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•  Introduction to multivariate methods 
• Applications to 

•  Finding pure samples of quark and gluon jets 
• Distinguishing quark and gluon jets 

• Jets and parton showers 
•  Is there a optimal jet algorithm? 
• Qjets 

• Conclusions 
• Jet charge (time permitting) 
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Why use a multivariate approach? 
 
•  We can think about and visualize single variables 

•  Two variables are harder 

  
•  Multidimensional distributions are not well-suited for visualization. 
 
•  There are things that computers are just better at. 

•  Multivariate approach lets you figure out how well you could possibly do 
  
                                    
 

 

Save you the trouble or looking 
        for good variables (project killer) 

EFFICIENCY 

See if simple variables 
can do as well (establishes the goal) 

FRAMING 

Sometimes they are really necessary (e.g. ZH) 
POWER 
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•  Boosted Decision Trees 
•  Artificial Neural Networks 
•  Fischer Discriminants 
•  Rectangular cut optimization 
•  Projective Likelihood Estimator 
•  H-matrix discriminant 
•  Predictive learning/Rule ensemble 
• Support Vector Machines 
• K-nearest neighbor 
•  …  

Multivariate (MVA) basics 
Lots of methods (all in the TMVA package for root)  

 
For particle physics, Boosted Decision Trees work best 

Useful in many  
  areas of science,  
    such as artificial intelligence 

Easy to 
understand  Train fast Nearly optimal 

efficiencies 
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Boosted Decision trees 

• Boosting : train successive trees on    
      misclassified events by enhancing   
               their importance 
 

One decision tree 

Two decision trees 
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Exact solution: likelihood 
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Multidimensions: approximate 
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Example: where are the quark jets? 
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Look at all samples 

• Can cuts purify the samples?  
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Throw them into the BDT 
Optimize efficiency using BDT classifier with parton momenta as 
inputs (6 or 9 inputs) 

Hard cuts on BDT 

No Cuts 
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Now look at the       2 jets sample  γ+  

• Look at the best discriminants, ranked by cuts 

• The rapidity of the photon and 
             the rapidity of the second hardest jet look good 

•  But cutting on just ηγ or just ηJ2  does not help much 
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Look at correlations 

Contours of  

Distribution of 

December 3, 2012 Matthew Schwartz 



Best single variable BDT results 

Single 
variable 

Lesson:  BDTs led us to the variable, 
   but with the variable we don’t need BDTs 
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Pure quark and gluon samples 
December 3, 2012 Matthew Schwartz 

•  For quarks, look at gamma + jet 
•   cut on  

 
•  For gluons 

•  Look at b+2 jets 
•  look at trijets   

•  Cut on 

Efficiencies and other possibilities  
              discussed in   Gallicchio and MDS 1104.1175 (JHEP)  



Quark and gluon jet substructure 
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Figure 14. Profiles fa(!̃) for di!erent choices of the angularity a parameter spaced at 0.1 intervals
(in rainbow) and linear radial-moment “girth” (in black). These profile shapes have nothing to do with
the shapes of the distributions resulting from integrating these moments over jets and histogramming
the results.
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Figure 15. Gluon rejection power for angularities as a function of angularity parameter a. Each line
represents growing jet size from R=0.2 in red up to R=1.0 in purple. Here the scores for all pT s are
averaged. The best angularities perform slightly better than masses, but worse than track and subjet
counts.

the jet mass, but this is not the most useful for our purposes. A given angularity has two

parameters (Rjet and a) in addition to any discrete choices like normalization (none, jet mass,

jet pT , jet E) or angle used (!̃ as defined, or geometric !.) Gluon rejections for di!erent

choices of a are shown in Figure 15.

8.6 Optimal Kernel for Radial Moment

Rather than sticking to powers of r, sines and cosines (like angularity), or another orthonormal

basis, we looked for the kernel f(r) that gives the best discrimination power between quarks

and gluons for each pT . Because the goal is to find the best function, the optimization

problem is technically infinite dimensional. But through reasonable smoothness criteria, it

can be reduced to adjusting a few control-points of a spline or coe"cients of an orthonormal

basis. Since adding a constant doesn’t change the discrimination power, we chose our kernels
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8.9 Two-Dimensional Geometric Moments

The radial moments above ignored how the pT was distributed around the jet axis. Motivated

by the moment-of-inertia and covariance tensors, a second order 2D geometric moment tensor

can be formed as shown in Figure 19. Combinations of its eigenvalues and eigenvectors (like

Planar Flow) have been used used to distinguish boosted objects.

None of these variables turn out not be particularly useful for quark/gluon discrimination,

so no distributions are shown here. Whether a quark emits a gluon or a gluon splits, the the

2-body kinematics are similar. Since it’s this leading emission that dominates the subsequent

shower, it is understandable that these shapes might not di!er significantly between quarks

and gluons.

Covariance Tensor: C =
!

i!jet

piT
pjetT

"

"!i"!i "!i""i
""i"!i ""i""i

#

Combination of Eigenvalues

Eigenvalues: a > b

Quadratic Moment: g =
!
a2 + b2

Determinant: det = a · b
Ratio: # = b/a

Eccentricity: $ =
!
a2 " b2

Planar Flow: pf = 4ab
(a+b)2

Orientation: %

Figure 19. The Covariance Tensor and its eigenvalues and eigenvectors.

– 27 –

0 0.2 0.4 0.6 0.8 10

1

2

3

4

5

Integrated Jet Shape out to r = 0.1Integrated Jet Shape out to r = 0.1

Figure 12. The Integrated Jet Shape !(r) is the fraction of the pT of a jet of cone size R falling
within a smaller cone of size r, as illustrated in the far left panel. !(r = Rjet) = 1 by definition.
In the center is a plot of the integrated jet shape averaged over all observed jets of a particular type
(here our quark and gluon dijet sample). On the right the distribution of r = 0.1 jet shapes is shown.
The mean of these distributions gives !(0.1) for quarks and gluons. The distribution is clearly not a
simple Gaussian centered around the average value, indicating that much information is discarded in
considering only the integrated jet shape. The rise at low r is due to jets where the parton underwent
a semi-hard splitting leading to little pT deposited along the jet axis.

more precisely as

Integrated Jet Shape: !(r) =

! r

0

pT (r!)

pjetT

dr! . (8.1)

An important distinction must be made between this definition, which is di"erent function

for each jet, and what is commonly plotted as ‘jet shape,’ which is averaged over all jets seen

by a detector (with some cuts.) In Figure 12, this averaged integrated jet shape is the left

plot, whereas the distribution of integrated jet shapes out to a single radius of r = 0.1 is

the right plot. The distribution is clearly not a gaussian centered around the average value.

Given !(0.1) for a particular jet that you want to classify, it’s more useful to know the full

distribution for quarks and gluons than just the two average values. Historic measurements

and calculations are for the average rather than the full distribution. The same is true for jet

masses: often average masses are calculated and measured for di"erent pT s rather than mass

distributions.

Measurements at CDF agreed well [30] with Pythia Tune A and Herwig out to pjetT =

380GeV. At higher pT , shapes got narrower, which is consistent with the mix of quark and

gluon jets evolving from 27% quark at 50GeV to 80% quark at 350GeV. Early ATLAS

data also agrees moderately well [25] with simulations. When used event-by-event, often a

particular annulus was chosen to be integrated over, for example 0.2 < r < 0.7 in the CMS

jet shape briefs [31] and [32]. At the Tevatron, CDF chose 0.3 < r < 0.7 [30]. This particular

choices were not optimized for distinguishing quarks from gluons.
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Figure 16. Profiles for the optimal kernels found for various jet sizes. Kernels for the higher-pT jets
give a higher weight to pT near the jet axis.

to have f(0) = 0. This means that the energy deposits near the crowded and noisy jet

center count least. Multiplying by a constant (even a negative one) also does not a!ect

discrimination power, so we normalized our trial profiles so their maximum value was +1.

We evaluated the ROC curve at three di!erent quark e"ciencies, 20%, 50%, and 80%.

The best kernels we found had rejection scores that were not significantly higher than

those for girth (equation 8.3) or the square-root profile (equation 8.5). For this reason, we

won’t go into much more detail. Some general trends did appear. By construction, all kernels

started out at zero at the center of the jet and rose to +1 at some distance away. In the best

kernels, this happened around r = 0.4 for low-pT jets, 0.3 for 100GeV jets and 0.24 for 400

and 800GeV jets. Beyond this, it mattered less what happened, but the best kernels did fall

toward the edge of the jet. Examples of such kernels are shown in Figure 16.

8.7 N-subjettiness

N-subjettiness [38] is a family of jet shapes that attempt to characterize the degree to which a

jet has exactly N subjets. N is one of the input parameters, and is commonly taken to be 1,

2 or 3. N -subjettiness finds exactly N axes within the jet and associates each particle or pT
deposit to the nearest axis. These are the N subjets. The N -subjettiness score !N is sum of

pT -weighted radial moments for each subjet. In this moment, each bit of pT is multiplied by

its distance to the subjet axis #R raised to a power ", which must be positive. Specifically,

this is

!N,! =
1

d0

N
!

J=0

!

k!subjetJ

pT,k (#RJ,k)
! , (8.8)

where d0 is a normalization involving the jet size R0 to keep !N,! between zero and one:

d0 = R!
0

!

k!jet

pT,k . (8.9)

There are three parameters: N , the exponent ", and the method of choosing axes. A simple

way of choosing N axes is to undo a kT or Cambridge-Aachen clustering exactly N steps. A
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Figure 10. For subjets, smaller is better. Gluon rejection at 50% quark acceptance is plotted as a
function of initial jet size Rjet. These scores are averaged over all jet pT bins from 50GeV to 1600GeV.
The color corresponds to the subjet algorithm, with anti-kT in red being slightly better than CA in
green, which is slightly better than kT in blue. As for subjet size, the darkest color corresponds to the
smallest and best subjet size of Rsub = 0.1. Lightest is the largest and worst subjet size of Rsub = Rjet.
These trends hold even for subjet variables not plotted.
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Figure 23. Significance Improvement Curves for pT = 100 jets for selected variables. These curves
show the significance improvement !S/

!
!B as a function of !S.
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Quark and gluon jet substructure 
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Gluon E!ciency % at 50GeV 200GeV

50% Quark Acceptance Particles Tracks Particles Tracks

P8 H++ P8 H++ P8 H++ P8 H++

2-Point Moment !=1/5 8.7! 17.8! 13.7! 22.8! 8.3 15.9 13.2 19.6

1-Subjettiness !=1/2 9.3 18.5 14.2 22.9 7.6 16.2 12.3 19.4!

2-Subjettiness !=1/2 9.2 18.6 13.9 23.6 6.8 15.7! 9.8 18.7

3-Subjettiness !=1 9.1 19.3 14.6 24.4 5.9! 16.7 8.6! 19.5

Radial Moment !=1 (Girth) 10.3 20.5 16.1 24.9 11.2 18.9 15.3 21.9

Angularity a = +1 10.3 20.0 15.8 24.5 12.0 19.3 14.0 21.6

Det of Covariance Matrix 11.2 21.2 18.1 27.0 9.4 20.9 13.5 24.6

Track Spread:
!

< p2T >/pjetT 16.5 25.3 16.5 25.3 9.3 20.1 9.3 20.1

Track Count 17.7 26.4 17.7 26.4 8.9 21.0 8.9 21.0

Decluster with kT , !R 15.8 24.5 20.1 28.4 13.9 20.1 16.9 23.4

Jet m/pT for R=0.3 subjet 13.1 25.9 16.3 27.7 11.9 24.2 14.8 26.2

Planar Flow 28.7 34.4 28.7 34.4 39.6 42.9 39.6 42.9

Pull Magnitude 37.0 39.0 32.9 35.6 30.6 30.2 29.6 30.6

Track Count & Girth 9.9 20.1 13.4 23.2 7.1 17.3 7.7! 18.7

R=0.3 m/pT & R=0.7 2-Point !=1/5 7.9! 17.7 12.2! 22.1 5.7 14.4! 8.5 17.9

1-Subj !=1/2 & R=0.7 2-Point !=1/5 8.5 17.3! 12.9 22.1 6.0 14.6 8.6 17.7!

Girth & R=0.7 2-Point !=1/10 12.6 21.9 12.6 21.9! 9.2 18.0 9.2 18.0

1-Subj !=1/2 & 3-Subj !=1 8.9 18.0 14.0 23.2 5.6! 15.0 8.4 18.4

Best Group of 3 7.5 17.0 11.0 20.9 4.7 14.0 6.9 16.6

Best Group of 4 7.1 16.7 10.6 20.5 4.5 13.7 6.2 16.3

Best Group of 5 6.9 16.4 10.4 20.0 4.3 13.3 6.1 15.9

Table 1. Comparison of gluon e"ciencies at the 50% quark acceptance working point. All of the
single variables use R=0.5 jets, wheras combinations sometimes include R=0.7 jets. Gluon e"ciencies,
rather than gluon rejections (one minus e"ciencies), are shown because a fractional improvement here
is the same fractional improvement in S/B. Divided by two, it is also the fractional improvement in
S/

!
B. These scores have ±0.5% statistical errors, but they are correlated — the di#erences between

variables has smaller spread, as does the improvement when combining variables. Because of the large
number of variables and parameters, and the larger number of possible combinations of these, there is
definitely a look-elsewhere-type e#ect when choosing the top pair. Many pairs statistically tied for the
top spot in each category, so five pairs were chosen as representative. Their scores are marked with
asterisks, as are the best individual variables in each category. The best groups of 3, 4, and 5 start to
show diminishing returns.
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Single  
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Pairs of 
   variables 

3,4,5  
   variables 

Quark and gluon tagging: results 

Gallicchio and MDS arXiv:1211.7038 



Quark and Gluon tagging  
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•  Discrimination easier at higher pT 

•  Using all particles works better than just charged tracks 

•  Pythia gives bigger Q/G difference than Herwig 

•  80-90% gluon rejection at 50% quark acceptance is realistic 

•  Data on single variable and multivariate distributions would 
be very useful 



Jet grooming 
Basic idea: remove soft radiation which is not collinear 

Filtering 
(Butterwort et al 2008) 

•  Recluster fat jet 
           into R=0.3 subjets 
 
•  Keep 3 hardest subjets 

q  Boosted Higgs  
q  Boosted top 

Trimming 
(Krohn et al 2008) 

Pruning 
(Ellis et al 2008) 

•  Recluster fat jet 
           into R=0.3 subjets 
 
•  Keep subjets which  
           have energy > 5% jet energy 

q  Parton momentum reconstruction 
q  Pileup removal 

•  Undo clustering steps 
 
•  Cluster 1 with 2 if 

•  E1 , E2  > 0.1 (E1+E2) 
•  or R12 < 0.2 
•  otherwise, drop softer of 1,2 

 
q  Jet mass searches 
q  Qjets 

q  All help with jet substructure 
q  All help with pileup removal 

December 3, 2012 Matthew Schwartz 
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Grooming(
•  Grooming algorithms significantly reduce sensitivity to  

pile-up (reduced jet area) 

32 

Grooming(
•  Grooming algorithms significantly reduce sensitivity to  

pile-up (reduced jet area) 

32 

Helps experimentally  
     with pileup subtraction 

Jet mass dependence 
On NPileup-Vertices 

Pileup  

2010: <NPV>~2 (28% of events NPV=1)  special dataset

The Number of reconstructed Primary Vertices - NPV – can tell us 
how much additional radiation we are dealing with. 

2011: <NPV> ~ 10  

2012 
2012*: <NPV> ~ 25+.  

20 NPV = 30 

Before trimming After trimming 
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in
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fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in

– 9 –

Jesse Thaler — Jet Substructure

Jet Trimming

1)  Make seed jet with anti-kT (R0 large)
2)  Recluster into subjets with kT (R0 small)
3)  Remove subjets if pT < fcut Λhard

4)  Kept subjets give trimmed jet
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Jet Trimming

1)  Make seed jet with anti-kT (R0 large)
2)  Recluster into subjets with kT (R0 small)
3)  Remove subjets if pT < fcut Λhard
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Figure 28: Significance improvement !S/
!
!B with various combinations of mbb̄ constructed from

trimmed and untrimmed jets.

mbb̄ with mild and aggressive trimming of both b-jets is shown in Figure 27. One can see that

mbb̄ for the the mild and aggressive trimmed jets are strongly correlated for the background,

as evidenced by the long flat direction, but much less correlated in the signal. By eye, one

can see that drawing a contour to separate signal from background will do better than any

single line or rectangular window.

Figure 28 shows the significance improvement for various combinations of mild, aggres-

sive, and no trimming. Note that while mild trimming by itself is almost identical to no

trimming, when combined with aggressive trimming, mild does better than not trimming at

all. Combining all three does not improve over mild + aggressive alone.

After concluding that multiple mass measures can improve the significance, we then

included the mass measures with the other discriminants in the multivariate analysis. We

found that for just kinematic variables, having multiple trimmed masses does help a little.

However, when the radiation variables are included, the multiple mass measures have no

e!ect on the SIC curves. This seems to hold for the ZH and WH samples at the Tevatron or

the LHC. We saw no e!ect either by adding the mass measures from mild and aggressively

trimmed jets on top of the top 10 variables or by incorporating about 100 mbb̄ measures

directly into the multivariate mix. Thus, it seems that while multiple trimmings by themselves

are useful, they share much information with many of the showered variables.
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Figure 27: 2D histograms of mbb̄ for mild and aggressively trimmed jets show their correlation.
Starting with anti-kT R=0.5 jets, aggressive trimming means keeping only 0.2 anti-kT subjets whose
pT is more than 50% of the original jet pT ; mild trimming means keeping 0.05 kT subjets with more
than 1% of the original jet’s pT . After the each jet is trimmed, the invariant mass of the pair is
calculated.

Next, we consider multiple mass measures. This idea was inspired by the work of Soper

and Spannowski in Ref. [30]. They considered the e!ect of combining pruning and trimming

for the highly boosted ZH events, and found that the two were somewhat complimentary.

Pruning [31] attempts to find evidence for a heavy particle decaying to boosted collimated

hadronic jets, while trimming [8] is designed to remove contamination from initial-state radia-

tion and the underlying event. Both trimming and pruning were modifications of the filtering

procedure used for boosted ZH search [32] and for top-tagging [33]. For a review, see [34]

or [32]. Since our b’s do not appear in a single fat jet, we restricted our consideration to

the trimming algorithm. We wanted to see whether combing mass measures with di!erent

amounts of trimming could improve over a single jet type.

The jet trimming starts with a jet, say one of our original anti-kT R=0.5 b-jets. Then

one reclusters the jet with a smaller jet size r, say r = 0.1. If the energy of any of the

smaller jets is less than a fraction f of the original jets energy, the subjet is tossed. Then

the remaining subjets are recombined into a trimmed jet by adding their 4-momenta. This

procedure naturally removes soft radiation, representative of underlying event contamination

or soft ISR, while keeping the hard collinear radiation from the final state shower. Trimming

has two parameters r and f , along with the jet algorithm used to form the subjets.

First, we looked at a single mbb̄ measure with trimming on both of the b-jets. We did

not find that any values of the parameters were significantly better than no trimming. On

the other hand, we found that significant improvement did result from combining di!erent

trimmed masses. We define two extreme trimmings: mild trimming, with r=0.05 and f=1%

and aggressive trimming, with r=0.2 and f = 50%. The two dimensional distribution of
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Figure 27: 2D histograms of mbb̄ for mild and aggressively trimmed jets show their correlation.
Starting with anti-kT R=0.5 jets, aggressive trimming means keeping only 0.2 anti-kT subjets whose
pT is more than 50% of the original jet pT ; mild trimming means keeping 0.05 kT subjets with more
than 1% of the original jet’s pT . After the each jet is trimmed, the invariant mass of the pair is
calculated.

Next, we consider multiple mass measures. This idea was inspired by the work of Soper

and Spannowski in Ref. [30]. They considered the e!ect of combining pruning and trimming

for the highly boosted ZH events, and found that the two were somewhat complimentary.

Pruning [31] attempts to find evidence for a heavy particle decaying to boosted collimated

hadronic jets, while trimming [8] is designed to remove contamination from initial-state radia-

tion and the underlying event. Both trimming and pruning were modifications of the filtering

procedure used for boosted ZH search [32] and for top-tagging [33]. For a review, see [34]

or [32]. Since our b’s do not appear in a single fat jet, we restricted our consideration to

the trimming algorithm. We wanted to see whether combing mass measures with di!erent

amounts of trimming could improve over a single jet type.

The jet trimming starts with a jet, say one of our original anti-kT R=0.5 b-jets. Then

one reclusters the jet with a smaller jet size r, say r = 0.1. If the energy of any of the

smaller jets is less than a fraction f of the original jets energy, the subjet is tossed. Then

the remaining subjets are recombined into a trimmed jet by adding their 4-momenta. This

procedure naturally removes soft radiation, representative of underlying event contamination

or soft ISR, while keeping the hard collinear radiation from the final state shower. Trimming

has two parameters r and f , along with the jet algorithm used to form the subjets.

First, we looked at a single mbb̄ measure with trimming on both of the b-jets. We did

not find that any values of the parameters were significantly better than no trimming. On

the other hand, we found that significant improvement did result from combining di!erent

trimmed masses. We define two extreme trimmings: mild trimming, with r=0.05 and f=1%

and aggressive trimming, with r=0.2 and f = 50%. The two dimensional distribution of
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Different algorithms, different results 
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e.g. reconstruct W invariant mass 

W ! q̄q
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We observe jets: 

+ 

We want to see quarks and gluons: 

How can we invert ?  

Parton 
shower 

•  Find jet momenta 
•  Set quark momenta  =  jet momenta 

missing  
energy 

Jet-to-parton map 
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Jet-to-parton map 
We observe jets: 

+ 

We want to see quarks and gluons: 

Parton 
shower 

Assumption: this  exists 

Reality: this  exists 
Jet algorithms 

missing  
energy 

Parton-shower is not invertible 



Different distance measures 
Inversion  
     of  Herwig shower 

kT algorithm 

Cambride/Aachen algorithm 

dij = min(p2Ti, p
2
Tj)

✓
Rij

R0

◆2

R12

R13

dij = min(p�2
Ti , p

�2
Tj )

✓
Rij

R0

◆2

dij =

✓
Rij
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◆2

Inversion  
     of  Pythia shower 

anti kT algorithm 

•  clusters closest radiation first 

•  clusters hard collinear radiation first 

k13T

k12T

•  Clusters farthest first 
•  No inverse parton-shower interpretation 

•  Produces round jets 
•  Experiment friendly 
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Parton shower is not invertible 
Parton shower gives an event 

or or ?= 

What is the inverse? 

•  Is there a way to have “fuzzier” jets 
           which account for non-unique inverse? 
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One possibility: Qjets 

Instead of choosing smallest dij, choose pair with a probability 

P / exp(�↵dij)

and and = 

Add randomness into the jet algorithm 

Generates ensemble of trees for each event 

December 3, 2012 Matthew Schwartz 

| i =
X

j

aj |treeji

Ellis,Hornig, Krohn, Roy, MDS 
     arXiv:1201.1914 (PRL) 



What do we do with the Qjets? 

As an example, we can prune them 

•  Pruning discards radiation in clustering that is soft but not collinear 
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assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).

fashion Qjets (“quantum” jet) and the number of trees
used N

Qjet

.
We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set
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Defining Reconstructed Tops – Search Mode
 A jet reconstructing a top will have a mass within the top mass window, and a 

primary subjet mass within the W mass window - call these jets top jets

 Defining the top, W mass windows:
• Fit the jet mass and subjet mass distributions with (asymmetric) Breit-Wigner 

plus continuum  widths of the peaks

• The top and W windows are defined separately for pruned and not pruned -
test whether pruning is narrowing the mass distribution

pruned
unpruned

sample
mass fit

25US ATLAS Hadronic Final State Forum     
S.D. Ellis 4/09/09

Other variants filtering or 
trimming work similarly 
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Pruned Qjets 
This is one event 

•  Construct 100 trees  
          from each jet in each event 
 
•  Apply pruning to each tree 

•  Histogram resulting masses  

2

assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
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One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).

fashion Qjets (“quantum” jet) and the number of trees
used N

Qjet

.
We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set
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Need fewer events for same precision 

Algorithm Mass uncertainty 
 

Relative Luminosity 
required 

kT 3.15 GeV 1.00 
Qjets α=0 2.20 GeV 0.50 
Qjets α=0.001 2.04 GeV 0.45 

For example,   
•  Take 10 boosted W events (pT>500)  
•  Construct jet mass 
•  Look at variance of the the mean W-jet mass over many pseudo-experiments 

�hmi

Qjets needs half as much luminosity as conventional jet algorithms 
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Signal vs background 
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assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).

fashion Qjets (“quantum” jet) and the number of trees
used N

Qjet

.
We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set
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W-tagging: cut on volatility 

Work in progress with 
     David Krohn and Dilani Kahawala 
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Qjets in dijet events (no pruning) 

α = 100 
(classical anti-kT) 
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Work in progress, with D. Krohn and D. Kahawala  



Qjets in dijet events (no pruning) 

α = 10 

Work in progress, with D. Krohn and D. Kahawala  
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Qjets in dijet events (no pruning) 

α = 1 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets in dijet events (no pruning) 

α = 0.1 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets in dijet events (no pruning) 

α = 0.01 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets in dijet events (no pruning) 

α = 0.001 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets in dijet events (no pruning) 

α = 0.001 

May help resolve 
ambiguities with  
overlapping jets 

Work in progress, with D. Krohn and D. Kahawala 
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Conclusions 
Multivariate analysis quickly tells you how well you could possibly do 

Saves you the trouble or looking 
        for good variables 

EFFICIENCY 

See if simple variable 
can do as well 

FRAMING 

Sometimes MVA is really necessary 
POWER 

December 3, 2012 Matthew Schwartz 

•  Combing 2-3 variables for quark-gluon discrimination seems to help 
•  Need to measure correlations in real data 

•  With 1D distributions data, we can determine which generator is better 
•  With 2D distribution, generators and models can be tested and improved 

•   Best description of a jet (or an event) 
   may be multiple descriptions 

•   Qjets: non-deterministic jet algorithm 
•   Randomness gives ensemble 
           of interpretations of each jet  
                
 



JET CHARGE 
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Jet charge should be measured! 
December 3, 2012 Matthew Schwartz 
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with di!erent charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an e!ort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e" collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
! =

1

(pjetT )!

!

j#jet

Qj(p
j
T )

! (1)

where the sum is over all particles in the jet, Qj is the

integer charge of the color-neutral object observed, pjT
is the magnitude of its transverse momentum and ! is a
free parameter. A common variant uses energy instead
of pT . Values of ! between 0.2 and 1 have been used in
experimental studies [6, 8].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e" or

FIG. 1. Distributions of Qi
! for various parton flavors with

pjet
T

= 500 GeV and ! = 0.5, 1.

pT weighted jet charge: •  Used in DIS 
•  Used at LEP 
•  Used at Tevatron 
•  Not used at LHC 

Can be measured Can be calculated 

Is useful for BSM 

July 4: find the Higgs.  
July 5: what are its properties? 

mm/dd/yyyy:  Find BSM 
Mm/dd+1/yyyy: What are its properties? 

Jet charge is a July 5 analysis 



Distinguishings charge 
Measured the pT-weighted jet charge: 
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with di!erent charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an e!ort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e" collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
! =

1

(pjetT )!

!

j#jet

Qj(p
j
T )

! (1)

where the sum is over all particles in the jet, Qj is the

integer charge of the color-neutral object observed, pjT
is the magnitude of its transverse momentum and ! is a
free parameter. A common variant uses energy instead
of pT . Values of ! between 0.2 and 1 have been used in
experimental studies [6, 8].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e" or

FIG. 1. Distributions of Qi
! for various parton flavors with

pjet
T

= 500 GeV and ! = 0.5, 1.
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Distinguishes W ’ from Z ‘ 

Log-likelihood distribution for 1 TeV resonance,  
              various κ	


2σ with 30 events 
5σ with 200 events  
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2

FIG. 2. Distinguishing W ! from Z! with a log-likelihood dis-
criminant, for di!erent values of !. Even with only 50 events
the samples are extremely well separated.

lepton-hadron colliders. Thus, one would expect that
measuring the charge of a light-quark jet at the LHC
should be di!cult, with the primordial quark charge
quickly getting washed out. However, this turns out not
to be the case. For example, Fig. 1 shows distributions
of Qi

! for u, ū, d, d̄ and g jets for two values of !. One can
clearly see thatQi

! will be useful for measuring jet charge.
Moreover, as we will show, the energy and and jet-size
dependence of moments of jet-charge distributions can
be calculated in perturbative QCD.

To get an impression of how much data is needed for
Qi

! to be useful, we consider measurements designed to
distinguish charged from neutral vector resonances. To
be concrete, we consider scaled-up W and Z bosons at a
mass of 1 TeV decaying into light quark jets [9]. Simply
cutting on the sum of the Qi

! of the hardest two jets
in each event we can distinguish the two samples with
95% confidence using around 30 events. We find that
the best discriminating power is achieved for ! ! 0.3.
A more sophisticated log-likelihood discriminant based
on the two-dimensional jet charge distribution is shown
in Fig. 2, where ! 4" separation of the two samples is
achievable with 50 events.

For another phenomenologically relevant application
of jet charge consider a simplified supersymmetric model
with squarks pair produced through t-channel gluino ex-
change and decaying as q̃ " q + #1

0. At mq̃ = mg̃ =
1.5 TeV such a model is still allowed [10], although it will
come under scrutiny with the next round of 8 TeV data.
Due to the high concentration of up-type valence quarks
at large x, the di-squark production process yields many
events with two hard up-type jets and missing energy, in
contrast to the background (dominated by V+jets) where
the two hardest jets are rarely both ups. Adopting a set
of cuts similar to those of Ref. [10], we estimate if an

FIG. 3. Final state composition in dijet production.

FIG. 4. Sum of the two jet charges in dijet events, for various
!. The growth with dijet invariant mass reflects the larger
fraction of valence quark PDFs at large x and corresponding
decrease in gg final states.

excess is seen in 2 jets and missing energy channel, the
increased concentration of up quarks could be measured
above the 2" level with 25 fb!1 of 8 TeV data, provid-
ing unique insights into the flavor structure of the new
physics.

To trust a measurement of jet charge, it is important
to test it on samples of known composition. While pro-
ton collisions do not generally provide clean samples of
pure up- or down-quark jets, there are still ways to vali-
date the method on data. For example, dijet production
has an enormous cross section at the LHC and the frac-
tion of jets originating from di"erent partons is directly
determined by the parton distribution functions (PDFs).
At larger energies the valence quark PDFs dominate over
gluon or sea quark PDFs, producing more charged final
states, as can be seen in see Fig. 3. The mean total jet
charge in dijet events is shown in Fig. 4 for various values



Calibrate on standard model 
2D charges (parton level) 
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Fractions 
(parton level) 

Jet charge  
(hadron level) 

August 27, 2012 Matthew Schwartz 



Hadronic W decays in tops  
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3

FIG. 5. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

of !. Verifying the trend in this plot on LHC data would
help validate jet charge.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. 5. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the e!ects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as ! is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [11] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. 6.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
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W’ vs. Z’, 50 events

FSR only

FSR+MI+ISR

FSR+MI+ISR+trim

Npileup=10

Npileup=10 +trim

FIG. 6. Comparison of W ! vs. Z! discrimination subject
to contamination from initial state radiation (ISR), multiple
interactions (MI), and pile-up events. We also show the result
with and without jet trimming (Rsub = 0.2, fcut = 0.02).

ory including the resummation of leading Sudakov double
logarithms [12].
A precise calculation of jet charge is challenging be-

cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions Dh

j (x, µ).
These functions give the average probability that a
hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by

!Dh
q (", µ) =

" 1

0
dxx!Dh

q (x, µ) , (2)

which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge

!Qi
"" =

1

#jet

"
d#Qi

" =

"
dz z"

#

h

Qh
1

#jet

d#h!jet

dz
, (3)

where z = Eh/Ejet is the fraction of the jet’s energy the

hadron carries. For narrow jets z # phT /p
jet
T .

To connect to the fragmentation functions, we first ob-
serve that for ! > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed e!ect on Qi

". We can therefore use the fragment-
ing jet functions introduced in Refs. [13, 14] to write

1

#jet

d#h!jet

dz
=

1

16$3

#

j

" 1

z

dx

x

Jij(E,R, z
x
, µ)

Ji(E,R, µ)
Dh

j (x, µ) .

(4)
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with di!erent charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an e!ort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e" collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
! =

1

(pjetT )!

!

j#jet

Qj(p
j
T )

! (1)

where the sum is over all particles in the jet, Qj is the

integer charge of the color-neutral object observed, pjT
is the magnitude of its transverse momentum and ! is a
free parameter. A common variant uses energy instead
of pT . Values of ! between 0.2 and 1 have been used in
experimental studies [6, 8].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e" or

FIG. 1. Distributions of Qi
! for various parton flavors with

pjet
T

= 500 GeV and ! = 0.5, 1.
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FIG. 7. Comparison of theory prediction for the average jet
charge (bands) to pythia (squares and circles for d and u
quarks). Normalizing to 1 at E = 100 GeV and R = 0.5
removes the dependence on the nonperturbative input and
quark flavor.

Here Ji(E,R, µ) is a jet function and Jij(E,R, x, µ) a set
of calculable coe!cients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
this ratio. Therefore

!Qq
!" =

1

16!3

!Jqq(E,R,", µ)

Jq(E,R, µ)

"

h

Qh
!Dh
q (", µ) , (5)

with !Jij related to Jij by a Mellin-transform as in

Eq. (2). By charge conjugation
#

h Qh
!Dh
q (", µ) = 0,

so in particular !Qg
!" = 0. We have checked that the

µ-dependence of Jij/Ji exactly compensates for the µ-
dependance of the fragmentation functions at order #s.
We have written both Ji(E,R, µ) and Jij(E,R, x, µ)

as if they depend on the energy E and size R of the
jet, however, these functions only give a valid description
to leading power of a single scale corresponding to the
transverse size of the jet. Here we use the e+e! version
of anti-kT jets of size R, for which the natural scale is
µj = 2E tan(R/2) [15]. We can therefore calculate the
average jet charge by evaluating the Mellin-moments of
fragmentation functions at the scale µj and multiplying
by the jet functions.
Since only one linear combination of fragmentation

functions appears in Eq.(5), the theoretical prediction
is not significantly limited by the large uncertainty on
Dh

j (", µ). One can simply measure Dh
j (", µ) by observ-

ing the average jet charge for each flavor at one value for
µ and then using the theoretical calculation to predict
it at other values. In the absence of data, we simulate
such a comparison using pythia. The result is shown in
Figure 7 for various values of " and R, and normalized at
a reference point. Already we can see a clear agreement
between the theory and pythia.
To calculate other properties of the jet charge dis-

tribution requires correlations among hadrons. For ex-
ample, we can consider the width of the jet charge,
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FIG. 8. Comparison of theory prediction (bands) for the
width of the jet charge distribution to pythia (squares and
circles for d and u). We take pythia at E = 100 GeV and
R = 0.5 as input.
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where the sum runs over all hadronic final states. After
integrating over most of the zi and including a factor of
1
2 for identical hadrons, this simplifies to

$
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=
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The first term on the right hand side can be expressed
in terms of products of fragmentation functions and jet
functions as for

$
Qi

!

%
. The second term can be expressed

in terms of something we call a dihadron fragmenting jet
function, Gh1h2

i . Its matching onto (dihadron) fragmen-
tation functions is given by

Gh1h2

i (E,R, z1, z2, µ) (8)

=
"

j

&
du

u2
Jij(E,R, u, µ)Dh1h2
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(

+
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u

dv

v
Jijk(E,R, u, v, µ)Dh1

j

'z1
u
, µ

(
Dh2

k

'z2
v
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(
,

The second term is due to a perturbative parton splitting
before hadronization and only starts at 1-loop order,

J (1)
ijk (E,R, u, v, µ) = J (1)

ij (E,R, u, µ)%(1#u#v)%k,a(ij) ,

(9)
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Here Ji(E,R, µ) is a jet function and Jij(E,R, x, µ) a set
of calculable coe!cients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
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with !Jij related to Jij by a Mellin-transform as in

Eq. (2). By charge conjugation
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q (", µ) = 0,

so in particular !Qg
!" = 0. We have checked that the

µ-dependence of Jij/Ji exactly compensates for the µ-
dependance of the fragmentation functions at order #s.
We have written both Ji(E,R, µ) and Jij(E,R, x, µ)

as if they depend on the energy E and size R of the
jet, however, these functions only give a valid description
to leading power of a single scale corresponding to the
transverse size of the jet. Here we use the e+e! version
of anti-kT jets of size R, for which the natural scale is
µj = 2E tan(R/2) [15]. We can therefore calculate the
average jet charge by evaluating the Mellin-moments of
fragmentation functions at the scale µj and multiplying
by the jet functions.
Since only one linear combination of fragmentation

functions appears in Eq.(5), the theoretical prediction
is not significantly limited by the large uncertainty on
Dh

j (", µ). One can simply measure Dh
j (", µ) by observ-

ing the average jet charge for each flavor at one value for
µ and then using the theoretical calculation to predict
it at other values. In the absence of data, we simulate
such a comparison using pythia. The result is shown in
Figure 7 for various values of " and R, and normalized at
a reference point. Already we can see a clear agreement
between the theory and pythia.
To calculate other properties of the jet charge dis-

tribution requires correlations among hadrons. For ex-
ample, we can consider the width of the jet charge,
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where the sum runs over all hadronic final states. After
integrating over most of the zi and including a factor of
1
2 for identical hadrons, this simplifies to
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The first term on the right hand side can be expressed
in terms of products of fragmentation functions and jet
functions as for
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in terms of something we call a dihadron fragmenting jet
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The second term is due to a perturbative parton splitting
before hadronization and only starts at 1-loop order,

J (1)
ijk (E,R, u, v, µ) = J (1)

ij (E,R, u, µ)%(1#u#v)%k,a(ij) ,

(9)

•  Moments of charge distribution 
             calculable from moments of fragmentation functions 

•  Evolution of these moments can be done precisely in QCD 

Please measure these moments! 

Krohn, Lin, MDS, Waalewijn 
     arXiv:1209.2421  



BACKUP SLIDES 
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Best pair works pretty good 
December 3, 2012 Matthew Schwartz 

•  Can cut on single variable 
        Girth x Multiplicity 



MVA POWERFUL FOR HIGGS SEARCH 

Kinematic 
variables 

MVA 
+ 20% 

Every little bit 
 helps 

December 3, 2012 Matthew Schwartz 



Optimize W tagging 
7 MC insensitive variables 

1.  Jet mass with 
R=0.5  

2.  Jet mass with 
R=0.4 

3.  Filtered Jet mass 
4.  Mass of hardest 

subjet, from 
filtering 

5.  Mass of second 
hardest subjet, 
from filtering 

6.  Ratio of the pT's of 
the two hardest 
subjets 

7.  Planar Flow 

This is the ultimate goal of W-tagging 
Challenge: can fewer variables do as well? 

December 3, 2012 Matthew Schwartz 



General observations 
•  For matrix-element level (fixed # dof) 

•  BDT much easier to implement than matrix element method 
•  MVA kinematic discriminants can be similar to cutting on one 
smart variable (e.g. in finding pure samples of Quark and Gluon 
jets) 

• For showered samples (W-tagging, HZ) 
•  Subtle correlations make thinking difficult 
•  Some discriminants (like pull) don’t work on their own but 
                work well as the 5th or 6th variable added to a BDT 
•  Sometimes few variables are enough (e.g. Quark vs Glue) 
•  Sometimes many variables are needed (e.g. W-tagging) 

•  We need data on 2d correlations!! 
Most useful 
with pure 
sampes 
(quark, glue, 
hadronic-W, 
hadronic-top) 

December 3, 2012 Matthew Schwartz 



What about pure gluons? 

 b+2 jets or trijets look promising 

December 3, 2012 Matthew Schwartz 



Throw it at the BDT 

•  Now try to find a single variable that works as 
well… 

December 3, 2012 Matthew Schwartz 



Finding Pure Gluon jets 
December 3, 2012 Matthew Schwartz 


