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A  L O O K  AT  T H E  P H A S E  S PA C EarXiv:1501.04198

• Classic dijet search (Run 1) 
targets narrow resonances  

• Sensitive to many signal 
models: axigluons, colorons, 
W’, Z’, excited quarks, string 
resonances, RS gravitons, S8 
resonances, … 

• But every model comes with 
a cross section assumption: 
low mass → very large cross 
section 

• Have we really ruled out all 
possibilities at low mass?

http://arxiv.org/abs/1501.04198
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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.

note that an update of the “scouted data” anal-

ysis [23] with more luminosity by CMS (and AT-

LAS) would also push sensitivity to lower cou-

plings 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 [48], 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
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• Generic model with a leptophobic Z’ before Run 2191
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• Due to trigger thresholds and larger backgrounds, standard dijet 
search @ LHC explores lower in coupling at higher masses
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• How can we go lower in coupling and lower in mass? 12
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• Data scouting: lower trigger thresholds  
by recording only information  
necessary to perform analysis  
(to get around data-taking constraints)  
 
 

• Boosted dijets + associated ISR jet:  
Use ISR jet to get above the  
trigger thresholds
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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D ATA  S C O U T I N G

L O W  M A S S  D I J E T  R E S O N A N C E S
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D ATA  S C O U T I N G

Calo Scouting 
4kHz × 1.5 kb

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

• How can we trigger 
below HT = 900 GeV? 

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

• Calibrate using data 
stream containing both 
reduced content and 
standard content  

• “Calo Scouting” allows 
us to get down to  
HT > 250 GeV

900 GeV

http://www.nss-mic.org/2015/public/welcome.asp
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• Using “Calo Scouting,”  
low mass spectrum✴ is fit 
with 5-parameter function 
above mjj > 489 GeV  
 

• χ2/dof = 1.0 

• No evidence for dijet 
resonance 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3 Dijet mass spectrum and fit
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences

✴ Note: only the first 27 fb-1 is used due to  
an inefficiency in the L1 jet HT trigger

EXO-16-056

https://cds.cern.ch/record/2256873
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• Expanded CMS reach at low mass
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• Use ISR jet to get you above the trigger threshold 

• Look for boosted light Z’(qq) / Φ(bb) / H(bb) 
resonance
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Z’

q

q

q/g

EXO-17-001

• Online selection: 

• jet pT > 360 GeV (m > 30 GeV) or  
HT > 900 GeV 

• Offline selection: 

• jet pT > 500 GeV, |η| < 2.5 

• Substructure selection: 

• Soft drop jet mass > 40 GeV  

• N1
2

DDT (5% QCD eff. WP) 

• Backgrounds:  

• QCD  

• SM Candles: W/Z + jets
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Figure 3: (a) Schematic of a 1-prong jet, showing the dominant soft (green) and collinear
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ment itself allows for a powerful understanding of the jet’s energy and angular structure.

Arguments along these lines are ubiquitous in the e↵ective field theory (EFT) community.

For example, in Soft Collinear E↵ective Theory (SCET) [108–111], they are used to identify

the appropriate EFT modes required to describe a particular set of measurements.

In the context of power counting, soft and collinear emissions are defined by their

parametric scalings. A soft emission, denoted by s, is defined by

z
s

⌧ 1 , ✓
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⇠ 1 . (2.12)

Here, z
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is the momentum fraction, as defined in Eq. (2.2), and ✓
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is the angle to any

other particle x in the jet, including other soft particles. The scaling ✓
sx

⇠ 1 means that
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is not assigned any parametric scaling associated with the measurement. A collinear

emission, denoted by c, is defined by
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⇠ 1 . (2.13)

Here, ✓
cc

is the angle between two collinear particles, while ✓
cs

is the angle between a

collinear particle and a soft particle. In an EFT context, overlaps between soft and collinear

regions are systematically removed using the zero-bin procedure [112], but this is not

relevant for the arguments here. The soft and collinear modes are illustrated in Fig. 3a

and their scalings are summaried in Table 1a.

We now use the simple example of e
2

to demonstrate how an applied measurement

sets the scaling of soft and collinear radiation.7 The analysis of more general observables

7In this analysis, we do not consider the scale set by the jet radius, R. For R ⌧ 1, the jet radius must

also be considered in the power counting and the scale R appears in perturbative calculations. For recent

work on the resummation of logarithms associated with this scale, see Refs. [113–116].

– 9 –

vs.
Collinear
Soft

)

✓cc

zs

(a)

Collinear
Soft

C-Soft
)

)

)

✓cc

✓cc

✓12

zs

zcs

(b)

Figure 3: (a) Schematic of a 1-prong jet, showing the dominant soft (green) and collinear

(blue) radiation, as well as the characteristic scales z
s

and ✓
cc

. (b) Schematic of a 2-

prong jet, showing the dominant soft (green), collinear (blue), and collinear-soft (orange)

radiation, as well as the characteristic scales, z
s

, ✓
cc

, z
cs

, and ✓
12

.

ment itself allows for a powerful understanding of the jet’s energy and angular structure.

Arguments along these lines are ubiquitous in the e↵ective field theory (EFT) community.

For example, in Soft Collinear E↵ective Theory (SCET) [108–111], they are used to identify

the appropriate EFT modes required to describe a particular set of measurements.

In the context of power counting, soft and collinear emissions are defined by their

parametric scalings. A soft emission, denoted by s, is defined by

z
s

⌧ 1 , ✓
sx

⇠ 1 . (2.12)

Here, z
s

is the momentum fraction, as defined in Eq. (2.2), and ✓
sx

is the angle to any

other particle x in the jet, including other soft particles. The scaling ✓
sx

⇠ 1 means that

✓
sx

is not assigned any parametric scaling associated with the measurement. A collinear

emission, denoted by c, is defined by

z
c

⇠ 1 , ✓
cc

⌧ 1 , ✓
cs

⇠ 1 . (2.13)

Here, ✓
cc

is the angle between two collinear particles, while ✓
cs

is the angle between a

collinear particle and a soft particle. In an EFT context, overlaps between soft and collinear

regions are systematically removed using the zero-bin procedure [112], but this is not

relevant for the arguments here. The soft and collinear modes are illustrated in Fig. 3a

and their scalings are summaried in Table 1a.

We now use the simple example of e
2

to demonstrate how an applied measurement

sets the scaling of soft and collinear radiation.7 The analysis of more general observables

7In this analysis, we do not consider the scale set by the jet radius, R. For R ⌧ 1, the jet radius must

also be considered in the power counting and the scale R appears in perturbative calculations. For recent

work on the resummation of logarithms associated with this scale, see Refs. [113–116].

– 9 –

1-prong. 2-prong.

arXiv:1609.07483 

http://cds.cern.ch/record/2264843?ln=en
http://www.apple.com


Javier Duarte 
Fermilab

S I D E B A N D  Q C D  P R E D I C T I O N

14

ρ (MASS-LIKE VARIABLE)

N12

cut
SIGNAL REGION

CONTROL REGION

• Core idea: predict QCD jet mass distribution from failing region 

• Problem: cut on N1
2 sculpts jet mass distribution!
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ρ (MASS-LIKE VARIABLE)

N12 DDT

cut

• Solution: define new substructure variable intended to be 
decorrelated from jet mass 

S I D E B A N D  Q C D  P R E D I C T I O N

Transformation: 
         N1

2                   →       N1
2

DDT = N1
2 - N1

2 (5% quantile)

 N
12 (5%

 quantile)

SIGNAL REGION

CONTROL REGION
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• Jet mass distribution is fit down to 40 GeV 

• Interpretation for resonance masses down to 50 GeV (!)

SM candles: W/Z(qq) peak provides  
in-situ constraint of Z’(qq) signal systematics

EXO-17-001

gq = gB/6
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SM candles: Z(bb) peak provides in-situ 
constraint of H(bb) signal systematics
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• Similar background estimation strategy using CMS 
double-b tagger (BTV-15-002)

http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010
http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=BTV-15-002
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB

M E T + X

D I J E T

• If our leptophobic Z’ couples 
to dark matter as well 
quarks, then it acts as 
mediator between the dark 
sector and visible sector (SM) 

• How do our limits on the 
mediator change as we turn 
on gDM > 0 and mDM < mM/2 ?
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Figure B.9: Observed 95% CL upper limits on the coupling gB of a hypo-
thetical leptophobic resonance Z0

B ! qq [293] as a function of its mass [44].
The results from this study are compared to results obtained with similar
searches at different collider energies [156, 268, 293, 270].

Previous exclusions obtained with similar searches at various collider ener-
gies [156, 268, 293, 270] are also shown.

The results of the dijet search also have an impact on the allowed parameter
space in models of dark matter (DM) production at the LHC if the mediator
is also accessible. We may use a similar simplified model to quantify this
impact, consisting of a leptophobic vector (V) or axial-vector (AV) mediator
Z0

B with couplings to quarks and the DM particle c [292, 293, 294]:

LV = �gDMZ0
Bµcgµc � g0

q Â
q

Z0
Bµq̄gµq , (B.3)

LAV = �gDMZ0
Bµcgµg5c � g0

q Â
q

Z0
Bµq̄gµg5q , (B.4)

where gDM is the coupling of the mediator to the DM particles and g0
q =

g0
B/6 is the universal coupling of all quark flavors to the mediator. Fig. B.10

shows the most important diagrams for monojet and dijet searches.

4D parameter space: gDM,  gq, mDM, mM
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• Sensitive to large range of dark matter parameter space by 
looking directly for resonant production of the mediator
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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widths for all decays into DM particles and quarks that are kinematically
accessible:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• Sensitive to large range of dark matter parameter space by 
looking directly for resonant production of the mediator
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM
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To derive the limit on g0
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• We can convert these limits in the (mM, mDM) plane into limits in 
the (mDM, σSD) plane to compare with ID/DD DM experiments

229

the form [292]:
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where µNc = mNmDM/(mN + mDM) is the DM-nucleon reduced mass with
mN ' 0.939 GeV, and for a vector mediator, f (g0

q) = 3g0
q. Similarly, the SD

DM-nucleon cross section can be written as [292]:
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where, in general, the factor f (g0
q) could be different for protons and neu-

trons and depends separately on the individual quark-mediator couplings
g0

u, g0
d, and g0

s:

f p,n(g0
u, g0

d, g0
s) = D(p,n)

u g0
u + D(p,n)

d g0
d + D(p,n)

s g0
s , (B.17)

with D(p)
u = D(n)

d = 0.84, D(p)
d = D(n)

u = �0.43, and D(p)
s = D(n)

s =

�0.09 [119]. Under the assumption that the coupling g0
q is universal, these

factors are equal, f p = f n = 0.32g0
q. As DD experiments quote 90% CL

limits, the CMS limits are also recalculated to match this confidence level.
Fig. B.13 shows the AV and V limits translated into the SD and SI planes,
respectively, and compared to DD and ID experiments [307, 308, 309, 310,
311, 312, 313, 314].

B.5 Summary
This appendix presents two searches for narrow resonances decaying into a
pair of jets, performed using proton-proton collisions at

p
s = 13 TeV corre-

sponding to an integrated luminosity of 12.9 fb�1. The first is a low-mass
search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and the second is a high-
mass search based on particle-flow jets. The dijet mass spectra are observed
to be smoothly falling distributions. In the analyzed data samples, there
is no evidence for resonant particle production. Generic upper limits are
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Comparing to direct detection (DD)
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The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the m

DM

–�
SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

m

DM

–�
SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

m

DM

, the exclusion contour passes through two values of M
med

. This means that when

translating into the m

DM

–�
SI/SD planes, for a fixed value of m

DM

, the exclusion contour

must pass through two values of �
SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form
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=
f

2(gq)g2
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2

n�
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4

med

, (4.1)

where µn� = mnm
DM

/(mn+m

DM

) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence
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For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

f

n,p(gq) =
mn

v

2

4
X

q=u,d,s

f

n,p
q gq +

2

27
f

n,p
TG

X

Q=c,b,t

gQ

3

5
. (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.

– 11 –

(a) (b)

Figure 2: A comparison of LHC results to the m

DM

–�
SI

(a) and m

DM

–�
SD

(b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and g

DM

= 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG

= 1�P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

f

n,p
d ) and [49] (for fn,p

s ) and read f

n
u = 0.019, fn

d = 0.045 and f

n
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3

gq , (4.5)

and therefore the size of a typical cross section is
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�

SD

=
3f2(gq)g2

DM

µ

2

n�

⇡M

4

med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

f

p,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as
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=
3f2(gq)g2
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In general fp,n(gq) di↵ers for protons and neutrons and is given by
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s gs , (4.8)
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• Map DM-nucleon cross section onto LHC simplified model parameters

LHC Direct detection 

• Spin independent DM-nucleon cross section: 

• For scalar mediator:
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The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the m

DM

–�
SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

m

DM

–�
SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

m
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, the exclusion contour passes through two values of M
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. This means that when

translating into the m

DM

–�
SI/SD planes, for a fixed value of m
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, the exclusion contour

must pass through two values of �
SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form
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where µn� = mnm
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) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence
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For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is
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These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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(b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and g

DM

= 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as
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. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

f

p,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can
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• Map DM-nucleon cross section onto LHC simplified model parameters
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• Spin independent DM-nucleon cross section: 

• For scalar mediator:
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where µNc = mNmDM/(mN + mDM) is the DM-nucleon reduced mass with
mN ' 0.939 GeV, and for a vector mediator, f (g0

q) = 3g0
q. Similarly, the SD

DM-nucleon cross section can be written as [292]:
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where, in general, the factor f (g0
q) could be different for protons and neu-

trons and depends separately on the individual quark-mediator couplings
g0

u, g0
d, and g0

s:

f p,n(g0
u, g0

d, g0
s) = D(p,n)

u g0
u + D(p,n)

d g0
d + D(p,n)

s g0
s , (B.17)

with D(p)
u = D(n)

d = 0.84, D(p)
d = D(n)

u = �0.43, and D(p)
s = D(n)

s =

�0.09 [119]. Under the assumption that the coupling g0
q is universal, these

factors are equal, f p = f n = 0.32g0
q. As DD experiments quote 90% CL

limits, the CMS limits are also recalculated to match this confidence level.
Fig. B.13 shows the AV and V limits translated into the SD and SI planes,
respectively, and compared to DD and ID experiments [307, 308, 309, 310,
311, 312, 313, 314].

B.5 Summary
This appendix presents two searches for narrow resonances decaying into a
pair of jets, performed using proton-proton collisions at

p
s = 13 TeV corre-

sponding to an integrated luminosity of 12.9 fb�1. The first is a low-mass
search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and the second is a high-
mass search based on particle-flow jets. The dijet mass spectra are observed
to be smoothly falling distributions. In the analyzed data samples, there
is no evidence for resonant particle production. Generic upper limits are

For axial-vector mediator with universal quark 
coupling gq’, mediator-nucleon coupling is

arXiv:1603.04156
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• Competitive with direct detection experiments (depending on 
the details of the model: couplings, mediator type, etc.)

191

Z0
B(mmed)

q

q

c(mDM)

c(mDM)g

g0
q gDM

Z0
B(mmed)

q

q

q

q

g0
q g0

q

Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
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Gqq (B.4)
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• 2016 dijet searches at the LHC are probing lower in resonance 
mass and coupling 

• Many complementary searches, new techniques (substructure, 
decorrelation), and interpretations (DM mediators) 

• Limits in DM-nucleon  
cross section vs.  
mass plane are  
competitive with direct  
detection experiments 

• 2017 data taking is  
already underway!
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T R I G G E R  S Y S T E M

• How can we trigger below HT = 800-900 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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C A L O  J E T  V S  P F  J E T

• Ratio of Calo HLT dijet mass to PF RECO dijet mass
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Resonance mass [TeV]

 [p
b]

Α × 
Β × σ 

5−10

4−10

3−10

2−10

1−10
1

10

210

310

410

510 CMS Preliminary  (13 TeV)-1 & 36 fb-127 fb

95% CL limits
gluon-gluon
quark-gluon
quark-quark

String
Excited quark
Axiguon/coloron      
Scalar diquark

 = 1/2) 2
sColor-octet scalar (k

W'
Z'
DM mediator
RS graviton

1 2 3 4 5 6 7 8 9

←→
Low

mass
High
mass

Z' mass [GeV]
500 1000 1500 2000 2500 3000 3500
' qg

Co
up

lin
g 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
CMS Preliminary

 (13 TeV)-1 & 36 fb-127 fb

95% CL upper limits

 / 2Med > MDMm

 = 0DMm

Observed
Expected
 1 std. deviation±
 2 std. deviation±

←→
Low
mass

High
mass

L I M I T S  O N  N A R R O W  R E S O N A N C E S  

28

• Expanded CMS reach at low mass

gq’ = gB/6

EXO-16-056

https://cds.cern.ch/record/2256873
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• Signal systematic uncertainties 
from merged W sample in semi-
leptonic ttbar events (external 
constraint) 

• SM candles: presence of W/Z in 
final jet mass distribution provides 
additional in-situ constraint, i.e. W/
Z/Z’ nuisances are tied together
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• Competitive with direct detection experiments (depending on 
the details of the model: couplings, mediator type, etc.)
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B mediator. The cross section and kinematics depend on the
mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g0

q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
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Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g0
B in this model in the case of a nonzero mediator

decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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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



Javier Duarte 
Fermilab

Dijet Mass [GeV]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Pr
ob

ab
ilit

y

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 jj→ RS G→gg 
 = 5 TeV

RSGM
 R=0.4 jetsTanti k

Wide jets

Dijet Mass [GeV]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Pr
ob

ab
ilit

y

0

0.02

0.04

0.06

0.08

0.1

0.12

 jj→ RS G→qq 
 = 5 TeV

RSGM
 R=0.4 jetsTanti k

Wide jets

32

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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• 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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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) 
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