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quark gluon separation 
Motivation 

¥ at LHC  collisions ! quark, gluon ! jet: most of present analysis assume they 
cannot be distinguished. 

¥ If it is possible...   

¥ discriminate New physics   

¥ gluino/squark decay to LSP !  hard quark  

¥ ISR from SUSY production ! gluon rich  

¥ QCD process !  gluon rich  EW process! hard quark  

¥ Energy calibration (fake Wjj peak.. )  

¥ They have different nature and may be distinguished.  



Example: degenerate SUSY��
(Mukohopadhyay, Nojiri, Yanagida JHEP10(2014)012)

¥ Background:  Z+ jets. The leading 
jet must originate from quark.  

¥ ISR of gluino: leading process is  
gg!  gluino gluino. ISR tend to be 
gluon.  

¥ PT(q) i>PT(gl). If Kinematical cut 
is applied, fraction if quark 
increases.  
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contents of this talk 

¥ quantity that has been proposed to improve quark gluon 
separation  

¥ nch :number of charged tracks  

¥ jet shape (jet width -> C1)   

¥ jet mass 

¥  new variable: number of associated jets 

¥ MC simulations   improvement  and MC dependence 



quark and gluon jet separation studies

¥ Number of partons at Q2(had)  !  number of particles       
! number of charged particles (non-perturbative physics)   

¥ Jet shape  (broadness of the jet, and mass) 

8.3 Radial Geometric Moments

We refer to any geometric moment that is linear in pT and independent of angle around the
jet axis as a radial moment. Linearity in pT is required for IR/collinear safety. SpeciÞcally,
the pT in each radial bin is weighted by a kernelf (r ) and summed up to form the moment
M f :

Radial moment using kernelf (r ) M f =
!

i ! jet

pi
T

pjet
T

f (r i ) (8.2)

Distances r of each particle or cell from the jet center are calculated onthe (rapidity,phi)
cylinder. The jet center is taken as the (y, ! ) of the jetÕs 4-vector, but thepT -weighted
centroid is almost identical. It is important to use rapidit y rather than pseudorapidity for the
jet location because the jet is massive. A radial moment sumsa function of these distances,
weighted by pT , then normalized to the total pT of the jet. Energies and angles, rather than
pT s and r Õs give similar results, but are less appropriate to hadron colliders.

The integrated jet shape! (0.1) corresponds to the moment wheref (r ) is 1 out to r = 0 .1
and 0 beyond. The di" erential jet shape " (0.3) corresponds to a kernel that is 1 in a small
window around r = 0 .3. One series of kernels are powers ofr : r , r 2, r 3, á á á. These most
closely correspond to the traditional geometric notion of Ômoments.Õ Radial moments like
these are interesting because it may be possible to calculate them accurately in QCD, see for
example [35].

An orthonormal set of kernel functions fully characterizesthe radial distribution of pT for
a single jet, but even knowing the 1D distributions for an inÞnite set of orthogonal functions
would not give complete information about the underlying high-dimensional distribution with
all correlations preserved. In other words, knowing this series for a particular jet would allow
a full reconstruction of where the pT in that jet goes, but the same isnÕt true for the 1D
distributions.

8.4 Linear Radial Geometric Moment: Girth, Width, or Jet Broadening

The linear radial moment, or girth, is a special case of a generic radial moment withf (r ) = r .
For discrete constituents, it is deÞned as

Girth : g =
!

i ! jet

pi
T

pjet
T

r i . (8.3)

The girth distribution is shown in Figure 13.
ATLAS calls this variable width. This is a hadron-collider version of a popular LEP

variable called jet broadening. Jet Broadening, as measured at ALEPH [8] and OPAL [9],
leads to distributions very similar to the linear moment, simply because the small-angle
approximation of kT ! pT r is valid. At LEP, jet broadening was given by

Bjet =
"

i |#pi " önjet |"
i |#pi |

=
"

i |#kT i |
"

i |#pi |
. (8.4)
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Observables for quark-gluon separation
with di ! erent tunes in Monte-Carlo

1 Introduction

Some observables for quark-gluon separation have been reported. I discuss two such
observables, energy correlation function double ratioC(! )

1 [1] and 1-subjettiness! (! )
1 [2]

on this note. A di! erence in the separation power for these observables have been studied
in Ref. [1] which is written by Salam et. al,. They used Pythia8 with tune 4C [3] which
is default in recent Pythia8, and Herwig++ in the calculation. I check the separation
power with Pythia6 tuned Z2 , and compare the results.

2 Observables

The energy correlation function double ratioC(! )
1 deÞned as

C(! )
1 =

ECF(2, " )
ECF(1, " )

!
ECF(1, " )
ECF(0, " )

, (1)

with ECF( N, " ) called N -point energy correlation functions given as

ECF(0, " ) = 1 , (2)

ECF(1, " ) =
"

i ! J

pT i , (3)

ECF(2, " ) =
"

i<j ! J

pT i pT j (" Rij )! , (4)

where " Rij is a distance between subjecti and j . The symbol i ! J denote subjetsi
in a (fat-)jet J .

1-subjettiness is deÞned as

! (! )
1 =

1
d0

"

i ! J

pT i (" Ri )! , (5)

d0 =
"

i ! J

pT i R! , (6)

whereR is a jet radius and" Ri denote a distance between a subjecti in a jet J and an
arbitrary axis on # " $ plane. I choose this axis to the jet axis ofJ in this calculation.
In the case of" = 1, the observable! (! =1)

1 is called girth or width.
A parameter " controls the weight given to collinear and wide-angle emissions in the

jet. At large values of " , wide-angle emissions are given greater weight, and at small
values of" collinear emissions are given greater weight.

3 Setup

I make the quark and gluon jet by the hard processgg # qøq and gg # gg, and use
Pythia8 tuned 4C and Pythia6 tuned Z2 for each processes. I use 1st and 2nd anti-kT

1

C1
(" �£ = Larkoski et al JHEP 1306.108(2013)  

Infrared safe and calculable Òin principleÓ 

jet mass

 Monte Carlo�y (Pythia, Herwig++, Shelpa )   
parton shower(soft collinear)  + hadronization modeling (NP) 



Using all possible parameter to increase the separation 

arXive 1211.7038 Gallicchio and Schwartz 

Ògluon jetÓ  : more charged tracks and  broader than Òquark jetÓ  

9 Combining Variables

A multivariate tagger can make the best use of several variables at the same time. In Figure21,
the 2D distributions of a good pair of variables is plotted for the quark and gluon samples.
To Þnd the best cut contours, one method is to combining thesehistograms into a likelihood
histogram. This is done bin-by-bin by reading the values of the quark and gluon histograms
and computing q/(q + g). If particular values are measured for each of the two variables,
this likelihood is proportional to the probability that it i s a quark jet. The constant of
proportionality will depend on the prior distribution of qu arks and gluons in your sample via
BayesÕ Theorem, but does not a! ect the contours.

A cut on on this likelihood score corresponds to a cut along some contour in the 2D
plane. Each such cut gives some e" ciency for keeping quark jets and some other e" ciency
for rejecting gluon jets. Cutting on the likelihood is optim al in the sense that it maximizes
gluon rejection for every given quark acceptance [25]. Some ways of visualizing the e! ects of
cuts and multivariate improvements were discussed in [43, 44].

To populate a 2D histograms such that each bin has a statistically meaningful number is
di" cult without an enormous number of events. For more than 2variables, it is practically
impossible to populate the higher-dimensional histogramswith any accuracy. For example,
for 5 variables, even if each variable had only 10 coarse divisions, there would still be 105 bins
to populate. This is where multivariate techniques like Boosted Decision Trees are useful [25].
Using a limited number of training events, these techniquesassign a score to each point. With
a large enough training sample, this score is in 1-1 correspondence with the likelihood.
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Figure 21 . Combining Variables: 2D distributions are shown for a powerful pair of variables. The
Likelihood can be formed by combining these histograms bin-by-bin asq/ (q + g), where q and g are
the fraction of events in the appropriate bin of the quark and gluonhistogram, respectively. The blue
regions mean that an event with that pair of values is more likely to be quark. A cut on the likelihood
correspond to a cut along one of the contours, and this can be proven to be the optimal cut for that
signal e" ciency. These plots are forPythia8 200 GeV particle jets.
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Nhan Tran Lepton-Photon 2013

quark and gluon comparisons

¥ Quark- and gluon-initiated jets have 
different properties

¥ Many search applications for 
distinguishing quarks and gluon jets
¥ Hadronically decaying vector bosons

¥ monojet, dijet searches

¥ SUSY searches with high quark jet 
multiplicity

¥ Jet width and number of charged 
tracks provide good discrimination

19
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Example: for 50% quark jet efficiency, 
we can reject 90% gluon jets

More discriminant at higher pTs

Nhan Tran (FNAL) for Lepton Photon 

need careful validation of the data 
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FIG. 5. Gluon-jet e ! ciency as a function of quark-
jet e! ciency calculated using jet properties extracted fro m
data (solid symbols) and from MC-labeled jets from the di-
jet Pythia 6 (empty squares) and Herwig ++ (empty dia-
monds) samples. Jets with (a) 60 < p T < 80 GeV and (b)
210 < p T < 260 GeV and |! | < 0.8 are reconstructed with the
anti- kt algorithm with R = 0 .4. The shaded band shows the
total systematic uncertainty on the data. The bottom of the
plot shows the ratios of each MC simulation to the data. The
error bands on the performance in the data are drawn around
1.0.
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FIG. 6. Gluon-jet e ! ciency as a function of quark-jet
e! ciency as calculated using jet properties extracted from
data (solid symbols), puriÞed in data through kinematic cut s
(empty diamonds), and extracted from Pythia 6 MC simu-
lation (empty squares). Jets with (a) 60 < p T < 80 GeV and
(b) 210 < p T < 260 GeV and |! | < 0.8 are reconstructed with
the anti- kt algorithm with R = 0 .4. The shaded band shows
the total systematic uncertainty on the data. The bottom of
the plot shows the ratio of Pythia 6 MC simulation or the
enriched data samples to the extracted data. The error bands
on the performance in the data are drawn around 1.0.

large MC dependence:  good (bad) separation with Pythia6(Herwig)

Nature  becomes closer to Herwig++ at High pT 
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plot shows the ratios of each MC simulation to the data. The
error bands on the performance in the data are drawn around
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Recent ATLAS analysis�y (CERN-PH-EP-2014-058)   
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FIG. 2. Average (a,c) ntrk and (b,d) track width for quark- (solid symbols) and gluon-j ets (open symbols) as a function of
reconstructed jet pT for isolated jets with |! | < 0.8. Results are shown for distributions obtained using the in -situ extraction
method in Pythia 6 simulation (black circles, (a,b)) or data (black circles, (c,d)), as well as for labeled jets in the dijet
sample (triangles) and in the " +jet sample (squares). The error bars represent only statis tical uncertainties. Isolated jets are
reconstructed using the anti- kt jet algorithm with radius parameter R = 0 .4. The bottom panels show the ratio of the results
obtained with the in-situ extraction method to the results i n the dijet and " +jet MC samples.

¥ Parton shower:Number of 
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particles ! number of charged 
particles  
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¥ rejection rate is determined by 
tail regions. 



¥ Better understanding / theory and MC comparison   
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Jet mass : Quarks vs Gluons
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MC study

¥C1 with " =0 is collinear-unsafe observable 

¥Authors recommend " =0.2
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Figure 1 . A schematic illustration of associated jets, and the relevant variables which
determine the associated jet rate (see text for details).

The jet ratesRi
n = Ri

n(pj , ! ) are functions of the trigger jet transverse momentum
pj , and the evolution scale for parton showering, which, for hadron-hadron collisions
is taken as! = ! R2/ 2. This is equivalent to the evolution scale for coherent parton
showering,! ! 1" cos" , with " being the emission angle (! R2/ 2 # " 2/ 2 # 1" cos" ).
To be resolved, an emission must have! > ! j = R2/ 2 and pt > pa. Since the jet
ratesRi

n include the trigger jet j , the probability of n associated jetsfor a jet of type
i with transverse momentumpj is

Pi
n = Ri

n+1 (pj , ! a) . (2.4)

Here, ! a = R2
a/ 2, with Ra being the association radius deÞned above.

The generating functions" i (u) were computed in the context ofe+ e! collisions
in Ref. [16], upto next-to-double logarithmic accuracy (NDLA). Here, leading double
and next-to-double logarithms refer to#n

S log2n and #n
S log2n! 1, where the logarithms

are those ofRa/R and/or pj /p a. For pa su! ciently large, these terms are determined
by the timelike showering of Þnal-state partons, while contributions from initial-state
showers and the underlying event can be avoided. Following the same methods as in
Ref. [16] for hadron hadron collisions, for! > ! j and pj > pa, we have the quark and
gluon generating functions to NDLA
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$%
. (2.5)

Here, the running coupling is evaluated at the transverse momentum scale of the
emission,k2

t = z2p2
j ! ". DeÞning#S = #S(p2

j ! )/ $, i.e. in terms of the coupling at the

Ð 4 Ð
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Figure 2 . Comparison of the Herwig++ and Pythia8 MC predictions for associated jet
rates with the NDLA results, as a function of pT (j s): for quark jets (left), and gluon jets
(right), with Ra = 0 .8 and pa = 20 GeV. Here, pT (j s) is the vector sum of the leading jet
and associated jetpT Õs.

pT (j s), as it is closer to the transverse momentum of the parton that initiates the
Þnal state shower.

We see that the functional behaviour with respect to the jetpT in the MC com-
putation 4 and the NDLA calculation are similar, although there are some di! erences
in the values ofPn. In particular, the MC prediction of P1 for quark and gluon jets
is higher than the NDLA result, especially at higherpT (j s), with Herwig++ giving
rise to a slightly larger P1 compared toPythia8 . For a quark jet, the probability
of having at least one associated jet ranges from around15%to 25%as we go from
pT (j s) = 200 GeV to pT (j s) = 500 GeV and at higherpT (j s) the probability essen-
tially remains the same. For gluon jets, the corresponding probability ranges from
around 30%to 40%as we go frompT (j s) = 200 GeV to pT (j s) = 500 GeV. The larger
probability to have an associated jet around a gluon can thus be utilized to better
discriminate it from quarks, as we shall see in the next section.

The NDLA computation includes only the time-like showering of the Þnal state
partons, and ignores some power-suppressed e! ects due to momentum conservation
and hadronization. On the other hand, the MC results shown above include momen-
tum conservation and hadronization as well as the e! ects of initial state radiation
(ISR) and multiple interaction (MPI). In order to quantify the e ! ect of ISR and MPI,
we compare the predictions forPn with and without ISR and MPI in Herwig++,

4For the associated jet rate calculations, we generated MC event samples with a statistics of
20,000 events each Þxing the threshold for the minimum leading jetpT at 50 ! (i + 1) GeV, for
i " [0, 19]. Only events with the leading jet pT (j s) above the generation threshold are used in the
analysis. This ensures uniform MC statistics in the whole range ofpT (j s).
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