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M O T I VAT I O N  A N D  O U T L I N E
• Powerful: LHC in Run 2 is a dijet  

resonance factory at a new energy scale 

• Broad: Many BSM phenomena can be searched for  

• Model independent: search results are applicable to any 
model that predicts narrow quark-quark, quark-gluon, or 
gluon-gluon resonances 

• This talk: 

• High-mass search at 13 TeV with 2015 data 

• Low-mass search at 8 TeV with “data scouting” 

• Data scouting at 13 TeV

Motivation

● Search:###Dijet'Resonances

● Powerful:#LHC'in'run'2'is'a'dijet resonance'factory'at'a'new'energy'scale

● Broad:#search'for'many'models'of'new'physics'in'a'single'simple'search
➨ String'Resonances,'scalar'diquarks,'Axigluons/Colorons,'Excited'Quarks,'Color'

Octet'Scalars,'W’,'Z’ and'RandallFSundrum Gravitons

● Model#Independent:'Search'results'are'applicable' to'any'model'of'narrow'
qq,'qg,'or'gg'resonances.

● We'were'also'motivated'by'2015'observations'in'the'diphoton channel'.'.'.

Robert Harris, Fermilab 5
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CMS Exotica Physics Group Summary – LHCP, 2016!
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S I G N A L  M O D E L S
• quark-quark 

• axigluons: axial-vector particles predicted in 
a model where the QCD symmetry group 
SU(3)C is replaced by the chiral symmetry 
SU(3)

L
× SU(3)

R
 

• colorons: vector particles predicted by the 
flavor-universal coloron model, in which the 
SU(3)C is embedded in a larger gauge group 

• W’, Z’, … 

• quark-gluon 

• excited quarks: predicted in quark 
compositeness models 

• string resonances, ... 

• gluon-gluon 

• RS graviton: predicted in the RS model of 
extra dimensions, with 5-dimensional anti de 
Sitter space and reduced Planck mass 

• S8 (color octet scalar) resonances, …

PRL 116 (2016) 071801

1  T E V

3  T E V

5  T E V

7  T E V

http://dx.doi.org/10.1103/PhysRevLett.116.071801
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Signals and backgrounds with jets
Main challenge for jet searches: large backgrounds

Mass of di-jet system 
(~new particle mass)

Number of events 
produced by the LHC

Background

Signal

Introduction Monitoring and calibration Delayed reconstruction Real-time analysis
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• Collect (lots of) data with a 
trigger based on hadronic 
activity 

• Cluster “wide jets” 

• Select events based on wide jet 
properties  

• Search for a bump on a smoothly 
falling dijet mass spectrum 

• Set limits
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W I D E  J E T S
• Jets initially reconstructed with anti-kT algorithm with R=0.4 

• “Wide jet” algorithm uses two leading jets as seeds  

• Adds neighboring jets to nearest leading jet if within ΔR < 1.1 

• Recover loss in mass response due to radiation

anti kT 
R=0.4 jets

highest pT 
seed jets dijet system
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W I D E  J E T S
• Gluon-gluon resonances are 

wider than quark-quark 
resonances due to greater 
radiation (gluon color factor) 

• Mass resolution improved 
with wide jets even in 
gluon-gluon case
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How does it work? Boosted jets
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• Further discrimination from pT & angular distribution of jet 
constituents (so-called jet substructure)


• Unlike classic QCD jets, two collimated clusters of particles inside jet


• Several variables proposed to quantify this behavior

pT distribution of jet constituents at Generator-Level (PYTHIA8) 

from boosted gluons/ quarks / Z->qq bosons (from RS gravitons) 
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• Further discrimination from pT & angular distribution of jet 
constituents (so-called jet substructure)


• Unlike classic QCD jets, two collimated clusters of particles inside jet


• Several variables proposed to quantify this behavior

pT distribution of jet constituents at Generator-Level (PYTHIA8) 

from boosted gluons/ quarks / Z->qq bosons (from RS gravitons) 
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• At least one reconstructed vertex with |z| < 24 cm 

• Primary vertex is identified as the vertex with the 
highest sum of pT

2 

• At least 2 jets with pT > 30 GeV and |η| < 2.5   

• Wide jets |Δη| < 1.3 to suppress background from  
t-channel QCD dijet production  
 
 

• mjj > 1.2 TeV to ensure trigger fully efficient

10

D I J E T  E V E N T  S E L E C T I O N

33M. KazanaM. Kazana ““Dijets and multijets in CMS”, SUSY'2015  27.08Dijets and multijets in CMS”, SUSY'2015  27.08

CMS
Narrow dijet resonancesNarrow dijet resonances

● Heavy narrow resonancesHeavy narrow resonances decaying to two jets (qq, qg, or gg) decaying to two jets (qq, qg, or gg)

● Benchmark models:Benchmark models:

● qqqq: axigluons, colorons, W', Z',...: axigluons, colorons, W', Z',...

● qgqg: excited quarks, string resonances,...: excited quarks, string resonances,...

● gggg: RS graviton, S8 resonances,...: RS graviton, S8 resonances,...

● Search for a Search for a bump bump in a smoothlyin a smoothly falling dijet mass spectrum falling dijet mass spectrum

● Main discriminating variables:Main discriminating variables:

● Dijet mass: MDijet mass: Mj1j2j1j2  M(X) →  M(X) →

from from wide jetswide jets

● Pseudorapidity separation:Pseudorapidity separation:

Δη(j1,j2)  Spin(X)→Δη(j1,j2)  Spin(X)→

(1)(1) Phys. Rev. D 91, 052009Phys. Rev. D 91, 052009
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● Search for a Search for a bump bump in a smoothlyin a smoothly falling dijet mass spectrum falling dijet mass spectrum

● Main discriminating variables:Main discriminating variables:

● Dijet mass: MDijet mass: Mj1j2j1j2  M(X) →  M(X) →

from from wide jetswide jets

● Pseudorapidity separation:Pseudorapidity separation:
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(1)(1) Phys. Rev. D 91, 052009Phys. Rev. D 91, 052009
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H I G H  M A S S  E V E N T
• Highest dijet mass event mjj = 6.14 TeV
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• Four-parameter  
empirical function to model 
dijet spectrum [1]: 
 
 

• How do the parameters 
affect the shape? 

• Can look at the variations 
after diagonalizing the 
covariance matrix from a fit

January 10, 2013 CMS SC Meeting 12

Background Fit Function

qq, M=1100 GeV

12

M O D E L I N G  D I J E T  S P E C T R U M

described in Ref. [33] with all in situ calibrations obtained
from the current data. All jets are required to have pT >
30 GeV and jηj < 2.5. The two jets with largest pT are
defined as the leading jets. Jet identification criteria [34] are
applied to remove spurious jets associated with calorimeter
noise. An event is rejected if either of the two leading jets
does not satisfy the jet identification criteria.
Geometrically close jets are combined into “wide jets”

and used to determine the dijet mass, as in our previous
searches [4–7]. The wide-jet algorithm, designed for dijet
resonance event reconstruction, reduces the analysis sensi-
tivity to gluon radiation from the final state partons. The
two leading jets are used as seeds and the four-vectors of
all other jets, if within ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
< 1.1, are

added to the nearest leading jet to obtain two wide jets,
which then form the dijet system. The background from
t-channel dijet events is suppressed by requiring the
pseudorapidity separation of the two wide jets to satisfy
jΔηjjj < 1.3. The above requirements, originally deve-
loped for the analysis of Run 1 data, maximize the search
sensitivity for isotropic decays of dijet resonances in
the presence of QCD dijet background. It has been verified
that these requirements remain optimal for collisions atffiffiffi
s

p
¼ 13 TeV. We select events with mjj > 1.2 TeV for

which the combined L1 trigger and HLT are found to be
fully efficient.
Figure 1 shows the dijet mass spectrum, defined as the

observed number of events in each bin divided by the
integrated luminosity and bin width, with predefined bins
of width corresponding to the dijet mass resolution [3]. The
highest dijet mass observed is 6.1 TeV. The data are
compared with a leading-order QCD Monte Carlo (MC)
prediction from the PYTHIA 8 (v205) [35] generator with the
CUETP8M1 tune [36,37], including a GEANT4-based [38]
simulation of the CMS detector. The PYTHIA simulation
uses the NNPDF2.3LO [39] parton distribution functions
(PDF). The renormalization and factorization scales are
both set at the pT value of the hard-scattered partons. The
MC prediction is normalized to the integrated contents of
the data in Fig. 1, requiring multiplication of the predicted
cross section by a factor of 0.88.
To test the smoothness of the measured dijet mass

spectrum, we fit the data with the parametrization

dσ
dmjj

¼ P0ð1 − xÞP1

xP2þP3 lnðxÞ
; ð1Þ

where x ¼ mjj=
ffiffiffi
s

p
and P0, P1, P2, and P3 are fitted

parameters. This functional form was also used in previous
searches [3–12,40] to describe the data and the QCD
predictions. In Fig. 1 we show the result of the binned
maximum likelihood fit, which yields χ2 ¼ 31 for
35 degrees of freedom, where the χ2 is determined using
the Poisson uncertainties shown in Fig. 1. The data are seen
to be well described by the fit.

We search in the dijet mass spectrum for narrow
resonances. Figure 2 shows example dijet mass distribu-
tions for simulated signal events, generated with the PYTHIA

8 program. The predicted mass distributions have Gaussian
cores from the jet energy resolution, and tails towards lower
mass values primarily from QCD radiation. The contribu-
tion of this low-mass tail to the line shape depends on the
parton content of the resonance (qq, qg, or gg). Resonances
containing gluons, which emit QCD radiation more
strongly than quarks, have a more pronounced tail. For
the high-mass resonances, there is also a significant
contribution that depends both on the PDF and on the
natural width of the Breit-Wigner resonance. For resonan-
ces produced through interactions of nonvalent partons in
the proton, the low-mass component of the Breit-Wigner
resonance distribution is amplified by the rise of the parton
probability distribution at low fractional momentum. These
effects cause a large tail at low mass values. Neglecting the
tails, the approximate value of the dijet mass resolution
varies with resonance mass from 7% at 1.5 TeV to 4%
at 7 TeV.
There is no evidence for a narrow resonance in the data,

as seen from Fig. 1. The most significant excess in the data
relative to the background fit occurs for a dijet mass of
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FIG. 1. Dijet mass spectrum (points) compared to a fitted
parametrization (solid curve) and to the prediction of the
PYTHIA 8 [35] QCD MC event generator including simulation of
the detector (dashed curve). The lower panel shows the difference
between the data and the fitted parametrization, divided by the
statistical uncertainties. The predicted distributions of narrow
resonance signals for three models, with resonance mass values
corresponding to the respective 95% confidence level exclusion
limit, are shown in both panels (dash-dotted curves).
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described in Ref. [33] with all in situ calibrations obtained
from the current data. All jets are required to have pT >
30 GeV and jηj < 2.5. The two jets with largest pT are
defined as the leading jets. Jet identification criteria [34] are
applied to remove spurious jets associated with calorimeter
noise. An event is rejected if either of the two leading jets
does not satisfy the jet identification criteria.
Geometrically close jets are combined into “wide jets”

and used to determine the dijet mass, as in our previous
searches [4–7]. The wide-jet algorithm, designed for dijet
resonance event reconstruction, reduces the analysis sensi-
tivity to gluon radiation from the final state partons. The
two leading jets are used as seeds and the four-vectors of
all other jets, if within ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
< 1.1, are

added to the nearest leading jet to obtain two wide jets,
which then form the dijet system. The background from
t-channel dijet events is suppressed by requiring the
pseudorapidity separation of the two wide jets to satisfy
jΔηjjj < 1.3. The above requirements, originally deve-
loped for the analysis of Run 1 data, maximize the search
sensitivity for isotropic decays of dijet resonances in
the presence of QCD dijet background. It has been verified
that these requirements remain optimal for collisions atffiffiffi
s

p
¼ 13 TeV. We select events with mjj > 1.2 TeV for

which the combined L1 trigger and HLT are found to be
fully efficient.
Figure 1 shows the dijet mass spectrum, defined as the

observed number of events in each bin divided by the
integrated luminosity and bin width, with predefined bins
of width corresponding to the dijet mass resolution [3]. The
highest dijet mass observed is 6.1 TeV. The data are
compared with a leading-order QCD Monte Carlo (MC)
prediction from the PYTHIA 8 (v205) [35] generator with the
CUETP8M1 tune [36,37], including a GEANT4-based [38]
simulation of the CMS detector. The PYTHIA simulation
uses the NNPDF2.3LO [39] parton distribution functions
(PDF). The renormalization and factorization scales are
both set at the pT value of the hard-scattered partons. The
MC prediction is normalized to the integrated contents of
the data in Fig. 1, requiring multiplication of the predicted
cross section by a factor of 0.88.
To test the smoothness of the measured dijet mass

spectrum, we fit the data with the parametrization

dσ
dmjj

¼ P0ð1 − xÞP1

xP2þP3 lnðxÞ
; ð1Þ

where x ¼ mjj=
ffiffiffi
s

p
and P0, P1, P2, and P3 are fitted

parameters. This functional form was also used in previous
searches [3–12,40] to describe the data and the QCD
predictions. In Fig. 1 we show the result of the binned
maximum likelihood fit, which yields χ2 ¼ 31 for
35 degrees of freedom, where the χ2 is determined using
the Poisson uncertainties shown in Fig. 1. The data are seen
to be well described by the fit.

We search in the dijet mass spectrum for narrow
resonances. Figure 2 shows example dijet mass distribu-
tions for simulated signal events, generated with the PYTHIA

8 program. The predicted mass distributions have Gaussian
cores from the jet energy resolution, and tails towards lower
mass values primarily from QCD radiation. The contribu-
tion of this low-mass tail to the line shape depends on the
parton content of the resonance (qq, qg, or gg). Resonances
containing gluons, which emit QCD radiation more
strongly than quarks, have a more pronounced tail. For
the high-mass resonances, there is also a significant
contribution that depends both on the PDF and on the
natural width of the Breit-Wigner resonance. For resonan-
ces produced through interactions of nonvalent partons in
the proton, the low-mass component of the Breit-Wigner
resonance distribution is amplified by the rise of the parton
probability distribution at low fractional momentum. These
effects cause a large tail at low mass values. Neglecting the
tails, the approximate value of the dijet mass resolution
varies with resonance mass from 7% at 1.5 TeV to 4%
at 7 TeV.
There is no evidence for a narrow resonance in the data,

as seen from Fig. 1. The most significant excess in the data
relative to the background fit occurs for a dijet mass of
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FIG. 1. Dijet mass spectrum (points) compared to a fitted
parametrization (solid curve) and to the prediction of the
PYTHIA 8 [35] QCD MC event generator including simulation of
the detector (dashed curve). The lower panel shows the difference
between the data and the fitted parametrization, divided by the
statistical uncertainties. The predicted distributions of narrow
resonance signals for three models, with resonance mass values
corresponding to the respective 95% confidence level exclusion
limit, are shown in both panels (dash-dotted curves).
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D I J E T  M A S S  F I T
• Dijet mass goodness of fit:  
χ2

 = 31 for 35 degrees of freedom 

• Four-parameter function fit (red 
solid curve) 

• PYTHIA 8 QCD Monte Carlo 
(dashed blue curve) 

• Three signal models with resonance 
masses corresponding to 95% CL 
exclusion limit (dash-dotted curves) 

• Lower panel: difference between 
the data and the fitted 
parametrization, divided by the 
statistical uncertainty

PRL 116 (2016) 071801
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L I M I T S
• Mass limits in Run 2 (13 TeV) show 

significant improvement in sensitivity 
over previous Run 1 (8 TeV) limits  
from CMS 

• String resonances: 5.0 TeV → 7.0 TeV  

• Scalar diquarks: 4.7 TeV → 6.0 TeV  

• Axigluon/coloron: 3.6 TeV → 5.1 TeV 

for excited quarks, we set a mass limit of 5.0 TeV compared
to the ATLAS limit of 4.06 TeV; for a color-octet scalar, the
observed mass limit of 3.1 TeV improves the ATLAS limit
of 2.70 TeV; and for a W0 boson, we exclude masses up to
2.6 TeV, just beyond the ATLAS limit of 2.45 TeV.With the
current data sample we cannot set mass limits on Z0 bosons
with standard-model-like couplings or on RS gravitons
with dimensionless coupling less than 0.1.
In summary, a search for narrow resonances decaying into

a pair of jets has been performed using a data sample of pp
collisions at

ffiffiffi
s

p
¼ 13 TeV corresponding to an integrated

luminosity of 2.4 fb−1. The dijet mass spectrum has been
measured to be a smoothly falling distribution. In the
analyzed data sample, there is no evidence for resonant
particle production. We present generic upper limits on the
product σBA that are applicable to any model of narrow dijet
resonance production. This search is more sensitive than
previous searches for dijet resonances for masses above
2 TeV. We set the most stringent limits to date on the masses
of string resonances, scalar diquarks, axigluons, colorons,
excited quarks, color-octet scalars, and W0 bosons.
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Q :  W H AT  A B O U T  7 5 0  G E V ?
• Possible resonance seen at 750 GeV in diphotons; could expect 10-10

3
× 

more events in dijets 

• To record events with ~100% trigger efficiency down to mjj ~ 500  GeV need 
to trigger at least HT > 400 GeV

2 1 Introduction

1 Introduction35

1.1 History36

This note documents a search for new narrow dijet resonances using the data scouting tech-37

nique in the 1.9 fb�1 of pp collision data at
p

s = 13 TeV collected by CMS in 2015. The38

analysis follows closely the searches that have been conducted seven times in the past at CMS39

and shown in table 1.40

Year Lumi
p

s EXO Pub. Cited Narrow B-Tag Black Wide Scouting
( fb�1) (TeV) CADI Resonance Res. Hole Res. Data

2010 0.003 7 10-010 [1] 151 X
2011 1 7 11-015 [2] 165 X
2012 5 7 11-094 [3] 59 X X X
2013 4 8 12-016 [4] 127 X
2014 20 8 12-059 [5] 135 X X X X
2015 19 8 14-005 [6] 61 X X
2015 2.4 13 15-001 [7] 51 X

Table 1: History of Dijet Resonance Search at CMS, including the approximate year of the anal-
ysis, the luminosity, collision energy, the EXO CADI number, publication, number of citations
for paper or previous PAS on May 2, 2016, the categories of models for which limits were pub-
lished, and whether the analysis used scouting data.

1.2 Motivation41

This analysis is primarily motivated by the hints of a 750 GeV diphoton resonance first made42

public by ATLAS and CMS on Dec. 15, 2015. We primarily seek to find or exclude a dijet43

resonance with this mass. The analysis also searches for dijet resonances with masses beneath44

1.5 TeV where our search with 2.4 fb�1 began.45

The motivation for searching for a 750 GeV dijet resonance is clear. If the diphoton resonance46

is real, then it is produced by colliding partons, and therefore must decay to pairs of partons.47

Fig. 1 shows that the run 1 datascouting search for dijet resonances [6] has already been used in48

a theory publication [8] to constrain the possible decays of the diphoton resonance. This clearly49

demonstrates that searches in the the dijet channel are an important source of information on50

the nature of this potential resonance. We naturally seek to determine whether the existing run51

2 data can place further constraints or even reveal a signal.52

We note that a natural range for the relative branching ratio of decays into dijets versus dipho-
tons is

BR(X ! J J)/BR(X ! gg) ⇠ (aS/a)2(QS/Q)4 ⇠ 10 � 103 (1)

where aS and a are the strong and electromagnetic couplings and QS and Q are corresponding53

unknown charges. We note that the lower right corner of the yellow allowed region in Fig. 154

corresponds to the upper end of this natural range, Ggg/Ggg ⇠ 103, and much of the yellow55

allowed region is within this natural range which favors a dijet resonance. Since the cross56

section from the ATLAS and CMS observations in the diphoton channel is roughly sgg ⇡ 1057

fb, Eq. 1 implies a dijet cross section at
p

s = 13 TeV in the approximate range sjj ⇠ 0.1 � 10pb.58

We may be sensitive to the upper end of this natural range with the current data, and we will59

become increasingly more sensitive as more data is included in run 2.60
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T R I G G E R  S Y S T E M

• How can we trigger down to HT > 400 GeV? 

• Two limitations: 

• Bandwidth = event rate × event size 
limited by read-out of O(100M) detector 
channels, disk storage, and everyone 
else’s favorite physics channel 

• CPU time limited by computing resources 
for online reconstruction

5

Trigger systems in ATLAS/CMS/LHCb
LHCbATLAS CMS

Introduction Monitoring and calibration Delayed reconstruction Real-time analysis

Level-1:  
custom hardware

Software HLT: 
20k cores

1 kHz to storage

40 MHz bunch 
crossing

H. Brun, LP 2015 

40

Total Reco.  
BW: 1 kHz  × 1 MB 
CPU time: 150 ms
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A :  D ATA  S C O U T I N G

Calo Scouting 
3kHz × 1.5 kb

PF Scouting  
300 Hz × 10 kb

D. Anderson "Data Scouting at CMS" 
2015 IEEE NSS/MIC

• Technique of data scouting  
(implemented in 8 TeV and 13 TeV LHC runs) 

• Reconstruct/save only necessary information 
to perform analysis → record more events 

• “PF Scouting” limited by CPU time: allows 
us to get down to  
HT > 450 GeV 

• Improved in 2015:  
“Calo Scouting” allows us to  
get down to HT > 250 GeV 

• New in 2016: Saving  
tracking information around  
Calo jets to allow us to perform  
b-tagging down to HT > 250 GeV

http://www.nss-mic.org/2015/public/welcome.asp
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R U N  1  D ATA  S C O U T I N G  R E S U LT

• Run 1 result already provides constraint at 750 GeV!
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

Blind Spots

12

Dobrescu & Yu, http://arxiv.org/pdf/1306.2629.pdf

Explored @LHC

Tevatron
SppS
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B E F O R E  D ATA  S C O U T I N G
• Run 1 result also extends sensitivity to Z’ in coupling-mass plane to 

previously uncovered regions!

arXiv:1306.2629

S P P S
E X P L O R E D  @  L H C

T E VAT R O N

https://arxiv.org/abs/1306.2629
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A F T E R  D ATA  S C O U T I N G
• Run 1 result also extends sensitivity to Z’ in coupling-mass plane to 

previously uncovered regions!

arXiv:1604.08907

E X P L O R E D  @  L H C
T E VAT R O N

S P P S

http://arxiv.org/abs/1604.08907
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T I M E  I S  A  F L AT  C I R C L E
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S U M M A R Y  A N D  O U T L O O K
• No evidence for new phenomena... yet 

• Stringent limits on many new physics models from dijet searches with 2012 
and 2015 data 

• Data scouting technique allows us to probe lower in the dijet spectrum 

• 2016 13 TeV run is ongoing! Lots of data collected 

• Search for resonances at low mass (including 750 GeV) with 2015 and 2016 
13 TeV data forthcoming!
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B A C K U P

S E A R C H E S  @  C M S
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Q :  W H AT  A B O U T  2  T E V ?
• Slight excess seen in dijets at ~2 TeV in Run 1 (also in dibosons) 

• Not confirmed in Run 2
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• String resonances (S), which are Regge excitations of quarks and gluons in string

theory and decay predominantly to qg [1, 2].

• Scalar diquarks (D), which decay to qq and qq, predicted by a grand unified theory

based on the E6 gauge symmetry group [3].

• Mass-degenerate excited quarks (q⇤), which decay to qg, predicted in quark compos-

iteness models [4, 5]; the compositeness scale is set to be equal to the mass of the

excited quark.

• Axial-vector particles called axigluons (A), which decay to qq, predicted in a model

where the symmetry group SU(3) of QCD is replaced by the chiral symmetry SU(3)L⇥
SU(3)R [6].

• Color-octet colorons (C), which also decay to qq; these are vector particles predicted

by the flavour-universal coloron model, in which the SU(3) gauge symmetry of QCD

is embedded in a larger gauge group [7].

• Scalar color-octet resonances (S8) [8] that appear in many dynamical electroweak

symmetry breaking models such as Technicolor. We consider the decay channel into

a pair of gluons.

• Massive scalar color-octet resonances (S8b) [9] that result from the breaking of an

SU(3) ⇥ SU(3) gauge symmetry down to the QCD gauge group and that may have

generically large couplings to b quarks. We consider the production of a coloron that

subsequently decays into an S8b and a light scalar singlet. We fix the singlet mass to

150GeV. The S8b and scalar singlet have branching fractions (B) of approximately

100% to bb and gg, respectively. The tangent of the mixing angle ✓ between the two

SU(3) gauges is set to 0.15. This resonance search is inclusive of extra jets, so the

search strategy is insensitive to the decay of the low-mass singlet state.

• New gauge bosons (W0 and Z0), that decay to qq, predicted by models that include

new gauge symmetries [10]; the W0 and Z0 bosons are assumed to have standard-

model-like couplings. Consequently, the ratio between the branching fraction of the

Z0 to bb and the branching fraction to a pair of quarks (excluding the top quark) is

approximately 0.22.

• Randall-Sundrum (RS) gravitons (G), which decay to qq and gg, predicted in the

RS model of extra dimensions [11]. The value of the dimensionless coupling k/MPl

is chosen to be 0.1, where k is the curvature scale in the 5-dimensional anti de Sitter

space and MPl is the reduced Planck scale. The ratio between the branching fraction

of the RS graviton to bb and the branching fraction to a pair of quarks (excluding

the top quark) or gluons is approximately 0.1 [12].

In addition, we report on a search for quantum black holes [13–15] in the inclusive dijet

mass spectrum. This search is motivated by theories with low-scale quantum gravity, which
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• Proton-proton collisions at  
8 TeV in 2012
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• Proton-proton collisions at  
13 TeV in 2015
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• Excess seen in CMS (2.6σ local, 1.2σ global at 760 GeV) and ATLAS (3.6σ 
local, 2.0σ global at 750 GeV) 

• Possible resonance is not easily explained within MSSM (tension between 
preferred small tanβ and 125 GeV Higgs mass)
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• What do we know?
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• How can a neutral particle decay to photons, which only 
couples to charged particles?
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• Can top quark and/or W boson do it for X(750)?
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• Is it possible that there is a tt or WW resonance with a  
cross section of ≳1 pb in the LHC Run 1 data?
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• What about its production?


