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•introduction: jets at the LHC 
!

•a jet substructure (r)evolution 

!
•case studies 

•high mass resonances, H�W+W-, WW scattering 
!

•through the looking glass 
•increasing pileup, new handles 

disclaimer: Slides may be a little CMS-biased, 
but both CMS&ATLAS doing great work
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q1

q2

The first hadronic Z event at OPAL
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The first hadronic Z event at OPAL

q1

q2

distance parameter R

typically at the LHC,  
R ~ 0.4  

where R is defined in the η χ φ space
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•the way we treat jets is evolving  
•a jet is no longer a four-vector 
!

•we are pulling them apart, looking at their structure, 
shapes and properties of subjets 

•information is used to classify new kinds of jets 
•wide array of applications 
!

•necessary for the physics program at the LHC
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!

•more energy → boost 
•as the center-of-mass energy of the LHC increases, objects 
will be produced with more transverse momentum  
!

•more luminosity → pileup 
•as the instantaneous luminosity of the LHC increases, we 
will be inundated with additional pp interactions on top of 
our process of interest

•…“necessity is the mother of invention”
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•increased reach to new energy 
regimes 

•SM particles are produced  
with more pT 

!
•why quarks and gluons?  
•boosting statistics 

•H→bb = 57% 
•W→qq ~ 67%, W→lν = 22% 

•(t→Wb ~ 100%), l = e,μ 
•Z→qq ~ 60%, Z→ll ~ 6% 

•jet backgrounds are manageable  
at high pT

���
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LHC Pileup scenarios… 
!
past: 
2011, <nPU> ~ 10 
2012, <nPU> ~ 20 
!
future: 
~2015, <nPU> ~ 20-40 (25/50 ns) ? 
~2018, <nPU> ~ 80 (25 ns) ? 
~2023, <nPU> ~ 140 (25 ns) ?

CMS Collaboration
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New Level 1 Corrections

❖ New ‘precision scaling’ in bins of (η, NPV)

3

A pileup interaction adds on average 
~1 GeV/unit area to the event  

!
(unit area in Δη x Δφ)

@ <nPU> = 40, a 30 GeV jet has additional 30 GeV of pileup energy
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78 reconstructed vertices
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a jet (r)evolution:!
these ain’t your mama’s jets
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•Particle flow algorithm uses high 
granularity ECAL and all-silicon 

tracker to provide inputs of 
neutral and charged hadrons, 
electrons, muons and photons

• High granularity, depth-segmented 
EM and hadronic calorimeter, inputs 
from 3D topological clusters with 

good energy resolution
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{Y,φ,pT}

+


{tracking}


“flavor”-tagging: 
b-tagging

c-tagging


uds-tagging

!

udsg/c/b
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{Y,φ,pT}

+


{tracking}

+


{m,shapes,subjets}

“flavor”-tagging: 
b-tagging

c-tagging


u/ds-tagging

top-tagging


W/Z/H-tagging

pileup-tagging

quantum numbers: 
color charge (quarks vs. gluons)


electric charge

spin

u/ds/g/c/b/W/Z/H/t/pu
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{Y,φ,pT}

+


{tracking}

+


{m,shapes,subjets}

{gender, ethnicity, age}

+


{hair color, headwear}

+


{glasses, facial hair}
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msu hep seminar, nhan tran

u and ds quark jets

11

u,d or s jet

present at all pT

color charge of 4/3
radiates less than a gluon 

fractional electric charge

msu hep seminar, nhan tran

gluon jets

12

gluon jet

present at all pT

color charge of 3
radiates more than a quark

no electric charge

msu hep seminar, nhan tran

pile up jets

13

pileup jet

present at low pT

“stochastic”, made up 
of softer deposits from 

several vertices

typical energy flow is 
more uniform, broad

msu hep seminar, nhan tran

c and b jets

14

c or b jet

present at all pT

primarily distinguished 
by a secondary vertex

c jets live somewhere 
between uds and b 

jets

msu hep seminar, nhan tran

W± and Z jets

15

W or Z jet

present at high pT

distinguished by a 
higher mass scale and 

two-prong nature
+

W+, W-, and Z can be 
distinguished by charge

msu hep seminar, nhan tran

Higgs jets

16

Higgs jet

present at high pT

distinguished by even 
higher mass scale and 

two-prong nature
+ 

2 secondary vertices

msu hep seminar, nhan tran

top jets

17

top jet

present at high pT

distinguished by very 
higher mass scale and 

three-prong nature
+ 

secondary vertex

msu hep seminar, nhan tran

top jets

17

top jet

present at high pT

distinguished by very 
higher mass scale and 

three-prong nature
+ 

secondary vertex

??



April 25, 2014 �16jet phase space

pT
20 GeV 100 GeV 300 GeV 2 TeV

pileup jets

quark/gluon jets

W/Z/H jets

top jets

???

•as a general rule,  
the boosted regime:


•ΔR ~ 2m/pT

lower 

pT regime

moderate 

pT regime

high 

pT regime

jet vetoes

VBF jets


high quark-jet multiplicities??


physics at the kinematic limit

resonances searches


boosted V/H/top

???
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case studies
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•high mass resonances 
•the classic cases…  
!
!

•gg → H → W+W- → lνlν 
•boosting above the background 
or low pT jet counting 
!

•WW scattering, WWjj → lνJjj 
•a W tagged jet + VBF jets 
!

•SUSY with low MET 
•high quark jet multiplicities and  
little or no missing energy

�18some physics cases
2 3 Simulated Samples
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Figure 1: Tree-level diagrams for the production at the LHC of exotic resonances decaying to
the final states considered in this study.

SM production of V + jets and non-resonant VV events. In the `n + jet channel also the tt48

background contributes. The signal is characterized as a local enhancement in the WW or ZZ49

invariant mass distribution (mVV). The invariant mass of the WW system is estimated by ap-50

proximating the neutrino transverse momentum with the measured missing transverse energy51

in the event, while an estimate of the neutrino longitudinal momentum is derived by imposing52

the constraint of the known W mass on the invariant mass of the `n system. The mass dis-53

tributions for the dominant W+jet and Z+jet backgrounds are determined from events with a54

reconstructed jet mass not compatible with the W or Z hypothesis. This analysis is optimized55

for WW and ZZ resonances but is also sensitive to charged resonances decaying to WZ due to56

the loose requirement on the V-jet mass.57

2 CMS Detector58

The central feature of the CMS detector is a 3.8 T superconducting solenoid with a 6 m internal59

diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calorimeter60

(ECAL), and the brass-scintillator hadron calorimeter (HCAL). The muon system is installed61

outside the solenoid and embedded in the steel return yoke. The CMS tracker consists of 144062

silicon pixel and 15 148 silicon strip detector modules. The ECAL consists of nearly 76 000 lead63

tungstate crystals that provide coverage in pseudorapidity |h| < 1.479 in the central barrel64

region and 1.479 < |h| < 3.0 in the two forward endcap regions. The HCAL consists of a65

sampling calorimeter which utilizes alternating layers of brass or steel as absorber and plastic66

scintillator as active material. Muons are measured in the pseudorapidity range |h| < 2.4,67

with detection planes made using three technologies: drift tubes, cathode strip chambers, and68

resistive plate chambers. A detailed description of the CMS detector can be found in Ref. [35].69

3 Simulated Samples70

The W+jets and Z+jets SM processes were simulated with MADGRAPH [36], tt and single top71

simulated events are generated with POWHEG [37] while diboson (WW, WZ and ZZ) processes72

are produced with PYTHIA [38]. The parton showering and hadronization are performed with73

PYTHIA using the Z2⇤ tune [39], a modification of the tune Z1 [40]. The CTEQ6l [41] parton74

density functions are used in all generated samples, except for the POWHEG tt sample where75

the CT10 [42] parton densities are used. All generated samples are processed through a GEANT-76

based [43] simulation of the CMS detector. The simulated background samples are initially77

ATLAS SUSY Multi-Jet Search
Christopher Young, CERN

Interpretation
! No significant excess above the Standard Model prediction is observed so

limits are set in several models of Supersymmetry.

! In each model the stream which gives the best expected limit is used.

! In the vicinity of the limit this is almost always the 50 GeV regions in the
“flavour” stream.

! At higher masses the MΣ
J stream is seen to do better such that this may

be promising for its use in the future.
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case #1: 
high mass resonances
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�20high mass resonances

examples: 
Graviton → W+W-, ZZ 
Z’,H → tt 
radion → HH 
…

for graviton mass = 500 GeV 
pT of Z < 250 GeV 

 ΔRqq ~ 0.72

N.B. Graviton → ZZ → 4l has a 
100 smaller branching fraction
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�21high mass resonances

for graviton mass = 1000 GeV 
pT of Z < 500 GeV 

 ΔRqq ~ 0.36

N.B. Graviton → ZZ → 4l has a 
100 smaller branching fraction

examples: 
Graviton → W+W-, ZZ 
Z’,H → tt 
radion → HH 
…
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merged jet efficiency

  single CA R=0.8 jet

R (W,Jet) < 0.1∆  

resolved jets efficiency

  two AK R=0.5 jets

) < 0.1j,Jet
i

R (q∆  

When the W boson has  
pT > 400 GeV, it nearly always 
fits inside a cone of R = 0.8

When the W boson has  
pT > 400 GeV, it cannot be  

constructed with 2 R=0.5 jets

Efficiency for clustering W → qq as a function of pT of W
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•separating a W or Z jet from a high pT quark or gluon jet 
•1. jet mass 
•2. W and Z’s have 2 prong structure
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•separating a W or Z jet from a high pT quark or gluon jet 
•1. jet mass: four-vector sum of particles in a jet 
•2. W and Z’s have 2 prong structure
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mass is a very useful jet shape observable 
at parton level, these are pretty easy to tell apart

mass = mW

mass ~ 0
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but jet mass is a perturbative quantity

may be radiated within the reach of the jet definition and then generate a mass for the
jet (assuming a 4-vector-addition recombination scheme). The aim of this section is to
give some simple analytical understanding of the effect of perturbative radiation on a jet’s
transverse momentum and mass — rules of thumb — as well as references to the literature
for more detailed analyses.

For the reader who is interested principally in the results, the two main ones can be
summarised as follows. For small jet radii, R ≪ 1, the average fractional difference between
a jet’s transverse momentum and that of the original parton is

⟨pt,jet − pt,parton⟩pert
pt

≃ quarks: −0.43
gluons: −1.02

}

× αs ln
1

R
+O (αs) . (25)

where the O (αs) term depends both on the jet algorithm and the global environment in
which the parton is to be found (e.g. colour connections to other partons) and is often
ill-defined because of the ambiguities in talking about partons in the first place. Ignoring
these important caveats, the above result implies that an R = 0.4 quark (gluon) jet has
about 5% (11%) less momentum on average that the original parton (for αs = 0.12).

The second result is that the average squared jet mass for all non-cone algorithms is

⟨M2⟩ ≃ quarks: 0.16
gluons: 0.37

}

× αsp
2
tR

2 . (26)

For both the pt loss and the squared jet mass, SISCone results are similar to kt, anti-kt
and C/A results when RSSICone ≃ 0.75Rkt .

4.2.1 Jet pt

In many uses of jets, one needs to know how a jet’s energy (or pt) relates to the underlying
hard scale of the process — for example to the mass of a decaying heavy particle (top
quark, Higgs boson, new particle), or to the momentum fraction carried by a scattered
parton in an inclusive jet cross section.

One approach to this is to take a Monte Carlo event generator, let it shower a parton
from some source and then compare the jet’s pt to that of the parton. This often gives a
reasonable estimate of what’s happened, even if the Monte Carlo basically acts as a black
box, and brings a somewhat arbitrary definition of what is meant by the initial “parton”
(or of the mass of the top quark).

Another approach is to take a program for carrying out NLO predictions, like MCFM [44]
or NLOJET++ [45], and for example determine the relation between the jet pt-spectrum
and the parton distribution functions. NLO calculations are perhaps even blacker boxes
than Monte Carlo generators, on the other hand they do have the advantage of giving
predictions of well-defined precision; however, one loses all relation to the intermediate
(ill-defined) “parton” (this holds also for tools like MC@NLO [49] and POWHEG [50]).

44

JHEP 05 (2013) 090
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Figure 18. Evolution of the mean uncalibrated jet mass, hmjeti, for jets in the central region
|⌘| < 0.8 as a function of the reconstructed vertex multiplicity, N
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for jets in the range 200 GeV 
pjet
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< 300 GeV (left) and for leading-pjet

T

jets (hmjet
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T

< 800 GeV
(right). (a)-(b) show trimmed anti-kt jets with R = 1.0, (c)-(d) show pruned anti-kt jets with
R = 1.0, and (e)-(f) show mass-drop filtered C/A jets with R = 1.2. The error bars indicate the
statistical uncertainty on the mean value in each bin.– 32 –

pruned jet mass
0 50 100 150

a
rb

itr
a

ry
 u

n
its

0

0.1

0.2

SM Higgs, m = 600 GeV

   ungroomed jet mass

W+Jets, MadGraph+Pythia6

   ungroomed jet mass

CMS Simulation

•Grooming tends to push the jet mass scale of the background to 
lower values while preserving the hard scale of the heavy 
resonance 

•Grooming techniques are also vital in reducing the pileup 
dependence of the jet mass

CMS-PAS-HIG-13-008 
JHEP 1309 (2013) 076
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•separating a W or Z jet from a high pT quark or gluon jet 
•1. jet mass 
•2. W and Z’s have 2 prong structure
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely

– 4 –
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely

– 4 –
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N-subjettiness
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calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Figure 4: Left: Decay sequences in (a) tt and (c) dijet QCD events. Right: Event displays for
(b) top jets and (d) QCD jets with invariant mass near mtop. The labeling is similar to Fig. 1,
though here we take R = 0.8, and the cells are colored according to how the jet is divided into
three candidate subjets. The open square indicates the total jet direction, the open circles indicate
the two subjet directions, and the crosses indicate the three subjet directions. The discriminating
variable τ3/τ2 measures the relative alignment of the jet energy along the crosses compared to the
open circles.

a b jet and a W boson, and if the W boson decays hadronically into two quarks, the top jet

will have three lobes of energy. Thus, instead of τ2/τ1, one expects τ3/τ2 to be an effective

discriminating variable for top jets. This is indeed the case, as sketched in Figs. 4, 5, 6,

and 7.

– 7 –

☐ = τ1

◯ = τ2

 × = τ3

generalizing subjets...
N-subjettiness: a measure 
of how consistent a jet is 
with having N subjets, τN

k, sum over particles in the jet
N subjet axes for computing τN

calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Ratios of τN are traditionally 
used for discriminating signal 

from background

J. Thaler, K. Van Tilburg, arXiv:1011.2268

generalizing subjets…!
N-subjettiness: a measure of how consistent a jet is with having N subjets, τN

As τN → 0, jet is more consistent 
with having N subjets!
!
e.g. τ2 → 0, more like a W jet 
e.g. τ1 → 0, more like a quark jet!
!
Ratios are typically used:!
τ2/τ1 for separating W jets from 
quark and gluon jets
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for Z’ mass = 1500 GeV 
pT of top < 750 GeV 

 ΔRqq ~ 0.45

examples: 
Graviton → W+W-, ZZ 
Z’,H → tt 
radion → HH 
…
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•Tops can be more complicated objects,  
tagging is not only via observables,  
but algorithms too 
!

•Top taggers 
•Examples of single observables 

•kT splitting scales 
•N-subjettiness τ3/τ2 

•Decluster the fat jet with particular requirements and look at invariant mass and 
other kinematic requirements 

•CMS top tagger (a variant of JHU top tagger [1]) 
•HEP top tagger [2] - larger cones (R=1.5) targeted for moderate pT 

•Template top tagger [3] - compares jet energy profile to O(300k) templates 
•Shower deconstruction [4] - matrix element for a single jet

Kaplan et al., PRL 101/142001 (2008) 
Plehn, Spannowsky et. al, JHEP 1010:078,2010 
Perez et al., Phys. Rev. D82 054034, 2010 
Soper, Spannoswsky, PhysRevD.87.054012
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 = 8 TeVsCMS Simulation, 
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CMS Top Tagger
subjet b-tag

2τ/3τN-subjettiness ratio 
CMS + subjet b-tag

 + subjet b-tag2τ/3τCMS + 
HEP Top Tagger

 + subjet b-tag2τ/3τHEP + 
HEP WP0
HEP Comb. WP1
HEP Comb. WP2
HEP Comb. WP3

CMS WP0
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CMS PAS JME-13-007 
CMS-PAS BTV-13-001

Methods for b-tagging 
each subjet in the jet have 

been developed 
!

Great for tops and Higgs! 
!

(more info in backup)

better
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R = 1.0. This category also includes tt̄ events in which both W bosons decay leptonically, or where the
W decayed into an electron or tau with corresponding neutrino, but these contributions are small.

Figure 2 shows the jet mass for trimmed jets with pT > 350 GeV (a) and pT > 500 GeV (b). The
main non-top quark background, W+jets, exhibits a steeply falling jet mass spectrum, while the boosted
top is clearly visible around mjet ⇡ mt. There are also peaks at low mass and near mjet ⇡ mW (the W
boson mass), where only one or two decay product(s) are contained within the jet, respectively (this shall
be discussed in more detail in Section 4.2). The shape of the mass distribution near mt is well modeled
in simulation, with a slight underestimation of the number of events compared to data around mW .
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Figure 2: Jet mass for leading pT anti-kt trimmed jets with R = 1.0, |⌘| < 1.2 and two jet pT thresholds.
Here, “contained” refers to events having a hadronically-decaying top quark with collimated daughter
particles at the truth level (all three daughter quarks qi satisfy �R(qi, t) <1.0). The shaded band represents
the bin-by-bin statistical uncertainty in simulation.

The parameters chosen for the trimming algorithm were determined partly for the resilience of the
trimmed jet mass to the e↵ects of pile-up. Figure 3 shows the average mass of the leading pT trimmed
anti-kt R = 1.0 jet with pT > 350 GeV and |⌘| < 1.2 after the b-tagging requirement versus the average
number of inelastic pp collisions per bunch crossing, hµi, which is calculated from the instantaneous
luminosity and LHC beam parameters, as well as versus the total number of primary vertices measured
in the event, NPV. Due to other non-tt̄ background events at low mass, jets in these figures are required
to have mjet > 100 GeV.

Figure 4 shows the simulation compared to data after a b-tagging requirement for the parametersp
d12 and

p
d23. The splitting scales tend to be reasonably symmetric when the decay is to like-mass

particles, as opposed to the largely asymmetric splittings that originate from QCD radiation in light-
quark or gluon jets. The expected value of the first splitting scale for a “contained” boosted top quark
is approximately

p
d12 ⇡ mt/2, whereas jets from the parton shower of gluons and light quarks tend to

have smaller values of the splitting scales and to exhibit a steeply falling spectrum. The second splitting
scale,

p
d23, also provides discrimination from the three-body decay of the contained boosted top quark

compared to a light-quark or gluon jet background, as it targets the splitting of the W boson with an
expected value of

p
d23 ⇡ mW/2.

In Figure 5, the N-subjettiness variables ⌧1, ⌧2 and ⌧3 as well as the ratios ⌧21 and ⌧32 are shown

6
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Semi-leptonic tt events are important for 
validating tagging techniques of heavy objects

Using events to do evaluate 
tag-and-probe efficiency 
scale factors and mass 
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case #2: 
• gg → H → W+W- → lνlν 
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even when there are no jets in your final 
state, there are jets in your final state 

!

jet counting 
is important for Higgs searches to 

reduce backgrounds and to identify 
production mechanisms
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signal bkg: WW bkg: ttbar

by categorizing the event as having 0 or 1 or more additional jets, 
the ttbar background can be greatly reduced 

!
the additional jet from ttbar can have low pT 
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The low pT regime is dominated by quark, gluon, and pileup jets.
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pileup jets

6

The low pT regime is dominated by quark, gluon, and pileup jets.
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Using all information, can do a better removing them: 
track-based observables and jet shapes

The low pT regime is dominated by quark, gluon, and pileup jets.



April 25, 2014 �41jet counting at low pT

tracking

jet multiplicity

4.1 Input Variables 7

A cut-based pileup jet id, consisting in a simple jet selection based on the two most discrimi-212

nating variables, has also been studied. It is used, for example, in [34].213

An additional different pileup jet id MVA discriminator has been developed for the construction214

of a pileup insensitive missing transverse energy (missing ET), known as the particle flow MVA215

missing ET [22]. This second MVA discriminator differs from the default Pileup Jet mva in that216

the jet kinematic variables pT, h and f are added to the BDT and one inclusive training (as217

opposed to four h bins) is performed. Plots concerning this specific training are not shown in218

the rest of this paper.219

4.1 Input Variables220

To determine the most discriminating variables against pileup jets a systematic scan of the Re-221

ceiver Operator Characteristic (ROC) of the MVA classifier over a set of approximately eighty222

variables was performed, first separating them into blocks of similar discrimination and then223

systematically removing variables until a minimal set retaining most of the discrimination224

power was determined.225

4.1.1 Track related variables226

The track related variables in the pileup jet id are constructed to explicitly target the PV the jet227

is coming from. Four track related variables are used in the computation of the pileup jet id:228

• b229

• b⇤
230

• dZ231

• nvertices232

Each variable explicitly targets a different set of vertexing parameters. All of them are closely233

related, however each one gives a small gain in performance when added on top.234

The variable b is defined as the sum of the pT of all PF charged candidates originating from the235

PV divided by the sum of the pT of all charged candidates in the jet:236

b =
Âi2PV pTi

Âi pTi
(4)

To be identified as coming from the PV, the charged PF candidate must have a |DZ| < 0.2 cm237

where DZ is the distance with respect to the PV along the z axis.238

The variable b⇤ is defined as the sum of the pT of all PF charged candidates associated to239

another PV divided by the sum of the pT of all charged candidates in the jet:240

b⇤ =
Âi2otherPV pTi

Âi pTi
(5)

b⇤ is found to be the most discriminating tracking based variable in the pileup jet id algorithm.241

b⇤ and b are decorrelated due to the tracks that are not matched to any vertex.242

The variable dZ is defined as the distance along the z axis between the primary vertex the243

highest pT charged candidate in the jet.244

Finally, the number of vertices is used in the training of the BDT. Addition of this variable in the245

BDT allows for varied choice of optimal discriminating variables as the pileup is increased. At246
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4.1 Input Variables 9

• Nneutrals264

• pD
T265

The first variable, which is found to be the most discriminating single radial variable, is defined266

as267

hDR2i =
Âi DR2

i p2
Ti

Âi p2
Ti

(6)

where the sum runs over all PF candidates inside the jet and DR =
p

Dh2 + Df2 is the distance268

of the PF candidate with respect to the jet axis. This variable is shown for two different h bins269

in Fig. 4. The variable for real jets peaks relatively close to zero, whereas for pileup jets it tends270

to correspond to a value of 0.05, which is slightly smaller than the expected value originating271

for a uniformly dense jet. The degradation in separation is clear as one extends out to higher272

h as a result of the coarse granularity in the forward calorimeters. In addition, as the pT of the273

jet becomes higher, the DR2 tends to get smaller for both pileup jets and non pileup jets. This274

trend in the current pileup jet id MVA yields an increase in the rate of both pileup jets and real275

jets at higher pT.276
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Figure 4: hDR2i for PF jets with pT > 25 GeV and |h| < 2.5 (left), and 3.0 < |h| < 5.0 (right).

Enhanced discrimination of pileup comes from adding the full jet shower shape information277

to the BDT. This is done through the five variables A < (DR) < A + 0.1 which consist in the278

fractional energy deposits in five annuli about the jet axis. They are defined as:279

A < (DR) < A + 0.1 =
1

pjet
T

Â
i2A<DR<A+0.1

pTi (7)

where A is in the 0.1 intervals from 0 to 0.5 about the jet cone axis. These five variables are280

shown in Fig. 5 for jets in the tracker volume. Comparing them a clear feature is observed:281

pileup jets contain a large fraction of their energy in the regions DR = 0.2 � 0.4 and not in the282

nearby regions about DR = 0. Gluon jets also have a similar characteristic trend, however they283

tend to be less diffuse than pileup jets.284

In addition to these variables, the class of radial variables was studied. They can generically be285

expressed as286

Wij =
1

Âi p2
T

Â
i

 
(Dfi)

2 p2
T (DhiDfi) p2

T
(DfiDh) p2

T (Dhi)
2 p2

T

!
(8)

jet shape

combine all information to 
build discriminants for 


quark, gluon and pileup jets

!

useful even without tracker!
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08/13/13 Philip Harris BOOST 19

Usage Examples: Jet Vetos
● Pileup jet id allows extension of jet vetos to low pT

● Critical for b-tag veto (requires jets with pT > 10 GeV)

Vector boson fusion background reduced by a factor of 2 
(90% good jet eff)

jet counting stabilizes with pileup jet ID applied

even when there are no jets in your final state, there are jets in your final state 



April 25, 2014 �43

case #3: 
• WW scattering 
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�44Η → WW → lνJjj

LHC is vital to validate that 
the Higgs unitarizes 

WLWL scattering 
at high mass scales
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�27

�45Η → WW → lνJjj

LHC is vital to validate that 
the Higgs unitarizes 

WLWL scattering 
at high mass scales

W tagging

reduce fake  
forward jets with  
pileup jet ID 
rate reduced by a factor of 2 per jet
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also for up and down quark (in backup)

Interesting possible applications!
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opposite sign

same sign
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the future 
Matrix Element Method 
!
removing pileup one 
particle at a time

We are breaking down 
jets to their smallest 
pieces 
!
Re-evaluate what is 
possible…
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�49matrix element method
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past decades will continue. Even today, technological ad-
vances such as the use of graphics processing units [19]
may significantly increase the computing resources avail-
able for analyses. If we assume that this trend will con-
tinue, then ultimately we will have the computing power
to perform analyses that would be wildly impractical at
the present. We therefore speculate about future devel-
opments involving the MEM, without regard to (current)
computational limitations.

• NLO/ Parton Showers– The extension of the
MEM to take into account additional radiation
and/or other NLO corrections has already been
considered [7, 15, 20]. Work has also gone
into extending the MEM to include parton show-
ers [21]. Such approaches, potentially extended be-
yond NLO, will leverage the more complete higher
order calculations of the future.

• Jet Substructure– As outlined in Eq. 1, the
MEM is only using the four momentum of a jet.
However, other properties of the jet, e.g. substruc-
ture [22] could give additional information about
the hard process parton with which a jet should be
associated, thereby increasing the sensitivity of the
analysis.

• Underlying Event, Hadronization, Etc.– Ad-
ditional information about hadronization, the un-
derlying event, and other topics could also be used
to calculate a more complete likelihood for events
in hadron colliders.

• Detector Resolution– Ultimately, instead of us-
ing a single transfer function for a detector, a sep-
arate transfer function could be utilized for each
detector element involved in the reconstruction of
an event. Ideally the time dependence of the ele-
ment response, as well as its correlations with other
detector elements would be included.

Conclusions– The future developments of the MEM
described above will require heroic efforts of theorists
and experimentalists1. The result will be a significant
increase in the ability of future colliders to perform pre-
cision measurements and searches.
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The increasing use of multivariate methods, and in particular the Matrix Element Method (MEM),
represents a revolution in experimental particle physics. With continued exponential growth in
computing capabilities, the use of sophisticated multivariate methods– already common– will soon
become ubiquitous and ultimately almost compulsory. While the existence of sophisticated algo-
rithms for disentangling signal and background might naively suggest a diminished role for theorists,
the use of the MEM, with its inherent connection to the calculation of differential cross sections
will benefit from collaboration between theorists and experimentalists. In this white paper, we
will briefly describe the MEM and some of its recent uses, note some current issues and potential
resolutions, and speculate about exciting future opportunities.

Introduction– Multivariate methods [1] are widely
used in experimental particle physics; popular examples
include boosted decision trees (BDT) and neural nets,
in addition to the Matrix Element Method (MEM) [2],
which will be the subject of our discussion here. In the
MEM, the likelihood for a given event, with measured
momenta pvis

i in some underlying model with parameters
α is given by

P(pvis
i |α) =

1

σ(α)

∑

k,l

∫

dx1dx2
fk(x1)fl(x2)

2sx1x2

×

[

∏

j∈inv.

∫

d3pj

(2π)32Ej

]

|Mkl(p
vis
i , pj ;α)|

2,

(1)

where fk and fl are parton distribution functions, Mkl

is the theoretical matrix element, and σ(α) is the (total)
cross section after cuts and efficiencies. If the process
involves invisible particles, such as neutrinos or neutrali-
nos, then their momenta, pj, must be integrated over the
appropriate phase space.
Transfer functions parameterizing the detector resolu-

tion, should also be included and integrated over, as the
matrix element is a function of the actual, rather than the
observed, particle momenta. In the limit where all the
quantities and functions in Eq. 1 are known with perfect
accuracy, the quantity calculated in this manner is the
likelihood, and hence by the Neyman-Pearson Lemma is
an optimal test statistic [3]. Hence, if it can be imple-
mented, the MEM should be the most sensitive analysis
possible– we will note some caveats later in this paper.
Past and Present– The MEM has been used in stud-

ies of top properties at the Tevatron [4], as well as in B
physics [5]. A notable recent application has been in
the study of H → ZZ∗ → 4ℓ [6–10], where the MEM,

in the form of the “MELA” approach [8], was used in
the Higgs discovery by CMS [11]. Currently CMS uses
MELA together with MEKD [9, 12], another MEM pack-
age in continuing studies of the properties of the Higgs.
ATLAS is using a BDT for similar studies [13].

The MEM has also been suggested for studying the
Higgs in other channels [14, 15] and for BSM energy fron-
tier physics [16]. A dedicated package, MadWeight, has
been developed for MEM studies [17].

Near Future– A practical challenge associated with
the use of the MEM is that the likelihood calculated
is only an approximation of the true likelihood. This
situation arises because of (i) finite detector resolution
(ii) higher order corrections (iii) neglected information.
Therefore, rather than taking e.g. the likelihood ratio
calculated from the MEM directly to have a given statis-
tical significance, it may still be necessary for an exper-
iment to calculate the statistical significance of a given
result using e.g. pseudoexperiments, which naively can
be very expensive from the standpoint of computer time.

We note that the detector response to an event is gen-
erally independent of the underlying parameters of the
model which described the hard process (e.g. masses or
couplings of virtual particles produced in the collision).
Thus one can often simply re-weight the events already
generated in a given pseudo-experiment to calculate the
likelihood at any other point in the parameter space [10].
This procedure eliminates the need to generate a sepa-
rate event sample for each point in parameter space and
thus significantly speeds up the analysis. An analogous
procedure could be employed for template-based analy-
ses.

Future– Moore’s Law [18] predicts that the vast in-
creases in computing power that have characterized the
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past decades will continue. Even today, technological ad-
vances such as the use of graphics processing units [19]
may significantly increase the computing resources avail-
able for analyses. If we assume that this trend will con-
tinue, then ultimately we will have the computing power
to perform analyses that would be wildly impractical at
the present. We therefore speculate about future devel-
opments involving the MEM, without regard to (current)
computational limitations.

• NLO/ Parton Showers– The extension of the
MEM to take into account additional radiation
and/or other NLO corrections has already been
considered [7, 15, 20]. Work has also gone
into extending the MEM to include parton show-
ers [21]. Such approaches, potentially extended be-
yond NLO, will leverage the more complete higher
order calculations of the future.

• Jet Substructure– As outlined in Eq. 1, the
MEM is only using the four momentum of a jet.
However, other properties of the jet, e.g. substruc-
ture [22] could give additional information about
the hard process parton with which a jet should be
associated, thereby increasing the sensitivity of the
analysis.

• Underlying Event, Hadronization, Etc.– Ad-
ditional information about hadronization, the un-
derlying event, and other topics could also be used
to calculate a more complete likelihood for events
in hadron colliders.

• Detector Resolution– Ultimately, instead of us-
ing a single transfer function for a detector, a sep-
arate transfer function could be utilized for each
detector element involved in the reconstruction of
an event. Ideally the time dependence of the ele-
ment response, as well as its correlations with other
detector elements would be included.

Conclusions– The future developments of the MEM
described above will require heroic efforts of theorists
and experimentalists1. The result will be a significant
increase in the ability of future colliders to perform pre-
cision measurements and searches.
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The increasing use of multivariate methods, and in particular the Matrix Element Method (MEM),
represents a revolution in experimental particle physics. With continued exponential growth in
computing capabilities, the use of sophisticated multivariate methods– already common– will soon
become ubiquitous and ultimately almost compulsory. While the existence of sophisticated algo-
rithms for disentangling signal and background might naively suggest a diminished role for theorists,
the use of the MEM, with its inherent connection to the calculation of differential cross sections
will benefit from collaboration between theorists and experimentalists. In this white paper, we
will briefly describe the MEM and some of its recent uses, note some current issues and potential
resolutions, and speculate about exciting future opportunities.

Introduction– Multivariate methods [1] are widely
used in experimental particle physics; popular examples
include boosted decision trees (BDT) and neural nets,
in addition to the Matrix Element Method (MEM) [2],
which will be the subject of our discussion here. In the
MEM, the likelihood for a given event, with measured
momenta pvis

i in some underlying model with parameters
α is given by

P(pvis
i |α) =

1

σ(α)

∑

k,l

∫

dx1dx2
fk(x1)fl(x2)

2sx1x2

×

[

∏

j∈inv.

∫

d3pj

(2π)32Ej

]

|Mkl(p
vis
i , pj ;α)|

2,

(1)

where fk and fl are parton distribution functions, Mkl

is the theoretical matrix element, and σ(α) is the (total)
cross section after cuts and efficiencies. If the process
involves invisible particles, such as neutrinos or neutrali-
nos, then their momenta, pj, must be integrated over the
appropriate phase space.
Transfer functions parameterizing the detector resolu-

tion, should also be included and integrated over, as the
matrix element is a function of the actual, rather than the
observed, particle momenta. In the limit where all the
quantities and functions in Eq. 1 are known with perfect
accuracy, the quantity calculated in this manner is the
likelihood, and hence by the Neyman-Pearson Lemma is
an optimal test statistic [3]. Hence, if it can be imple-
mented, the MEM should be the most sensitive analysis
possible– we will note some caveats later in this paper.
Past and Present– The MEM has been used in stud-

ies of top properties at the Tevatron [4], as well as in B
physics [5]. A notable recent application has been in
the study of H → ZZ∗ → 4ℓ [6–10], where the MEM,

in the form of the “MELA” approach [8], was used in
the Higgs discovery by CMS [11]. Currently CMS uses
MELA together with MEKD [9, 12], another MEM pack-
age in continuing studies of the properties of the Higgs.
ATLAS is using a BDT for similar studies [13].

The MEM has also been suggested for studying the
Higgs in other channels [14, 15] and for BSM energy fron-
tier physics [16]. A dedicated package, MadWeight, has
been developed for MEM studies [17].

Near Future– A practical challenge associated with
the use of the MEM is that the likelihood calculated
is only an approximation of the true likelihood. This
situation arises because of (i) finite detector resolution
(ii) higher order corrections (iii) neglected information.
Therefore, rather than taking e.g. the likelihood ratio
calculated from the MEM directly to have a given statis-
tical significance, it may still be necessary for an exper-
iment to calculate the statistical significance of a given
result using e.g. pseudoexperiments, which naively can
be very expensive from the standpoint of computer time.

We note that the detector response to an event is gen-
erally independent of the underlying parameters of the
model which described the hard process (e.g. masses or
couplings of virtual particles produced in the collision).
Thus one can often simply re-weight the events already
generated in a given pseudo-experiment to calculate the
likelihood at any other point in the parameter space [10].
This procedure eliminates the need to generate a sepa-
rate event sample for each point in parameter space and
thus significantly speeds up the analysis. An analogous
procedure could be employed for template-based analy-
ses.

Future– Moore’s Law [18] predicts that the vast in-
creases in computing power that have characterized the
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Figure 1: Illustration of the three (out of more than 1500) shower histories with the largest signal prob-
abilities for a simulated large-R jet from a top quark produced in a Z0!tt decay with mZ0 = 1.75 TeV.
On the left panels are event displays showing the subjets used by the algorithm. Subjets of a particu-
lar category have the same fill colour and their extent represents the subjet active catchment area [12].
Jet constituents are shown as black dots. On the right panels are the corresponding shower histories.
The hard scatter is indicated as the (red) star. Initial-state emissions are indicated by diamonds. Parton
emissions are indicated by filled circles. Coloured straight lines represent the colour flow.
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+
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splitting
vertex

for
a
Q
C
D

splitting
g
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+
g
is
represented

by
a
function

H
ggg

as

illustrated
in

F
ig.6.

W
e
callthese

the
conditionalsplitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.
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should

choose
for

H
ggg

for
a
g
⌅
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+
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splitting.
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the
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other
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to

carry
the

lab
el
J
and

w
e
supp

ose
that

the
daughter

partons
are

lab
elled

A
and

B
,
w
here

A
caries

the
3̄
color

of
the

m
other

and
is
draw

n
on

the
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w
hile

B
caries

the
3
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of
the

m
other

and
is
draw
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on

the
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he

form
of

the
splitting

probability
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ends

on
w
hich

of
the

tw
o
daughter
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is
the

softer.
W
e
let

h
b
e
the

lab
el

of
the

harder
daughter

parton
and

s
b
e
the

lab
el
of

the
softer

daughter
parton:

k
s
<
k
h.

B
y
definition,

k
s
<
k
h.

W
e
first

look
at

the
splitting

in
the

lim
it
k
s⇤

k
h.

T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dip

ole
consisting

of
parton

J
and

som
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other

parton,
call

it
parton

k.
If
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=

A
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then

the
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itting
dip

ole
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form
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and
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form

ed
from
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=
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=
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of

k
dep

ends
on

w
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of
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tw
o
daughter

partons
is
parton

s,
so

w
here

needed
w
e
w
ill

use
the

notation
k(s)

instead

of
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ply
k.

For
H
,
w
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start

w
ith

the
dip

ole
approxim

ation
for

the
squared

m
atrix

elem
ent
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ith

µ
2s
=
µ
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=
0),

H
d
ip
ole⇥

C
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�
s
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2
p
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2
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2
p
s·p
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⇤
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⇥
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⇤
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⇥
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that
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=
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the
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=
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w
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0),

H
dip

ole ⇥
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⇤
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s �
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⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2
]

=
k
s k

h ⇥ 2sh
,

2
p
s · p

k ⇥
k
s k

k ⇥ 2sk
,

2
p
h · p

k ⇥
k
h k

k ⇥ 2hk
,

(31)

13

F
IG
. 6:

Splitting
functions

for
final state

Q
C
D
splittings

that
are

m
odeled

as
g ⌅

g
+
g

V
I.

F
IN

A
L
S
T
A
T
E
Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
this

section, w
e
define

the
m
ain

part
of
the

sim
plified

show
er, Q

C
D
show

er
splittings.

A
.

S
p
littin

g
p
rob

ab
ility

for
g ⌅

g
+
g

T
he

splitting
vertex

for
a
Q
C
D
splitting

g
⌅

g
+
g
is
represented

by
a
function

H
ggg

as

illustrated
in
F
ig. 6.

W
e
call these

the
conditional splitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.

Let
us

exam
ine

w
hat

w
e
should

choose
for

H
ggg

for
a
g
⌅

g
+
g
splitting.

W
e
take

the

m
other

parton
to

carry
the

label
J
and

w
e
suppose

that
the

daughter
partons

are
labelled

A
and

B
, w

here
A
caries

the
3̄
color

of
the

m
other

and
is
draw

n
on

the
left, w

hile
B
caries

the
3
color

of
the

m
other

and
is
draw

n
on

the
right.

T
he

form
of
the

splitting
probability

depends
on

w
hich

of
the

tw
o
daughter

partons
is
the

softer.
W
e
let

h
be

the
label

of
the

harder
daughter

parton
and

s
be

the
label of

the
softer

daughter
parton:

k
s <

k
h .

B
y
definition, k

s <
k
h .
W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .
T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dipole

consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=
A
,
then

the
em

itting
dipole

is

form
ed

from
parton

h
=
B
and

parton
k
=
k(J

)
L , w

hile
if
s
=
B
, then

the
em

itting
dipole

is
form

ed
from

parton
h
=
A
and

parton
k
=
k(J

)
R .

T
he

choice
of
k
depends

on
w
hich

of

the
tw
o
daughter

partons
is
parton

s, so
w
here

needed
w
e
w
ill use

the
notation

k(s)
instead

of
sim

ply
k.

For
H
,
w
e
start

w
ith

the
dipole

approxim
ation

for
the

squared
m
atrix

elem
ent

(w
ith

µ 2s =
µ 2h =

0),

H
dip

ole ⇥
C

A �
s2

2
p
h · p

k

2
p
s · p

h
2
p
s · p

k .

(30)

W
e
use

2
p
s · p

h
=
2k

s k
h [cosh(y

s �
y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2
]

=
k
s k

h ⇥ 2sh
,

2
p
s · p

k ⇥
k
s k

k ⇥ 2sk
,

2
p
h · p

k ⇥
k
h k

k ⇥ 2hk
,

(31)

13

F
IG
. 6:

Splitting
functions

for
final state

Q
C
D
splittings

that
are

m
odeled

as
g ⌅

g
+
g

V
I.

F
IN

A
L
S
T
A
T
E
Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
this

section, w
e
define

the
m
ain

part
of
the

sim
plified

show
er, Q

C
D
show

er
splittings.

A
.

S
p
littin

g
p
rob

ab
ility

for
g ⌅

g
+
g

T
he

splitting
vertex

for
a
Q
C
D
splitting

g
⌅

g
+
g
is
represented

by
a
function

H
ggg

as

illustrated
in
F
ig. 6.

W
e
call these

the
conditional splitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.

Let
us

exam
ine

w
hat

w
e
should

choose
for

H
ggg

for
a
g
⌅

g
+
g
splitting.

W
e
take

the

m
other

parton
to

carry
the

label
J
and

w
e
suppose

that
the

daughter
partons

are
labelled

A
and

B
, w

here
A
caries

the
3̄
color

of
the

m
other

and
is
draw

n
on

the
left, w

hile
B
caries

the
3
color

of
the

m
other

and
is
draw

n
on

the
right.

T
he

form
of
the

splitting
probability

depends
on

w
hich

of
the

tw
o
daughter

partons
is
the

softer.
W
e
let

h
be

the
label

of
the

harder
daughter

parton
and

s
be

the
label of

the
softer

daughter
parton:

k
s <

k
h .

B
y
definition, k

s <
k
h .
W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .
T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dipole

consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=
A
,
then

the
em

itting
dipole

is

form
ed

from
parton

h
=
B
and

parton
k
=
k(J

)
L , w

hile
if
s
=
B
, then

the
em

itting
dipole

is
form

ed
from

parton
h
=
A
and

parton
k
=
k(J

)
R .

T
he

choice
of
k
depends

on
w
hich

of

the
tw
o
daughter

partons
is
parton

s, so
w
here

needed
w
e
w
ill use

the
notation

k(s)
instead

of
sim

ply
k.

For
H
,
w
e
start

w
ith

the
dipole

approxim
ation

for
the

squared
m
atrix

elem
ent

(w
ith

µ 2s =
µ 2h =

0),

H
dip

ole ⇥
C

A �
s2

2
p
h · p

k

2
p
s · p

h
2
p
s · p

k .

(30)

W
e
use

2
p
s · p

h
=
2k

s k
h [cosh(y

s �
y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2
]

=
k
s k

h ⇥ 2sh
,

2
p
s · p

k ⇥
k
s k

k ⇥ 2sk
,

2
p
h · p

k ⇥
k
h k

k ⇥ 2hk
,

(31)
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In
this

section,
w
e
define

the
m
ain

part
of

the
sim

plified
show

er,
Q
C
D

show
er

splittings.

A
.

S
p
littin

g
p
ro

b
a
b
ility

fo
r
g
⌅

g
+
g

T
he

splitting
vertex

for
a
Q
C
D

splitting
g
⌅

g
+
g
is
represented

by
a
function

H
ggg

as

illustrated
in

F
ig. 6.

W
e
call these

the
conditional splitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.

L
et

us
exam

ine
w
hat

w
e
should

choose
for

H
ggg

for
a
g
⌅

g
+
g
splitting.

W
e
take

the

m
other

parton
to

carry
the

lab
el

J
and

w
e
supp

ose
that

the
daughter

partons
are

lab
elled

A
and

B
,
w
here

A
caries

the
3̄
color

of
the

m
other

and
is
draw

n
on

the
left,

w
hile

B
caries

the
3
color

of
the

m
other

and
is
draw

n
on

the
right.

T
he

form
of

the
splitting

probability

dep
ends

on
w
hich

of
the

tw
o
daughter

partons
is

the
softer.

W
e
let

h
b
e
the

lab
el

of
the

harder
daughter

parton
and

s
b
e
the

lab
el
of

the
softer

daughter
parton:

k
s
<

k
h .

B
y
definition,

k
s
<

k
h .

W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .

T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dip

ole
consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=

A
,
then

the
em

itting
dip

ole
is

form
ed

from
parton

h
=

B
and

parton
k
=

k(J
)
L ,

w
hile

if
s
=

B
,
then

the
em

itting
dip

ole

is
form

ed
from

parton
h
=

A
and

parton
k
=

k(J
)
R .

T
he

choice
of

k
dep

ends
on

w
hich

of

the
tw
o
daughter

partons
is
parton

s,
so

w
here

needed
w
e
w
ill

use
the

notation
k(s)

instead

of
sim

ply
k.

F
or

H
,
w
e
start

w
ith

the
dip

ole
approxim

ation
for

the
squared

m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),
H

d
ip
ole ⇥

C
A �

s

2

2
p
h · p

k

2
p
s · p

h
2
p
s · p

k

.

(30)

W
e
use

2
p
s · p

h
=

2k
s k

h [cosh(y
s �

y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2]

=
k
s k

h
⇥
2sh

,

2
p
s · p

k ⇥
k
s k

k
⇥
2sk

,

2
p
h · p

k ⇥
k
h k

k
⇥
2h
k
,

(31)
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of

the
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S
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ro

b
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ility

fo
r
g
⌅

g
+
g

T
he

splitting
vertex

for
a
Q
C
D

splitting
g
⌅

g
+
g
is
represented

by
a
function

H
ggg

as

illustrated
in

F
ig. 6.

W
e
call these

the
conditional splitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.

L
et

us
exam

ine
w
hat

w
e
should

choose
for

H
ggg

for
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⌅
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+
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W
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take
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to

carry
the

lab
el

J
and

w
e
supp

ose
that

the
daughter

partons
are

lab
elled

A
and

B
,
w
here

A
caries

the
3̄
color

of
the

m
other

and
is
draw

n
on

the
left,

w
hile

B
caries

the
3
color

of
the

m
other

and
is
draw

n
on

the
right.

T
he

form
of

the
splitting

probability

dep
ends

on
w
hich

of
the

tw
o
daughter

partons
is

the
softer.

W
e
let

h
b
e
the

lab
el

of
the

harder
daughter

parton
and

s
b
e
the

lab
el
of

the
softer

daughter
parton:

k
s
<

k
h .

B
y
definition,

k
s
<

k
h .

W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .

T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dip

ole
consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=

A
,
then

the
em

itting
dip

ole
is

form
ed

from
parton

h
=

B
and

parton
k
=

k(J
)
L ,

w
hile

if
s
=

B
,
then

the
em

itting
dip

ole

is
form

ed
from

parton
h
=

A
and

parton
k
=

k(J
)
R .

T
he

choice
of

k
dep

ends
on

w
hich

of

the
tw
o
daughter

partons
is
parton

s,
so

w
here

needed
w
e
w
ill

use
the

notation
k(s)

instead

of
sim

ply
k.

F
or

H
,
w
e
start

w
ith

the
dip

ole
approxim

ation
for

the
squared

m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),
H

d
ip
ole ⇥

C
A �

s

2

2
p
h · p

k

2
p
s · p

h
2
p
s · p

k

.

(30)

W
e
use

2
p
s · p

h
=

2k
s k

h [cosh(y
s �

y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2]

=
k
s k

h
⇥
2sh

,

2
p
s · p

k ⇥
k
s k

k
⇥
2sk

,

2
p
h · p

k ⇥
k
h k

k
⇥
2h
k
,

(31)
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In
this
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w
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define
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ain

part
of

the
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show
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show
er

splittings.
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.

S
p
littin

g
p
ro

b
a
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ility

fo
r
g
⌅

g
+
g

T
he

splitting
vertex

for
a
Q
C
D

splitting
g
⌅

g
+
g
is
represented

by
a
function

H
ggg

as

illustrated
in

F
ig. 6.

W
e
call these

the
conditional splitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.

L
et

us
exam

ine
w
hat

w
e
should

choose
for

H
ggg

for
a
g
⌅

g
+
g
splitting.

W
e
take

the

m
other

parton
to

carry
the

lab
el

J
and

w
e
supp

ose
that

the
daughter

partons
are

lab
elled

A
and

B
,
w
here

A
caries

the
3̄
color

of
the

m
other

and
is
draw

n
on
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left,

w
hile

B
caries

the
3
color

of
the

m
other

and
is
draw

n
on
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right.

T
he

form
of

the
splitting

probability

dep
ends

on
w
hich

of
the

tw
o
daughter

partons
is

the
softer.

W
e
let

h
b
e
the

lab
el

of
the

harder
daughter

parton
and

s
b
e
the

lab
el
of

the
softer

daughter
parton:

k
s
<

k
h .

B
y
definition,

k
s
<

k
h .

W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .

T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dip

ole
consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=

A
,
then

the
em

itting
dip

ole
is

form
ed

from
parton

h
=

B
and

parton
k
=

k(J
)
L ,

w
hile

if
s
=

B
,
then

the
em

itting
dip

ole

is
form

ed
from

parton
h
=

A
and

parton
k
=

k(J
)
R .

T
he

choice
of

k
dep

ends
on

w
hich

of

the
tw
o
daughter

partons
is
parton

s,
so

w
here

needed
w
e
w
ill

use
the

notation
k(s)

instead

of
sim

ply
k.

F
or

H
,
w
e
start

w
ith

the
dip

ole
approxim

ation
for

the
squared

m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),
H

d
ip
ole ⇥

C
A �

s

2

2
p
h · p

k

2
p
s · p

h
2
p
s · p

k

.

(30)

W
e
use

2
p
s · p

h
=

2k
s k

h [cosh(y
s �

y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2]

=
k
s k

h
⇥
2sh

,

2
p
s · p

k ⇥
k
s k

k
⇥
2sk

,

2
p
h · p

k ⇥
k
h k

k
⇥
2h
k
,

(31)
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for
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splitting
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+
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is
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by
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H
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as
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in

F
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W
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the
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H
ere

the
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is
that

the
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has

not
split
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a
higher
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hat

w
e
should

choose
for

H
ggg

for
a
g
⌅

g
+
g
splitting.

W
e
take

the

m
other

parton
to

carry
the

lab
el

J
and
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supp
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that

the
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and

B
,
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here
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the
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of
the
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and
is
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on
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w
hile
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the
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of
the

m
other

and
is
draw

n
on

the
right.
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he

form
of

the
splitting

probability

dep
ends

on
w
hich

of
the

tw
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daughter

partons
is

the
softer.

W
e
let

h
b
e
the

lab
el

of
the

harder
daughter

parton
and

s
b
e
the

lab
el
of

the
softer

daughter
parton:

k
s
<

k
h .

B
y
definition,

k
s
<

k
h .

W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .

T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dip

ole
consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=

A
,
then

the
em

itting
dip

ole
is

form
ed

from
parton

h
=

B
and

parton
k
=

k(J
)
L ,

w
hile

if
s
=

B
,
then

the
em

itting
dip

ole

is
form

ed
from

parton
h
=

A
and

parton
k
=

k(J
)
R .

T
he

choice
of

k
dep

ends
on

w
hich

of

the
tw
o
daughter

partons
is
parton

s,
so

w
here

needed
w
e
w
ill

use
the

notation
k(s)

instead

of
sim

ply
k.

F
or

H
,
w
e
start

w
ith

the
dip

ole
approxim

ation
for

the
squared

m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),
H

d
ip
ole ⇥

C
A �

s

2

2
p
h · p

k

2
p
s · p

h
2
p
s · p

k

.

(30)

W
e
use

2
p
s · p

h
=

2k
s k

h [cosh(y
s �

y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
s k

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2]

=
k
s k

h
⇥
2sh

,

2
p
s · p

k ⇥
k
s k

k
⇥
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,
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h · p
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⇥
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k
,
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In
th
is
section

,
w
e
d
efi
n
e
th
e
m
ain

p
art

of
th
e
sim

p
lifi

ed
sh
ow

er,
Q
C
D

sh
ow

er
sp
littin

gs.

A
.

S
p
littin

g
p
ro

b
a
b
ility

fo
r
g
⌅

g
+
g

T
h
e
sp
littin

g
vertex

for
a
Q
C
D

sp
littin

g
g
⌅

g
+
g
is
rep

resented
by

a
fu
n
ction

H
g
g
g
as

illu
strated

in
F
ig.

6.
W
e
call

th
ese

th
e
con

d
ition

al
sp
littin

g
p
rob

ab
ilities.

H
ere

th
e
con

d
ition

is
th
at

th
e
m
oth

er
p
arton

h
as

n
ot

sp
lit

alread
y
at

a
h
igh

er
virtu

ality.

L
et

u
s
exam

in
e
w
h
at

w
e
sh
ou

ld
ch
oose

for
H

g
g
g
for

a
g
⌅

g
+
g
sp
littin

g.
W
e
take

th
e

m
oth

er
p
arton

to
carry

th
e
lab

el
J
an

d
w
e
su
p
p
ose

th
at

th
e
d
au

ghter
p
arton

s
are

lab
elled

A
an

d
B
,
w
h
ere

A
caries

th
e
3̄
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
left,

w
h
ile

B
caries

th
e
3
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
right.

T
h
e
form

of
th
e
sp
littin

g
p
rob

ab
ility

d
ep
en
d
s
on

w
h
ich

of
th
e
tw

o
d
au

ghter
p
arton

s
is

th
e
softer.

W
e
let

h
b
e
th
e
lab

el
of

th
e

h
ard

er
d
au

ghter
p
arton

an
d
s
b
e
th
e
lab

el
of

th
e
softer

d
au

ghter
p
arton

:
k
s
<

k
h.

B
y
d
efi
n
ition

,
k
s
<

k
h.

W
e
fi
rst

look
at

th
e
sp
littin

g
in

th
e
lim

it
k
s⇤

k
h.

T
h
e
sp
littin

g

p
rob

ab
ility

is
th
en

d
om

in
ated

by
grap

h
s
in

w
h
ich

p
arton

s
is
em

itted
from

a
d
ip
ole

con
sistin

g

of
p
arton

J
an

d
som

e
oth

er
p
arton

,
call

it
p
arton

k
.
If
s
=

A
,
th
en

th
e
em

ittin
g
d
ip
ole

is

form
ed

from
p
arton

h
=

B
an

d
p
arton

k
=

k
(J
)L,

w
h
ile

if
s
=

B
,
th
en

th
e
em

ittin
g
d
ip
ole

is
form

ed
from

p
arton

h
=

A
an

d
p
arton

k
=

k
(J
)R
.
T
h
e
ch
oice

of
k
d
ep
en
d
s
on

w
h
ich

of

th
e
tw

o
d
au

ghter
p
arton

s
is
p
arton

s,
so

w
h
ere

n
eed

ed
w
e
w
ill

u
se

th
e
n
otation

k
(s)

in
stead

of
sim

p
ly

k
.

F
or

H
,
w
e
start

w
ith

th
e
d
ip
ole

ap
p
roxim

ation
for

th
e
squ

ared
m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),

H
d
ip
ole⇥

C
A
�
s

2
2
p
h
·p

k
2
p
s·p

h
2
p
s·p

k
.

(30)

W
e
u
se

2
p
s·p

h
=

2k
s k

h[cosh
(y

s�
y
h)�

cos(⇤
s�

⇤
h)]

⇥
k
s k

h[(y
s�

y
h)

2
+
(⇤

s�
⇤
h)

2]
=

k
s k

h
⇥
2sh

,
2
p
s·p

k
⇥

k
s k

k
⇥
2sk

,
2
p
h
·p

k
⇥

k
hk

k
⇥
2h
k

,
(31)

13

F
IG

.
6:

S
p
littin

g
fu
n
ction

s
for

fi
n
al

state
Q
C
D

sp
littin

gs
th
at

are
m
od

eled
as

g
⌅

g
+
g

V
I.

F
IN

A
L

S
T
A
T
E

Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
th
is
section

,
w
e
d
efi
n
e
th
e
m
ain

p
art

of
th
e
sim

p
lifi

ed
sh
ow

er,
Q
C
D

sh
ow

er
sp
littin

gs.

A
.

S
p
littin

g
p
ro

b
a
b
ility

fo
r
g
⌅

g
+
g

T
h
e
sp
littin

g
vertex

for
a
Q
C
D

sp
littin

g
g
⌅

g
+
g
is
rep

resented
by

a
fu
n
ction

H
g
g
g
as

illu
strated

in
F
ig.

6.
W
e
call

th
ese

th
e
con

d
ition

al
sp
littin

g
p
rob

ab
ilities.

H
ere

th
e
con

d
ition

is
th
at

th
e
m
oth

er
p
arton

h
as

n
ot

sp
lit

alread
y
at

a
h
igh

er
virtu

ality.

L
et

u
s
exam

in
e
w
h
at

w
e
sh
ou

ld
ch
oose

for
H

g
g
g
for

a
g
⌅

g
+
g
sp
littin

g.
W
e
take

th
e

m
oth

er
p
arton

to
carry

th
e
lab

el
J
an

d
w
e
su
p
p
ose

th
at

th
e
d
au

ghter
p
arton

s
are

lab
elled

A
an

d
B
,
w
h
ere

A
caries

th
e
3̄
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
left,

w
h
ile

B
caries

th
e
3
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
right.

T
h
e
form

of
th
e
sp
littin

g
p
rob

ab
ility

d
ep
en
d
s
on

w
h
ich

of
th
e
tw

o
d
au

ghter
p
arton

s
is

th
e
softer.

W
e
let

h
b
e
th
e
lab

el
of

th
e

h
ard

er
d
au

ghter
p
arton

an
d
s
b
e
th
e
lab

el
of

th
e
softer

d
au

ghter
p
arton

:
k
s
<

k
h.

B
y
d
efi
n
ition

,
k
s
<

k
h.

W
e
fi
rst

look
at

th
e
sp
littin

g
in

th
e
lim

it
k
s⇤

k
h.

T
h
e
sp
littin

g

p
rob

ab
ility

is
th
en

d
om

in
ated

by
grap

h
s
in

w
h
ich

p
arton

s
is
em

itted
from

a
d
ip
ole

con
sistin

g

of
p
arton

J
an

d
som

e
oth

er
p
arton

,
call

it
p
arton

k
.
If
s
=

A
,
th
en

th
e
em

ittin
g
d
ip
ole

is

form
ed

from
p
arton

h
=

B
an

d
p
arton

k
=

k
(J
)L,

w
h
ile

if
s
=

B
,
th
en

th
e
em

ittin
g
d
ip
ole

is
form

ed
from

p
arton

h
=

A
an

d
p
arton

k
=

k
(J
)R
.
T
h
e
ch
oice

of
k
d
ep
en
d
s
on

w
h
ich

of

th
e
tw

o
d
au

ghter
p
arton

s
is
p
arton

s,
so

w
h
ere

n
eed

ed
w
e
w
ill

u
se

th
e
n
otation

k
(s)

in
stead

of
sim

p
ly

k
.

F
or

H
,
w
e
start

w
ith

th
e
d
ip
ole

ap
p
roxim

ation
for

th
e
squ

ared
m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),

H
d
ip
ole⇥

C
A
�
s

2
2
p
h
·p

k
2
p
s·p

h
2
p
s·p

k
.

(30)

W
e
u
se

2
p
s·p

h
=

2k
s k

h[cosh
(y

s�
y
h)�

cos(⇤
s�

⇤
h)]

⇥
k
s k

h[(y
s�

y
h)

2
+
(⇤

s�
⇤
h)

2]
=

k
s k

h
⇥
2sh

,
2
p
s·p

k
⇥

k
s k

k
⇥
2sk

,
2
p
h
·p

k
⇥

k
hk

k
⇥
2h
k

,
(31)

13

F
IG

.
6:

S
p
littin

g
fu
n
ction

s
for

fi
n
al

state
Q
C
D

sp
littin

gs
th
at

are
m
od

eled
as

g
⌅

g
+
g

V
I.

F
IN

A
L

S
T
A
T
E

Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
th
is
section

,
w
e
d
efi
n
e
th
e
m
ain

p
art

of
th
e
sim

p
lifi

ed
sh
ow

er,
Q
C
D

sh
ow

er
sp
littin

gs.

A
.

S
p
littin

g
p
ro

b
a
b
ility

fo
r
g
⌅

g
+
g

T
h
e
sp
littin

g
vertex

for
a
Q
C
D

sp
littin

g
g
⌅

g
+
g
is
rep

resented
by

a
fu
n
ction

H
g
g
g
as

illu
strated

in
F
ig.

6.
W
e
call

th
ese

th
e
con

d
ition

al
sp
littin

g
p
rob

ab
ilities.

H
ere

th
e
con

d
ition

is
th
at

th
e
m
oth

er
p
arton

h
as

n
ot

sp
lit

alread
y
at

a
h
igh

er
virtu

ality.

L
et

u
s
exam

in
e
w
h
at

w
e
sh
ou

ld
ch
oose

for
H

g
g
g
for

a
g
⌅

g
+
g
sp
littin

g.
W
e
take

th
e

m
oth

er
p
arton

to
carry

th
e
lab

el
J
an

d
w
e
su
p
p
ose

th
at

th
e
d
au

ghter
p
arton

s
are

lab
elled

A
an

d
B
,
w
h
ere

A
caries

th
e
3̄
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
left,

w
h
ile

B
caries

th
e
3
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
right.

T
h
e
form

of
th
e
sp
littin

g
p
rob

ab
ility

d
ep
en
d
s
on

w
h
ich

of
th
e
tw

o
d
au

ghter
p
arton

s
is

th
e
softer.

W
e
let

h
b
e
th
e
lab

el
of

th
e

h
ard

er
d
au

ghter
p
arton

an
d
s
b
e
th
e
lab

el
of

th
e
softer

d
au

ghter
p
arton

:
k
s
<

k
h.

B
y
d
efi
n
ition

,
k
s
<

k
h.

W
e
fi
rst

look
at

th
e
sp
littin

g
in

th
e
lim

it
k
s⇤

k
h.

T
h
e
sp
littin

g

p
rob

ab
ility

is
th
en

d
om

in
ated

by
grap

h
s
in

w
h
ich

p
arton

s
is
em

itted
from

a
d
ip
ole

con
sistin

g

of
p
arton

J
an

d
som

e
oth

er
p
arton

,
call

it
p
arton

k
.
If
s
=

A
,
th
en

th
e
em

ittin
g
d
ip
ole

is

form
ed

from
p
arton

h
=

B
an

d
p
arton

k
=

k
(J
)L,

w
h
ile

if
s
=

B
,
th
en

th
e
em

ittin
g
d
ip
ole

is
form

ed
from

p
arton

h
=

A
an

d
p
arton

k
=

k
(J
)R
.
T
h
e
ch
oice

of
k
d
ep
en
d
s
on

w
h
ich

of

th
e
tw

o
d
au

ghter
p
arton

s
is
p
arton

s,
so

w
h
ere

n
eed

ed
w
e
w
ill

u
se

th
e
n
otation

k
(s)

in
stead

of
sim

p
ly

k
.

F
or

H
,
w
e
start

w
ith

th
e
d
ip
ole

ap
p
roxim

ation
for

th
e
squ

ared
m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),

H
d
ip
ole⇥

C
A
�
s

2
2
p
h
·p

k
2
p
s·p

h
2
p
s·p

k
.

(30)

W
e
u
se

2
p
s·p

h
=

2k
s k

h[cosh
(y

s�
y
h)�

cos(⇤
s�

⇤
h)]

⇥
k
s k

h[(y
s�

y
h)

2
+
(⇤

s�
⇤
h)

2]
=

k
s k

h
⇥
2sh

,
2
p
s·p

k
⇥

k
s k

k
⇥
2sk

,
2
p
h
·p

k
⇥

k
hk

k
⇥
2h
k

,
(31)

13

Proton

Proto
n

ISR jet

ISR jet

Anti-top

Higgs

top

W

W

electron

b-jet

b-jet

b-jet

b-jet

jet

jet

FIG
.6:Splitting

functionsforfinalstate
Q
CD

splittingsthatare
m
odeled

asg⌅
g+

g

V
I.

FIN
A
L
STAT

E
Q
C
D
SH

O
W
ER

SP
LIT

T
IN
G
S

In
thissection,wedefinethem

ain
partofthesim

plified
shower,QCD

showersplittings.

A
.

Splitting
probability

for
g⌅

g+
g

Thesplitting
vertex

fora
QCD

splitting
g⌅

g+
g
isrepresented

by
a
function

H
ggg
as

illustrated
in
Fig.6.W

ecallthesetheconditionalsplittingprobabilities.Herethecondition

isthatthem
otherparton

hasnotsplitalready
ata

highervirtuality.

Letusexam
ine

whatwe
should

choose
forH

ggg
fora

g⌅
g+

g
splitting.

W
e
take

the

m
otherparton

to
carry

the
labelJ

and
we

suppose
thatthe

daughterpartonsare
labelled

A
and

B
,whereA

cariesthe3̄
colorofthem

otherand
isdrawn

on
theleft,whileB

caries

the
3
colorofthe

m
otherand

isdrawn
on

the
right.

The
form

ofthe
splitting

probability

dependson
which

ofthe
two

daughterpartonsisthe
softer.

W
e
leth

be
the

labelofthe

harderdaughterparton
and

s
bethelabelofthesofterdaughterparton:ks

<
kh.

By
definition,ks

<
kh.W

efirstlook
atthesplitting

in
thelim

itks⇤
kh.Thesplitting

probabilityisthen
dom

inated
bygraphsin

which
parton

sisem
itted

from
adipoleconsisting

ofparton
J
and

som
e
otherparton,callitparton

k.
Ifs

=
A,then

the
em
itting

dipole
is

form
ed
from

parton
h
=
B
and

parton
k
=
k(J)L,whileifs=

B
,then

theem
itting

dipole

isform
ed
from

parton
h
=
A
and

parton
k
=
k(J)R.

The
choice

ofk
dependson

which
of

thetwo
daughterpartonsisparton

s,so
whereneeded

wewillusethenotation
k(s)instead

ofsim
ply

k.

For
H
,we

start
with

the
dipole

approxim
ation

for
the

squared
m
atrix

elem
ent

(with

µ
2
s
=
µ
2
h
=
0),

H
dipole⇥

C
A�s

2

2ph·pk

2ps·ph
2ps·pk

.

(30)

W
euse

2ps·ph
=
2kskh[cosh(ys�

yh)�
cos(⇤s�

⇤h)]

⇥
kskh[(ys�

yh)
2+

(⇤s�
⇤h)

2]

=
kskh

⇥
2
sh
,

2ps·pk⇥
kskk⇥

2
sk
,

2ph·pk⇥
khkk⇥

2
hk
,

(31)

13

jet
F
IG

.
6:

S
p
littin

g
fu
n
ction

s
for

fi
n
al

state
Q
C
D

sp
littin

gs
th
at

are
m
od

eled
as

g
⌅

g
+
g

V
I.

F
IN

A
L

S
T
A
T
E

Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
th
is
section

,
w
e
d
efi
n
e
th
e
m
ain

p
art

of
th
e
sim

p
lifi

ed
sh
ow

er,
Q
C
D

sh
ow

er
sp
littin

gs.

A
.

S
p
littin

g
p
ro

b
a
b
ility

fo
r
g
⌅

g
+
g

T
h
e
sp
littin

g
vertex

for
a
Q
C
D

sp
littin

g
g
⌅

g
+
g
is
rep

resented
by

a
fu
n
ction

H
g
g
g
as

illu
strated

in
F
ig.

6.
W
e
call

th
ese

th
e
con

d
ition

al
sp
littin

g
p
rob

ab
ilities.

H
ere

th
e
con

d
ition

is
th
at

th
e
m
oth

er
p
arton

h
as

n
ot

sp
lit

alread
y
at

a
h
igh

er
virtu

ality.

L
et

u
s
exam

in
e
w
h
at

w
e
sh
ou

ld
ch
oose

for
H

g
g
g
for

a
g
⌅

g
+
g
sp
littin

g.
W
e
take

th
e

m
oth

er
p
arton

to
carry

th
e
lab

el
J
an

d
w
e
su
p
p
ose

th
at

th
e
d
au

ghter
p
arton

s
are

lab
elled

A
an

d
B
,
w
h
ere

A
caries

th
e
3̄
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
left,

w
h
ile

B
caries

th
e
3
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
right.

T
h
e
form

of
th
e
sp
littin

g
p
rob

ab
ility

d
ep
en
d
s
on

w
h
ich

of
th
e
tw

o
d
au

ghter
p
arton

s
is

th
e
softer.

W
e
let

h
b
e
th
e
lab

el
of

th
e

h
ard

er
d
au

ghter
p
arton

an
d
s
b
e
th
e
lab

el
of

th
e
softer

d
au

ghter
p
arton

:
k
s
<

k
h.

B
y
d
efi
n
ition

,
k
s
<

k
h.

W
e
fi
rst

look
at

th
e
sp
littin

g
in

th
e
lim

it
k
s⇤

k
h.

T
h
e
sp
littin

g

p
rob

ab
ility

is
th
en

d
om

in
ated

by
grap

h
s
in

w
h
ich

p
arton

s
is
em

itted
from

a
d
ip
ole

con
sistin

g

of
p
arton

J
an

d
som

e
oth

er
p
arton

,
call

it
p
arton

k
.
If
s
=

A
,
th
en

th
e
em

ittin
g
d
ip
ole

is

form
ed

from
p
arton

h
=

B
an

d
p
arton

k
=

k
(J
)L,

w
h
ile

if
s
=

B
,
th
en

th
e
em

ittin
g
d
ip
ole

is
form

ed
from

p
arton

h
=

A
an

d
p
arton

k
=

k
(J
)R
.
T
h
e
ch
oice

of
k
d
ep
en
d
s
on

w
h
ich

of

th
e
tw

o
d
au

ghter
p
arton

s
is
p
arton

s,
so

w
h
ere

n
eed

ed
w
e
w
ill

u
se

th
e
n
otation

k
(s)

in
stead

of
sim

p
ly

k
.

F
or

H
,
w
e
start

w
ith

th
e
d
ip
ole

ap
p
roxim

ation
for

th
e
squ

ared
m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),

H
d
ip
ole⇥

C
A
�
s

2
2
p
h
·p

k
2
p
s·p

h
2
p
s·p

k
.

(30)

W
e
u
se

2
p
s·p

h
=

2k
sk

h[cosh
(y

s�
y
h)�

cos(⇤
s�

⇤
h)]

⇥
k
sk

h[(y
s�

y
h)

2+
(⇤

s�
⇤
h)

2]
=

k
sk

h
⇥
2sh

,
2
p
s·p

k
⇥

k
sk

k
⇥
2sk

,
2
p
h
·p

k
⇥

k
hk

k
⇥
2h
k

,
(31)

13

F
IG

.
6:

S
p
littin

g
fu
n
ction

s
for

fi
n
al

state
Q
C
D

sp
littin

gs
th
at

are
m
od

eled
as

g
⌅

g
+
g

V
I.

F
IN

A
L

S
T
A
T
E

Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
th
is
section

,
w
e
d
efi
n
e
th
e
m
ain

p
art

of
th
e
sim

p
lifi

ed
sh
ow

er,
Q
C
D

sh
ow

er
sp
littin

gs.

A
.

S
p
littin

g
p
ro

b
a
b
ility

fo
r
g
⌅

g
+
g

T
h
e
sp
littin

g
vertex

for
a
Q
C
D

sp
littin

g
g
⌅

g
+
g
is
rep

resented
by

a
fu
n
ction

H
g
g
g
as

illu
strated

in
F
ig.

6.
W
e
call

th
ese

th
e
con

d
ition

al
sp
littin

g
p
rob

ab
ilities.

H
ere

th
e
con

d
ition

is
th
at

th
e
m
oth

er
p
arton

h
as

n
ot

sp
lit

alread
y
at

a
h
igh

er
virtu

ality.

L
et

u
s
exam

in
e
w
h
at

w
e
sh
ou

ld
ch
oose

for
H

g
g
g
for

a
g
⌅

g
+
g
sp
littin

g.
W
e
take

th
e

m
oth

er
p
arton

to
carry

th
e
lab

el
J
an

d
w
e
su
p
p
ose

th
at

th
e
d
au

ghter
p
arton

s
are

lab
elled

A
an

d
B
,
w
h
ere

A
caries

th
e
3̄
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
left,

w
h
ile

B
caries

th
e
3
color

of
th
e
m
oth

er
an

d
is
d
raw

n
on

th
e
right.

T
h
e
form

of
th
e
sp
littin

g
p
rob

ab
ility

d
ep
en
d
s
on

w
h
ich

of
th
e
tw

o
d
au

ghter
p
arton

s
is

th
e
softer.

W
e
let

h
b
e
th
e
lab

el
of

th
e

h
ard

er
d
au

ghter
p
arton

an
d
s
b
e
th
e
lab

el
of

th
e
softer

d
au

ghter
p
arton

:
k
s
<

k
h.

B
y
d
efi
n
ition

,
k
s
<

k
h.

W
e
fi
rst

look
at

th
e
sp
littin

g
in

th
e
lim

it
k
s⇤

k
h.

T
h
e
sp
littin

g

p
rob

ab
ility

is
th
en

d
om

in
ated

by
grap

h
s
in

w
h
ich

p
arton

s
is
em

itted
from

a
d
ip
ole

con
sistin

g

of
p
arton

J
an

d
som

e
oth

er
p
arton

,
call

it
p
arton

k
.
If
s
=

A
,
th
en

th
e
em

ittin
g
d
ip
ole

is

form
ed

from
p
arton

h
=

B
an

d
p
arton

k
=

k
(J
)L,

w
h
ile

if
s
=

B
,
th
en

th
e
em

ittin
g
d
ip
ole

is
form

ed
from

p
arton

h
=

A
an

d
p
arton

k
=

k
(J
)R
.
T
h
e
ch
oice

of
k
d
ep
en
d
s
on

w
h
ich

of

th
e
tw

o
d
au

ghter
p
arton

s
is
p
arton

s,
so

w
h
ere

n
eed

ed
w
e
w
ill

u
se

th
e
n
otation

k
(s)

in
stead

of
sim

p
ly

k
.

F
or

H
,
w
e
start

w
ith

th
e
d
ip
ole

ap
p
roxim

ation
for

th
e
squ

ared
m
atrix

elem
ent

(w
ith

µ
2s
=

µ
2h
=

0),

H
d
ip
ole⇥

C
A
�
s

2
2
p
h
·p

k
2
p
s·p

h
2
p
s·p

k
.

(30)

W
e
u
se

2
p
s·p

h
=

2k
sk

h[cosh
(y

s�
y
h)�

cos(⇤
s�

⇤
h)]

⇥
k
sk

h[(y
s�

y
h)

2+
(⇤

s�
⇤
h)

2]
=

k
sk

h
⇥
2sh

,
2
p
s·p

k
⇥

k
sk

k
⇥
2sk

,
2
p
h
·p

k
⇥

k
hk

k
⇥
2h
k

,
(31)

13

ISR jet

neutrino

shower deconstruction -> event deconstruction in 2013
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•average subtraction: subtract median value of pileup from 
the jet 

•problem: pileup is fluctuating/lumpy, smears out jet properties 
•tracking information: remove PU charged particles (CHS) 

•problem: says nothing about neutral hadrons and photons 
•grooming (discussed on slide 26) 

•problem: usually for very high pT jets, knows nothing of tracking 
•

arXiv:1111.6097

arXiv:1309.4777
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D. Bertolini, P. Harris, M. Low, N.T.


work in progress

grooming/local shape

tracking/vertexing information

global event information

depth segmentation

precision timing

Define on a per particle basis, before jet clustering, a weight for how 
likely a particle (or jet constituent) is to be from pileup or the leading vertex, 

then rescale each particle four momentum by that weight
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N.B. Particle level studies assuming perfect tracking for |η| < 2.5
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N.B. Particle level studies assuming perfect tracking for |η| < 2.5

GEN level all particles

all particles, CHS PUPPI

colored cells = process of interest!
black cells = pileup
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summarizing
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!
•such a rapid development of jet technology is the 
responsibility of many 

!
•a community of physicists dedicated to these issues 

!
•experimenters and theorists working hard to 
calculate, model, measure and implement 
!

•incredibly quick turnaround, ideas can be proposed 
and measurements made public in ~1 year
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•the way we treat jets is evolving  
•a jet is no longer a four-vector 
!

•we are pulling them apart, looking at their structure, 
shapes and properties of subjets 

•without these methods, many physics analyses would need 
much more data or might not even be possible 
!

•the future is now, classify each particle in an event 
•jets simply as a way to organize the event for YOUR analysis
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bonus material!
!

!

case #4:!
low MET SUSY
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•analyses not bound a standard jet size, R~0.4 
•standard boosted case: 

•for boosted signals, it’s often easier to have a larger clustering 
parameter R to improve acceptance  

•also can use techniques for moderate to no boost 
•e.g. tops with pT = 150 GeV using R=1.5 jets 
•e.g. high parton multiplicity SUSY topologies with little MET

II. JET MASS AS AN OBSERVABLE

Jet masses have historically been di�cult observables
at hadron colliders because pile-up and underlying event
contribute to the jet mass as R3 or R4. However, using
jet-grooming techniques such as filtering [30], pruning [31],
or trimming [32], the underlying event and pile up
contributions can be removed. The resulting jet is
an accurate measurement of the underlying partonic
event [33, 34]. Of these three methods, filtering is the least
optimal for high multiplicity signals because it requires
a fixed number of subjets to be identified in advance,
whereas the signals studied in this article do not have a
definite number of subjets per jet.

The jet-grooming techniques listed above are designed
to look for boosted hadronic resonances appearing under
a continuum background. The kinematics considered in
this article typically result from particles decaying at
rest and hence, the reconstructed jets do not group the
underlying partons together in any manner that represents
the underlying decay kinematics. As a result, the jet
masses do not correspond to a parent particle’s mass.
While jet-grooming with a variable number of subjets
may be useful or beneficial, it is not as necessary and the
details are not as important. For the remaining portion
of the article, no jet-grooming is used, but it should be
understood that jet-grooming can be applied so long as
the algorithm allows the number of subjets per fat jet to
vary on a jet-by-jet basis. In addition, it may be possible
to combine Qjets with jet pruning to even better improve
sensitivity over background [35].

When a jet is formed via a parton shower, its mean
squared invariant mass is hm2

jii / ↵sp
2
T,iR

2, where ↵s

is the strong coupling constant, pT,i is the transverse
momentum of the jet, and R is its radius [36, 37]. When
a jet is formed from independent partons through multi-
body decays of heavy particles, however, the typical jet
mass is larger. In high-multiplicity signal events, there is
not enough solid angle for the partons to be well-separated
and therefore multiple partons are clustered together. As
a result, partons will lie close to each other and may be
clustered together into the same jet. For these jets, the
mean squared invariant mass is hm2

jii / p2
T,iR

2, where
one does not pay the factor of ↵s.

The visible energy in the event, HT , can be related to
the total jet mass MJ . In particular,

HT =
nJX

i=1

(p2
T,i + m2

ji)
1
2

/
nJX

i=1

q
hm2

ji
i((R)�2 + 1) ' MJ

p
1 + (R)2

R
,(2)

where  =
p

↵s for jets whose mass is generated by the
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FIG. 1: A plot of MJ versus HT after requiring Nj � 4 “fat”
jets with pT > 120GeV and pT > 50GeV on the leading and
sub-leading jets, respectively. QCD (orange) and top (green)
events are shown where the median value for a given HT is
shown in a solid line and the 68% and 95% inclusion bands
are shown in the dotted and dashed lines, respectively. The
higher values of MJ for top events arise from the top mass.
Signals with heavier parent particles than the top give even
larger MJ .

parton shower and 1 for jets whose mass arises from
multiple partons being grouped together. Eq. 2 is the
main reason why MJ is a more e↵ective discriminator than
HT for high-multiplicity signals. For high-multiplicity
signals, the jet masses do not usually result from parton
showering ( = 1), while for the QCD and V + jets
backgrounds (when V decays into missing energy) they
do ( =

p
↵s). For signal and background events with

similar HT , the value of MJ for the background will
always be lower than that for the signal. As a result,
the signal distribution always has a longer tail of high-jet
mass than the background, even if its HT distributions
are similar. The correlation between MJ and HT is shown
in Fig. 1 for QCD and top events. Top events typically
have higher values of MJ for a fixed HT , with a total jet
mass that asymptotes to 2mt. Signal events have even
larger values of MJ than top events and asymptote to
higher values.

The argument that MJ is preferable to HT relies on
two assumptions. The first is that the signal has a larger
MJ than top events, which requires that the signal is
at least as jet-rich as top events and has higher typical
visible energies than top events. This first assumption
is true in many signals of beyond the Standard Model
physics.

The second assumption implicit in Eq. 2 is that jet

2

tt, qcd

ATLAS SUSY Multi-Jet Search
Christopher Young, CERN

Interpretation
! No significant excess above the Standard Model prediction is observed so

limits are set in several models of Supersymmetry.

! In each model the stream which gives the best expected limit is used.

! In the vicinity of the limit this is almost always the 50 GeV regions in the
“flavour” stream.

! At higher masses the MΣ
J stream is seen to do better such that this may

be promising for its use in the future.
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Accidental Substructure 

• N-subjettiness, 𝜏௠௡ 
(J. Thaler et al.) 

 
• Event-subjettiness 

 
 
 
• 𝑇ସଷ ≪ 1 for signal 
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Event with small 𝑇ସଷ 
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Figure 3. In the lower mass signal region (SR1), the distributions of (a) jet ⌧
32

for the two leading
jets in each event with mjet > 60 GeV and (b) jet mass (mJ1 and mJ2) for jets with ⌧

32

< 0.7 are
shown for the data, the signal mg̃ = 100 GeV, and the background MCs for comparison. In the
higher mass signal region (SR2), the same distributions of (c) ⌧

32

and (d) jet mass are shown, but
in this case for mg̃ = 300 GeV. In each case, the data are compared to the two MC models used to
estimate the correlation correction factor, ↵, for the background extrapolation.

setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining

constituents form the trimmed jet. The invariant mass of these large-R, trimmed jets is

then calculated from the energies and momenta of the constituents contained within the

jet after the trimming procedure.

Events containing pair produced boosted gluinos that decay into three collimated

quarks are characterised by the presence of two massive large-R jets that each contain sub-
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in this case for mg̃ = 300 GeV. In each case, the data are compared to the two MC models used to
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setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining

constituents form the trimmed jet. The invariant mass of these large-R, trimmed jets is

then calculated from the energies and momenta of the constituents contained within the

jet after the trimming procedure.

Events containing pair produced boosted gluinos that decay into three collimated

quarks are characterised by the presence of two massive large-R jets that each contain sub-
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Background Determination - “leptonic” backgrounds
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ATLAS SUSY Multi-Jet Search
Christopher Young, CERN

Interpretation
! No significant excess above the Standard Model prediction is observed so

limits are set in several models of Supersymmetry.

! In each model the stream which gives the best expected limit is used.

! In the vicinity of the limit this is almost always the 50 GeV regions in the
“flavour” stream.

! At higher masses the MΣ
J stream is seen to do better such that this may

be promising for its use in the future.
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example interpretation

Use of substructure objects in non-SM boosted objects 
too!  High mass RPV gluino decaying to qqq

Interesting new ideas to use jet substructure observables 
for high jet multiplicity final states with low MET

Accidental Substructure 

• N-subjettiness, 𝜏௠௡ 
(J. Thaler et al.) 

 
• Event-subjettiness 

 
 
 
• 𝑇ସଷ ≪ 1 for signal 

13 

Event with small 𝑇ସଷ 

CERN-PH-EP-2012-281 
ATLAS-CONF-2013-091
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•pT,Y,φ + tracking 
!

•mass 
•4-vector sum of jet constituents 
•highly sensitive to soft QCD and pileup; grooming can be used to 
mitigate these dependencies 

•shapes 
•several classes: declustering/reclustering, generalized jet shapes and 
energy flow, statistical interpretation (Qjets), jet charge 

•algorithms 
•some combination of cuts on mass, shapes, tracking 
•most typical in top tagging
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but jet mass is a perturbative quantity

may be radiated within the reach of the jet definition and then generate a mass for the
jet (assuming a 4-vector-addition recombination scheme). The aim of this section is to
give some simple analytical understanding of the effect of perturbative radiation on a jet’s
transverse momentum and mass — rules of thumb — as well as references to the literature
for more detailed analyses.

For the reader who is interested principally in the results, the two main ones can be
summarised as follows. For small jet radii, R ≪ 1, the average fractional difference between
a jet’s transverse momentum and that of the original parton is

⟨pt,jet − pt,parton⟩pert
pt

≃ quarks: −0.43
gluons: −1.02

}

× αs ln
1

R
+O (αs) . (25)

where the O (αs) term depends both on the jet algorithm and the global environment in
which the parton is to be found (e.g. colour connections to other partons) and is often
ill-defined because of the ambiguities in talking about partons in the first place. Ignoring
these important caveats, the above result implies that an R = 0.4 quark (gluon) jet has
about 5% (11%) less momentum on average that the original parton (for αs = 0.12).

The second result is that the average squared jet mass for all non-cone algorithms is

⟨M2⟩ ≃ quarks: 0.16
gluons: 0.37

}

× αsp
2
tR

2 . (26)

For both the pt loss and the squared jet mass, SISCone results are similar to kt, anti-kt
and C/A results when RSSICone ≃ 0.75Rkt .

4.2.1 Jet pt

In many uses of jets, one needs to know how a jet’s energy (or pt) relates to the underlying
hard scale of the process — for example to the mass of a decaying heavy particle (top
quark, Higgs boson, new particle), or to the momentum fraction carried by a scattered
parton in an inclusive jet cross section.

One approach to this is to take a Monte Carlo event generator, let it shower a parton
from some source and then compare the jet’s pt to that of the parton. This often gives a
reasonable estimate of what’s happened, even if the Monte Carlo basically acts as a black
box, and brings a somewhat arbitrary definition of what is meant by the initial “parton”
(or of the mass of the top quark).

Another approach is to take a program for carrying out NLO predictions, like MCFM [44]
or NLOJET++ [45], and for example determine the relation between the jet pt-spectrum
and the parton distribution functions. NLO calculations are perhaps even blacker boxes
than Monte Carlo generators, on the other hand they do have the advantage of giving
predictions of well-defined precision; however, one loses all relation to the intermediate
(ill-defined) “parton” (this holds also for tools like MC@NLO [49] and POWHEG [50]).

44

JHEP 05 (2013) 090

plain jet mass
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but jet mass is a perturbative quantity

may be radiated within the reach of the jet definition and then generate a mass for the
jet (assuming a 4-vector-addition recombination scheme). The aim of this section is to
give some simple analytical understanding of the effect of perturbative radiation on a jet’s
transverse momentum and mass — rules of thumb — as well as references to the literature
for more detailed analyses.

For the reader who is interested principally in the results, the two main ones can be
summarised as follows. For small jet radii, R ≪ 1, the average fractional difference between
a jet’s transverse momentum and that of the original parton is

⟨pt,jet − pt,parton⟩pert
pt

≃ quarks: −0.43
gluons: −1.02

}

× αs ln
1

R
+O (αs) . (25)

where the O (αs) term depends both on the jet algorithm and the global environment in
which the parton is to be found (e.g. colour connections to other partons) and is often
ill-defined because of the ambiguities in talking about partons in the first place. Ignoring
these important caveats, the above result implies that an R = 0.4 quark (gluon) jet has
about 5% (11%) less momentum on average that the original parton (for αs = 0.12).

The second result is that the average squared jet mass for all non-cone algorithms is

⟨M2⟩ ≃ quarks: 0.16
gluons: 0.37

}

× αsp
2
tR

2 . (26)

For both the pt loss and the squared jet mass, SISCone results are similar to kt, anti-kt
and C/A results when RSSICone ≃ 0.75Rkt .

4.2.1 Jet pt

In many uses of jets, one needs to know how a jet’s energy (or pt) relates to the underlying
hard scale of the process — for example to the mass of a decaying heavy particle (top
quark, Higgs boson, new particle), or to the momentum fraction carried by a scattered
parton in an inclusive jet cross section.

One approach to this is to take a Monte Carlo event generator, let it shower a parton
from some source and then compare the jet’s pt to that of the parton. This often gives a
reasonable estimate of what’s happened, even if the Monte Carlo basically acts as a black
box, and brings a somewhat arbitrary definition of what is meant by the initial “parton”
(or of the mass of the top quark).

Another approach is to take a program for carrying out NLO predictions, like MCFM [44]
or NLOJET++ [45], and for example determine the relation between the jet pt-spectrum
and the parton distribution functions. NLO calculations are perhaps even blacker boxes
than Monte Carlo generators, on the other hand they do have the advantage of giving
predictions of well-defined precision; however, one loses all relation to the intermediate
(ill-defined) “parton” (this holds also for tools like MC@NLO [49] and POWHEG [50]).

44

filtered jet mass

JHEP 05 (2013) 090
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but jet mass is a perturbative quantity

may be radiated within the reach of the jet definition and then generate a mass for the
jet (assuming a 4-vector-addition recombination scheme). The aim of this section is to
give some simple analytical understanding of the effect of perturbative radiation on a jet’s
transverse momentum and mass — rules of thumb — as well as references to the literature
for more detailed analyses.

For the reader who is interested principally in the results, the two main ones can be
summarised as follows. For small jet radii, R ≪ 1, the average fractional difference between
a jet’s transverse momentum and that of the original parton is

⟨pt,jet − pt,parton⟩pert
pt

≃ quarks: −0.43
gluons: −1.02

}

× αs ln
1

R
+O (αs) . (25)

where the O (αs) term depends both on the jet algorithm and the global environment in
which the parton is to be found (e.g. colour connections to other partons) and is often
ill-defined because of the ambiguities in talking about partons in the first place. Ignoring
these important caveats, the above result implies that an R = 0.4 quark (gluon) jet has
about 5% (11%) less momentum on average that the original parton (for αs = 0.12).

The second result is that the average squared jet mass for all non-cone algorithms is

⟨M2⟩ ≃ quarks: 0.16
gluons: 0.37

}

× αsp
2
tR

2 . (26)

For both the pt loss and the squared jet mass, SISCone results are similar to kt, anti-kt
and C/A results when RSSICone ≃ 0.75Rkt .

4.2.1 Jet pt

In many uses of jets, one needs to know how a jet’s energy (or pt) relates to the underlying
hard scale of the process — for example to the mass of a decaying heavy particle (top
quark, Higgs boson, new particle), or to the momentum fraction carried by a scattered
parton in an inclusive jet cross section.

One approach to this is to take a Monte Carlo event generator, let it shower a parton
from some source and then compare the jet’s pt to that of the parton. This often gives a
reasonable estimate of what’s happened, even if the Monte Carlo basically acts as a black
box, and brings a somewhat arbitrary definition of what is meant by the initial “parton”
(or of the mass of the top quark).

Another approach is to take a program for carrying out NLO predictions, like MCFM [44]
or NLOJET++ [45], and for example determine the relation between the jet pt-spectrum
and the parton distribution functions. NLO calculations are perhaps even blacker boxes
than Monte Carlo generators, on the other hand they do have the advantage of giving
predictions of well-defined precision; however, one loses all relation to the intermediate
(ill-defined) “parton” (this holds also for tools like MC@NLO [49] and POWHEG [50]).

44

trimmed jet mass

JHEP 05 (2013) 090
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but jet mass is a perturbative quantity

may be radiated within the reach of the jet definition and then generate a mass for the
jet (assuming a 4-vector-addition recombination scheme). The aim of this section is to
give some simple analytical understanding of the effect of perturbative radiation on a jet’s
transverse momentum and mass — rules of thumb — as well as references to the literature
for more detailed analyses.

For the reader who is interested principally in the results, the two main ones can be
summarised as follows. For small jet radii, R ≪ 1, the average fractional difference between
a jet’s transverse momentum and that of the original parton is

⟨pt,jet − pt,parton⟩pert
pt

≃ quarks: −0.43
gluons: −1.02

}

× αs ln
1

R
+O (αs) . (25)

where the O (αs) term depends both on the jet algorithm and the global environment in
which the parton is to be found (e.g. colour connections to other partons) and is often
ill-defined because of the ambiguities in talking about partons in the first place. Ignoring
these important caveats, the above result implies that an R = 0.4 quark (gluon) jet has
about 5% (11%) less momentum on average that the original parton (for αs = 0.12).

The second result is that the average squared jet mass for all non-cone algorithms is

⟨M2⟩ ≃ quarks: 0.16
gluons: 0.37

}

× αsp
2
tR

2 . (26)

For both the pt loss and the squared jet mass, SISCone results are similar to kt, anti-kt
and C/A results when RSSICone ≃ 0.75Rkt .

4.2.1 Jet pt

In many uses of jets, one needs to know how a jet’s energy (or pt) relates to the underlying
hard scale of the process — for example to the mass of a decaying heavy particle (top
quark, Higgs boson, new particle), or to the momentum fraction carried by a scattered
parton in an inclusive jet cross section.

One approach to this is to take a Monte Carlo event generator, let it shower a parton
from some source and then compare the jet’s pt to that of the parton. This often gives a
reasonable estimate of what’s happened, even if the Monte Carlo basically acts as a black
box, and brings a somewhat arbitrary definition of what is meant by the initial “parton”
(or of the mass of the top quark).

Another approach is to take a program for carrying out NLO predictions, like MCFM [44]
or NLOJET++ [45], and for example determine the relation between the jet pt-spectrum
and the parton distribution functions. NLO calculations are perhaps even blacker boxes
than Monte Carlo generators, on the other hand they do have the advantage of giving
predictions of well-defined precision; however, one loses all relation to the intermediate
(ill-defined) “parton” (this holds also for tools like MC@NLO [49] and POWHEG [50]).

44

pruned jet mass

JHEP 05 (2013) 090
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tools:!
shapes
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•Declustering and reclustering 
•For modern sequential recombination jet algorithms, the jet has a history — a 
series of 2-to-1 combinations 

•examples: mass drop - (msj1/m) , √d12 - first splitting scale of kT algorithm 
!

•Generalized jet shapes 
•some simple questions: How wide is a jet?  How prong-y is a jet?  How 
asymmetric is a jet?  How stable is a jet? 

•N-subjettiness (τN) [1], how consistent a jet is with having N subjets, ratios 
are typically used, e.g. τ2/τ1 for W-jets, τ3/τ2 for top jets 

•energy correlation functions [2], axis-less version of N-subjettiness 
•Qjets [3], Exploiting the “quantum” nature of jets 
•jet charge [4], an oldy but a goody 
•jet width; pTD; r-cores; planar flow...

[1] Thaler, Van Tilburg, JHEP 1103:015,2011

[2] Larkoski, Salam, Thaler, arXiv:1305.0007

[3] Ellis et al., PRL 108, 182003 (2012)

[4] Krohn et al., Phys. Rev. Lett. 110 (2013) 21200
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The low pT regime is dominated by 
quark, gluon, and pileup jets. 
!
Using all information, can do a better job 
discriminating them: 
track-based observables and  
jet shapes

tracking
multiplicity

β
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4.1 Input Variables 7

A cut-based pileup jet id, consisting in a simple jet selection based on the two most discrimi-212

nating variables, has also been studied. It is used, for example, in [34].213

An additional different pileup jet id MVA discriminator has been developed for the construction214

of a pileup insensitive missing transverse energy (missing ET), known as the particle flow MVA215

missing ET [22]. This second MVA discriminator differs from the default Pileup Jet mva in that216

the jet kinematic variables pT, h and f are added to the BDT and one inclusive training (as217

opposed to four h bins) is performed. Plots concerning this specific training are not shown in218

the rest of this paper.219

4.1 Input Variables220

To determine the most discriminating variables against pileup jets a systematic scan of the Re-221

ceiver Operator Characteristic (ROC) of the MVA classifier over a set of approximately eighty222

variables was performed, first separating them into blocks of similar discrimination and then223

systematically removing variables until a minimal set retaining most of the discrimination224

power was determined.225

4.1.1 Track related variables226

The track related variables in the pileup jet id are constructed to explicitly target the PV the jet227

is coming from. Four track related variables are used in the computation of the pileup jet id:228

• b229

• b⇤
230

• dZ231

• nvertices232

Each variable explicitly targets a different set of vertexing parameters. All of them are closely233

related, however each one gives a small gain in performance when added on top.234

The variable b is defined as the sum of the pT of all PF charged candidates originating from the235

PV divided by the sum of the pT of all charged candidates in the jet:236

b =
Âi2PV pTi

Âi pTi
(4)

To be identified as coming from the PV, the charged PF candidate must have a |DZ| < 0.2 cm237

where DZ is the distance with respect to the PV along the z axis.238

The variable b⇤ is defined as the sum of the pT of all PF charged candidates associated to239

another PV divided by the sum of the pT of all charged candidates in the jet:240

b⇤ =
Âi2otherPV pTi

Âi pTi
(5)

b⇤ is found to be the most discriminating tracking based variable in the pileup jet id algorithm.241

b⇤ and b are decorrelated due to the tracks that are not matched to any vertex.242

The variable dZ is defined as the distance along the z axis between the primary vertex the243

highest pT charged candidate in the jet.244

Finally, the number of vertices is used in the training of the BDT. Addition of this variable in the245

BDT allows for varied choice of optimal discriminating variables as the pileup is increased. At246
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4 5 Data validation

Fragmentation function

Quarks have a harder fragmentation function compared to gluons and are therefore more likely
to produce jets with hard constituents that carry a significant fraction of the jet energy. This can
be expressed with the pTD variable, defined as:

pTD =

q
Âi p2

T,i

Âi pT,i
(6)

where the sum runs over the jet constituents. From its definition, it stems that pTD ! 1 for jets
made of only one particle that carries all of its momentum, and pTD ! 0 for a jet made of an
infinite number of particles.

Additional variables have been studied, but not used in the tagger. These are the fractional
jet energy carried by its hardest constituent and the jet pull, defined as the vector sum of p2

T
weighted distances of each constituent with respect to the jet direction. They are detailed in
Appendix A.

4 Discriminator

Based on studies of single-variable discrimination power, a likelihood-product discriminator
is defined, built on the product of three variables: the total multiplicity, pTD and the s2. The
use of a likelihood discriminator ensures simplicity, transparency and robustness. The proba-
bility density functions (PDFs) on which the likelihood is based are built from jets in simulated
QCD dijet events, which have been successfully tagged as light-quark or gluon jets. The PDFs
are computed separately in two rapidity regions: a central region (|h| < 2) and a forward re-
gion (3 < |h| < 4.7). The PDFs obtained in the central region can be used for jets up to |h| = 2.5,
and jets with 2.5 < |h| < 4.7 can use the forward region PDFs.

In order to take into account the strong dependence of the means and shapes of the vari-
ables both on the jet pT and the amount of PU in the event, the PDFs are computed double-
differentially in bins of jet pT and r. The transverse momentum binning is logarithmically
spaced up to the TeV frontier, whereas the binning in r is linearly spaced in 1 GeV steps.

The likelihood product is built in such a way that it can be interpreted as the probability of
the jet to originate from a quark parton. Therefore it is expected to peak at unity for light-
quark jets and at zero for gluon jets. The expected shape of the likelihood discriminant out-
put for light-quarks (blue) and gluons (red) is shown in Fig. 1 (left) for jets with |h| < 2 and
40 < pT < 50 GeV.

The expected discriminator performance is shown in Fig. 1 (right), in terms of light-quark ef-
ficiency and gluon rejection. Three kinematical regions are shown: green squares for jets with
|h| < 2 and 40 < pT < 50 GeV, open brown markers for jets with |h| < 2 and 80 < pT < 100 GeV,
yellow solid markers for jets with 3 < |h| < 4.7 and 40 < pT < 50 GeV.

5 Data validation

A validation of the discriminator on 8 TeV collision data has been done by identifying two sam-
ples: Z+jets events, which are quark-enriched; and dijet events, which are gluon-enriched. By
the simultaneous use of these two control samples, the performance of the discriminator can be
verified on both parton flavors, and across the whole phase space. The following sections detail

jet minor axis

4.1 Input Variables 9

• Nneutrals264

• pD
T265

The first variable, which is found to be the most discriminating single radial variable, is defined266

as267

hDR2i =
Âi DR2

i p2
Ti

Âi p2
Ti

(6)

where the sum runs over all PF candidates inside the jet and DR =
p

Dh2 + Df2 is the distance268

of the PF candidate with respect to the jet axis. This variable is shown for two different h bins269

in Fig. 4. The variable for real jets peaks relatively close to zero, whereas for pileup jets it tends270

to correspond to a value of 0.05, which is slightly smaller than the expected value originating271

for a uniformly dense jet. The degradation in separation is clear as one extends out to higher272

h as a result of the coarse granularity in the forward calorimeters. In addition, as the pT of the273

jet becomes higher, the DR2 tends to get smaller for both pileup jets and non pileup jets. This274

trend in the current pileup jet id MVA yields an increase in the rate of both pileup jets and real275

jets at higher pT.276
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Figure 4: hDR2i for PF jets with pT > 25 GeV and |h| < 2.5 (left), and 3.0 < |h| < 5.0 (right).

Enhanced discrimination of pileup comes from adding the full jet shower shape information277

to the BDT. This is done through the five variables A < (DR) < A + 0.1 which consist in the278

fractional energy deposits in five annuli about the jet axis. They are defined as:279

A < (DR) < A + 0.1 =
1

pjet
T

Â
i2A<DR<A+0.1

pTi (7)

where A is in the 0.1 intervals from 0 to 0.5 about the jet cone axis. These five variables are280

shown in Fig. 5 for jets in the tracker volume. Comparing them a clear feature is observed:281

pileup jets contain a large fraction of their energy in the regions DR = 0.2 � 0.4 and not in the282

nearby regions about DR = 0. Gluon jets also have a similar characteristic trend, however they283

tend to be less diffuse than pileup jets.284

In addition to these variables, the class of radial variables was studied. They can generically be285

expressed as286

Wij =
1

Âi p2
T

Â
i

 
(Dfi)

2 p2
T (DhiDfi) p2

T
(DfiDh) p2

T (Dhi)
2 p2

T

!
(8)

A variety of jet shapes are used for 
discriminating quarks and gluons, 

primarily trying to highlight the higher 
color charge of the gluon w.r.t. the quark. 
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Quark-like Efficiency
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Pileup jet ID puts 13 variables 
into a BDT discriminant 

Quark/gluon discriminant puts 2 (4) 
variables into a likelihood for ATLAS (CMS) 
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mass drop Qjet volatility τ2/τ1
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beware the correlations! CMS PAS JME-13-006
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•After pruned mass cut... 
!

•Compare the performance of 
several different observables 

•Qjets and N-subjettiness are 
most powerful single variables 

!
•Try combining observables into 
an MVA discriminant; a small 
improvement 

CMS PAS JME-13-006
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15

Tagging Performance

Higgs channel

Top channel

QCD mistag rate 
reduced up to a 
factor 10 with 
minor loss of 
efficiency

Higgs-tagging
         =
double b-tagging
         +
75 <m

jet
< 135 GeV

double b-tagging Higgs tagging

tagging efficiency mistag rate

14

B-Tagging Performance

Higgs channel

Top channel

Overall subjet b-
tagging 
performs better

medium boost regime large boost regime

Subjet b-
tagging 
performs better

Fat-jet b-
tagging suitable 
at very high p

T

Extending standard b-tagging 
techniques, can apply b-tagging to 
subjets 
!
Applicable both for boosted tops and 
boosted Higgs searches

B-tagging the subjets is 
generally better than 
tagging the whole fat jet, 
both similar at high pT

CMS PAS BTV-13-001
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Jet substructure as a new Higgs search channel at the LHC

Jonathan M. Butterworth, Adam R. Davison
Department of Physics & Astronomy, University College London.

Mathieu Rubin, Gavin P. Salam
LPTHE; UPMC Univ. Paris 6; Univ. Denis Diderot; CNRS UMR 7589; Paris, France.

It is widely considered that, for Higgs boson searches at the Large Hadron Collider, WH and ZH
production where the Higgs boson decays to bb̄ are poor search channels due to large backgrounds.
We show that at high transverse momenta, employing state-of-the-art jet reconstruction and decom-
position techniques, these processes can be recovered as promising search channels for the standard
model Higgs boson around 120 GeV in mass.

A key aim of the Large Hadron Collider (LHC) at
CERN is to discover the Higgs boson, the particle at the
heart of the standard-model (SM) electroweak symmetry
breaking mechanism. Current electroweak fits, together
with the LEP exclusion limit, favour a light Higgs boson,
i.e. one around 120 GeV in mass [1]. This mass region
is particularly challenging for the LHC experiments, and
any SM Higgs-boson discovery is expected to rely on a
combination of several search channels, including gluon
fusion → H → γγ, vector boson fusion, and associated
production with tt̄ pairs [2, 3].

Two significant channels that have generally been con-
sidered less promising are those of Higgs-boson produc-
tion in association with a vector boson, pp → WH , ZH ,
followed by the dominant light Higgs boson decay, to two
b-tagged jets. If there were a way to recover the WH and
ZH channels it could have a significant impact on Higgs
boson searches at the LHC. Furthermore these two chan-
nels also provide unique information on the couplings of
a light Higgs boson separately to W and Z bosons.

Reconstructing W or Z associated H → bb̄ production
would typically involve identifying a leptonically decay-
ing vector boson, plus two jets tagged as containing b-
mesons. Two major difficulties arise in a normal search
scenario. The first is related to detector acceptance: lep-
tons and b-jets can be effectively tagged only if they are
reasonably central and of sufficiently high transverse mo-
mentum. The relatively low mass of the V H (i.e. WH or
ZH) system means that in practice it can be produced
at rapidities somewhat beyond the acceptance, and it is
also not unusual for one or more of the decay products
to have too small a transverse momentum. The second
issue is the presence of large backgrounds with intrin-
sic scales close to a light Higgs mass. For example, tt̄
events can produce a leptonically decaying W , and in
each top-quark rest frame, the b-quark has an energy of
∼ 65 GeV, a value uncomfortably close to the mH/2 that
comes from a decaying light Higgs boson. If the second
W -boson decays along the beam direction, then such a
tt̄ event can be hard to distinguish from a WH signal
event.

In this letter we investigate V H production in a
boosted regime, in which both bosons have large trans-
verse momenta and are back-to-back. This region cor-

responds to only a small fraction of the total V H cross
section (about 5% for pT > 200 GeV), but it has several
compensating advantages: (i) in terms of acceptance, the
larger mass of the V H system causes it to be central, and
the transversely boosted kinematics of the V and H en-
sures that their decay products will have sufficiently large
transverse momenta to be tagged; (ii) in terms of back-
grounds, it is impossible for example for an event with
on-shell top-quarks to produce a high-pT bb̄ system and
a compensating leptonically decaying W , without there
also being significant additional jet activity; (iii) the HZ
with Z → νν̄ channel becomes visible because of the large
missing transverse energy.

One of the keys to successfully exploiting the boosted
V H channels will lie in the use of jet-finding geared to
identifying the characteristic structure of a fast-moving
Higgs boson that decays to b and b̄ in a common neigh-
bourhood in angle. We will therefore start by describing
the method we adopt for this, which builds on previous
work on heavy Higgs decays to boosted W’s [4], WW
scattering at high energies [5] and the analysis of SUSY
decay chains [6]. We shall then proceed to discuss event
generation, our precise cuts and finally show our results.

When a fast-moving Higgs boson decays, it produces
a single fat jet containing two b quarks. A successful
identification strategy should flexibly adapt to the fact
that the bb̄ angular separation will vary significantly with
the Higgs pT and decay orientation, roughly

Rbb̄ ≃
1

√

z(1 − z)

mh

pT
, (pT ≫ mh) , (1)

where z, 1 − z are the momentum fractions of the two
quarks. In particular one should capture the b, b̄ and any
gluons they emit, while discarding as much contamina-
tion as possible from the underlying event (UE), in order
to maximise resolution on the jet mass. One should also
correlate the momentum structure with the directions of
the two b-quarks, and provide a way of placing effective
cuts on the z fractions, both of these aspects serving to
eliminate backgrounds.

To flexibly resolve different angular scales we use the
inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [7, 8]: one calculates the angular dis-
tance ∆R2

ij = (yi − yj)2 + (φi − φj)2 between all pairs of

3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

Phys.Rev.Lett. 100 (2008) 242001

2

b Rbb Rfilt

Rbbg

b
R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ≃ min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ≃ min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ≃ 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

Breakthrough paper on Hbb search at LHC 
previously was thought to be impossible to do H→bb at the LHC
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Go to boosted regime (high Higgs pT), backgrounds are reduced and use 

substructure techniques, one fat R=1.2 jet, to identifying Higgs candidates
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Some taggers and jet-substructure observables
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due to cross-section effects. Prospects for measuring anomalous couplings in the VBF process Z∗Z∗ → H at an e+e−

collider are similar to what we discussed at the LHC. The number of events in this mode is in fact much larger than
in the Z∗ → ZH production mode with Z → ℓℓ at higher energies [12], as shown in Table I. We leave further studies
in this mode to future work, while the tools will be very similar to those already employed in LHC studies shown
here.
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FIG. 12: Summary of precision in fCP for HV V couplings (V = Z,W ) at the moment of 3σ measurement. Points indicate
central values and error bars indicate 1σ deviations in the generated experiments modeling different luminosity scenarios at
proton (solid red) or e+e− (open blue) colliders. Measurements in three topologies V H (triangles), WBF (squares), and decay
H → V V (circles) are shown. Different energy and luminosity scenarios are indicated on the x-axis.
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