 6eld reduced to zero. This left only

counts due to accidental coincidences, amounting to 0.1
percent to 1 percent of the normal quadruple counting
rate, depending upon the mean energy for which the
field is adjusted.
3. Absorber placed in path of one of the pair elec-

trons, with same results as in 2.
4. Attenuation of the photons by Pb and Al studied

in good geometry. The measured cross sections for
attenuating the pair-producing radiation agree with
I.awson's' values and are not consistent with any other
known radiation.
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ated with the energies are given in Section II-C, and
indicated in Fig. 4.
In order to compute yield versus energy data from the

curves of Fig. 4, it would be necessary to know the
angular distribution of the photons in the laboratory

B. The Photon Spectra and Relative Yields
at 0' and 180'

In Figs. 3 and 4 the energy distribution is shown, as
calculated relatively from the counting rates by use of
Eq. (1), with g(E, I) constant as described earlier. The
Doppler shift e8ect upon the relative yields and the
positions of the maximum intensity, due to reversal of
the beam, is evident and will be discussed in later
sections. The data in Fig. 3 also include the spectrum
of photons yielded by bombardment of a -', -in. Be target
with 190-Mev deuterons. Both the yield, when calcu-
lated on an absolute basis, and the spectrum, in the
case of deuterons, are consistent with bremsstrahlung.
It will be shown in Section IV that the energy dis-

tributions and yields for 0' and 180' become apparently
identical when transformed into a coordinate system
moving with a relative velocity of P=w/c=0. 32 with
respect to the laboratory in the direction of the incident
proton beam.
The relative yields in the 0' and 180' direction were

approximately measured by successive runs of the same
duration on identical carbon targets, which were then
monitored for the annihilation gammas of the 20-
minute C" activity produced by the proton beam. The
relative activities were considered to indicate relative
beam strengths, making possible a comparison of the
photon yields. By working in the 340-Mev position at
133', a comparison with this direction was also included.
In Table I, the results are related to those predicted by
considering the photons to be emitted with spherical
symmetry in a system moving in the proton beam direc-
tion with P=v/c=0. 32, and applying the Doppler
corrections to solid angle and energy interval.

C. Photon Yield versus Energy
For evident reasons it is not possible with present

facilities to employ various proton energies without also
changing the angle of view. The angles of view associ-
' J. Larson, Phys. Rev. 75, 443 {1949).

S
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Fro. 4a. Relative gamma-yield from $-in. carbon target
at various proton energies.

system for each proton energy. The meager data pre-
sented, however, indicate a yield rising steeply with
energy. At 175 Mev the magnitude and spectrum of the
photon emission are roughly consistent with proton
bremsstrahlung; whereas at the next energy, 230 Mev,
the yield has greatly exceeded bremsstrahlung predic-
tions and the spectrum begins to show the characteristic
maximum region, departing distinctly from the 1/E
distribution.
It appears reasonable to state that the onset of the

emission of the radiation in question occurs somewhere
between 175- and 200-Mev proton energy. Because of
the momentum distribution of the nucleons in the
target nuclei, a sharp threshold is not to be expected
until an experiment with a hydrogen target is performed.

D. Yield versus Target Element
In Table II are presented data comparing the relative

yields of photons with the relative cross sections for
inelastic collision with high energy neutrons for a few
elements distributed widely in atomic number.
It will be noted that the bremsstrahlung from deu-

terons at 190 Mev (proton energy of 95 Mev) gives
relative yields similar to the relative inelastic cross
sections, whereas the photon emission in the case of the
340-Mev protons increases with Z much more slowly
than the cross section for inelastic collision. This sug-
gests that the processes giving rise to the photons are
dMkrent in the two cases.

Bjorklund, et. al., PR 77, 1950

PARITY OF NEUTRAL P ION AN D DECAY x ~2e+ 12e
of &2 p, on the film. From these measurements and the

track as well as other parameters necessary for the
analysis were calculated on an IBM 650 computer.
Portions of the film were scanned by two independent

persons. Comparison of these results indicate an
efiiciency of 90% for single Dalitz pairs and 95%
for double Dalitz pairs. Due to the rare occurrence of
the latter, no fiducial, dip, or depth restrictions were
applied to the selection of events. It was, however,
required that each pair have its origin within 1 mm of
the stopping x .
Two hundred and six decays of the type x —+e
+e +e++e and 100 000 decays a' —& y+e++e
were found. Figure 1 is a reproduction of one of the
former. Some of these events were rejected for the
following reasons:

(a) 18 events have their vertex near the chamber
wall or win ow so' d s that the momenta of two or more
tracks are not measurable. Events in which at least
three of the four momenta are not measurable were
discarded.

an le(b) 42 events have two tracks whose included ang e
1 than 3'. Since the measurement accuracy of the

direction of a track in space is of the order of
the plane o suc e el f h +e pairs cannot be determined
adequately.

All events except those in category (a) were measured
a minimum of five times. The variations in the momenta
in successive measurement gave the mh easurement error.
The net error assigned to each track was a combination
of measurement and multiple scattering error taken in
quadrature.
Th "s produced in the charge exchange reaction

emerge with a unique energy of 137.8 Mev correspon-
ing o amo
therefore the energy of each track was norma 'rmalized so
that the sum of the four electron energies was equal to

FIG. 1. Photograp o a yph h f typical double internal conversion.
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FIG. 2. Differential distribution in y for single Dalitz pairs.

III. THEORETICAL BACKGROUND AND
SELECTION CRITERIA

The original argument of Yang is based entirely on
conservation laws. The argument in the case of t e
direct decay into two pairs is however necessariy a
t - t argument: first two virtual photons are pro-

r-allduced, and these then convert internally. The over-a
process is calculated with the help of electrodynamics.
Kroll and Wada' have given arguments to support the
view that the resultant correlations in the planes o
the tmo pairs follow directly from mell demonstrated
features of quantum electrodynamics and should e
only insignificantly affected by the unknomn mesonic
form factor. In what follows, we present experimenta
results to substantiate this view also empirically. The
main point is that although the arguments necessary
for the interpretation of our experiment are not base
exc usivey on invl

'
1 invariance but rest also on electro-

dynamics, we feel that this is more a formal than
practical blemish. The theoretical arguments are on
solid ground. In addition, they are supported by
experiments in the following way: The parity argument
rests on the correlation between the planes of the two
pairs. The experimental support of the theoretica
analysis comes from comparing other predicted features
with experiment. These fall into two classes, the sing e
and the double pair decay. The single pair decay,~'~y+e++e, has been discussed by Dalitz, 4 Kroll

6 N. Kroll and W. Wada, Phys. Rev. 98, 1355 (1955).

137.8 Mev, the weighting factor being inversely pro-
portional to the square of the percentage error in the
energy of each track. In the few cases where the
energy (but not the direction) of one of the electrons
was indeterminate, it was set equal to the difference
between 137.8 Mev and the sum of the energies of the
remaining ree.th e The normalized tracks were then
transformed to the rest frame of the x' and all further
work is based on the normalized, transformed momenta.

Samios, et. al., PR 126, 1962



Diphoton Inverse Problem

Other than perturbative Landau pole argument for some perturbative 
models and additional top-down (GUT compatible) motivations, we need 
more experimental information to solve this nice inverse problem. 

The second example 
is charmonium,       , 
non-relativistic 
bound state

⌘c
The third example is the SM 
Higgs boson, perturbative 
elementary particle

6



Intro. for Quantum Chromo-Dynamics

7

The two faces of QCD: 

9. Quantum chromodynamics 25

The central value is determined as the weighted average of the individual measurements.
For the error an overall, a-priori unknown, correlation coefficient is introduced and
determined by requiring that the total χ2 of the combination equals the number of
degrees of freedom. The world average quoted in Ref. 172 is

αs(M2
Z) = 0.1184 ± 0.0007 ,

with an astonishing precision of 0.6%. It is worth noting that a cross check performed in
Ref. 172, consisting in excluding each of the single measurements from the combination,
resulted in variations of the central value well below the quoted uncertainty, and in a
maximal increase of the combined error up to 0.0012. Most notably, excluding the most
precise determination from lattice QCD gives only a marginally different average value.
Nevertheless, there remains an apparent and long-standing systematic difference between
the results from structure functions and other determinations of similar accuracy. This
is evidenced in Fig. 9.2 (left), where the various inputs to this combination, evolved to
the Z mass scale, are shown. Fig. 9.2 (right) provides strongest evidence for the correct
prediction by QCD of the scale dependence of the strong coupling.

0.11 0.12 0.13
α  (Μ  )s Z

Quarkonia (lattice)

DIS  F2 (N3LO) 

τ-decays (N3LO)

DIS  jets (NLO)

e+e– jets & shps (NNLO) 

electroweak fits (N3LO) 
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Υ decays (NLO)

QCD α  (Μ  ) = 0.1184 ± 0.0007s Z
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July 2009

Figure 9.2: Left: Summary of measurements of αs(M2
Z), used as input for the

world average value; Right: Summary of measurements of αs as a function of the
respective energy scale Q. Both plots are taken from Ref. 172.

July 30, 2010 14:57

asymptotic freedom at large momentum 

confinement and chiral symmetry 
breaking at an infrared scale

Below the QCD scale          , descriptions 
change from quarks to mesons

SU(Nc) U(1)EM

uL,R Nc
2
3

dL,R Nc � 1
3

sL,R Nc � 1
3

⇤QCD

The global chiral symmetry breaking is: SU(3)L ⇥ SU(3)R ! SU(3)V

There are 8 PNGB’s: ⇡0,⇡±,K±,K0,K
0
, ⌘



Neutral Pion Decay

8

The charged pion decays with Gf suppressed interactions. 

The neutral pion decays into two 
photons via triangle-anomaly, so it has a 
much shorter lifetime. 

�

�



Neutral Pion Decay

8

The charged pion decays with Gf suppressed interactions. 

The neutral pion decays into two 
photons via triangle-anomaly, so it has a 
much shorter lifetime. 

There is one less familiar discrete symmetry

�

�



G-parity

9

In the SM, the specific hypercharge or EW charge assignment explicitly 
breaks the G-parity in our QCD sector. So, the neutral pion can decay 
into two photons.

The G-parity is defined to be: G = C exp[i⇡I2]

⇡0 G�! �⇡0

Michel ‘1953
Lee and Yang ‘1956

The existence of a good G-parity forbids the neutral pion from decaying 
into two photons. 

In a later part of this talk, I will also discuss a new G-parity in a new 
strong-dynamics sector could be unbroken and provide us a stable 
dark matter candidate. 



Grand Unified Theory

10

Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid
lines). In the MSSM case, the
sparticle masses are treated as
a common threshold varied be-
tween 750 GeV and 2.5 TeV,
and α3(mZ) is varied between
0.117 and 0.120.
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6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [113]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
the usual DREG with modified minimal subtraction (MS). In particular, the boundary conditions at
the input scale should presumably be applied in a supersymmetry-preserving scheme like DR. One
loop β-functions are always the same in these two schemes, but it is important to realize that the MS
scheme does violate supersymmetry, so that DR is preferred† from that point of view. (The NSVZ
scheme [118] also respects supersymmetry and has some very useful properties, but with a less obvious
connection to calculations of physical observables. It is also possible, but not always very practical, to

†Even the DRED scheme may not provide a supersymmetric regulator, because of either ambiguities or inconsistencies
(depending on the precise method) appearing at five-loop order at the latest [114]. Fortunately, this does not seem to
cause practical difficulties [115, 116]. See also ref. [117] for an interesting proposal that avoids doing violence to the
number of spacetime dimensions.

66

SU(5)GUT � SU(3)c ⇥ SU(2)W ⇥ U(1)Y

5 = (3, 1)�1/3 + (1, 2)1/2

10 = (3, 1)2/3 + (3, 2)�1/6 + (1, 1)�1



750 GeV Resonance as a Big Pion

The minimal model               to compatible with GUT, could beD � L

The symmetry breaking pattern is simply: SU(5)L ⇥ SU(5)R ! SU(5)V

The rank of big-color group is required to have no SM gauge coupling 
Landau pole below GUT scale:                      2  Nb  10

SU(Nb) SU(5)GUT

�
 D
L ,  

L
L

�
Nb 5

�
 D
R ,  

L
R

�
Nb 5

There are 24 PNGB’s or big-pions  [            has 44 PNGB’s]
24 = (8, 1)0 + (3, 2)�5/6 + (3, 2)5/6 + (1, 3)0 + (1, 1)0

The SM-singlet             could be the 750 GeV resonance            
11

(1, 1)0

Nb = 2



Sample Meson Spectrum
With vector-like quark masses:                                   , all big-pions are 
massive 

12

mc c c +mn n n

The SM charged pions 
receive additional loop 
contributions:

�m2 =
X

i=1,2,3

C2(ri)↵i(f⇧)

↵(f⇡)

f2
⇧ �m2

⇡

f2
⇡

For instance, the color-octet pion should have a mass below around 
2.8 TeV for all ranges of       and for the 750 GeV diphoton signal 
around 5.0 fb.

Nb

The vector      meson must be below around 5 TeV. ⇢b

2

Model Big-Quark Big-pion

D ⊕ L (3, 1)
−1/3 ⊕ (1, 2)1/2 (8, 1)0 ⊕ (3, 2)

−5/6 ⊕ (3̄, 2)5/6 ⊕ (1, 3)0 ⊕ (1, 1)0
D ⊕ E (3, 1)

−1/3 ⊕ (1, 1)1 (8, 1)0 ⊕ (3̄, 1)4/3 ⊕ (3, 1)
−4/3 ⊕ (1, 1)0

D ⊕ T (3, 1)
−1/3 ⊕ (1, 3)1 (8, 1)0 ⊕ (3̄, 3)

−2/3 ⊕ (3, 3)2/3 ⊕ (1, 5)0 ⊕ (1, 3)0 ⊕ (1, 1)0
L ⊕ Q (1, 2)1/2 ⊕ (3̄, 2)

−1/6 (8, 3)0 ⊕ (8, 1)0 ⊕ (3, 3)2/3 ⊕ (3̄, 3)
−2/3⊕

(3, 1)2/3 ⊕ (3̄, 1)
−2/3 ⊕ 2× (1, 3)0 ⊕ (1, 1)0

U ⊕ E (3, 1)2/3 ⊕ (1, 1)
−1 (8, 1)0 ⊕ (3̄, 1)

−5/3 ⊕ (3, 1)5/3 ⊕ (1, 1)0
U ⊕ N (3, 1)2/3 ⊕ (1, 1)0 (8, 1)0 ⊕ (3̄, 1)

−2/3 ⊕ (3, 1)2/3 ⊕ (1, 1)0
E ⊕ Q (1, 1)

−1 ⊕ (3, 2)1/6 (8, 3)0 ⊕ (8, 1)0 ⊕ (3̄, 2)5/6 ⊕ (3, 2)
−5/6 ⊕ (1, 3)0 ⊕ (1, 1)0

E ⊕ S (1, 1)
−1 ⊕ (6, 1)2/3 (27, 1)0 ⊕ (8, 1)0 ⊕ (6̄, 1)1/3 ⊕ (6, 1)

−1/3 ⊕ (1, 1)0
S ⊕ N (6, 1)2/3 ⊕ (1, 1)0 (27, 1)0 ⊕ (8, 1)0 ⊕ (6̄, 1)

−2/3 ⊕ (6, 1)2/3 ⊕ (1, 1)0

TABLE I. The representations of big-color quarks and pions under the SM gauge groups [SU(3)c, SU(2)L]U(1)Y . The big-quarks
are vector-like and have fundamental representations under the big-color gauge group SU(Nb). The SM-singlet big-pion, (1, 1)0,
is the 750 GeV diphoton resonance.

that can explain the 750 GeV diphoton resonance us-
ing a pseudo-Nambu-Goldstone boson pion as opposed
to heavier pseudo-scalar η′. Models that explain the ex-
cess with an η′ tend to have lighter QCD-charged meson
spectra and even tighter constraints than those consid-
ered in this work. The SM-singlet meson in each spec-
trum is fit to the 750 GeV diphoton excess of ATLAS
and CMS [1, 2]. There are two hypercharge choices for
the color-triplet or color-sextet pions. For convenience,
we have chosen one of them in Table I.
All models considered here have a QCD-charged big-

quark ψc and a QCD-neutral big-quark ψn. In the UV
theory, we write the big-quark mass terms as

L ⊃ −mcψcψc −mnψnψn . (1)

To determine the constraints on the QCD-charged
mesons in the models, we perform a rescaling of the QCD
meson spectrum and couplings to determine the struc-
ture of our composite sector. We include both spin-zero
big-pions, πbs, and spin-one big-rho-mesons, ρbs, in the
spectrum. Their interactions with the SM particles are
determined by their decay constants fπb

and fρb
, respec-

tively. The pions obtain their masses from the bare quark
masses and the radiative corrections from SM gauge in-
teractions [16]. The rho mesons receive small corrections
from those two contributions such that all rho mesons
could have the same mass at leading order. While the
pion spectrum is expected to be accurate at the 10%
level for the parameter space we consider, the ρb me-
son masses may have variation as large as 30% like in
the SM QCD for three light quarks. Since our spectra
generally has mc,n/fπb

that fall within the SM range,
we use the SM ρ-meson mass to obtain the ρb mass as

mρb
=
!

3
Nb

mρ fπb
/fπ. After fixing the singlet mass and

production cross-section, 4.6 ± 1.2 fb [17], to fit the 750
GeV diphoton excess, we show a benchmark model spec-
trum as a function of mc,n/fπb

in Fig. 2, where we have
multiplied our tree-level cross section by a K-factor of

2.5 [18].
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!b(3,2)-5!6

"b
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FIG. 2. Sample spectrum of light mesons for the D ⊕ L model
with Nb = 3. We fit the singlet mass to be 750 GeV and fix
the pseudo-scalar decay constant such that σ[pp → π(1,1)0

b →
γγ] = 4.6 fb. Here, mc(mn) is QCD-charged(singlet) big-
quark mass. The upper limit on mc/fπb

arises from requiring
mn ≥ 0.

The most phenomenologically significant mesons in the
short term are those charged under QCD. Simply by de-
manding theoretical consistency up to the GUT scale and
a fit to the 750 GeV diphoton data, the spectrum of the
QCD-charged mesons is highly restricted. For all models
considered here that fit the central experimental dipho-
ton cross section of 4.6 fb, the color-octet pion mass is
bounded from above by

M [π(8,1)0
b ] ≤ 3.6 TeV . (2)

For the minimal D ⊕ L model, the upper bound on the
color-octet big-pion is 2.8 TeV. If we change the diphoton
cross section to be 3.4 fb, the upper bound becomes 4.1
TeV. Further constraints from existing searches for these
particles apply as we discuss below.
Color-octet (or color-27) big-pions. The color-

octet big-pion, π(8,1)0
b , must be present in all QCD-like
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The big-pion                      
couples to two gluons and two 
photons through triangular 
anomalies

π(1,1)0
b

γ, g

γ, g

The gluon parton inside proton can produce the singlet pion.         
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Increasing the big-color rank can increase the decay constant and 
increase the some meson masses.
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Additional decay branchings for the very narrow (width~50 MeV) 750 GeV 
singlet

Mode gg γγ Zγ ZZ WW

Branching ratio 0.90 0.0046 0.0083 0.021 0.065

Γtot 0.13 GeV
!

Nd

4

"2 !
500 GeV

fΠ

"2

Table 2: The decay branching ratios of 1+ and its total width for the 5 + 5̄ model with a mass of 750
GeV.

For this model, we have several decay channels for 1+. We show the branching fractions and the total

widths in Table 2. We note that neglecting the phase space factors, the ratio of the branchings of γγ,

Zγ and ZZ is

Br(γγ) : Br(Zγ) : Br(ZZ) = 1 :
(9 cos2 θW − 5 sin2 θW )2

98 cos2 θW sin2 θW
:
(9 cos4 θW + 5 sin4 θW )2

196 cos4 θW sin4 θW
, (13)

with θW as the weak mixing angle and sin2 θW ≈ 0.23.

Using the MSTW 2008 PDFs [23] and the narrow-width approximation, we calculate the produc-

tion cross section times diphoton branching ratio in Fig. 2 as a function of fΠ. For the diphoton excess,

we estimate a range for the allowed values of the cross-section by combining the CMS and ATLAS 13

TeV results. We consider the number of observed and expected background predicted in the respec-

tive analysis papers by summing over the two bins nearest to 750 GeV. Using the signal acceptances

determined by simulations in the experimental papers, we determine that the maximum likelihood

cross section for the combined CMS and ATLAS excesses is 7.1 fb, with 1σ ranges of [3.6, 11.2] fb and

2σ ranges of [1.7, 14.2] fb. The maximum likelihood cross-section is indicated by a black line and the

1σ and 2σ lines by green and yellow bands respectively in Fig. 2. One can see that for Nd from 3 to

5 and fΠ from 300 GeV to 1 TeV, the 750 GeV diphoton excess can be explained in our model.

A prior search using data from Run 1 constrained the production of a Zγ resonance with a mass

of 750 GeV. They obtained a limit at this mass of

σ(pp → 1
+)Br

#

1
+ → (Z → ℓℓ)γ

$

< 0.27 fb , (8 TeV) , (14)

from Ref. [24]. Using the well-known leptonic branching fraction of the Z to leptons, Br(Z → ℓ+ℓ−) =

0.0673, the gg parton luminosity ratio at 750 GeV from 13 TeV to 8 TeV of 4.7, and the branching

fraction ratios determined from Eq. (13), we can relate this to a constraint on 13 TeV production of

γγ via the 1+ resonance. We find

σ(pp → 1
+)Br(1+ → γγ) < 9.6 fb , (13 TeV) . (15)

6

Especially, searching for        is important to confirm this minimal 
5+5bar model. 

Z�

For all composite models with the 750 GeV heavy pions coupling to both 
gluons and photons, the color-octet pion and rho meson are a universal 
prediction. 

π(1,1)0
b

γ, g

γ, g

π(8,1)0
b

g

γ, g

)
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Single-particle couplings of the color-octet pion: 

� ↵s

8⇡ f⇧

Nd

2
dabc ⇧8 a ✏µ⌫⇢� G

µ⌫ b G⇢� c + 2

p
↵Y ↵s

8⇡ f⇧

Nd

3
⇧8 a ✏µ⌫⇢� G

µ⌫ a B⇢�

The branching ratio to gluon+photon is simply 
Br[⇧8 ! g + �]

Br[⇧8 ! 2 g]
=

8↵

15↵s
⇡ 0.046

The branching ratio into gluon+Z is smaller and is 0.013. The total width is 
O(100 MeV). 

For pair-production of the color-octet 
pion via its QCD interactions, one 
could look for a pair of dijet 
resonances. The current best limit has 
a lower mass around 700 GeV from 
CMS (1412.7706). One could also 
look for the related channels:

g

g
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Figure 2: Left panel: potential Feynman diagram for the production and decays of high confinement
scale superbumps at a hadron collider. The scalar and pseudo-scalar of Π(8,1)0 have similar production
cross sections and similar decay chains. Right panel: tree-level pair production cross sections for
real scalar meson fields for adjoint representation mesons and complex scalar meson fields for the
(3, 2)−5/6 and (3, 2)5/6 mesons, from SM gauge interactions. The pseudo-scalar mesons have the same

production cross sections as the scalar mesons. Here, Π
(1,3)±,0

0
R represent the electric charged and

neutral components of the weak triplet meson. Π(3,2)−5/6 and Π(3,2)5/6 denote complex scalars such
that the line represents the combined cross-section for all states in these representations.

should therefore have a good chance to discover the color-octet states in our model.

After the discovery of color-octet mesons, it is interesting to study CP properties. The simplest

approach is to consider the singlet meson decays of Π1A
R,I → (Z → ℓ+ℓ−)(Z → ℓ+ℓ−) and study

the signal distribution of the angle between the two Z boson decay planes, as in the analysis for

determining the SM Higgs CP property [24–26]. Taking into account of the Z boson leptonic decay

branching ratio, the final signature production cross section of pp → 2ΠR,I
(8,1)0

→ (j2ℓ+2ℓ−)(3j) is

0.003 fb at the 13 TeV LHC, which means a high-luminosity LHC run is required to uncover the CP

properties. One could also consider the case with one leptonic Z and one hadronic Z, with the final

state as (j2ℓ+2j)(3j) and 0.07 fb at the 13 TeV LHC. This final state is less clean than the final state

with four leptons, so a more careful collider study is needed to test its feasibility.

For the lightest electroweak triplet mesons with a mass of a few hundred GeV, the electric-charged

component can decay to W±γ(Z), while the neutral component can decay to ZZ/Zγ/γγ. At the

13 TeV LHC, the dominant production is pp → Π(1,3)±0 Π(1,3)00 and has the cross section of around

5 fb for MΠ(1,3)0 ≈ 400 GeV. After the subsequent decays, we have a collider signature with a pair

of electroweak boson resonances with an equal mass at 400 GeV. The LHC Run II should be able to

discover a moderately light electroweak triplet mesons in this model [27].

19

π(8,1)0
b

g

γ, g

π(8,1)0
b

g

γ, g

YB, Martin: 1003.3006;
Dobrescu, Krnjaic: 1104.2893. 
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One could search for single productions of the color-octet pion via dijet or 
jet+photon channels. For color-octet and SM-singlet pions, the ratio of 
production cross sections is simply: 

�[gg ! ⇧(8,1)0 ]

�[gg ! ⇧(1,1)0 ]
=

25

4

m2
⇧8

�(s�m2
⇧8

)

m2
⇧1

�(s�m2
⇧1

)

The decay constant and the big-color rank are factored out. 

For a given model or known branching ratios, the constraints on 
color-octet production cross section can be directly translated into 
the 750 GeV heavy pion diphoton rate. 

The existing search for dijet and jet+photon resonances can be 
applied to constrain the color-octet states. 

The usual motivations for those searches are excited quarks with a larger 
width. The color-octet pion has a width much smaller than the detector-
resolution-generated widths. 
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Figure 8. The 95% C.L. upper limits on � ⇥ A for a sim-
ple Gaussian resonance decaying to dijets as a function of
the mean mass, mG, for four values of �G/mG, taking into
account both statistical and systematic uncertainties.
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Figure 9. The 95% C.L. upper limits on � ⇥ A for a Breit-
Wigner narrow resonance produced by a gg initial state de-
caying to dijets and convolved with PDF e↵ects, dijet mass
acceptance, parton shower and nonperturbative e↵ects and
detector resolution, as a function of the mean mass, mBW,
for di↵erent values of intrinsic width over mass (�BW/mBW),
taking into account both statistical and systematic uncertain-
ties.
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Figure 10. The 95% C.L. upper limits on � ⇥A for a Breit-
Wigner narrow resonance produced by a qq̄ initial state de-
caying to dijets and convolved with PDF e↵ects, dijet mass
acceptance, parton shower and nonperturbative e↵ects and
detector resolution, as a function of the mean mass, mBW,
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taking into account both statistical and systematic uncertain-
ties.
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dijet

of the signal acceptance due to the PDF uncertainties
were examined and found to be negligible. To account
for the statistical uncertainties on the background fit pa-
rameters, the background function is repeatedly fit to
pseudodata for which the content of each bin is drawn
from Poisson distributions. The mean of the Poisson
distribution for a given bin corresponds to the number
of entries actually observed in that bin in the data. The
variations in the fit predictions for a given bin, 1% of the
background at 1 TeV to about 20% of the background at
3 TeV, are taken as indicative of the systematic uncer-
tainty. This bin-by-bin uncertainty is treated in the limit
as fully correlated, using a single nuisance parameter
that scales the entire background distribution. Several
other fit functions from Ref. [50] were tested, and a neg-
ligible systematic uncertainty was found.
Fig. 2 shows the model-independent limits on the vis-

ible cross-section, defined as the product of the cross-
section (σ) times branching fraction (BR) times accep-
tance (A) times efficiency (ε), of a potential signal as
a function of the mass of each signal template, and
includes the systematic uncertainties discussed above.
The signal line shape is modelled as a Gaussian dis-
tribution, with one of four relative widths: σG/mG =

5%, 7%, 10%, and 15%, where σG (mG) is the width
(mean mass) of the Gaussian. The differences between
the limits for different widths are driven by the increased
sensitivity to local fluctuations for the narrower signals.
Beyond the highest-mass event recorded, 2.57 TeV, the
limits begin to converge due to the absence of observed
events. At 1 TeV and 4 TeV the limits are 8 fb and 0.1 fb,
respectively, for σG/mG = 5%. At 3 TeV, the new limit
improves the earlier ATLAS result in this channel by an
order of magnitude.
The limit on the visible cross-section in the QBH

model is shown in Fig. 3 as a function of Mth. The ob-
served (expected) lower limit on the QBH mass thresh-
old is found to be 4.6 (4.6) TeV, at 95% CL. The uncer-
tainty on the QBH theoretical cross-section arising from
PDF uncertainties moves the uppermost excluded mass
by 0.2%.
The limit on the visible cross-section in the excited-

quark model as a function of the q∗ mass, assumed to
be the same for u∗ and d∗, is shown in Fig. 4. The rise
in the expected and observed limits at high mq∗ is due
to the increased fraction of off-shell production of the
q∗, which alters the signal distribution to lower masses
with a wider peak. The observed (expected) lower limit
on the excited-quark mass is found to be 3.5 (3.4) TeV,
at 95% CL. With a much lower branching fraction than
the dijet channel but also smaller backgrounds, this re-
sult improves on the present exclusion limits in the di-
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Figure 2: The 95% CL upper limits on σ × BR × A ×
ε for a hypothetical signal with a Gaussian-shaped mγ j
distribution as a function of the signal mass mG for four
values of the relative width σG/mG.

jet final state: 3.32 TeV from CMS with 5 fb−1 of data
at
√

s = 7 TeV [30], and 2.83 TeV from ATLAS with
4.8 fb−1 [28] of data at

√
s = 7 TeV. The uncertainty on

the q∗ theoretical cross-section arising from PDF uncer-
tainties moves the uppermost excluded mass by 0.9%.

7. Conclusions

In conclusion, the γ + jet mass distribution mea-
sured in 20.3 fb−1 of pp collision data, collected at√

s = 8 TeV by the ATLAS experiment at the LHC,
is well described by the background model and no evi-
dence for new phenomena is found. Limits at 95% CL
using Bayesian statistics are presented for signal pro-
cesses yielding a Gaussian line shape, non-thermal
quantum black holes, and excited quarks. The limits on
Gaussian-shaped resonances exclude 4 TeV resonances
with visible cross-sections near 0.1 fb. Non-thermal
quantum black hole and excited-quark models with a
γ + jet final state are excluded for masses up to 4.6 TeV
and 3.5 TeV, respectively. The limits reported here on
the production of new resonances in the γ+jet final state
are the most stringent limits set to date in this channel.
We thank CERN for the very successful operation of

the LHC, as well as the support staff from our institu-
tions without whom ATLAS could not be operated effi-
ciently.
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The observed and expected upper limits on the production cross sections times branching ratio to a photon
and a quark or a gluon for benchmark models of excited quarks, RS1 QBHs and ADD QBHs are shown
in figure 5.

Comparing the measured upper limits to the theoretical predictions as a function of the mass of the
resonance, lower limits are set for the excited-quark mass at 4.4 TeV and for the RS1 (ADD) quantum
black hole mass at 3.8 (6.2) TeV. The uncertainty in the q⇤ theoretical cross section arising from PDF
uncertainties reduces the maximum excluded mass by 1.5%. The limits on the q⇤ and ADD QBH mass
improve on the ATLAS results at

p
s = 8 TeV in this channel by 0.9 TeV and 1.7 TeV, respectively.
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3

models for the 750 GeV resonance. It has the following
triangle-anomaly interactions

L ⊃ −
Nb αs

16π fπb

Ar√
2Cr

dabc π8 a
b ϵµνρσ G

µν b Gρσ c

+
Nb (3 Yc)

√
ααs

12π cW fπb

!

2Cr π
8 a
b ϵµνρσ Gµν a Bρσ .(3)

where cW = cos θW with θW as the Weinberg angle;
dabc is the SU(3)c symmetric group structure constant;
Yc is the hypercharge of the QCD-charged big-quark;
Ar = 1(7) and Cr = 1/2(5/2) for color-triplet(sextet)
big-quark. Based on the interactions, the color-octet big-
pion can be singly produced via two gluon partons at the
LHC. It mainly decays back to two gluons with a smaller
but non-negligible branching ratio into g + γ given by

BR[π(8,1)0
b → g + γ]

BR[π(8,1)0
b → 2 g]

=
8α (3 Yc)2 (2Cr)2

15αs A2
r

. (4)

For the D ⊕ L model, the above branching ratio is 4.6%.
The branching ratio into g + Z is similar, but reduced
by s2W /c2W ; it is ≈ 1.3% for the D ⊕ L model. For 4.6
fb of the 750 GeV diphoton signal, the total width of
the octet pion is ≈ 135 MeV for a mass of 1 TeV, so
the octet pion is a very narrow resonance. The color-27
pion couples to two gluons via the triangle anomaly; its
detailed properties will be presented in Ref. [19]. There
is another potential octet big-pion, (8, 3)0, which couples
to one gluon plus one weak gauge boson via a triangle
anomaly and has interesting pair-production signatures
studied in Refs. [20, 21] but small single production.
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FIG. 3. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC for different color-octet pion masses, from
various LHC narrow resonance searches including 8 TeV di-
jet [22], 8 TeV γ j [23], 13 TeV dijet [24] and 13 TeV γ j [25].
Also shown are our projected limits for γ j and jj resonance
searches with 20 fb−1 and 1% systematic error. The dashed
and black lines are theoretical upper bounds on the color-octet
masses.

There are two relevant production channels for the
color-octet and color-27 mesons at the LHC: pair pro-
duction and single resonant production. The pair pro-
duction channel is determined entirely by QCD couplings

to the gluon (up to additional ρb mediated productions)
and is independent of the decay constant. The mesons
decay with nearly 100% branching fraction to two glu-
ons. A search for pair production of dijet resonances at
the 8 TeV LHC from CMS [26] currently places a lower
bound on the octet mass of 700 GeV and on the color-
27 mass of 1.1 TeV. A correlated channel in which one
of the two pair produced mesons decays to gluon plus
photon, rather than two gluons, will likely have compa-
rable, though somewhat weaker, sensitivity and provides
an important test of such models.
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FIG. 4. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC from searching for color-octet (and/or
color-27) pions in the jj or jγ channels. Also shown is the

upper bound on the correlated π(1,1)0
b → Zγ channel. All

limits assume the weakest constrained color-octet or color-27
mass that is theoretically consistent and not ruled out by pair
production searches.

Resonant production depends on the mass and decay
constant of the meson. Within a given model and for
a given color-octet mass, the ratio σ[pp → π(8,1)0 →
gg]/σ[pp → π(1,1)0 → γγ] is fixed, so that a bound
on dijet resonance production translates directly into a
bound on the 750 GeV diphoton cross-section due to
the singlet meson. For the D ⊕ L model, σ[pp →
π(8,1)0 ]/σ[pp → π(1,1)0 ] = 25/4 for identical color-octet
and singlet pion masses. A similar story happens for the
color-27 pions [19]. Taking the least constrained color-
octet or color-27 meson mass, we place a conservative
upper bound on the 750 GeV diphoton cross-section at
the 13 TeV LHC. To derive the projected constraints,
we use a Feynrules/MadGraph 5/Pythia 6/PGS [27–30]
simulation to estimate the 13 TeV reach with 20 fb−1 for
the octet meson and the correlated singlet cross-section.
We have multiplied the color-octet tree-level production
cross section by a K-factor of ≈ 3.0 [31]. In Fig. 3 and
for the D ⊕ L model, we show the upper bounds on the
750 GeV diphoton cross sections for different color-octet
masses. One can see that the dijet and γ j searches are
complimentary. The limits are independent of the big-
color rank Nb. For the theoretically allowed range of
octet pion masses, the 750 GeV diphoton cross section
has an upper bound of 5.8 fb, the weakest bound at 2.3
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For the allowed range of color-
octet masses, the diphoton 
rate is constraints to be below 
5-6 fb for this D+L model.  

The weakest bound happens at 
around 1.1 TeV, 1.6 TeV, 2.2 TeV, 
due to small excesses for narrow 
dijet and      resonance searches 
at 8 TeV.
The projected gamma+jet resonance searches with 20/fb and 1% 
systematic error can further constraint the 750 GeV diphoton rate.  
So, if the 750 GeV is due to a QCD-like strong dynamics, this summer 
we should see the evidence of the color-octet heavy pion. 
One could also look for narrow dijet resonance below 2 TeV (emphasized 
also by Dobrescu&Yu 1306.2629) by solving the trigger issue like data 
scouting: CMS 1604.08907.

�j

3

models for the 750 GeV resonance. It has the following
triangle-anomaly interactions

L ⊃ −
Nb αs

16π fπb

Ar√
2Cr

dabc π8 a
b ϵµνρσ G

µν b Gρσ c

+
Nb (3 Yc)

√
ααs

12π cW fπb

!

2Cr π
8 a
b ϵµνρσ Gµν a Bρσ .(3)

where cW = cos θW with θW as the Weinberg angle;
dabc is the SU(3)c symmetric group structure constant;
Yc is the hypercharge of the QCD-charged big-quark;
Ar = 1(7) and Cr = 1/2(5/2) for color-triplet(sextet)
big-quark. Based on the interactions, the color-octet big-
pion can be singly produced via two gluon partons at the
LHC. It mainly decays back to two gluons with a smaller
but non-negligible branching ratio into g + γ given by

BR[π(8,1)0
b → g + γ]

BR[π(8,1)0
b → 2 g]

=
8α (3 Yc)2 (2Cr)2

15αs A2
r

. (4)

For the D ⊕ L model, the above branching ratio is 4.6%.
The branching ratio into g + Z is similar, but reduced
by s2W /c2W ; it is ≈ 1.3% for the D ⊕ L model. For 4.6
fb of the 750 GeV diphoton signal, the total width of
the octet pion is ≈ 135 MeV for a mass of 1 TeV, so
the octet pion is a very narrow resonance. The color-27
pion couples to two gluons via the triangle anomaly; its
detailed properties will be presented in Ref. [19]. There
is another potential octet big-pion, (8, 3)0, which couples
to one gluon plus one weak gauge boson via a triangle
anomaly and has interesting pair-production signatures
studied in Refs. [20, 21] but small single production.
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FIG. 3. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC for different color-octet pion masses, from
various LHC narrow resonance searches including 8 TeV di-
jet [22], 8 TeV γ j [23], 13 TeV dijet [24] and 13 TeV γ j [25].
Also shown are our projected limits for γ j and jj resonance
searches with 20 fb−1 and 1% systematic error. The dashed
and black lines are theoretical upper bounds on the color-octet
masses.

There are two relevant production channels for the
color-octet and color-27 mesons at the LHC: pair pro-
duction and single resonant production. The pair pro-
duction channel is determined entirely by QCD couplings

to the gluon (up to additional ρb mediated productions)
and is independent of the decay constant. The mesons
decay with nearly 100% branching fraction to two glu-
ons. A search for pair production of dijet resonances at
the 8 TeV LHC from CMS [26] currently places a lower
bound on the octet mass of 700 GeV and on the color-
27 mass of 1.1 TeV. A correlated channel in which one
of the two pair produced mesons decays to gluon plus
photon, rather than two gluons, will likely have compa-
rable, though somewhat weaker, sensitivity and provides
an important test of such models.
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FIG. 4. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC from searching for color-octet (and/or
color-27) pions in the jj or jγ channels. Also shown is the

upper bound on the correlated π(1,1)0
b → Zγ channel. All

limits assume the weakest constrained color-octet or color-27
mass that is theoretically consistent and not ruled out by pair
production searches.

Resonant production depends on the mass and decay
constant of the meson. Within a given model and for
a given color-octet mass, the ratio σ[pp → π(8,1)0 →
gg]/σ[pp → π(1,1)0 → γγ] is fixed, so that a bound
on dijet resonance production translates directly into a
bound on the 750 GeV diphoton cross-section due to
the singlet meson. For the D ⊕ L model, σ[pp →
π(8,1)0 ]/σ[pp → π(1,1)0 ] = 25/4 for identical color-octet
and singlet pion masses. A similar story happens for the
color-27 pions [19]. Taking the least constrained color-
octet or color-27 meson mass, we place a conservative
upper bound on the 750 GeV diphoton cross-section at
the 13 TeV LHC. To derive the projected constraints,
we use a Feynrules/MadGraph 5/Pythia 6/PGS [27–30]
simulation to estimate the 13 TeV reach with 20 fb−1 for
the octet meson and the correlated singlet cross-section.
We have multiplied the color-octet tree-level production
cross section by a K-factor of ≈ 3.0 [31]. In Fig. 3 and
for the D ⊕ L model, we show the upper bounds on the
750 GeV diphoton cross sections for different color-octet
masses. One can see that the dijet and γ j searches are
complimentary. The limits are independent of the big-
color rank Nb. For the theoretically allowed range of
octet pion masses, the 750 GeV diphoton cross section
has an upper bound of 5.8 fb, the weakest bound at 2.3
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2

Model Big-Quark Big-pion

D ⊕ L (3, 1)
−1/3 ⊕ (1, 2)1/2 (8, 1)0 ⊕ (3, 2)

−5/6 ⊕ (3̄, 2)5/6 ⊕ (1, 3)0 ⊕ (1, 1)0
D ⊕ E (3, 1)

−1/3 ⊕ (1, 1)1 (8, 1)0 ⊕ (3̄, 1)4/3 ⊕ (3, 1)
−4/3 ⊕ (1, 1)0

D ⊕ T (3, 1)
−1/3 ⊕ (1, 3)1 (8, 1)0 ⊕ (3̄, 3)

−2/3 ⊕ (3, 3)2/3 ⊕ (1, 5)0 ⊕ (1, 3)0 ⊕ (1, 1)0
L ⊕ Q (1, 2)1/2 ⊕ (3̄, 2)

−1/6 (8, 3)0 ⊕ (8, 1)0 ⊕ (3, 3)2/3 ⊕ (3̄, 3)
−2/3⊕

(3, 1)2/3 ⊕ (3̄, 1)
−2/3 ⊕ 2× (1, 3)0 ⊕ (1, 1)0

U ⊕ E (3, 1)2/3 ⊕ (1, 1)
−1 (8, 1)0 ⊕ (3̄, 1)

−5/3 ⊕ (3, 1)5/3 ⊕ (1, 1)0
U ⊕ N (3, 1)2/3 ⊕ (1, 1)0 (8, 1)0 ⊕ (3̄, 1)

−2/3 ⊕ (3, 1)2/3 ⊕ (1, 1)0
E ⊕ Q (1, 1)

−1 ⊕ (3, 2)1/6 (8, 3)0 ⊕ (8, 1)0 ⊕ (3̄, 2)5/6 ⊕ (3, 2)
−5/6 ⊕ (1, 3)0 ⊕ (1, 1)0

E ⊕ S (1, 1)
−1 ⊕ (6, 1)2/3 (27, 1)0 ⊕ (8, 1)0 ⊕ (6̄, 1)1/3 ⊕ (6, 1)

−1/3 ⊕ (1, 1)0
S ⊕ N (6, 1)2/3 ⊕ (1, 1)0 (27, 1)0 ⊕ (8, 1)0 ⊕ (6̄, 1)

−2/3 ⊕ (6, 1)2/3 ⊕ (1, 1)0

TABLE I. The representations of big-color quarks and pions under the SM gauge groups [SU(3)c, SU(2)L]U(1)Y . The big-quarks
are vector-like and have fundamental representations under the big-color gauge group SU(Nb). The SM-singlet big-pion, (1, 1)0,
is the 750 GeV diphoton resonance.

that can explain the 750 GeV diphoton resonance us-
ing a pseudo-Nambu-Goldstone boson pion as opposed
to heavier pseudo-scalar η′. Models that explain the ex-
cess with an η′ tend to have lighter QCD-charged meson
spectra and even tighter constraints than those consid-
ered in this work. The SM-singlet meson in each spec-
trum is fit to the 750 GeV diphoton excess of ATLAS
and CMS [1, 2]. There are two hypercharge choices for
the color-triplet or color-sextet pions. For convenience,
we have chosen one of them in Table I.
All models considered here have a QCD-charged big-

quark ψc and a QCD-neutral big-quark ψn. In the UV
theory, we write the big-quark mass terms as

L ⊃ −mcψcψc −mnψnψn . (1)

To determine the constraints on the QCD-charged
mesons in the models, we perform a rescaling of the QCD
meson spectrum and couplings to determine the struc-
ture of our composite sector. We include both spin-zero
big-pions, πbs, and spin-one big-rho-mesons, ρbs, in the
spectrum. Their interactions with the SM particles are
determined by their decay constants fπb

and fρb
, respec-

tively. The pions obtain their masses from the bare quark
masses and the radiative corrections from SM gauge in-
teractions [16]. The rho mesons receive small corrections
from those two contributions such that all rho mesons
could have the same mass at leading order. While the
pion spectrum is expected to be accurate at the 10%
level for the parameter space we consider, the ρb meson
masses are far more uncertain. In SM QCD, the frac-
tional mass difference between the lightest and heaviest
vector mesons composed of three light quarks is roughly
30%. Since our spectra generally has mc,n/fπb

that fall
within the SM range, we allow a 30% uncertainty for the
ρb masses and take the heavier side in our analysis. Af-
ter fixing the singlet mass and production cross-section,
4.6 ± 1.2 fb [17], to fit the 750 GeV diphoton excess,
we show a benchmark model spectrum as a function of

mc,n/fπb
in Fig. 2, where we have multiplied our tree-

level cross section by a K-factor of 2.5 [18].
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FIG. 2. Sample spectrum of light mesons for the D ⊕ L model
with Nd = 6. We fit the singlet mass to be 750 GeV and fix
the pseudo-scalar decay constant such that σ[pp → π(1,1)0

b →
γγ] = 4.6 fb. Here, mc(mn) is QCD-charged(singlet) big-
quark mass. The upper limit on mc/fπb

arises from requiring
mn ≥ 0.

The most phenomenologically significant mesons in the
short term are those charged under QCD. Simply by de-
manding theoretical consistency up to the GUT scale and
a fit to the 750 GeV diphoton data, the spectrum of the
QCD-charged mesons is highly restricted. For all models
considered here that fit the central experimental dipho-
ton cross section of 4.6 fb, the color-octet pion mass is
bounded from above by

M [π(8,1)0
b ] ≤ 2.2 TeV . (2)

For the minimal D ⊕ L model, the upper bound on the
color-octet big-pion is 1.7 TeV. If we change the dipho-
ton cross section to be 3.4 fb, the upper bound becomes
1.9 TeV. The color-triplet pseudo-scalars must be below
1.5 TeV, while the vector ρb mesons must be below 4.7
TeV. Further constraints from existing searches for these
particles apply as we discuss below.

see the list of models in Redi, Strumia, Tesi, Vigiani: 1602.07297 

Models like D+T has a double-charged particle. The 750 GeV diphoton 
branching is large, so the correlated constraints from color-octet are 
weaker.
The last two models with color-sextet big-quarks have color-27 pions, 
which also couple to two gluons via triangle-anomaly. Their productions 
are enhanced by a large color-factor. 
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More than a half of models are constrained by their color-octet (color-27) 
state properties. 
For the D+E and D+T models, one could look for the color-triplet pions via 
their leptoquark or diquark decays. 

3

models for the 750 GeV resonance. It has the following
triangle-anomaly interactions

L ⊃ −
Nb αs

16π fπb

Ar√
2Cr

dabc π8 a
b ϵµνρσ G

µν b Gρσ c

+
Nb (3 Yc)

√
ααs

12π cW fπb

!

2Cr π
8 a
b ϵµνρσ Gµν a Bρσ .(3)

where cW = cos θW with θW as the Weinberg angle;
dabc is the SU(3)c symmetric group structure constant;
Yc is the hypercharge of the QCD-charged big-quark;
Ar = 1(7) and Cr = 1/2(5/2) for color-triplet(sextet)
big-quark. Based on the interactions, the color-octet big-
pion can be singly produced via two gluon partons at the
LHC. It mainly decays back to two gluons with a smaller
but non-negligible branching ratio into g + γ given by

BR[π(8,1)0
b → g + γ]

BR[π(8,1)0
b → 2 g]

=
8α (3 Yc)2 (2Cr)2

15αs A2
r

. (4)

For the D ⊕ L model, the above branching ratio is 4.6%.
The branching ratio into g + Z is similar, but reduced
by s2W /c2W ; it is ≈ 1.3% for the D ⊕ L model. For 4.6
fb of the 750 GeV diphoton signal, the total width of
the octet pion is ≈ 135 MeV for a mass of 1 TeV, so
the octet pion is a very narrow resonance. The color-27
pion couples to two gluons via the triangle anomaly; its
detailed properties will be presented in Ref. [19]. There
is another potential octet big-pion, (8, 3)0, which couples
to one gluon plus one weak gauge boson via a triangle
anomaly and has interesting pair-production signatures
studied in Refs. [20, 21] but small single production.
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FIG. 3. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC for different color-octet pion masses, from
various LHC narrow resonance searches including 8 TeV di-
jet [22], 8 TeV γ j [23], 13 TeV dijet [24] and 13 TeV γ j [25].
Also shown are our projected limits for γ j and jj resonance
searches with 20 fb−1 and 1% systematic error. The dashed
and black lines are theoretical upper bounds on the color-octet
masses.

There are two relevant production channels for the
color-octet and color-27 mesons at the LHC: pair pro-
duction and single resonant production. The pair pro-
duction channel is determined entirely by QCD couplings

to the gluon (up to additional ρb mediated productions)
and is independent of the decay constant. The mesons
decay with nearly 100% branching fraction to two glu-
ons. A search for pair production of dijet resonances at
the 8 TeV LHC from CMS [26] currently places a lower
bound on the octet mass of 700 GeV and on the color-
27 mass of 1.1 TeV. A correlated channel in which one
of the two pair produced mesons decays to gluon plus
photon, rather than two gluons, will likely have compa-
rable, though somewhat weaker, sensitivity and provides
an important test of such models.
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FIG. 4. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC from searching for color-octet (and/or
color-27) pions in the jj or jγ channels. Also shown is the

upper bound on the correlated π(1,1)0
b → Zγ channel. All

limits assume the weakest constrained color-octet or color-27
mass that is theoretically consistent and not ruled out by pair
production searches.

Resonant production depends on the mass and decay
constant of the meson. Within a given model and for
a given color-octet mass, the ratio σ[pp → π(8,1)0 →
gg]/σ[pp → π(1,1)0 → γγ] is fixed, so that a bound
on dijet resonance production translates directly into a
bound on the 750 GeV diphoton cross-section due to
the singlet meson. For the D ⊕ L model, σ[pp →
π(8,1)0 ]/σ[pp → π(1,1)0 ] = 25/4 for identical color-octet
and singlet pion masses. A similar story happens for the
color-27 pions [19]. Taking the least constrained color-
octet or color-27 meson mass, we place a conservative
upper bound on the 750 GeV diphoton cross-section at
the 13 TeV LHC. To derive the projected constraints,
we use a Feynrules/MadGraph 5/Pythia 6/PGS [27–30]
simulation to estimate the 13 TeV reach with 20 fb−1 for
the octet meson and the correlated singlet cross-section.
We have multiplied the color-octet tree-level production
cross section by a K-factor of ≈ 3.0 [31]. In Fig. 3 and
for the D ⊕ L model, we show the upper bounds on the
750 GeV diphoton cross sections for different color-octet
masses. One can see that the dijet and γ j searches are
complimentary. The limits are independent of the big-
color rank Nb. For the theoretically allowed range of
octet pion masses, the 750 GeV diphoton cross section
has an upper bound of 5.8 fb, the weakest bound at 2.3
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Similar to the SM, the rho-meson 
mainly decays into two pions. 

The majority of parameter space in 
our models have color-octet vector 
meson (coloron) decay into two 
QCD-charged pions

For a 3 TeV rho-meson, its width is at 
O(500 GeV), so a very broad 
resonance. 

Directly search for      is challenging.  ⇢8b

4

which is very close to the central value, 4.6 fb, to fit the
diphoton excess [17]. It is also interesting to note that
there is a small excess at around 1.1 TeV from searches
for narrow dijet resonances by ATLAS [22]. In Fig. 4, we
show the limits for different models by taking the least
constrained diphoton cross sections for different color-
octet (or color-27) meson masses.
Color-octet ρb meson. The spin-one color-octet ρb

meson couples to two QCD-charged big-pions just as the
ρ meson couples to pions in the SM. For instance, one
has the interaction of gρbπbπb

fabcρab µπ
b
b∂

µπc
b for the color-

octet pion. The ρ–π–π coupling gρππ is estimated using
the KSRF relation [32, 33]. If the two-pion phase space
is open, it can decay into two big-pions with the decay
width

Γ
[

ρ(8,1)0b → πr
bπ

r
b

]

=
g2ρbπbπb

Cr Mρ
(8,1)0
b

96 π

⎛

⎝1−
4M2

πr
b

M2
ρ
(8,1)0
b

⎞

⎠

3/2

,(5)

with “r” denoting the QCD representation of the big-
pion. For gρbπbπb

≈ 6 and only decay into two octet
pions with Cr = 3, obtain a decay width of 445 GeV for

M [ρ(8,1)0b ] = 3 TeV and M [π(8,1)0
b ] = 1 TeV, which is a

very broad vector meson. In Fig. 5, we show the allowed
region for the vector meson decaying into color-triplet
pions with (darker green) or without (lighter green) color-
octet pions.
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FIG. 5. Allowed decay modes for the ρ(8,1)0b meson in the D
⊕ L model. The black dashed line indicates the full limits of
the allowed parameter space, such that only decays to qq̄ are
allowed in the clear region enclosed by the dashed line.

If the two-pion phase space is closed, the ρ(8,1)0b me-
son mainly decays into two SM fermions. The relevant

coupling is related to the kinetic mixing between ρ(8,1)0b
and the QCD gluon and is given by igs tθ ρabµqt

aγµq
with tθ ≈ 0.2 as a benchmark point. Ignoring the SM
quark mass, the total decay width into all six quarks

is Γ[ρ(8,1)0b ] = αs t2θ M [ρ(8,1)0b ] ≈ 10 GeV for M [ρ(8,1)0b ] =

3 TeV, and hence a narrow resonance. For a 1 TeV ρ(8,1)0b
meson, this gives a large dijet production cross-section

such that existing dijet resonance searches [22, 24] rule
out all models considered other than D ⊕ E and D ⊕
T. We therefore focus on the portion of parameter space,
if it exists, where decays into pseudo-scalar mesons are

allowed. In Fig. 6, we show the ρ(8,1)0b meson-mediated
production for QCD-charged pions at the 13 TeV LHC
in the Breit-Wigner approximation, which can boost the
potential discovery of color-octet pions in the searches for
pair produced dijet resonances [34–37].
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FIG. 6. Pair production cross-section of QCD-charged πb at
the 13 TeV LHC. The shaded regions are already excluded
by searches for pair produced dijet resonances with the blue
(orange) shaded region corresponding to a 1 TeV (0.75 TeV)
πQCD
b [26].

Discussion and conclusions. In all of the mod-
els considered here, there are additional QCD-triplet (or
sextet) heavy pions. These triplets do not decay without
introducing additional non-renormalizable interactions.
The lowest dimension-six four-fermion interactions cause
leptoquark- or diquark-like decays. The flavor structure
of their couplings could have interesting phenomenologi-
cal consequence in the B or D-meson system [38].

We also stress the importance of continuing searches
for moderately heavy narrow resonances with smaller
cross sections at the LHC. As can be seen from Fig. 3,
the search for a γ j resonance around one TeV is crucial
to understand the underlying dynamics of the 750 GeV
resonance. One could also look for this color-octet big-
pion in the dijet channel using clever ways to overcome
trigger and systematics issues [39, 40].

In conclusion, color-octet companions of the 750 GeV
heavy pion could be discovered by the LHC Run 2 in the
dijet or jet plus photon channel, as well as in the four-
jet channel from its QCD and vector-meson mediated
interactions. The existence of a new and QCD-like strong
dynamics can be discovered.

This work is supported by the U. S. Department of
Energy under the contract DE-FG-02-95ER40896 and
in part by the National Science Foundation under Grant
No. NSF PHY11-25915.

We could notice their existence from 
its contribution to pair-production of 
QCD-charged pions.

⇢

4

TeV in Fig. 3, for a very large Nb. It is also interest-
ing to note that there are small excesses at around 1.1
TeV, 1.6 TeV and 2.3 TeV from searches for narrow dijet
resonances by ATLAS [22], which are likely masses for
the color-octet pion. In Fig. 4, we show the limits for
different models by taking the least constrained dipho-
ton cross sections for different color-octet (or color-27)
meson masses.
Color-octet ρb meson. The spin-one color-octet ρb

meson couples to two QCD-charged big-pions just as the
ρ meson couples to pions in the SM. For instance, one
has the interaction of gρbπbπb

fabcρab µπ
b
b∂

µπc
b for the color-

octet pion. The ρ–π–π coupling gρππ is estimated using
the KSRF relation [32, 33]. If the two-pion phase space
is open, it can decay into two big-pions with the decay
width

Γ
!

ρ(8,1)0b → πr
bπ

r
b

"

=
g2ρbπbπb

CrMρb

96 π

#
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4M2

πr

b

M2
ρb

$3/2

,(5)

with “r” denoting the QCD representation of the big-
pion. For gρbπbπb

≈ 6 and only decay into two octet
pions with Cr = 3, obtain a decay width of 445 GeV for

M [ρ(8,1)0b ] = 3 TeV and M [π(8,1)0
b ] = 1 TeV, which is a

very broad vector meson. In Fig. 5, we show the allowed
region for the vector meson decaying into color-triplet
pions with (darker green) or without (lighter green) color-
octet pions.
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FIG. 5. Allowed decay modes for the ρ(8,1)0b meson in the D
⊕ L model. The black dashed line indicates the full limits of
the allowed parameter space.

If the two-pion phase space is closed, the ρ(8,1)0b me-
son mainly decays into two SM fermions. The relevant

coupling is related to the kinetic mixing between ρ(8,1)0b
and the QCD gluon and is given by igs tθ ρabµqt

aγµq
with tθ ≈ 0.2 as a benchmark point. Ignoring the SM
quark mass, the total decay width into all six quarks

is Γ[ρ(8,1)0b ] = αs t2θ M [ρ(8,1)0b ] ≈ 10 GeV for M [ρ(8,1)0b ] =

3 TeV, and hence a narrow resonance. For a 3 TeV ρ(8,1)0b
meson, this gives a large dijet production cross-section
such that existing dijet resonance searches [22, 24] rule

out all models considered other than D ⊕ E and D ⊕
T. We therefore focus on the portion of parameter space,
if it exists, where decays into pseudo-scalar mesons are

allowed. In Fig. 6, we show the ρ(8,1)0b meson-mediated
production for QCD-charged pions at the 13 TeV LHC
in the Breit-Wigner approximation, which can boost the
potential discovery of color-octet pions in the searches for
pair produced dijet resonances [34–37].
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by searches for pair produced dijet resonances with the blue
(orange) shaded region corresponding to a 1 TeV (0.75 TeV)
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Discussion and conclusions. In all of the mod-
els considered here, there are additional QCD-triplet (or
sextet) heavy pions. These triplets do not decay without
introducing additional non-renormalizable interactions.
The lowest dimension-six four-fermion interactions cause
leptoquark- or diquark-like decays. The flavor structure
of their couplings could have interesting phenomenologi-
cal consequence in the B or D-meson system [38].

We also stress the importance of continuing searches
for moderately heavy narrow resonances with smaller
cross sections at the LHC. As can be seen from Fig. 3,
the search for a γ j resonance around one TeV is crucial
to understand the underlying dynamics of the 750 GeV
resonance. One could also look for this color-octet big-
pion in the dijet channel using clever ways to overcome
trigger and systematics issues [39, 40].

In conclusion, color-octet companions of the 750 GeV
heavy pion could be discovered by the LHC Run 2 in the
dijet or jet plus photon channel, as well as in the four-
jet channel from its QCD and vector-meson mediated
interactions. The existence of a new and QCD-like strong
dynamics can be discovered.

This work is supported by the U. S. Department of
Energy under the contract DE-FG-02-95ER40896 and
in part by the National Science Foundation under Grant
No. NSF PHY11-25915.



Questions about the Two Scales
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Why is the confinement scale                    for the new strong dynamics 
sector around a few TeV?

Why is the bare-fermion mass for the vector-like big-quark around 100 
GeV?

For the first question, it will be nice if the new sector has something to do 
with the electroweak symmetry sector. It is not obvious how to build this 
connection. 

For the second question, it will also be nice if the Higgs VEV can provide 
the bare-fermion masses. However, this will mess up the SM Higgs 
properties. 

I will show two directions to answer those two questions, but not in a 
combined way. 

Λb ∼ 4π fΠ



WIMP could justify the TeV 
Confinement Scale

24

A simple guess: WIMP and the 750 GeV particle could come from the 
same strong dynamics. 

When we have the 750 GeV interaction with two gluons and two photons, it 
is very likely that the WIMP could have similar interactions in pair. 

cG
g2s Nb

⇤2
b

⇧1�⇧1� Gµ⌫ aGa
µ⌫ cF

e2 Nb

⇤2
b

⇧1�⇧1� Fµ⌫Fµ⌫

The dark matter chromo-Rayleigh interaction could be the dominant 
one to explain its thermal relic abundance. 

h�vi(⇧1�⇧1� ! gg) =
64 c2G g4s M

2
⇧1�

⇡⇤4
b

+O(v2) ⇡ 1.0 pb · c

For a dark matter mass around 750 GeV, the scale      is required to be 
around                 GeV to have the thermal annihilation rate.         

⇤b

4⇡ ⇥ 500



One Realization: dark-G-parity-odd WIMP
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This is just one example that can use the WIMP to explain the confinement 
scale. More models along this line should be studied. 

The pure SM QCD sector (turning off the electroweak interactions) has an 
unbroken G-parity, which is a combination of charge-conjugation and 
second-isospin rotation. Similar thing could happen for the new strong 
dynamics sector by choosing proper matter content. 
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�
 D
1,L,  

L
1,L

�
Nb 5

�
 D
1,R,  

L
1,R

�
Nb 5

�
 D
2,L,  

L
2,L

�
Nb 5

�
 D
2,R,  

L
2,R

�
Nb 5

Double the matter content and 
have the same bare-fermion mass 
for        and       .  1  2

One then has an unbroken and 
independent G-parity: dark G-
parity. YB, R. Hill: 1003.3006 

see also 0906.0577 by Kilic, Okui, Sundrum



Dark-G-even and odd Heavy Pions
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There totally 99 new heavy pions: 

The basic Lagrangian is

L = LSM −
1

4
(F̂ a

µν)
2 + ψ̄1

!

i ∂/ + ĝ Â/ b t̂b + g5 A/
a ta

"

ψ1 + ψ̄2

!

i ∂/ + ĝ Â/ b t̂b − g5 A/
a ta∗

"

ψ2

− (ψ̄1 Mψ ψ1 + ψ̄2 Mψ ψ2) . (1)

Here, the dark QCD gauge field is denoted by Âµ with the generator as t̂b; the GUT SU(5) gauge

field is denoted by Aa
µ with the generator as ta with Tr[tatb] = 1

2δ
ab. We also introduce a mass matrix,

Mψ, for both ψ1 and ψ2. At the scale around 1 TeV, in order to conserve the SM gauge symmetry,

there are two parameters for this mass matrix

Mψ = diag(m1 I3,m2 I2) , (2)

with m1,m2 ≥ 0 in our convention.

The above Lagrangian is invariant under the “dark G-parity”, under which the dark quarks, dark

gauge fields and the GUT gauge fields transform as

ψ1
G−→ ψC

2 = i γ2 ψ∗
2 , ψ2

G−→ ψC
1 = i γ2 ψ∗

1 ,

Âb t̂b
G−→ (Âb)C t̂b = Âb (−t̂b∗) , Aa

µ
G−→ Aa

µ . (3)

with C denoting charge conjugation. Note in particular that Aa
µ, as well as all remaining SM fields

are invariant. It is readily verified that the Lagrangian in Eq. (1) is invariant under the G-parity

transformation in Eq. (3). Hence dark G-parity is a good quantum number of the theory, and all SM

particles are G-even.

In order to keep asymptotic freedom for both SU(Nd)dQCD and SM QCD gauge couplings, we

further require 2 ≤ Nd ≤ 5. The SU(Nd)dQCD gauge coupling becomes strong in the infrared and the

confinement and chiral symmetry breaking happen at a scale Λd ≈ 4πfΠ, with fΠ as the dark pion

decay constant. For m1,m2 ! Λd and in the low energy theory below Λd, we have totally 99 PNGB’s,

dark pions. Decomposing them into SU(5) representations, we have

10× 10− 1 = 24
+ + 24

− + 1
− + 10+ 15+ 10+ 15 . (4)

Here, the superscript “+(−)” means the G-parity even(odd). 2 We can further decompose these pions

into SM gauge group representations. For instance, using the notation of (SU(2)W , SU(3)QCD)U(1)Y

one has

24
+ = (1,1)+

0
+ (3,1)+

0
+ (2,3)+

−5/6 + (2, 3̄)+
5/6 + (1,8)+

0
,

24
− = (1,1)−

0
+ (3,1)−

0
+ (2,3)−

−5/6 + (2, 3̄)−
5/6 + (1,8)−

0
. (5)

2For the model based on 10 of SO(10), the decomposition of 99 dark pions under SO(10) is 10×10−1 = 45
−+54

+.
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The dark-G-even SM singlet,            , is the 750 GeV diphoton resonance.(1, 1)+0

There are two dark-G-odd SM singlets, both of them could be the 
WIMP. 

There are totally three SM gauge singlets with one G-parity even and two G-parity odd. We will

denote (1,1)+0 simply as 1+ and (1,1)�0 simply as 1�
A

, while the singlet in Eq. (4) as 1�
B

. Their

generators are

T

1+
=

1

2
p
30

diag(2 I
3

,�3 I
2

, 2 I
3

,�3 I
2

) ,

T

1�
A =

1

2
p
30

diag(2 I
3

,�3 I
2

,�2 I
3

, 3 I
2

) ,

T

1�
B =

1p
20

diag(I
5

,�I
5

) , (6)

which have canonical normalization with Tr(T 1+
T

1+
) = 1/2as for the other pion generators. To

calculate couplings of dark pions with SM gauge bosons, we will use the 10⇥10 matrix representation

of the SU(5) generators as T a = diag(ta,�t

a⇤) with Tr(T a

T

a) = �

ab. To complete the decomposition

into SM gauge group representation, we also have 10 = (1,1)1 + (1, 3̄)�2/3 + (2,3)1/6 and 15 =

(3,1)1 + (2,3)1/6 + (1,6)�2/3.
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Figure 1: Dark pion masses as a function of the 1�
B

mass after fixing the lightest G-even dark pion,
1+, to be 750 GeV and f

⇧

= 350 GeV. The QCD gauge couplings is chosen to have ↵
s

(1 TeV) ⇡ 0.09.
We do not show the masses of additional dark pions related to the ones in this plot by complex
conjugation.

Since the SM gauge interactions can provide masses for charged pions, we anticipate that the three

SM-singlet pions are lighter than others. The bare dark quark masses contribute to the dark pions

4

The WIMP sits in the (612, 750) 
GeV mass window, with the lower 
bound just from group structure: 

p
2/3⇥ 750 = 612



Direct Detection of the LGP
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The WIMP candidate in our model has its dark matter phenomenology 
depend on its chromo-Rayleigh interaction. 

The predicted cross sections for the 5+5bar model is around two orders of 
magnitude below the current constraints, but should be above the neutrino 
floor.  

κ ≈ −0.20 and is related to the matrix element of gluon
operators inside a nucleon. We note that the predicted
scattering cross section in our model is below the current
bound from LUX [29] and could be probed by future direct
detection experiments. Furthermore, taking the ratio of
Eqs. (19) and (20), one can see that only the dark matter
mass M1− becomes the relevant parameter for the direct
detection predictions in our model. In Fig. 3, we show our
model predictions for WIMP spin-independent scattering
cross sections together with the LUX limits. The predicted
cross sections for our 5þ 5 model are around 2 orders of
magnitude below the current constraints.
Searches for dark matter at colliders could also probe our

model. One sensitive channel is the monojet. Using the
results at the 8 TeV LHC with 19.7 fb−1 from the CMS
Collaboration [31], we have found that the constraint on
our model parameters is less stringent than the one from
LUX. Another way to search for particle properties of dark
matter is indirect detection of the annihialtion of dark
matter into SM particles. For our model, the main constraint
of this sort comes from the antiproton flux. Using the
AMS-02 antiproton fraction result [32], the current con-
straint on the WIMP mass with a thermal annihilation rate
into hadrons is between 100 to 200 GeV [33], which does
not constrain the parameter space of our model.

D. Other pions and baryons

In the model we have presented, there are 99 pions which
are naturally divided into G-odd and G-even states as in
Eq. (4). For the two G-even states, ð3; 1Þþ0 and ð1; 8Þþ0 , the
triangle anomaly can generate interactions of the form
Πi

ð3;1Þþ0
~Wi
μνBμν, dabcΠa

ð1;8Þþ0
~Gb
μνGμνc, and Πa

ð1;8Þþ0
~Ga
μνBμν. As

a result, the electric-neutral part of the weak triplet can
decay into 2γðZÞ and γ þ Z, while the color-octet state can
decay into 2g or gþ γðZÞ. After they are produced in pairs

at the LHC, one could search for a pair of resonances with
an equal mass. For the two G-odd states, ð3; 1Þ−0 and
ð1; 8Þ−0 , higher-dimensional operators generated by the
strong dynamics having the form Πi

ð3;1Þ−0
Π1−A;B

Wi
μνBμν and

Πa
ð1;8Þ−0

Π1−A;B
Ga

μνBμν mediate the decays of the weak-triplet

and color-octet pions into the WIMP plus two SM gauge
bosons. At the LHC, one has an interesting signature of
2jþ 2γðZÞ þMET for the color-octet pion.
Additional global symmetries forbid the decays of the

color triplet pions ð2; 3Þ$−5=6, ð1; 3Þ$−2=3, and ð2; 3Þ$1=6 at the
level considered so far. Since they are not viable dark
matter candidates because of their QCD interactions, there
must be additional interactions which mediate their decays.
The simplest possibility is to add four-fermi interactions
of pairs of dark quarks to pairs of SM fermions in the
UV theory. These interactions should conserve G-parity in
order that they do not allow dark matter decays. Operators
for which the pair of dark quarks transforms as a pseudo-
scalar or pseudovector will yield interactions for G-even
pion decay into pairs of SM fermions in the IR. On the
other hand, operators for which the pair of dark quarks
transforms as a scalar or vector yield interactions for G-odd
pions to decay to lighter G-odd pions along with a pair of
SM fermions. For example, the following operator can give
G-even color-triplet pions a leptoquarklike decay,

ðψ1γμγ5TAψ1 þ ψc
2γμγ5TAψc

2Þ5γμPRTA5; ð21Þ

where 5 denotes the (right-handed) SM fermion that
transforms as a 5 of SUð5ÞGUT. The same operator without
a vector rather than pseudovector,

ðψ1γμTAψ1 þ ψc
2γμTAψc

2Þ5γμPRTA5; ð22Þ

givesG-odd pions a decay into lighterG-odd pions and SM
fermions.3 Other dimension-6 operators could have the
same effect. The scale of the operators is a priori arbitrary,
but at the very least, all of the pions other than the lightest
G-odd pion should not be cosmologically stable. They
could, however, be long lived, which would yield striking
signatures with displaced vertices or R-hadrons [34] which
will be well covered by searches at Run 2 of the LHC. To
summarize, the G-odd pions should be pair produced and
will yield leptonsþ jetsþMET signals from potential
cascade decays and with possibly long-lived states. The
G-even QCD triplets must also be pair produced but will
yield equal mass pair produced leptoquark or diquark
resonances.
Our model also predicts additional baryonlike states.

Their masses are anticipated to be relatively large based on

FIG. 3. The blue line is our model predictions of the spin-
independent scattering cross sections after satisfying the dark
matter thermal relic abundance Ωc. For the 5þ 5̄ model, the
WIMP mass is predicted to be within (613,750) GeV. The dashed
and red line is the “neutrino floor” cross section [30].

3This operator also generates decays for G-even pions into
ligther G-even pions and SM fermions, but this decay is a higher
operator than those previously mentioned and is therefore
subdominant.

750 GEV DARK PION: COUSIN OF A DARK G- … PHYSICAL REVIEW D 93, 076009 (2016)

076009-5



Questions about the Two Scales

28

Why is the confinement scale                    for the new strong dynamics 
sector around a few TeV?

Why is the bare-fermion mass for the vector-like big-quark around 100 
GeV?

⇤b ⇠ 4⇡ f⇧



A Chiral Composite Model
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The new big-quarks could be 
vector-like under Standard Model 
gauge group, but chiral under a 
new          or other new gauge 
group. 
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The detailed model also requires additional four-fermion-like operators to 
give all masses to pseudo Nambu-Goldstone bosons. 

The big-color confinement can also generate          spontaneously 
breaking, such that the big-quark mass could be tied together with the 
confinement scale. 

U(1)0

U(1)0



New Decays for 750 GeV and color-octet 
Pions
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We have new decay channels for the 750 GeV particle and the color-
octet pion. For              and 

Π1A decays

Π8 decays

g′ = 0.2

Mode gg γγ Zγ ZZ WW Z ′γ Z ′Z

Branching ratio 0.90 0.0046 0.0079 0.0196 0.062 0.0025 0.0007

Γtot 67.4 MeV
!
Nb
4

"2 !
695 GeV

fΠ

"2

Table 4: The branching ratios and total width for Π1α with a mass of 750 GeV. For decays involving
the massive Z ′ gauge boson, g′ = 0.2 and mZ′ ≈ 310 GeV for fΠ = 695GeV and Nb = 4.

γγ) = σ(gg → Π1A)× Br(Π1A → γγ), with

σ(gg → Π1A) =
N2

b g
4
s m

4
Π1A

30× 162 π4 f2
Π

π

ŝ
δ(ŝ −m2

Π1A
) . (28)

Here, ŝmeans the center-of-mass energy of partons. Integrating this cross section with the MSTW2008

NNLO central parton distribution function set [22] and an NNLO K-factor of 2.5 [23] for a 750 GeV

big-pion at the 13 TeV LHC, we have the required fΠ as

fΠ = 695GeV

#
Nb

4

$ #
4.6 fb

σ × Br

$1/2

. (29)

In Fig. 3, we show the diphoton rate as a function of fΠ for different big-colors Nb. The decay constants

fitting the central value of the diphoton resonance rate range from roughly 500 GeV to 900 GeV, so

the related confinement scale Λb ∼ 4πfΠ varies from 6 TeV to 11 TeV. The heavier states including

vector ρb, ab mesons and baryons are heavy and unlikely to be probed by the LHC Run 2.

In our chiral composite model, there is an additional channel to confirm the 750 GeV resonance

and search for the light Z ′ boson. For the benchmark point with g′ = 0.2 and mZ′ = 310 GeV, the

production cross section times branching ratio of the final state of ℓ+ℓ−γ is

σ(pp → Π1A) × Br(Π1A → Z ′γ) × Br(Z ′ → ℓ+ℓ−) ≈
#

g′

0.2

$2

× 0.73 fb , (30)

at the 13 TeV LHC and for the 750 GeV diphoton rate of around 5 fb. The SM background is

around 0.2 fb for the invariant mass of ℓ+ℓ−γ in (700, 800) GeV mass window with pT (ℓ) > 20 GeV,

pT (γ) > 100 GeV and |m(ℓ+, ℓ−)−mZ | > 15 GeV. So, even with just 20 fb−1 luminosity the 13 TeV

LHC should be able to confirm the Z ′γ decay of the 750 GeV resonance.

2.4.2 Interactions of Parity-odd Π1β

A single parity-odd big-pion, Π1β , cannot couple to two gauge bosons because of the discrete symme-

tries. From a box diagram at one loop, we expect it to couple to three gauge bosons. For instance,

12

boson. After electroweak symmetry breaking, the relevant interactions are

Lanomaly ⊃ −
1√
2

Nd g2s
32π2fΠ

dabc Πa
8 ϵ

µνρσ Gb
µν G

c
ρσ −

2
√
2

3

Nd gs e

32π2fΠ
Πa

8 ϵ
µνρσ Ga

µν Fρσ

+
2
√
2

3

Nd gs e tW
32π2fΠ

Πa
8 ϵ

µνρσ Ga
µν Zρσ −

√
2
Nd gs g′

32π2fΠ
Πa

8 ϵ
µνρσGa

µν Z
′
ρσ . (33)

After summing color factors, the partial widths of Π8 are given by

Γ(Π8 → gg) =
25

4

N2
d g

4
s m

3
Π8

30× 162 π5 f2
Π

, Γ(Π8 → gγ) =
8α

15αs
Γ(Π8 → gg) ,

Γ(Π8 → gZ) =
8α t2W
15αs

Γ(Π8 → gg) , Γ(Π8 → gZ ′) =
6 g′2

5 g2s
Γ(Π8 → gg) . (34)

Numerically, we show the various decay branching ratios and the total width in Table 5.

Mode gg gZ ′ gγ gZ

Branching ratio 0.91 0.038 0.042 0.013

Γtot 793 MeV
!
Nd
4

"2 !
695 GeV

fΠ

"2

Table 5: The branching ratios and total width for Π8 with mass 1850 GeV. For decays involving
the massive Z ′ gauge boson, g′ = 0.2 was used. All phase space and polarization factors have been
neglected here due to the large Π8 mass.

At the LHC, the color-octet big-pion can be singly produced from two gluons. The parton-level

production cross section is

σ(gg → Π8) =
25

4

N2
b g

4
s m

4
Π8

30× 162 π4 f2
Π

π

ŝ
δ(ŝ −m2

Π8
) . (35)

It is also interesting to compare the above formula to the color-singlet production in Eq. (28). The

ratio of the two cross sections is

σ(gg → Π8)

σ(gg → Π1A)
=

25

4

m2
Π8
δ(ŝ −m2

Π8
)

m2
Π1A

δ(ŝ −m2
Π1A

)
, (36)

which is independent of fΠ and Nd.

Integrating this parton-level cross section with the MSTW2008 NNLO central parton distribution

function set and an NNLO K-factor of 3.0 [24] for the benchmark mass 1850 GeV (fΠ ∼ 695GeV

and Nb = 4) color-octet at the 13 TeV LHC, we find σ(gg → Π8 → gZ ′) ∼ 9.7 fb for g′ = 0.2.

For different masses, we show the color-octet single production cross section times branching ratio in

14

MZ0 ⇡ 310 GeV



     Properties
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The     has kinetic mixing with the hypercharge gauge boson from new 
big-quark running in the loop. 

For a mass above around 200 GeV, there are also small     decay 
branchings to two Z+h and WW. 
The SM Higgs boson could decay into     +Z for a small range of 
parameters space.

2.5 U(1)Y and U(1)0 Gauge Kinetic Mixing

After SU(5) symmetry breaking, the kinetic Lagrangian for U(1) gauge bosons consists of the following

renormalizable terms

L
kin

� �1

4
B̂µ⌫B̂

µ⌫ � 1

4
Ẑ

0
µ⌫Ẑ

0µ⌫ � sin�

2
B̂µ⌫Ẑ

0µ⌫
. (56)

Above the condensation scale, our fermions are massless and the coe�cient � of the kinetic mixing

term is proportional to Tr[TY TZ0 ] = 0. Additionally, since our fermions are fundamentals ( 
1

) and

anti-fundamentals ( 
2

) of the broken SU(5), we should decompose them into SM representations

5 ! (3, 1)� 1

3

� (1, 2)
1

2

, (57)

5 ! (3, 1)
1

3

� (1, 2)� 1

2

. (58)

After condensation, the fermions acquire a mass proportional to the ' VEV and the di↵erent running

of the SU(3) and SU(2) gauge couplings generates a splitting between the the doublet and triplet

masses, leading to a non-vanishing gauge kinetic mixing. The diagram that generates the kinetic

mixing coe�cient is a vacuum polarization “bubble diagram” with the B and Z

0 external momenta

set to zero, with the two sets of triplet and doublet fermions running in the loop.

2.5.1 Case 1: Single Vector Fermion, Single U(1) (Vacuum Polarization)

For a single vector-like Dirac fermion with gauge coupling times charge e and mass m, the computation

of the diagram yields:

⇧BZ0(k2) = � e

2
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2

Z
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dx x(1� x)
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� 1
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2

. (59)

Renormalizing in the MS scheme, we have

⇧BZ0(k2) =
e

2

2⇡2

Z
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dx x(1� x) ln
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(60)

Evaluating this with the external momentum k set to zero yields
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2.5.2 Case 2: Two Vector Fermions, Two U(1)’s

Now consider the case where we have two vector-like Dirac fermions with masses m

1

6= m

2

, charged

under a U(1)A⇥U(1)B gauge symmetry as (eA, eB) and (eA,�eB). Then, using our result from above

we have

⇧BZ0(0) =
eA

6⇡2


eB ln

✓
m
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µ

◆
� eB ln

✓
m

2

µ

◆�
=

eAeB
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✓
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1

m
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◆
(62)
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Figure 2: Left panel: the decay branching ratios of Z ′ to SM particles. Right panel: 95% CL exclusion
limits on Z ′ kinetic mixing as a function of mass for different Nb.

Unless its mass is close to the SM Z boson value, the leptonic branching ratio of this Z ′ is a factor of

4−5 larger than the SM Z boson. For the benchmark point of mZ′ = 310 GeV, the leptonic branching

ratio of the Z ′ is 27%.

In the right panel of Fig. 2, we show the bounds on the mass and kinetic mixing of a Z ′ boson from

precision measurements of SM observables [18]. Low mass Z ′ bosons are most strongly constrained by

the muon anomalous magnetic moment [19] and BaBar searches for dark gauge bosons in four-lepton

final states [20], whereas high mass Z ′ bosons are constrained by e+e− collider measurements [21]. Not

shown are additional narrow-Z ′ enhanced constraints from various e+e− experiments where mZ′ ≃
√
s

that do not affect our conclusion. We conclude that our model parameter region is unconstrained by

low-energy experiments.

2.4 Interactions and Properties of Big-Pions

Starting with the 750 GeV resonance candidate, we list the most relevant interactions for all big-

pions in our model spectrum. Since the triangle anomaly mediated interactions become the leading

interactions for the big-pions with real representations under the SM and U(1)′ gauge groups, we first

introduce a general formula for these types of interactions. Additional higher-dimensional operators

are required to induce decays of the QCD triplet and sextet, as well as U(1)Y or U(1)′ charged

big-pions.

For big-pions charged under real representations of SM gauge group, the general form for the

triangle anomaly mediated interaction is

Lanomaly ⊃ −
gA gB Nb

64π2 fΠ
ϵµνρσ ΠCFA

µν F
B
ρσ d

ABC , (25)
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pions in our model spectrum. Since the triangle anomaly mediated interactions become the leading

interactions for the big-pions with real representations under the SM and U(1)′ gauge groups, we first

introduce a general formula for these types of interactions. Additional higher-dimensional operators

are required to induce decays of the QCD triplet and sextet, as well as U(1)Y or U(1)′ charged

big-pions.

For big-pions charged under real representations of SM gauge group, the general form for the
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The     has larger leptonic decay branching ratio than the SM Z boson. 
One could look for a narrow resonance decaying into two leptons plus 
one jet.  

Z 0

ℓ+ℓ−j

The signature could be interesting by itself. 
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Figure 4: Color-octet big-pion Π8 ≡ (8, 1)0,0 single production cross-section times its branching ratio
to gγ (left panel) and gZ ′ (right panel) as a function of mass at the 13 TeV LHC. This color-octet big-
pion is even under both parities, namely (Pm, Gd) = (+,+). An NNLO K-factor of 3.0 was used [24].
Small dots denote the allowed limits on the octet mass corresponding to the values of fΠ necessary to
lie within the ±2σ band of the 750 GeV diphoton rate of 4.6± 1.2 fb, while the larger dots represent
the central value.

Fig. 4 for gγ (left panel) and gZ ′ (right panel). As already studied in Ref. [25], the dijet and jet plus

photon resonance searches have already imposed stringent constraints on the color-octet production

cross sections. The converted 750 GeV diphoton rate has to be below around 5 fb for the models

considered here.

Different from the pure vector-like models in Ref. [25], one can also search for the color-octet

big-pion as a three-body resonance of j ℓ+ℓ− with a mass between 1.3 TeV to 3 TeV. The signal cross

section times branching ratio is 2.6 fb for 1850 GeV color-octet pion. The leading background is

three-body two-lepton plus jet and has a production cross section of 1.7 fb for m(j ℓ+ℓ−) > 1.3 TeV,

pT (j1) > 200 GeV and |m(ℓ+, ℓ−) − mZ | > 15 GeV. The tt̄ dileptonic background is negligible. So,

the LHC Run 2 should have a very good chance to discover the color-octet pion in this channel.

The color-octet big-pions can also be pair produced via their QCD interactions (see Refs. [26–28]

for similar phenomenology studies). The leading discovery channel is a pair of dijet resonances, but

the semi-weak decays of one octet big-pion into gγ and gZ ′ should be visible as well.

2.4.4 Interactions of Parity-odd Color-octet Πodd
8

The discrete-symmetry-odd color-octet big-pion Πodd
8 can decay into three gauge bosons via the fol-

lowing dimension-7 operator

coGG
8

g2s g
′

16π2 fΠΛ2
b

fabcΠodd a
8 Gb

µρ
!Gc ρ
ν Z ′µν , coGB

8
gs gY g′

16π2 fΠ Λ2
b

Πodd a
8 Ga

µρ
!Bc ρ
ν Z ′µν . (37)
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3

models for the 750 GeV resonance. It has the following
triangle-anomaly interactions

L ⊃ −
Nb αs

16π fπb

Ar√
2Cr

dabc π8 a
b ϵµνρσ G

µν b Gρσ c

+
Nb (3 Yc)

√
ααs

12π cW fπb

!

2Cr π
8 a
b ϵµνρσ Gµν a Bρσ .(3)

where cW = cos θW with θW as the Weinberg angle;
dabc is the SU(3)c symmetric group structure constant;
Yc is the hypercharge of the QCD-charged big-quark;
Ar = 1(7) and Cr = 1/2(5/2) for color-triplet(sextet)
big-quark. Based on the interactions, the color-octet big-
pion can be singly produced via two gluon partons at the
LHC. It mainly decays back to two gluons with a smaller
but non-negligible branching ratio into g + γ given by

BR[π(8,1)0
b → g + γ]

BR[π(8,1)0
b → 2 g]

=
8α (3 Yc)2 (2Cr)2

15αs A2
r

. (4)

For the D ⊕ L model, the above branching ratio is 4.6%.
The branching ratio into g + Z is similar, but reduced
by s2W /c2W ; it is ≈ 1.3% for the D ⊕ L model. For 4.6
fb of the 750 GeV diphoton signal, the total width of
the octet pion is ≈ 135 MeV for a mass of 1 TeV, so
the octet pion is a very narrow resonance. The color-27
pion couples to two gluons via the triangle anomaly; its
detailed properties will be presented in Ref. [19]. There
is another potential octet big-pion, (8, 3)0, which couples
to one gluon plus one weak gauge boson via a triangle
anomaly and has interesting pair-production signatures
studied in Refs. [20, 21] but small single production.
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FIG. 3. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC for different color-octet pion masses, from
various LHC narrow resonance searches including 8 TeV di-
jet [22], 8 TeV γ j [23], 13 TeV dijet [24] and 13 TeV γ j [25].
Also shown are our projected limits for γ j and jj resonance
searches with 20 fb−1 and 1% systematic error. The dashed
and black lines are theoretical upper bounds on the color-octet
masses.

There are two relevant production channels for the
color-octet and color-27 mesons at the LHC: pair pro-
duction and single resonant production. The pair pro-
duction channel is determined entirely by QCD couplings

to the gluon (up to additional ρb mediated productions)
and is independent of the decay constant. The mesons
decay with nearly 100% branching fraction to two glu-
ons. A search for pair production of dijet resonances at
the 8 TeV LHC from CMS [26] currently places a lower
bound on the octet mass of 700 GeV and on the color-
27 mass of 1.1 TeV. A correlated channel in which one
of the two pair produced mesons decays to gluon plus
photon, rather than two gluons, will likely have compa-
rable, though somewhat weaker, sensitivity and provides
an important test of such models.
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FIG. 4. Upper bounds on the 750 GeV diphoton cross section
at the 13 TeV LHC from searching for color-octet (and/or
color-27) pions in the jj or jγ channels. Also shown is the

upper bound on the correlated π(1,1)0
b → Zγ channel. All

limits assume the weakest constrained color-octet or color-27
mass that is theoretically consistent and not ruled out by pair
production searches.

Resonant production depends on the mass and decay
constant of the meson. Within a given model and for
a given color-octet mass, the ratio σ[pp → π(8,1)0 →
gg]/σ[pp → π(1,1)0 → γγ] is fixed, so that a bound
on dijet resonance production translates directly into a
bound on the 750 GeV diphoton cross-section due to
the singlet meson. For the D ⊕ L model, σ[pp →
π(8,1)0 ]/σ[pp → π(1,1)0 ] = 25/4 for identical color-octet
and singlet pion masses. A similar story happens for the
color-27 pions [19]. Taking the least constrained color-
octet or color-27 meson mass, we place a conservative
upper bound on the 750 GeV diphoton cross-section at
the 13 TeV LHC. To derive the projected constraints,
we use a Feynrules/MadGraph 5/Pythia 6/PGS [27–30]
simulation to estimate the 13 TeV reach with 20 fb−1 for
the octet meson and the correlated singlet cross-section.
We have multiplied the color-octet tree-level production
cross section by a K-factor of ≈ 3.0 [31]. In Fig. 3 and
for the D ⊕ L model, we show the upper bounds on the
750 GeV diphoton cross sections for different color-octet
masses. One can see that the dijet and γ j searches are
complimentary. The limits are independent of the big-
color rank Nb. For the theoretically allowed range of
octet pion masses, the 750 GeV diphoton cross section
has an upper bound of 5.8 fb, the weakest bound at 2.3

For the minimal 5+5bar model, the color-octet may have already 
shown their hints. My bet is 1.6 TeV > 2.2 TeV > 1.1 TeV. 
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Figure 3: Photon-jet invariant mass distributions of events selected in data and results of a background-only fit, for
(a) the q⇤ and RS1 (n = 1) QBH searches and (b) the ADD (n = 6) QBH search. The top panels show the data
(dots), the nominal fit results (blue lines), and the uncertainty on the background models (light blue bands) due to
the uncertainty in the fit parameter values. Some examples of expected signals overlaid on the fitted background
are also shown, for (a) a q⇤ with a mass of 3.8 TeV (red dashed line) and an RS1 (n = 1) QBH with a threshold
mass of 4 TeV (orange dotted line) and (b) an ADD (n = 6) QBH with a threshold mass of 6 TeV (red dashed line).
The bottom panels show the di↵erence between the data and the prediction of the background-only fit, divided by
the square root of the predicted background.
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Figure 1: The reconstructed dijet mass distribution (filled points) for events with |y⇤| < 0.6 and pT > 440 (50) GeV
for the leading (subleading) jets. The solid line depicts the fit to Eq. (1), as discussed in the text. Predictions for an
excited quark and a quantum black hole signal predicted by the BlackMax generator (QBH BM) are shown above
the fit, normalized to the predicted cross-section. The vertical lines indicate the most discrepant interval identified
by the BumpHunter algorithm, for which the p-value is stated in the figure. The middle panel shows the bin-by-
bin significances of the data–fit di↵erences, considering only statistical uncertainties. The lower panel shows the
relative di↵erences between the data and the prediction of Pythia 8 simulation of QCD processes, corrected for
NLO and electroweak e↵ects, and is shown purely for comparison. The shaded band denotes the experimental
uncertainty in the jet energy scale calibration.
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