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Motivation

• Jet radiation important in jet substructure studies	



• Often contaminated	



• High multiplicity events (e.x., SUSY cascades)	



• W’s in top decays (contaminated by b jets)	



• Initial state radiation	



• Underlying event	



• Pileups

There are ways to alleviate the problems, but how is the “intrinsic” radiation 
distributed?



Outline

• QCD radiation in jet substructure studies	



• W jet tagging	



• Difficulties with pileup	



• Jet radiation radius 	



• Definition and properties	



• Application in W jet tagging	



• Outlook and conclusion



W jet tagging

• Differences between w jets and quark/gluon jets	



• W mass peak vs QCD continuum	



• 2 balanced hard subjets vs hierarchical momenta	



• Color singlet vs triplet/octet: different radiation patterns	



• W: radiation concentrated in a small cone	



• QCD: radiation diffused.

The three differences are (almost) uncorrelated.	


Employ all of them!



Variables

• Kinematic variables	



• Jet grooming (jet mass after filtering, mfilt)	



• Radiation information lost	



• Radiation variables	



• N-subjettiness (tau2/tau1)	



• Charged particle multiplicity	



• ….



Pileup

"S(mfilt)/
p

"B(mfilt) = 1.78 (see Table I). The ⌧21 distribution after the mfilt cut is shown

in Fig. 6. Since all jets passing the filtering/MD procedure are required to have two hard

subjets, we see Fig. 6 confirms our observation in the previous subsection that a 2-prong

QCD jet tends to have more radiation than a W jet. We then impose an upper cut on ⌧21,

and obtain "B(⌧21) = 0.10 at "S(⌧21) = 0.5 – an improvement in the significance of 1.58.

This number is very close to the maximum "S(⌧21)/
p

"B(⌧21) we can get, 1.61, by scanning

the ⌧21 cut, which occurs at "S(⌧21) = 0.38 and "B(⌧21) = 0.055.
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FIG. 6: The variables mfilt and ⌧21 before (top) and after (bottom) including the pileup events.

After including the pileup, we see the filtered mass is shifted to larger values and the

mass peak is broader. Choosing the mass window to be (80, 120) GeV, we obtain a signal

e�ciency of 0.48, and an increase in S/
p
B of 1.47 which is smaller than the case without

pileup. Moreover, we obtain almost no improvement by further using ⌧21: by scanning the

cut on ⌧21, the biggest significance improvement is 1.02 for "S(⌧21) = 0.89 and "B(⌧21) = 0.76.

into account possible experimental smearing to the reconstructed mass.
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without pileup	



with pileup, 
<NPU>=60

*particle level simulation	


R=1.2

filtered mass
tau2/tau1 after filtered 

mass window cut
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without pileup	



with pileup, 
<NPU>=60

mfilt ~(60,100), significance x1.8

mfilt ~(80,120), significance x1.5

cut on tau2/tau1, significance x1.6

no increase in significance
*particle level simulation	



R=1.2



Jet radiation radius - motivation
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FIG. 1: The average values of charged particle multiplicity (Nch) and girth (g) as a function of R2.

results in a power law decrease in pT for �q. Similarly, the jet radius as defined in Section II

also scales with the jet momentum. In Fig. 2, we show the pT dependence of the jet radiation

radius for var = Nch and var = girth.
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FIG. 2: The jet radiation radius RNch(x) and Rg(x) as a function of jet pT , for x=0.6, 0.7, 0.8.

We see that the radiation radius always decreases as the jet pT increases. The dependence

on pT abides by an approximate power law with the power varying between -0.5 and -0.2

for the cases in Fig. 2. The immediate conclusion is, in the presence of contamination, if

we would like to obtain the best performance for quark-gluon discrimination, we should

use a shrinking radius for increasing pT . At hadron colliders, this is true even without the

contamination from pileup. To see this, we consider dijet events at the LHC4. We use Pythia

8 to generate pp ! qq and pp ! gg events, with the underlying event and initial/final state

4 We refer readers to Refs. [7, 8] for a comprehensive study of quark-gluon discrimination. In this article,

we focus on studying how the discrimination power depends on the jet size.

8

Number of charged particles as a function of jet radius squared	


e+e- machine, (almost) no contamination, “intrinsic radiation”



Jet radiation radius - definition

• What’s the best radius to evaluate jet radiation variables?	



• What’s the ‘intrinsic size’ of a jet? 	



• Jet radiation radius:	



• In a 2(or N)-jet color singlet system in its center of mass frame, a jet 
radiation radius, R(x) is defined as jet radius that the average 
amount of radiation within the 2 (or N) jets is a fraction of x of the 
average total amount of radiation.	



• Defined as the average over an ensemble (diquark, digluon…), not 
event by event	



• The “amount of radiation” depends on the variable used.



PT dependence 
ee->qq, gg
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Smaller radiation radius for larger PT: running of QCD coupling



Boosted color singlet system (W,Z,H)

• Shrinking cone size R ~ 1/PT :	



!

!

• Radiation radius inversely proportional to PT	



• Different radius for the two subjets in a W decay

*When jets merged, jet radius becomes subjet radius



Boosted W 

40 GeV vs 200 GeV quarks from W decay (ee->WW)

W

W

q q̄

l ν

q g

q̄

z

MW

FIG. 2: Fixed momentum configurations for illustration. Left: WW → qq̄lν with the hadronic

W moving perpendicularly to the beam and decaying to quarks with symmetric momenta. Right:

e+e− → qq̄g with a qg pair mimicking a W boson.

configurations contributing to a high pT jet. This is more conveniently done with Pythia 8

or other simulations.

We keep the momentum and color flow configurations fixed as in Fig. 2, and repeatedly

use Pythia 8 to simulate showering and hadronization and obtain two data samples cor-

responding to the two processes. We cluster stable particles to anti-kt jets (R=1.2) with

FastJet [42]. Each WW event then contains a W jet in the upper hemisphere, and each

qq̄g event contains a 2-prong jet in the upper hemisphere and a 1-prong jet in the lower

hemisphere. No cut is used in this procedure. The average number of charged particles for

the W jet, the 2-prong and 1-prong QCD jets are shown in Fig. 3. From Fig. 3, we see

the average charged multiplicity of a W jet is larger than that of a 1-prong QCD jet while

smaller than a 2-prong QCD jet. This is due to their different color structure. In particular,

the 2-prong QCD jet is color connected to the other side of the event, therefore it contains

more radiation than the W jet. To distinguish a W jet from a 2-prong QCD jet, we can

apply a cut Nch ≤ N cut
ch . For example, when N cut

ch = 19, we keep 63% W jets and 7.7%

2-prong QCD jets, which boosts the SIC by a factor of 2.3. Because of the large boost and

the large jet radius, R = 1.2, almost all particles from the W decay are included in the

W jet. Due to charge conservation, the W jet (almost) always contains an odd number of

charged particles. If we keep only jets with odd number of charged particles, we obtain a
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FIG. 4: The average number of tracks as a function of the (sub)jet radius for a W at rest and

a boosted W . The x axis is the jet radius for a W at rest, and 5 times the subjet radius for a

boosted W . We set the two subjets’ momenta to be equal in magnitude such that we can use the

same subjet radius. The number shown is summed over the two leading (sub)jets.

to include most of the radiation in the jet. Then we will need to know if it is the case for a

QCD jet with a similar kinematic configuration. For this purpose, we consider the process

e+e� ! q̄qg, with q and g having exactly the same kinematic configuration as the boosted

W decay discussed above. Therefore, if we use a large R to cluster the event, the qg pair

will be clustered as a single fat jet with two hard subjets. We will call this jet a 2-prong

QCD jet. Again, we shower and hadronize the event, and use various smaller R’s to cluster

the events. We count the number of charged particles in the two subjets that correspond

to the qg pair, which is compared to the W jet (Fig. 5). From Fig. 5, we clearly see that

a 2-prong QCD jet tends to have more radiation than a W jet. Also, we see the number

of tracks in the QCD jet does not, but nearly saturates at R = 0.35, where the W jet is

almost saturated. It is conceivable that we do not gain more discrimination power by going

to larger R’s, because of the increasing contaminations. While it is as expected that the

radiation is mostly contained in small cones of R ⇠ 0.3 for a boosted W , it is to some extent

counter-intuitive for a 2-prong QCD jet – we see in Fig. 1 that Nch does not saturate for a

generic QCD jet even at R ⇠ 1.0. Qualitatively, this can be understood using the dipole

language: the QCD splitting q ! qg creates a color singlet dipole. Since we have fixed the

kinematics to be the same as a boosted W , this dipole also has a small energy scale and

it behaves very similar to a boosted W . Therefore, the radiation from this dipole is also

12



Shrinking cone algorithm for W tagging
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FIG. 8: The variable ⌧21 using the shrinking cone algorithm, Rref(100 GeV) = 0.2.

A complete comparison between ⌧SC21 and ⌧ subtr21 is given in Fig. 9, where we plot the

background fake rate as a function of the signal e�ciency. When making the plots, we

have again fixed the mass window cut as 60 GeV < msubtr
filt < 100 GeV, which gives us

("S, "B) = (0.60, 0.16) as the maximum values at the top-right conner. Then we scan the

cut on ⌧SC21 and ⌧ subtr21 to produce the curves. It is seen that ⌧SC21 is a better variable for all

"S’s.

In Fig. 9, we have also compared the performances of di↵erent choices of the reference

radius: Rref(100 GeV) = 0.1, 0.2, 0.3, 0.4. It turns out for most of the signal e�ciencies,

Rref(100 GeV) = 0.2 is preferred. Nonetheless, as long as Rref is not too large, the per-

formance does not degrade significantly. This leaves room for practical cases where a very

small radius is not viable, for example, when information from the hadronic calorimeter

alone is used. It is also interesting to see if shrinking cones are better than cones of a fixed

size. To see that, after obtaining the two subjets from the filtering/MD procedure, we use

two cones of the same size to evaluate ⌧21, independent of the subjets’ pT . It turns out

by using a cone size of 0.4 (0.7), we get "S(⌧21)/
p

"B(⌧21) = 1.39 (1.21) at "S(⌧21) = 0.5.

Comparing with the number from shrinking cones, 1.45, we see R = 0.4 is almost as good,

while the performance degrades significantly for R = 0.7. If the pileup level is higher than

that assumed in this article, the preferred jet radius will fall below those adopted by the

LHC collaborations.

18

filtering/MD procedure to identify the two subjets. This may be unnecessary because one

can always use a smaller R from the beginning, but it does provide us a universal and

convenient procedure for a large range of pT ’s. For these reasons, we are motivated to adopt

the following procedure:

1. Use a large jet radius to cluster as many as W ’s to single jets.

2. Apply the filtering/MD procedure to identify the two leading subjets.

3. Collect jet constituents that are within two cones, each of which around one of the

two subjet axes. The cone size is determined by the subjet’s pT ,

Rsub = Rref(100 GeV)
100 GeV

pT,sub
(7)

where Rref(100 GeV) is a reference radius at pT = 100 GeV. In order to avoid ex-

cessively large cone sizes when one of the subjets has a small pT , Rsub is capped at

0.7.

4. Use the jet constituents obtained in Step 3 to calculate jet radiation variables, and

combine it with the (subtracted) filtered mass to get better discrimination.

Since the key ingredient in this procedure is in Step 3, we will call this method the

“shrinking cone” (SC) algorithm. The N -subjettiness ratio, ⌧2/⌧1, calculated using this

procedure is denoted ⌧SC21 . Choosing Rref(100 GeV) = 0.2, we show the ⌧SC21 distributions for

our W jets and QCD jets in Fig. 8. Similar to the previous subsection, we have applied a

fixed mass window cut, (60, 100) GeV, on the subtracted filtered mass, and only included jets

passing this cut in Fig. 8. Comparing with the ⌧ subtr21 distributions in Fig. 7, we see a better

distinction between W jets and QCD jets. Applying a cut on ⌧SC21 such that "S(⌧SC21 ) = 0.5,

we obtain "B(⌧SC21 ) = 0.10 and "S(⌧SC21 )/
p

"B(⌧SC21 ) = 1.45. As expected, we are unable to

achieve the original performance of this variable in the zero pileup case. However, it does

contribute to the discrimination power almost as much as the filtering/MD procedure. One

may also wonder whether applying the pileup subtraction procedure will improve further

the performance. We have tested it and found no improvement.

The signal and background e�ciencies for various combinations of mass variables and

N -subjettiness variables are shown in Table I.

17

Identify subjets with filtering first, evaluate jet radiation 
variables around two subjet axes with Rsub determined by:
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significance x1.5



Choices of Rref
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FIG. 9: Signal e�ciency versus background fake rate for jet pT = 300 GeV.

the ⌧SC21 variable are still e�cient for separating the signal from the background, as shown

in Fig 10 (b). Choosing Rref(100 GeV) = 0.2, we have "B(⌧SC21 ) = 0.096 at "S(⌧SC21 ) = 0.5,

yielding "S(⌧SC21 )/
p

"B(⌧SC21 ) = 1.62. This has made jet radiation patterns the most important

handle for tagging semi-boosted W ’s.

Similar to Fig. 9, we plot the "S ⇠ "B curves for several choices of Rref in Fig.11, for

jet pT = 150 GeV. It turns out Rref(100 GeV) = 0.2 is still the best choice among the

values being considered. The di↵erence between pT = 150 GeV and pT = 300 GeV is, the

performance for pT = 150 GeV is getting worse faster when we increase Rref. This is because

for the same Rref, the actual cone size is larger for lower pT , and thus more contamination

from pileup is included.

V. DISCUSSIONS

In this article, we have given a definition of the jet radiation radius, which quantifies the

size of a jet due to its QCD radiation. This definition is closely related to the jet shape

(also known as jet profile) variable which measures, on average, the fraction of momentum

that is included in a cone of size R around the jet axis. For the purpose of studying the jet

radiation distribution, momentum is not a good measure because a large (small) momentum

does not correspond to large (small) amount of radiation. Therefore, in our definition, we

have replaced it with variables that directly measure the amount of radiation. Moreover, we

20

*subtracted = after a subtraction method by Soyez, Salam, Kim, Dutta, Cacciari 
(good for filtering, not for radiation variables)

Best Rref(100GeV)=0.2



Future directions

• Theoretical calculations. Monte Carlo validation.	



• More sophisticated Rsub choices? Other variables? 
Combine with charged hadron subtraction?	



• Other applications	



• Quark-gluon discrimination	



• Higgs search, top tagging…	



• Processes with many final state partons



Conclusion

• Radiation of a hard parton is concentrated, which 
can be quantified by jet radiation radius.	



• The jet radiation radius is smaller for larger 
momentum/boost	



• By selecting a small cone size dependent on the 
(sub)jet momentum to calculate radiation variables, 
we can reduce the impact from pileups and 
improve the tagging efficiencies for boosted 
objects.


