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• What can we do with dijet searches?  

• Dark Matter & Dijets 
• How can we do more with dijet searches? 

• A new trigger-to-analysis paradigm 

• Data Scouting 

• Twist on a classic search 

• Boosted Dijets 

• Summary and outlook
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• At colliders, we search for 
dark matter production with 
large missing energy and 
some radiation to trigger on 
(MET+X) 

• Mediator may directly 
produce a low-mass dijet 
resonance

E X A M P L E  D A R K  M AT T E R  M E D I AT O R
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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, g

0
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 g
0
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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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 g
0
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 I J E T  E V E N T  I N  C M S
• Dijet mass mjj = 7.7 TeV

pT = 3.6 TeV

pT = 3.4 TeV

PLB 769 (2017) 520  
EXO-16-056

https://doi.org/10.1016/j.physletb.2017.02.012
https://cds.cern.ch/record/2256873
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• Collect data with a 
trigger based on HT  
(sum of all transverse jet 
energies in the event) 

• Cluster and select two  
“wide jets” 

• Search for a bump on top 
of the smoothly falling 
QCD dijet background

B A S I C S  O F  A  D I J E T  S E A R C H

13

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

anti kT 
R=0.4 jets

highest pT 
seed jets

dijet 
system

wide jets 
R=1.1
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• With HT > 900 GeV 
trigger, high mass 
spectrum fit starts at  
mjj > 1.25 TeV 
 
 

• χ2/dof = 1.0 

• How do we get 
constraints on  
dark matter models?

H I G H  M A S S  F I T

!7

PLB 769 (2017) 520 
EXO-16-056
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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

https://doi.org/10.1016/j.physletb.2017.02.012
https://cds.cern.ch/record/2256873
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D A R K  M E D I AT O R
• A simplified model of a dark matter 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, g

0
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 g
0
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

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass
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D A R K  M E D I AT O R
• Precision measurements of the Z boson width from LEP
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D A R K  M E D I AT O R
• UA2 dijet search at the SppS at CERN, 1993

SppS—LEP

—
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D A R K  M E D I AT O R
• CDF dijet search at the Tevatron at Fermilab, 2009

SppS—LEP
Tevatron
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• CMS dijet search the LHC (8 TeV), 2012

D A R K  M E D I AT O R

LHC 
8 TeV

Tevatron
SppS—LEP
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• Higher energy only let us exclude new physics at high mass
D A R K  M E D I AT O R PLB 769 (2017) 520 

EXO-16-056

LHC 
8 TeV

LHC 
13 TeVTevatron

SppS—LEP

https://doi.org/10.1016/j.physletb.2017.02.012
https://cds.cern.ch/record/2256873
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• How can we look for weakly-coupled new physics at low mass?

D A R K  M E D I AT O R PLB 769 (2017) 520 
EXO-16-056

LHC 
8 TeV

LHC 
13 TeVTevatron

SppSLEP —

https://doi.org/10.1016/j.physletb.2017.02.012
https://cds.cern.ch/record/2256873
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• Data scouting: lower trigger thresholds  
by recording only information  
necessary to perform certain analyses  
(to get around data-taking constraints)  
 
 

• Boosted dijets + associated ISR jet:  
Use ISR jet to get above the  
trigger thresholds

!15

T W O  M E T H O D S

Z ′

q

q̄

g

q̄

q

1

191

Z0
B
(mmed)

q

q

c(mDM)

c(mDM)g

g
0
q gDM

Z0
B
(mmed)

q

q

q

q

g
0
q g

0
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, g

0
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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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 g
0
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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C M S  D A R K  M AT T E R  M E D I AT O R S
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T W O - L E V E L  T R I G G E R
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• Level-1 Trigger (hardware) 

• 99.75% rejected 

• decision in ~4 μs 

High-Level 
TriggerL1 Trigger

1 kHz 
1 MB/evt

40 MHz

100 kHz

• High-Level Trigger (software) 

• 99% rejected 

• decision in ~100s ms

• After trigger, 99.99975% of events are gone forever
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T R I G G E R  L I M I TAT I O N S

• Two limitations for standard stream given data 
acquisition and computing resources: 
                                       

• CPU time < ~100s ms 

• Total Bandwidth = event size × event rate < ~1 GB/s  
                              =     1 MB    ×    1 kHz    < ~1 GB/s
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T R I G G E R  L I M I TAT I O N S

• Two limitations for standard stream given data 
acquisition and computing resources: 
                                       

• CPU time < ~100s ms 

• Total Bandwidth = event size × event rate < ~1 GB/s  
                              =     1 MB    ×    1 kHz    < ~1 GB/s

Can we shrink size to increase rate?
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D ATA  S C O U T I N G
Calo Scouting  
4 kHz × 3 kB 
= 12 MB/s

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

900 GeV

HT > 250 GeV: 

Scouting with Calo jets and muons 
• Peak rate: 4 kHz

• Reconstruct & store only the 
information necessary to 
perform certain analyses  
→ record many  
more events 

• Monitoring dataset  
(~1/200 of events) 
is fully reconstructed 

• “Calo Scouting”  
gets down to  
HT > 250 GeV

http://www.nss-mic.org/2015/public/welcome.asp
http://www.nss-mic.org/2015/public/welcome.asp
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• Using “Calo Scouting,”  
low mass spectrum✴ is 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
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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
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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, g

0
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 g
0
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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• Expanded CMS reach down to 600 GeV
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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.
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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 g
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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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E X E C U T I V E  S U M M A R Y
• 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  

• N12DDT (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

(blue) radiation, as well as the characteristic scales zs 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, zs, ✓cc, zcs, 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

zs ⌧ 1 , ✓sx ⇠ 1 . (2.12)

Here, zs 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

zc ⇠ 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 e2 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].
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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.
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• Core idea: predict QCD jet mass distribution from failing region 

• Problem: cut on N12 sculpts jet mass distribution!
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• Solution: define new substructure variable intended to be 
decorrelated from jet mass 
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different shapes

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

6 5 Background estimate

The main background component, QCD multijet production, in the signal-enriched passing
region is estimated from the signal-depleted failing region. Since the double-b tagger discrim-
inator value and the jet mass are largely uncorrelated, the passing and failing regions have
similar QCD jet mass distributions. A transfer factor F accounts for the residual difference in
the QCD jet mass shape between the two regions and is determined by a fit to the data. This
procedure is illustrated in Fig. 3.

double-b tag

double-b tag = 0.9

mSD

pT

“pass”

“fail”

Figure 3: double-b tagger vs. jet pT and mSD
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If the double-b tagger discriminator value were completely uncorrelated from the jet pT and
mSD, the transfer factor would be constant. To account for deviations from this, F is Taylor-
expanded as a polynomial in r and pT, rather than mSD and pT, as the distribution of r is
expected to be roughly invariant in all regions of pT. For a given mSD and pT bin, the QCD
yields in the passing and failing regions are related to each other through the transfer factor
F (r, pT) = Âk,` ak`r

k
p
`
T. The QCD yield of the passing region in the i-th mSD bin, with cen-

tral value mSDi and j-th pT bin with value pT j, corresponding to the midpoint of the bin in
logarithmic scale, is given by,

N
QCD
pass (mSDi, pT j) = eQCD ·
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!
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QCD
fail (mSDi, pT j) , (6)

where eQCD, the polynomial coefficients ak`, and the QCD contribution in each bin of the failing
region, N

QCD
fail (mSDi, pT j) are treated as free parameters determined by the fit to the data.

TRANSFER FACTOR

N12 DDT
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• Fit directly for a parametrized transfer factor
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The main background component, QCD multijet production, in the signal-enriched passing
region is estimated from the signal-depleted failing region. Since the double-b tagger discrim-
inator value and the jet mass are largely uncorrelated, the passing and failing regions have
similar QCD jet mass distributions. A transfer factor F accounts for the residual difference in
the QCD jet mass shape between the two regions and is determined by a fit to the data. This
procedure is illustrated in Fig. 3.
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mSD, the transfer factor would be constant. To account for deviations from this, F is Taylor-
expanded as a polynomial in r and pT, rather than mSD and pT, as the distribution of r is
expected to be roughly invariant in all regions of pT. For a given mSD and pT bin, the QCD
yields in the passing and failing regions are related to each other through the transfer factor
F (r, pT) = Âk,` ak`r
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T. The QCD yield of the passing region in the i-th mSD bin, with cen-
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• Fit results per pT bin

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

Z’(qq) signal systematics
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• Expanded CMS reach down to 50 GeV
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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, g

0
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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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 g
0
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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mediator and dark matter masses, and the mediator couplings to dark mat-
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the minimal decay width of the mediator is given by the sum of the partial
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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 g
0
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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• Converted to plane of nucleon-dark matter cross section versus 
dark matter mass

N O T E :  M O D E L  
D E P E N D E N T



Javier Duarte 
Fermilab

S U M M A R Y  A N D  O U T L O O K

!36

C M S  D A R K  M AT T E R  M E D I AT O R S



Javier Duarte 
Fermilab

50 100 200 300 1000 2000
 [GeV]Z'M

2−10

1−10

1

qg'
 = 10%Z'/MΓ

 = 30%Z'/MΓ

qq→Z'
95% CL exclusions

UA2 CDF Run1 CDF Run2

CMS Dijet, 8 TeV Z width

• More to dijets than meets the eye

!37

S U M M A R Y  A N D  O U T L O O K



Javier Duarte 
Fermilab

50 100 200 300 1000 2000
 [GeV]Z'M

2−10

1−10

1

qg'
 = 10%Z'/MΓ

 = 30%Z'/MΓ

qq→Z'
95% CL exclusions

CMS Boosted Dijet, 13 TeV CMS Dijet w/b Tag, 8 TeV , 13 TeVχCMS Dijet 
UA2 CDF Run1 CDF Run2
CMS Dijet, 8 TeV CMS Narrow Dijet, 13 TeV CMS Dijet Scouting, 8 TeV
CMS Narrow Dijet, 13 TeV CMS Wide Dijet, 13 TeV ATLAS Boosted Dijet, 13 TeV
ATLAS Dijet, 8 TeV UA2 CDF Run1
CDF Run2 Z width

• More to dijets than meets the eye

!38

S U M M A R Y  A N D  O U T L O O K

• Dark matter 

• Data scouting 

• Jet substructure 

• b-tagging 

• Machine leaning 

• Higgs couplings 

• New triggers 

• and more…

• Looking forward to the rest of Run 2 and Run 3!
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ZW WZ
H?

• Simultaneous search for Z(bb) and H(bb)

observed H(bb) significance: 
1.5σ, μH = 2.3+1.8-1.6

PRL 120, 071802 
(2018)

https://doi.org/10.1103/PhysRevLett.120.071802
https://doi.org/10.1103/PhysRevLett.120.071802
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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, g

0
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 g
0
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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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, g

0
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)
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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 g
0
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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• Converted to plane of nucleon-dark matter cross section versus 
dark matter mass
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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, g

0
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 g
0
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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mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g
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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
accessible:

Gtot = Gcc + 3 Â
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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 g
0
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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• 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 = �gDMZ
0
Bµcgµc � g

0
q Â

q
Z

0
Bµq̄gµ

q , (B.3)

LAV = �gDMZ
0
Bµcgµg5c � g

0
q Â

q
Z

0
Bµq̄gµg5q , (B.4)

where gDM is the coupling of the mediator to the DM particles and g
0
q =

g
0
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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• We can convert these limits in the (mM, mDM) plane into limits in 
the (mDM, σSD) plane to compare with ID/DD DM experiments
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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 (g

0
q) = 3g

0
q. Similarly, the SD

DM-nucleon cross section can be written as [292]:
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where, in general, the factor f (g
0
q) could be different for protons and neu-

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

0
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0
d, and g

0
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f
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0
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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 g
0
q is universal, these

factors are equal, f
p = f

n = 0.32g
0
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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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 mDM–�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

mDM–�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

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, 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

�SI =
f2(gq)g2DMµ2
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⇡M4
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where µn� = mnmDM/(mn+mDM) 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

fn,p(gq) =
mn

v

2

4
X

q=u,d,s

fn,p
q gq +
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27
fn,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.
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Figure 2: A comparison of LHC results to the mDM–�SI (a) and mDM–�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 gDM = 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

�SD =
3f2(gq)g2DMµ2

n�

⇡M4
med

. (4.7)

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

fp,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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intended for illustration only and are not based on real data.
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For the axial-vector mediator, the scattering is SD and the corresponding cross section can
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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 (g
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q) = 3g
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where, in general, the factor f (g
0
q) could be different for protons and neu-

trons and depends separately on the individual quark-mediator couplings
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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 g
0
q is universal, these

factors are equal, f
p = f

n = 0.32g
0
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
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• If tagger were completely 
uncorrelated from jet mass and 
pT in data, the transfer factor 
would be flat 

• Taylor expand as a polynomial 
in ρ and pT to parameterize 
any small correlations

Q C D  T R A N S F E R  FA C T O R

6 5 Background estimate

The main background component, QCD multijet production, in the signal-enriched passing
region is estimated from the signal-depleted failing region. Since the double-b tagger discrim-
inator value and the jet mass are largely uncorrelated, the passing and failing regions have
similar QCD jet mass distributions. A transfer factor F accounts for the residual difference in
the QCD jet mass shape between the two regions and is determined by a fit to the data. This
procedure is illustrated in Fig. 3.
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Figure 3: double-b tagger vs. jet pT and mSD
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If the double-b tagger discriminator value were completely uncorrelated from the jet pT and
mSD, the transfer factor would be constant. To account for deviations from this, F is Taylor-
expanded as a polynomial in r and pT, rather than mSD and pT, as the distribution of r is
expected to be roughly invariant in all regions of pT. For a given mSD and pT bin, the QCD
yields in the passing and failing regions are related to each other through the transfer factor
F (r, pT) = Âk,` ak`r

k
p
`
T. The QCD yield of the passing region in the i-th mSD bin, with cen-

tral value mSDi and j-th pT bin with value pT j, corresponding to the midpoint of the bin in
logarithmic scale, is given by,
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where eQCD, the polynomial coefficients ak`, and the QCD contribution in each bin of the failing
region, N

QCD
fail (mSDi, pT j) are treated as free parameters determined by the fit to the data.

To determine the order of polynomial necessary to fit the data, an F-test is performed. Based
on its results, a polynomial second order in r and first order in pT was selected.

The mSD distribution is binned in 23 bins of 7 GeV width from 40 GeV to 201 GeV and the pT
distribution is binned in six bins of increasing width from 450 GeV to 1 TeV. The signal, tt,
and resonant electroweak backgrounds (W/Z) contributions are added as binned templates
derived from MC to both the failing and passing regions.
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To determine the order of polynomial necessary to fit the data, an F-test is performed. Based
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The main background component, QCD multijet production, in the signal-enriched passing
region is estimated from the signal-depleted failing region. Since the double-b tagger discrim-
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similar QCD jet mass distributions. A transfer factor F accounts for the residual difference in
the QCD jet mass shape between the two regions and is determined by a fit to the data. This
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• If tagger were completely 
uncorrelated from jet mass and 
pT in data, the transfer factor 
would be flat 

• Taylor expand as a polynomial 
in ρ and pT to parameterize 
any small correlations
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where eQCD, the polynomial coefficients ak`, and the QCD contribution in each bin of the failing
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fail (mSDi, pT j) are treated as free parameters determined by the fit to the data.

To determine the order of polynomial necessary to fit the data, an F-test is performed. Based
on its results, a polynomial second order in r and first order in pT was selected.

The mSD distribution is binned in 23 bins of 7 GeV width from 40 GeV to 201 GeV and the pT
distribution is binned in six bins of increasing width from 450 GeV to 1 TeV. The signal, tt,
and resonant electroweak backgrounds (W/Z) contributions are added as binned templates
derived from MC to both the failing and passing regions.

• Fisher F-test to determine 
order of polynomial 
needed to fit the ratio:  
2rd order in ρ and  
1st order in pT is sufficient
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• Backgrounds estimated from 
data 

• QCD (90%): from failing 
double b-tag × transfer 
factor 

• tt+jets (3%): from 1μ 
control region 

• Backgrounds estimated from 
corrected simulation: 

• W/Z+jets (5%) 

• single-t, VV (<1%)

B A C K G R O U N D  S T R AT E G Y

 

double-b tag

double-b tag = 0.9

mSD

pT

 

“pass”

“fail”



Javier Duarte 
Fermilab

• Classic dijet search @ 
LHC (CMS, 8 TeV)
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• Efficient combination of complementary detector subsystems 

• Holistic particle interpretation of the event: energy/spatial 
resolution for jets, among many other things…

https://arxiv.org/abs/1706.04965
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• Efficient combination of complementary detector subsystems 

• Holistic particle interpretation of the event improves energy/
spatial resolution for jets, among many other things…

arXiv:1706.04965

https://arxiv.org/abs/1706.04965
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• Provides good separation between W/Z/H-jets and q/g jets  

• Grooming removes soft and wide-angle radiation (soft 
drop / modified mass drop tagger)

1 Introduction

The study of jet substructure has significantly matured over the past five years [1–3], with

numerous techniques proposed to tag boosted objects [4–46], distinguish quark from gluon jets

[44, 47–51], and mitigate the e↵ects of jet contamination [6, 52–61]. Many of these techniques

have found successful applications in jet studies at the Large Hadron Collider (LHC) [50, 62–

89], and jet substructure is likely to become even more relevant with the anticipated increase

in energy and luminosity for Run II of the LHC.

In addition to these phenomenological and experimental studies of jet substructure, there

is a growing catalog of first-principles calculations using perturbative QCD (pQCD). These

include more traditional jet mass and jet shape distributions [90–95] as well as more so-

phisticated substructure techniques [44, 59, 60, 96–103]. Recently, Refs. [59, 60] considered

the analytic behavior of three of the most commonly used jet tagging/grooming methods—

trimming [53], pruning [54, 55], and mass drop tagging [6]. Focusing on groomed jet mass

distributions, this study showed how their qualitative and quantitative features could be un-

derstood with the help of logarithmic resummation. Armed with this analytic understanding

of jet substructure, the authors of Ref. [59] developed the modified mass drop tagger (mMDT)

which exhibits some surprising features in the resulting groomed jet mass distribution, in-

cluding the absence of Sudakov double logarithms, the absence of non-global logarithms [104],

and a high degree of insensitivity to non-perturbative e↵ects.

In this paper, we introduce a new tagging/grooming method called “soft drop decluster-

ing”, with the aim of generalizing (and in some sense simplifying) the mMDT procedure. Like

any grooming method, soft drop declustering removes wide-angle soft radiation from a jet in

order to mitigate the e↵ects of contamination from initial state radiation (ISR), underlying

event (UE), and multiple hadron scattering (pileup). Given a jet of radius R0 with only two

constituents, the soft drop procedure removes the softer constituent unless

Soft Drop Condition:
min(pT1, pT2)

pT1 + pT2

> zcut

✓
�R12

R0

◆�

, (1.1)

where pT i are the transverse momenta of the constituents with respect to the beam, �R12

is their distance in the rapidity-azimuth plane, zcut is the soft drop threshold, and � is an

angular exponent. By construction, Eq. (1.1) fails for wide-angle soft radiation. The degree

of jet grooming is controlled by zcut and �, with � ! 1 returning back an ungroomed jet. As

we explain in Sec. 2, this procedure can be extended to jets with more than two constituents

with the help of recursive pairwise declustering.1

Following the spirit of Ref. [59], the goal of this paper is to understand the analytic

behavior of the soft drop procedure, particularly as the angular exponent � is varied. There

are two di↵erent regimes of interest. For � > 0, soft drop declustering removes soft radiation

1The soft drop procedure takes some inspiration from the “semi-classical jet algorithm” [58], where a variant

of Eq. (1.1) with zcut = 1/2 and � = 3/2 is tested at each stage of recursive clustering (unlike declustering

considered here).

– 2 –

Jet grooming
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Figure 10: Jet mass response for signal W jets for various grooming algorithms: trimming (top),
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Figure 3: (a) Schematic of a 1-prong jet, showing the dominant soft (green) and collinear

(blue) radiation, as well as the characteristic scales zs 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, zs, ✓cc, zcs, 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

zs ⌧ 1 , ✓sx ⇠ 1 . (2.12)

Here, zs 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

zc ⇠ 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 e2 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].
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• How many “prongs” are in the jet? 

• Generalized energy correlation 
functions are sensitive to N-point 
correlations within a jet 

• Two-pronged jets have 2e3 ≪ (1e2)2 

• Stable under grooming

26 3 Object reconstruction

1eb
2 = eb

2 = Â
1i<jnJ

zizjDRb
ij (7)

1eb
3 = Â

1i<j<knJ

zizjzk min{DRb
ij, DRb

ik, DRb
jk} (8)

2eb
3 = Â

1i<j<knJ

zizjzk min{DRb
ijDRb

ik, DRb
ijDRb

jk, DRb
ikDRb

jk} (9)

3eb
3 = eb

3 = Â
1i<j<knJ

zizjzkDRb
ijDRb

ikDRb
jk , (10)

In particular, three dimensionless ratios, corresponding to the three variants of the 3-point cor-420

relator, are proposed in [48] for this purpose:421

Mb
2 = 1eb

3

1eb
2

, Nb
2 =

2eb
3

(1eb
2 )

2
, Da,b

2 = 3ea
3

(1eb
2 )

3a/b
, (11)

Their performance were studied in simulation [49], before and after grooming. From these422

studies we conclude that N2 with b = 1 is the variable which provides the most discrimination423

power and shows similar discrimination power as t21424

The N2 observable has one clear advantage over t21, besides being theoretically well defined,425

and that is its stability against jet mass and pT.426

Because we want to preserve a smoothly falling jet mass distribution as a function of pT, it is427

natural to determine a substructure variable’s stability as a function of the QCD scaling variable428

r = log(m2
SD/p2

T). Since the QCD (quark or gluon-initated) jet mass scales with pT, decorrelat-429

ing a given substructure variable as a function of r and pT is a well-bounded procedure.430

The decorrelation procedure applied is derived for a specific background efficiency point. The431

procedure is described in great detail in this document [49].432

Given this map of the N1
2 as a function of r, at certain fixed background efficiency eQCD, we433

define a transformation which fixes the background efficiency at eQCD. The background effi-434

ciency point has been chosen following the optimization described in sec. 4 for tDDT
21 which435

corresponds to eQCD = 26%.436

The 2D map is shown in Fig. 22 for eQCD = 26%. Therefore, the transformation is defined as:

N1,DDT
2 = N1

2 � N1
2 (cut at 26%) (12)

Using this transformation map, we can show now the correlation between N1,DDT
2 and r. We437

see this in Fig. 21 where now by definition the background is flat at 26% at a cut value of438

N1,DDT
2 = 0.439

In Fig. 23 the jet N1,DDT
2 distribution is shown for the pT leading jet for simulated signal (left)440

and background (right) events.441

β = 1

arXiv:1609.07483

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 zs 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, zs, ✓cc, zcs, 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

zs ⌧ 1 , ✓sx ⇠ 1 . (2.12)

Here, zs 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

zc ⇠ 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 e2 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].
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2-point 3-point
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https://arxiv.org/abs/1609.07483
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D ATA  S C O U T I N GD. 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 

• “PF Scouting” is  
more flexible but 
limited by timing @ 
HLT (tracking)

PF Scouting  
500 Hz × 15 kB

900 GeV410 GeV

HT > 410 GeV: 

Scouting with PF candidates 
• Peak rate: 500 Hz

HT > 250 GeV: 

Scouting with Calo jets and muons 
• Peak rate: 4 kHz

http://www.nss-mic.org/2015/public/welcome.asp
http://www.nss-mic.org/2015/public/welcome.asp
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Substructure: two prong discrimination, 
50% sig. efficiency, 26% bkg. efficiency
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Double-b tagger: 30% sig. efficiency,  
1% bkg. efficiency (tight working point)

signal  
region

A N A LY S I S  S E L E C T I O NPRL 120, 071802 
(2018)

https://doi.org/10.1103/PhysRevLett.120.071802
https://doi.org/10.1103/PhysRevLett.120.071802
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M U LT I P L E  A P P R O A C H E S

• Based on standard  
b-tagging algorithm 

• Not designed for two 
b’s in the same jet

• Defines sub-jets 

• Standard b-tagging 
applied to each subject

• Identifies two b hadron decay 
chains in the same fat jet 

• Does not define subjects, but 
uses N-subjettiness axes 

subjets fatjet double-b

τ-axis1

τ-axis2
ΔR<0.4
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S I G N A L  C O M P O S I T I O N

• Analysis is inclusive in Higgs 
production mode 

• Dominant contribution is 
ggF (74%) 

• 12% VBF  

• 8% VH 

• 6% ttH

HIG-17-010

http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010
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PUPPI
PUPPI (PileUp Per Particle Id): based on PF paradigm

a general framework that determines, per particle, weight for how likely a 
particle is from PU 

key insight: using QCD ansatz to infer neutral pileup contribution

9

[1] define a local discriminant, α,  
between pileup (PU) and leading 
vertex (LV)

[2] get data-driven α distribution for PU using 
charged PU tracks

[3] for the neutrals, ask “how un-PU-like is α for 
this particle?”, compute a weight

[4] reweight the four-vector of the particle by this 
weight, then proceed to interpret the event as usual

P U P P I

!60

PUPPI
PUPPI (PileUp Per Particle Id): based on PF paradigm

a general framework that determines, per particle, weight for how likely a 
particle is from PU 

key insight: using QCD ansatz to infer neutral pileup contribution

8

[1] define a local discriminant, α,  
between pileup (PU) and leading 
vertex (LV)

[2] get data-driven α distribution for PU using 
charged PU tracks
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arXiv:1407.6013

• PUPPI (PileUp Per Particle Id): general framework that determines, 
per particle, a weight for how likely a particle is from PU 

• Key insight: using QCD ansatz to infer neutral pileup contribution 

https://arxiv.org/abs/1407.6013
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arXiv:1407.6013
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PUPPI (PileUp Per Particle Id): based on PF paradigm

a general framework that determines, per particle, weight for how likely a 
particle is from PU 

key insight: using QCD ansatz to infer neutral pileup contribution

9

[1] define a local discriminant, α,  
between pileup (PU) and leading 
vertex (LV)

[2] get data-driven α distribution for PU using 
charged PU tracks

[3] for the neutrals, ask “how un-PU-like is α for 
this particle?”, compute a weight

[4] reweight the four-vector of the particle by this 
weight, then proceed to interpret the event as usual

• PUPPI (PileUp Per Particle Id): general framework that determines, 
per particle, a weight for how likely a particle is from PU 

• Key insight: using QCD ansatz to infer neutral pileup contribution 

https://arxiv.org/abs/1407.6013
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arXiv:1407.6013
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• PUPPI (PileUp Per Particle Id): general framework that determines, 
per particle, a weight for how likely a particle is from PU 

• Key insight: using QCD ansatz to infer neutral pileup contribution 

https://arxiv.org/abs/1407.6013
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• Signal systematic uncertainties from merged 
W sample in semi-leptonic ttbar events 
(external constraint) 

• SM candles: presence of W/Z(bb) in final jet 
mass distribution provides in-situ constraint 

• Higgs pT correction uncertainty of 30%

S Y S T E M AT I C S

top
W

b
top

W

b

ν μ

8 7 Results

Table 1: Systematic uncertainties and their relative size.

Systematic uncertainty source Type (shape or normalization) Relative size (or description)
QCD transfer factor both profile ak` and QCD normalization

Luminosity normalization 2.5%
V-tag (N1,DDT

2 ) efficiency normalization 4.3%
Muon veto efficiency normalization 0.5%

Electron veto efficiency normalization 0.5%
Trigger efficiency normalization 4%

Muon ID efficiency shape up to 0.2%
Muon isolation efficiency shape up to 0.1%
Muon trigger efficiency shape up to 8%

tt normalization SF normalization from 1µ CR: 8%
tt double-b mis-tag SF normalization from 1µ CR: 15%

W/Z NLO QCD corrections normalization 10%
W/Z NLO EWK corrections normalization 15% � 35%

W/Z NLO EWK ratio decorrelation normalization 5% � 15%
double-b tagging efficiency normalization 4%

Jet energy scale normalization up to 10%
Jet energy resolution normalization up to 15%

Jet mass scale shape shift mSD peak by ±0.4%
Jet mass resolution shape smear mSD distribution by ±9%

Jet mass scale pT normalization 0.4%/100 GeV (pT)
Monte Carlo statistics normalization -

H pT correction (gluon fusion) both 30%

passing and failing regions. Contributions from W and Z boson production are clearly visible
in the data.

The measured Z boson signal strength is µZ = 0.78+0.23
�0.19, which corresponds to an observed

significance of 5.1s with 5.8s expected. This constitutes the first observation of the Z signal
in the single-jet topology, further validating the substructure and b-tagging strategy for the
Higgs boson search in the same topology. The measured cross section of the Z+jets process
is 0.85+0.26

�0.21 pb, which is consistent, within the uncertainty on the measurement, with the SM.
The measured H boson signal strength is µH = 2.3+1.8

�1.6 and includes the corrections to the
pT described in Sec. 3. The observed µH and the theoretical cross-section imply a measured
cross-section of 74+51

�49 fb, which is consistent, within the stated uncertainty, with the SM. The
observed (expected) significance is 1.5s (0.7s).

Tab. 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case the corrections to the Higgs pT spec-
trum are not applied. Fig. 5 shows the profile likelihood test statistic scan in data as function of
the Higgs and Z signal strength parameters (µH, µZ).

H H no pT corrections Z
Observed best fit µH = 2.3+1.8

�1.6 µ0
H = 3.2+2.2

�2.0 µZ = 0.78+0.23
�0.19

Expected significance 0.7s (µH = 1) 0.5s (µ0
H = 1) 5.8s (µZ = 1)

Observed significance 1.5s 1.6s 5.1s

Table 2: Fitted signal strength and observed significance of the Higgs and Z signals.
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D ATA  R AT E S ,  S I Z E S ,  A N D  T I M I N G

Event Rate [Hz] CPU Timing [ms] File Size [kB]
Calo Scouting 4000 10 3
PF Scouting 500 25 15

Standard 1000 240 1000
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L O N G  H I S T O R Y  O F  D I J E T  S E A R C H E S
• Dijet resonance searches are 

fundamental discovery probes at 
hadron colliders 

• What kind of physics can we do?
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• LO H+0–2jet Pythia CKKW-L 
merged, finite mt 

• NLO H+1jet finite mt up to 1/mt4 
expansion: arXiv:1609.00367 

• NNLO H+1jet, mt = ∞, pTH up to 
~200 GeV arXiv:1508.02684 

• Two factorized systematic 
uncertainties: 

• 30% overall normalization 

• 30% linear change in slope  
(no effect on overall norm.)

GF H(NNLO+mt) = (1 jet mt ! 1)⇥ MG LO 0� 2 jet mt

(1 jet mt ! 1)
⇥ NLO 1 jet mt

LO 1 jet mt
⇥ NNLO 1 jet mt ! 1

NLO 1 jet mt ! 1
CKKW merged factor of 2 factor of 1.25

HIG-17-010

FT = full theory, finite mt  

EFT = effective field theory, mt = ∞

https://arxiv.org/abs/1609.00367
http://arxiv.org/abs/1508.02684
http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010
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O N L I N E  C A L O  M J J  C A L I B R AT I O N

• Fit to correct Online Calo jet pT
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O N L I N E  C A L O  M J J  C A L I B R AT I O N

 [GeV] jjm
600 800 1000 1200 1400 1600 1800 2000

 
jj,

R
ec

o
 / 

m
jj,

H
LT

m

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

10

210

310

410

510

(13 TeV)CMS Preliminary
 

• Ratio of Online Calo mjj  
          to Offline PF mjj



Javier Duarte 
Fermilab

D A R K  M AT T E R  M E D I AT O R

!69

• mDM and gDM affect mediator 
decay branching ratios  

• Smaller mDM < mM/2 and 
larger gDM > 0 gives 

• larger BR(Z’ → χχ)  

• smaller BR(Z’ → qq)  

• Same dijet cross section 
upper limit at gDM = 0 
translates into weaker 
coupling limit at gDM > 0 
(smaller branching to dijets)

228

for the DM width,

s[Z0
B ! qq|g0

B, gDM] = s(Z0
B ! qq|gB, gDM = 0) (B.10)

) (g
0
B)4

Gqq(g0
B) + Gcc

=
g

4
B

Gqq(gB)
(B.11)

) (g
0
B
)2 =

g
2
B

2

 
1 +

s

1 + 4
Gcc

Gqq(gB)

!
. (B.12)

Fig. B.12 shows 95% CL exclusion regions in (mmed,mDM) plane for dijet
searches [158, 157] and different E

miss
T based DM searches [303, 304, 305, 306]

from CMS in the leptophobic vector and axial-vector models defined above.
Following the recommendation of the LHC DM working group [292, 301,
294], the exclusions are computed for a universal quark coupling g

0
q = 0.25

and for a DM coupling of gDM = 1.0. The combination of the low- and
high-mass searches as well as the search of Ref. [157] excludes all values of
DM particle mass between 0.5 TeV and 2.0 TeV in mediator mass. The ex-
pected mediator mass exclusion limit increases with mDM and goes as high
as 2.7 TeV for heavy DM particles as the branching ratio to qq dominates.
The exclusion limits are similar for the V and AV models, as expected. If
mDM > mmed/2, the mediator cannot decay to DM particles, and the dijet
cross section from the mediator models becomes identical to that in the lep-
tophobic Z0 model used in Fig. B.10 with a coupling g

0
q = gq = 0.25. There-

fore for these values of mDM, the limits on the mediator mass in Fig. B.12
are identical to the limits on the Z0 mass at g

0
q = 0.25 in Fig. B.10. Similarly,

if mDM = 0, the limits on the mediator mass in Fig. B.12 are identical to the
limits on the Z0 mass at g

0
q = gq/

p
1 + 16/(3Nf) ⇡ 0.182 in Fig. B.10, where

Nf is the effective number of quark flavors contributing to the width of the
resonance.

The search results presented in Fig. B.12 can also be compared with re-
sults from dark matter direct detection (DD) and indirect detection (ID) ex-
periments [292]. As input for this comparison, we use the results for the
(mmed,mDM) plane for fixed couplings g

0
q and gDM. To compare with DD

and ID experiments, these limits are translated into the planes of DM mass
versus the spin-independent (SI) or spin-dependent (SD) DM-nucleon cross
section, sSI

DM-N or sSD
DM-p, respectively. The SI DM-nucleon cross section takes
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Figure B.11: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state used in E

miss
T + X (mono-X) searches (left) and the pair produc-

tion of quarks used in dijet searches (right) via a vector or axial-vector Z0
B

mediator [44]. The cross section and kinematics depend on the mediator
and dark matter masses, and the mediator couplings to dark matter and
quarks, respectively: (mmed, mDM, gDM, g

0
q) [294].

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 g
0
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

in the case of zero decay width to DM particles (see Fig. B.10) and correct
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Figure B.11: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state used in E

miss
T + X (mono-X) searches (left) and the pair produc-

tion of quarks used in dijet searches (right) via a vector or axial-vector Z0
B

mediator [44]. The cross section and kinematics depend on the mediator
and dark matter masses, and the mediator couplings to dark matter and
quarks, respectively: (mmed, mDM, gDM, g
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q) [294].
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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 g
0
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

in the case of zero decay width to DM particles (see Fig. B.10) and correct
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1  T E V

3  T E V

5  T E V
7  T E V

• 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’, … 

• dark matter mediators 
• 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, …
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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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• 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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D O U B L E - B  TA G G E R
• Combines tracking and vertexing 

information in a multivariate 
classifier with 27 observables  

• Targets the bb signal with 
additional aims: 

• jet mass and pT independent  

• cover a very wide pT range  

• inputs are chosen to avoid pT 
correlation  

• e.g. no ΔR-like variables, no 
substructure info 

Caterina Vernieri (FNAL)

double-b tagger 

• Combines tracking and vertexing information 
with a multivariate approach 

• 27 observables are used 
• It targets the bb̄ signal aiming to be: 

• mass independent 
• pT independent 

• training strategy is designed to cover a very wide 
pT range 

• inputs are chosen to avoid pT correlation  
• no dR-like variables, no substructure info

21
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D O U B L E - B  TA G G E R  I N P U T S

5.1 Discriminating variables 5

subjets fatjet double-b

τ-axis1

τ-axis2

Figure 1: Schematic comparison of the fat jet and subjet b tagging approaches and the presented
double-b tagger.

5.1 Discriminating variables

We present here the discriminating variables that are used as input to the MVA algorithm to
distinguish between the signal H! bb jets and the background from inclusive QCD jets. The
variables rely on reconstructed tracks, secondary vertices (SV) as well as the two-SV system.
Since the angular separation between the decay products of a resonance depend on the mo-
mentum and the mass of the resonance, in order to keep the algoritm as general as possible,
one of the guiding principle in the selection of input variables is that the variables do not have
strong dependence on the jet pT and the jet mass.

Tracks with pT > 1 GeV are associated to jets in a cone DR <0.8 around the jet axis, where
the jet axis is defined by the primary vertex and the direction of the jet momentum. Then we
associate each track to the closest t-axis. The distance of a track to the t-axis is defined as the
distance of closest approach of the track to the axis. In order to reject tracks from pileup this
quantity is required to be less than 700 µm. The point on the track that is closest to the t-axis
must be within 5 cm of the primary vertex. The contamination from decay products of long-
lived particles, e.g. neutral kaons, is reduced by removing pairs of tracks compatible with the
kaon masses within 30 MeV. The impact parameter, IP, of a track with respect to the primary
vertex is used to distinguish the decay products of a b hadron from prompt tracks. The IP is
calculated in three dimensions and the impact parameter significance, SIP, is defined as the
ratio of the IP to its estimated uncertainty. Several input variables related to the presence and
properties of secondary vertices coming from b hadron decay have been investigated. Using
tracks with pT > 0.8 GeV, secondary vertices are identified through the Inclusive Vertex Finder
(IVF) [4, 10] algorithm. This algorithm is not seeded from tracks associated to the reconstructed
jets, but it uses as input the collection of reconstructed tracks in the event. The reconstructed
secondary vertices are associated to jets in a cone DR <0.7 and then to the closest t-axis within
that jet. For each t-axis, track momenta of the constituent tracks from all the SVs associated to
a given t-axis are added to compute the SV mass and the SV transverse momentum for that
t-axis.

The input variables to the double-b tagger MVA discriminant are:

• The first four SIP values for selected tracks ordered in decreasing SIP;
• For each t-axis we consider the first two SIP values for their respective associated

6 5 Double-b tagger algorithm

tracks ordered in decreasing SIP, to further discriminate against single b quark and
light flavor jets from QCD when one or both SV are not reconstructed due to IVF
inefficiencies;

• The measured IP significance in the plane transverse to the beam axis, 2D SIP, of
the first two tracks (first track) that raises the SV invariant mass above the bottom
(charm) threshold of 5.2 (1.5) GeV;

• The number of SV associated to the jet;
• The significance of the 2D distance between the primary vertex and the secondary

vertex, flight distance, for the SV with the smallest 3D flight distance uncertainty, for
each of the two t-axes;

• The DR between the SVs with the smallest 3D flight distance uncertainty and its
t-axis, for each of the two t-axes;

• The relative pseudorapidity, hrel, of the tracks from all SVs with respect to their t-
axis for the three leading tracks ordered in increasing hrel, for each of the two t-axes;

• The total SV mass, defined as the total mass of all SVs associated to a given t-axis,
for each of the two t-axes;

• The ratio of the total SV energy, defined as the total energy of all SVs associated to
a given t-axis, and the total energy of all the tracks associated to the fat jet that are
consistent with the primary vertex, for each of the two t-axes;

• The information related to the two-SV system, the z variable, defined as:

z = DR(SV0, SV1) ·
pT,SV1

m(SV0, SV1)
(2)

where SV0 and SV1 are SVs with the smallest 3D flight distance uncertainty. The z

variable helps rejecting the bb background from gluon splitting relying on the dif-
ferent kinematic properties compared to the bb pair from the decay of a massive
resonance.

We select as discriminating variables all those with enough classifier separation (a default out-
put of TMVA), that show small correlation with the other inputs and improve the QCD back-
ground discrimination by at least 5%. In total 27 variables are used as input to the multivariate
discriminant. The most discriminating variables are the SIP for the most displaced tracks, the
vertex energy ratio for SV0, and the 2D SIP for the first track above bottom threshold. In Fig. 2
distributions for some discriminating input variables are shown for the signal H! bb jets and
the background QCD jets. In particular g ! bb and single b quark production are shown sep-
arately as well as light flavor jet contribution. The secondary vertex multiplicity and the vertex
energy ratio for SV0, along with SIP of the first track above bottom threshold show a good sep-
aration between the H! bb jets and different QCD jet components. The z variable shows good
discrimination against the g ! bb contribution.

Several variables related to the presence and properties of soft leptons arising from the b hadron
decay have also been investigated. Despite a small gain in performance, the soft lepton vari-
ables were excluded from the final list of input variables since they could introduce undesired
biases in the performance measurement in data where µ-tagged jets from QCD multijets events
are used.

5.1 Discriminating variables 7
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Figure 2: Distributions of 2D IP significance for the most displaced track raising the SV in-
variant mass above the bottom quark threshold, number of secondary vertices associated to
the AK8 jet, the vertex energy ratio for SV0, and the z variable. Comparison between H! bb
jets from simulated samples of KK-Graviton decaying to HH and QCD jets containing zero,
one or two b quarks are used. AK8 jets are selected with pT > 300 GeV and pruned jet mass
70 < m < 200 GeV. The distributions are normalized to unit area.
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E F F I C I E N C Y  I N  D ATA

• Using g(bb) jet as proxy in double muon tagged jet sample 

• Associated data/MC uncertainty 3-5%

Caterina Vernieri (FNAL)

Efficiency measurement in data

25

Associated uncertainty 
varies from 3 to 5% 
depending on the different 
tagging efficiency

CMS-PAS-BTV-16-002

Caterina Vernieri (FNAL)

Efficiency measurement in data

24

• Since there is no H/Z(bb̄) signal (yet!) we use: 
•  g(bb̄) jets as a proxy to measure the signal efficiency  
• Jet selection has been designed to ensure jets are signal-like 
• High AK8 pT jet (pT > 250 GeV) 
• double-muon tagged jets (muon with pT > 7 GeV)  
• mass cut (>50 GeV)

µµ

Z(bb̄) by the end of the talk 
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CMS
27 kilometer ring
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C O M PA C T  M U O N  S O L E N O I D

• 3.8 T magnetic field bends particle trajectories allowing for excellent tracking 

• ECAL: PbWO4 crystals (high density, short radiation length and Molière radius) 

• HCAL: plastic scintillator and brass absorber interleaved  

• Muon system: drift tubes (DT), resistive plate chambers (RPC), and cathode 
strip chambers (CSC)

4/1/14! Keith!Ulmer!D!University!of!Colorado! 9!
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