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New Physics Searches

Rely heavily on one object  
that QCD doesn’t directly produce

Gives parametric control of QCD background

QCDQCD



Why are we waiting for discovery?
Signals could be just out of reach

Is there something that we’re missing?

One dark corner: 
Hadronic Final States

Missing usual 
handles to control 

QCD



Baryonic R-Parity Violation
Eviscerates MET�
d2� ���

ijk U c
i Dc

jD
c
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Makes LSP decay  
to 3 quarks (most LSPs) 

to 2 quarks (squark LSPs)

Increases multiplicity significantly

(one quark could be top → +2j)



The Less-Classic Susy Signature
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The Less-Classic Susy Signature
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The Less-Classic Natural Susy Signature
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Still some MET from W decays, but much less 
Don’t want to pay SSDL branching ratio (lepton isolation is hard)



Main Point:
Many signals of new physics 

produce lots of final state quarks or gluons

Easy to come up with other signals 
with high multiplicity signals

Don’t want to have a dedicated 
search for every possibility

Want to use the multiplicity to distinguish  
SM from BSM



Need a handle to distinguish

Normal QCD Multijet BSM Multijet



Fat Jets Coarse Grain the Phase Space

Identify high multiplicity based  
upon Fat Jet observables

Easy to construct inclusive kinematic signals using fat jets

Fat Jets

Thin Jets are great at determining multiplicity, 
but constructing meaningful variables 

out of a heterogeneous high dimensionful space is hard



Truth Of QCD Multijets
Many QCD Multijets are glorified Dijets

Requiring 3 or 4 Fat Jets is a serious reduction 
in QCD rate

4 Fat jets is really a 2 → 4 process 
6 Thin jets is dominated by 2 → 2 + parton showering



Still need to distinguish

Signal Background



The difference between them is clear

Small Invariant MassLarge Invariant Mass

mj

pT
� 1

mj

pT
� 0.3

More jet substructure Less jet substructure



Introduce Jet Observables

MJ =
NJ�

n=1

mjn

Sum of Jet Masses

QCD jets have most of their mass generated 
by the parton shower

Top events have their mass capped near 400 GeV



Subjettiness
Jet mass is the coarsest measure of jet substructure

versus

Equal pT and mass jets

Massive QCD jets mostly have 2 subjets
High multiplicity signals are more subjets

Used kT method of counting subjets (1302.1870)



pT = 100 - 200 GeV
Fraction of Jets with Nsubjets
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More than a Mass Cut
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FIG. 8: Top Left: /ET distributions for signals and backgrounds after requiring four or
more fat jets. Top Right: MJ distributions, after requiring four or more fat jets and
/ET > 150 GeV. Bottom Left: N

CA

distribution after requiring four or more fat jets,
MJ > 280 GeV and /ET > 150 GeV. Bottom Right: N

kT

distribution after requiring four or
more fat jets, MJ > 280 GeV and /ET > 150 GeV. Stacked histograms show the SM
backgrounds, which include top and single top (light brown), V + nj (light blue), diboson
(light yellow), QCD (light green), and the remaining non-QCD backgrounds mentioned in
Sec 3.1 (light red). The distributions for a 600 GeV gluino in the G

1

and G
3

topologies are
shown in purple and black, respectively. Note that the N

CA

and N
kT

distributions for G
3

(with 20 final state partons) are not substantially di↵erent from G
1

(with 12).

5.3. Optimizing search strategies

The simplified models introduced in Sec. 5.1 can be used to develop broad search strategies
that cover the model space. This section describes the method that was used to construct
the minimal number of signal regions necessary to cover the entire space of simplified models.
The method used was introduced in ref. [41], developed further further in ref. [42], and is
based o↵ the variable “e�cacy,” which is defined below.

In order to demonstrate the usefulness of NJ cuts, we present two separately optimized
search strategies. The first uses only MJ and /ET cuts, while the second uses NJ , MJ and
/ET cuts. Since the first set of searches is a subset of the second, the second will always do
better. The degree to which the more complex search strategy can be judged superior (if
at all) will depend on the resulting sensitivities, the number of search regions required, and
the sorts of cuts favored by the introduction of NJ .

The two search strategies are defined as

Ĉ = {(/ET min

, MJ min

)} and C = {(N
subjet min

, /E
T

min

, M
J min

)}. (25)

QCD
Misc

Diboson
V+jets
Top

MJ Distribution

4 Fat Jets, pT > 100 GeV
/ET > 150 GeVAfter
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FIG. 8: Top Left: /ET distributions for signals and backgrounds after requiring four or
more fat jets. Top Right: MJ distributions, after requiring four or more fat jets and
/ET > 150 GeV. Bottom Left: N

CA

distribution after requiring four or more fat jets,
MJ > 280 GeV and /ET > 150 GeV. Bottom Right: N

kT

distribution after requiring four or
more fat jets, MJ > 280 GeV and /ET > 150 GeV. Stacked histograms show the SM
backgrounds, which include top and single top (light brown), V + nj (light blue), diboson
(light yellow), QCD (light green), and the remaining non-QCD backgrounds mentioned in
Sec 3.1 (light red). The distributions for a 600 GeV gluino in the G

1

and G
3

topologies are
shown in purple and black, respectively. Note that the N

CA

and N
kT

distributions for G
3

(with 20 final state partons) are not substantially di↵erent from G
1

(with 12).

5.3. Optimizing search strategies

The simplified models introduced in Sec. 5.1 can be used to develop broad search strategies
that cover the model space. This section describes the method that was used to construct
the minimal number of signal regions necessary to cover the entire space of simplified models.
The method used was introduced in ref. [41], developed further further in ref. [42], and is
based o↵ the variable “e�cacy,” which is defined below.

In order to demonstrate the usefulness of NJ cuts, we present two separately optimized
search strategies. The first uses only MJ and /ET cuts, while the second uses NJ , MJ and
/ET cuts. Since the first set of searches is a subset of the second, the second will always do
better. The degree to which the more complex search strategy can be judged superior (if
at all) will depend on the resulting sensitivities, the number of search regions required, and
the sorts of cuts favored by the introduction of NJ .

The two search strategies are defined as

Ĉ = {(/ET min

, MJ min

)} and C = {(N
subjet min

, /E
T

min

, M
J min

)}. (25)

�
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NJ Distribution

4 Fat Jets, pT > 100 GeV
/ET > 150 GeVAfter & MJ > 280 GeV



Improvements of NJ vs MJ only Search

Factor of 8  
improvement in 
cross section, 

factor of 64 less 
luminosity

/ET > 125 GeV MJ � 425 GeV NJ > 14

σSM ≃ 0.07fb
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FIG. 12: 95% exclusion limits on � ⇥ B for the MJ + /ET search (dashed blue), the
MJ+/ET +N

CA

search (solid red), and the MJ+/ET +N
kT search (dash-dotted brown) for

the R-parity conserving topologies G
1

, G
2

, and G
3

(left, top to bottom) and the
corresponding RPV ones, G

5

, G
6

, and G
7

(right, top to bottom). The exclusion limits given
by the ATLAS high multiplicity search [43] (dash-dotted green) and the CMS black hole
search [44] (dashed black) as well as the NLO gluino production cross section (grey solid
line) are also shown. The systematic uncertainty on the background is assumed to be 30%.
Note that the CMS limit is rescaled by a factor of 5.

30fb-1 8 TeV

σ(g̃ g̃) NLO

A little bit of MET from 
W-decays



Variables are Great 

… but Monte Carlos can’t reproduce 
all of jet substructure

How to get backgrounds?

Particularly challenging when  
variables are correlated



QCD jets only have small correlations
Data driven background predictions possible

P3(x1, x2, x3) � P1(x1)P1(x2)P1(x3)

Measure in one sample and extrapolate
Also can use other control regions (MET/leptons/bjets)

x = mj/pT

P1: Probability of a jet with m/pT = x
P3: Probability of getting 3 jets with x1, x2, x3

Jet Factorization



Predict event-by-event acceptances
(probability an event passes cut)

Don’t need to be able to calculate MJ distribution 
from first principles

Natural “Data-Driven” approach to backgrounds

A(pT 1, pT 2, pT 3) =
�

MJ>mcut

d3x P1(x1; pT 1)P1(x2; pT 2)P1(x3; pT 3)

Can make an MJ prediction based upon the events measured

P1(x; pT ) use in multijetsMeasure  in dijets,

Differential acceptance rate as a function of the kinematic variables



The Basic Idea of Jet Templates



More Formally
k are kinematic variables x are substructure variables



More Formally
k are kinematic variables x are substructure variables



More Formally
k are kinematic variables x are substructure variables

Approximate the multivariate joint distribution function 
as independent distribution functions



MEASURING THE TEMPLATES
Getting the central value is easy  

Getting error bars is hard

Used Kernel Smoothing

Take every event and replace its properties 
with a Gaussian

�(m) =
�

i

�(m�mi)�
�

i

exp
�
� (m�mi)2

�2

�

What is σ ?



CHOOSING THE BANDWIDTH
Two separate errors arise in any procedure like this

Variance & Bias
If you choose σ too small, then there  

is a lot of statistical noise 

If you choose σ too big, then there  
the distribution systematically moves away from the true one10
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FIG. 2: This figure demonstrates how bias and variance change as the width of the kernel is varied.
The jet mass template for p

T

= 400 GeV, as derived from our full Monte Carlo sample, is plotted
in solid purple. Overlaid are templates that have been derived from 1/100 of the full MC sample,
thus demonstrating the impact of limited statistics. The width of the kernel is varied from the
optimal value c = copt [left, green], to c = 1.5 copt [middle, red], to c = 0.7 copt [right, orange]. The
error band indicates the variance, while the bias can be seen in the mismatch between the solid
curve and the dashed curves (variance and bias are defined later in this section). The lower panels
give the fractional di↵erence between the solid and dashed curves. For a description of the cuts
and simulation framework that underlie this plot see Sec. IVA and App. B.

say 1% of the total number of events in the full MC sample. Applying kernel smoothing to

the statistically limited sample reproduces the full distribution, to within errors, as we will

now show.

Take an event with N
j

jets, each with particular kinematic and substructure properties

described by the vectors ~k and ~x, respectively. For example, if we are interested in each

jet’s p
T

, mass, and N-subjettiness ratio ⌧21, then the first jet (ordered by p
T

) is described by
~k
j1 = (p

T

)
j1

and ~x
j1 = (m, (⌧21))

j1
, and similarly for the other jets. We unify ~k and ~x into

the single D-dimensional coordinate ~z, where D is the number of kinematic and substructure

variables of interest. (In the previous example, ~z would be a 3-dimensional vector.) Then,

the ith jet in event j is described by

J
ij

⇥

~z
⇤ ⌘ J

ij

h

~x,~k
i

. (6)

To build a training sample for the ith jet, we combine the ith jet from all events in the



OPTIMAL BANDWIDTH
Typically chosen by “AMISE” 

(asymptotic mean integrated square error)

Can prove lots of things about this

AMISE(�) =
�

dm
�
�0(m)� �(m;�)

�2



OPTIMAL BANDWIDTH
Typically chosen by “AMISE” 

(asymptotic mean integrated square error)

Can prove lots of things about this

AMISE(�) =
�

dm
�
�0(m)� �(m;�)

�2

But minimizing this is not the right thing to do
Variance is a Gaussian distribution

Bias is not, has non-Gaussian tails



OPTIMAL BANDWIDTH
Typically chosen by “AMISE” 

(asymptotic mean integrated square error)

Can prove lots of things about this

AMISE(�) =
�

dm
�
�0(m)� �(m;�)

�2

But minimizing this is not the right thing to do
Variance is a Gaussian distribution

Bias is not, has non-Gaussian tails

Want Variance to dominate over Bias

Want to “undersmooth” the distribution
AMISE is a relatively function of bandwidth
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FIG. 10: The results of the second validation test, which evaluates the probability coverage of
the confidence intervals corresponding to the cut e�ciencies ✏̂ and ✏̂? with xcut = 1.4 (left) and
1.8 (right). The statistics s and s? are defined in Eq. (A31). The fact that s? is approximately
Gaussian with mean zero and unit variance indicates that the corresponding confidence intervals
are sound.

The distributions for s and s? are shown in Fig. 10. Note that a robust confidence

interval should result in a statistic s (s?) that is approximately Gaussian with zero mean

and unit variance. As can be seen in the figure, bias correction significantly improves the

Gaussianity of s? (which corresponds to the bias-corrected estimate ✏̂?) as compared to s

(which corresponds to the estimate ✏̂). For xcut = 1.4 and with h = 0.1 the bias is roughly

a factor of 10 smaller than the variance, but the di↵erence between s and s? is still non-

negligible. For xcut = 1.8, h needs to be significantly smaller with h = 0.015 in order to

achieve a subdominant bias. The bias in this case is roughly a factor of two smaller than the

variance, and the bias correction results in a sizable shift from s to s?. For both cuts, bias

correction improves the probability coverage of the confidence interval for ✏̂? (especially its

centeredness) and thus justifies the error bars given for the background estimates in Sec. IV.

Finally, the performance of the estimators �̂B and �̂V is shown in Fig. 11. As is apparent,

variance estimation is much more reliable than bias estimation. The bias estimator �̂B (as

opposed to the bias estimator b̂(~z) used to define ⇢̂?(~z)) need not be very accurate because

it is only used to ensure that we are in a statistical regime where the bias is subdominant so

that confidence intervals have good probability coverage. Note that the performance of �̂B

illustrated in the figure is for the particular cut value of xcut = 1.4; the agreement between

�̂B and �B varies as a function of xcut and the apparent leftward skewness of the deviation

is atypical, although the overall level of agreement is representative.

BIAS-CORRECTED TEMPLATES
Can measure the bias and correct for it at leading order 

Distributions are Gaussian, with width 1 and centered at 0
En

se
m

bl
e 

of
 M

oc
k 

Ex
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rim
en

ts

Standard Deviations



Explicit Validation

Control Region Signal Region
Exclusive 2-Jets Events

Leading 2 Jets of 4-Jet Events

Test 2 Variables

T21
2 = �21(j1) �21(j2)MJ = m(j1) + m(j2)



Works well in Monte Carlo
< 10% systematic differences

Minimally, jets in MC have less information, 
can get more mileage with smaller MC calculations
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FIG. 5: A comparison between the template estimate and the MC for the di↵erential distributions
for MJ (with T21 < 0.3) and T21 (with MJ > 250 GeV) for the high multiplicity case study. The
MC error bands show the statistical uncertainty for the weighted event sample. The template error
bands are given by �̂V in each bin (note that the errors are correlated).

fat R = 1.0 anti-kT jets and narrow R = 0.4 jets. Several search regions are considered, each

with a combination of cuts on narrow jet quantities (multiplicity, scalar sum pT ) and fat jet

quantities (multiplicity, jet masses). In addition, a substructure requirement of ⌧32 < 0.7 is

imposed on both fat jets in order to select on the expected three-pronged structure of gluino

decays. The case study presented here mirrors the fat jet analysis, but ignores the narrow jet

selections. Note that we compute N -subjettiness using the “min-axes” algorithm, whereas

ATLAS used the “kT -axes” algorithm.

To proceed with a background estimate as outlined in the previous two sections, we must

first define a training sample from which we can construct a substructure template. As a

preselection on the MC sample, each event is required to have at least two fat jets with

pT > 320 GeV. Because the signal region consists of events with two high-mass fat jets, the

training sample is defined by requiring at least one low mass jet with mj < 140 GeV. This

ensures that signal contamination in the training sample is small. That is, for every pair of

leading and subleading fat jets (j1, j2) the three-dimensional template ⇢̂?(m, ⌧32
�

� pT ) is filled

with j2 whenever mj1 < 140 GeV. The procedure is then repeated for (j2, j1). The template

is formed using the coordinates

⇢̂? = ⇢̂?

 

� log10

✓

m

pT

◆

, ⌧32 , ln

✓

pT
320 GeV

◆

!

, (31)

as in the previous study.

Take Exclusive Dijets and apply it to leading 2 jets in 4-Jet events



Works similarly well in Search Regions

Always under-smoothed to make the calculated bias 
smaller than the expected variance dominate

19

c MJ cut [GeV] T21 cut MC Template ± �̂V ± �̂B

0.37 500 0.3 20.3 ± 2.2 19.2 ± 2.3 ± 0.6

0.52 750 0.3 0.86 ± 0.10 0.96 ± 0.19 ± 0.05

0.37 500 0.6 45.8 ± 3.5 45.2 ± 3.7 ± 1.3

0.52 750 0.6 1.67 ± 0.14 1.90 ± 0.19 ± 0.13

TABLE I: Expected number of background events for the high multiplicity case study, assuming
an integrated luminosity of 1 fb�1. The amount of smoothing used for each background estimate
is specified in the first column (in units of cAMISE). The errors for the template estimates are given
by �̂V , computed using Eq. (24). The template and MC predictions agree to within the calculated
errors. �̂B is not normally distributed and therefore cannot be simply combined with �̂V .

(but not the 3rd or 4th jets) in the kinematic sample are then dressed with the substructure

template. The result is a dressed 4-jet sample in which the leading and subleading jets are

associated with values of ⌧21 and fat jet mass m1,2.

Using the dressed sample, one can compute the fraction of dressed events passing the

cuts. We apply a preselection that mj > 20 GeV for each jet, ensuring that the results are

IR-safe [31]. Another preselection cut of pT > 250 GeV is also applied to ensure insensitivity

to the template boundary. The resulting di↵erential distributions for MJ (with T21 < 0.3)

and T21 (with MJ > 250 GeV) are shown in Fig. 5. These distributions are in excellent

agreement with the MC. Several additional cuts are summarized in Table I; the template

predictions agree with the MC to within template errors.

Note that only the first and second jets in the kinematic sample were dressed in this

case study. Empirically, we find that the template derived from the two leading jets in

the exclusive three-jet sample accurately models the two leading jets in the four-jet sample.

While the template for the third jet is qualitatively di↵erent, it does provide a good model

of the third jet in the four-jet sample, although this statement su↵ers from large statistical

uncertainties given the size of the MC sample. The di↵erence in the third-jet template is

driven in large part by the average quark/gluon content of the third jet. It is likely that by

incorporating quark and gluon information (extracted from MC) into the determination of

the templates, the procedure could be generalized to incorporate the third and even fourth

jets into the analysis. Exploring such a generalization is left for future work [17].

B. Boosted Three-Jet Resonances

The second case study is based on the ATLAS search for boosted gluinos undergoing RPV

decays to three light quarks [32]. The ATLAS analysis proceeds by clustering the event into

17

in exact detail. Instead, we study a simplified version of the event-subjettiness search in [9] in

which the substructure of only the two leading jets is considered. Despite the modification,

this example is still complex enough to constitute a real test of the template methodology.

As a preselection, each event is required to have at least Nj = 4, R = 1.0 anti-kT [30] jets

with pT > 200 GeV. Cuts are placed on observables that depend on the fat jets’ substructure

(but not on their kinematics): the sum of jet masses

MJ =
2
X

i=1

mi (28)

and the ‘event-subjettiness’

T21 =

"

2
Y

i=1

⇣

⌧21

⌘

i

#1/2

, (29)

where ⌧ij is the N -subjettiness ratio ⌧j/⌧i [28, 29]. Note that there is no impediment to

replacing event-subjettiness by one of the subjet counting observables proposed in [10],

although the discrete nature of the latter would require modifications to the kernel smoothing

procedure.

Requiring four fat jets is already extremely e�cient at reducing the Standard Model

background [8]. An exclusive three-jet sample is therefore expected to be signal-poor, making

it an ideal training sample. The two leading jets in each event are used to fill a 3-dimensional

template ⇢̂?(m, ⌧21
�

� pT ).

A good set of coordinates for the template is:

⇢̂? = ⇢̂?

 

� log10

✓

m

pT

◆

, ⌧21, ln

✓

pT
200 GeV

◆

!

. (30)

The log-transformed variables are appropriate given the logarithmic evolution of the strong

coupling constant with respect to the fat jet pT and the form of the collinear singularity

that governs the generation of mass in QCD jets.

The bandwidth is chosen to produce a small total bias, �̂B . �̂V , while keeping the error

�̂V as small as possible. Fig. 3 shows the resulting templates, while Fig. 4 compares the 3-jet

template with the 4-jet prediction for a fixed pT slice. These figures demonstrate that the

substructure variables for the two leading jets in the exclusive 3-jet and 4-jet samples are

equivalent within 10% in the high-mass region and a broad range of ⌧21. We have checked

that this holds for a wide range of pT choices.

With the template in hand, the next step is to dress a kinematic sample, i.e., the

integration step. An inclusive 4-jet cut, with each R = 1.0 anti-kT jet required to have

pT > 200 GeV, fully characterizes the kinematic sample. The leading and subleading jets



Did this have to work?
No!  A non-trivial check

For instance, Quark vs Gluon Jets

Quarks:  
Smaller Color, Less radiation

Gluons:  
Bigger Color, More radiation

2

I. Introduction

II. Quark and Gluon Dependence

One potential obstacle to our proposed procedure is the issues of jet flavor. In principle,

our distribution function ⇢ should contain additional dependence on the flavor of the jet.

This is because the quark and gluon composition of the event can lead to correlations between

the properties of the two jets; in addition, quark and glue jets evolve di↵erently under the

parton shower. A situation in which this potential problem can be avoided occurs if the jets

are nearly purely quark or gluon. In certain kinematic regimes it may be possible to purify

the sample. For instance, low pT jets are dominantly gluon jets, with only a modest quark

jet admixture, or the leading two jets at high pT are dominantly quark jets.

A. Justification for Ignoring Correlations

Consider the probability distribution function of some substructure of two jets, ⇢12(~x1, ~x2),

where 1 and 2 denotes the leading and sub-leading jet. Ignoring the ~x dependence for the

moment, we can expand

⇢12(~x1, ~x2) = cqq⇢qq(~x1, ~x2) + cqg⇢qg(~x1, ~x2) + cgq⇢gq(~x1, ~x2) + cgg⇢gg(~x1, ~x2), (1)

where the subscripts indicate the parton that initiated the jet, e.g. ⇢qg denotes the

probability distribution given that the leading jet is a quark jet and the second jet is a gluon

jet, and cp1p2 are the fractions of the sample that are composed of that specific partonic

composition and where

cqq + cqg + cgq + cgg = 1. (2)

Assuming that the properties of the jets are independent, the joint probability distributions

factorize as before such that

⇢p1p2(~x1, ~x2) = ⇢p1(~x1)⇢p2(~x2). (3)

Even assuming factorability of the quark and gluon joint distributions, the ⇢12 distribution

becomes

⇢12(~x1, ~x2) =
⇣
⇢q(~x1) ⇢g(~x1)

⌘ 
cqq cqg

cgq cgg

! 
⇢q(~x2)

⇢g(~x2)

!
(4)

3

If we use this sample to create a universal template function, ignoring the partonic

composition, the function is

⇢̃(~x) =

✓
cqq +

cqg + cgq

2

◆
⇢q(~x) +

✓
cgg +

cqg + cgq

2

◆
⇢g(~x). (5)

Using this composite to model the full distribution gives

⇢̃(~x1, ~x2) = ⇢̃(~x1)⇢̃(~x2) (6)

with

c̃qq =
�
cqq +

cqg+cgq
2

�2
c̃gg =

�
cgg +

cqg+cgq
2

�2

c̃qg = c̃gq =
�
cqq +

cqg+cgq
2

� �
cgg +

cqg+cgq
2

�
(7)

Thus, even using the ⇢̃ template inside the same sample, the quark-gluon composition will

skew the results.

There are two reasons why this is not a major issue. The first is that in many cases

⇢g(~x) ' ⇢q(~x), in which case, the quark-gluon composition is also irrelevant. Empirically,

it is di�cult to distinguish quarks from gluons, if a distribution function showed that they

were sizably di↵erent, then it would be of immense use in quark-gluon tagging. The second,

reason is that it is easy to verify that if cp1p2 is factorizable,

cp1p2 = cp1cp2 , (8)

then this approximation reproduces the exact prediction. This is because in this case ⇢12 is

a complete square:

⇢12(~x1, ~x2) = [cq⇢q(~x1) + cg⇢g(~x1)][cq⇢q(~x2) + cg⇢g(~x2)] = ⇢̃(~x1)⇢̃(~x2) (9)

and the assumption of a lack of correlation between the two jets is justified. The reason that

this approximation has some validity is that the quark gluon composition is driven heavily

by the the parton distribution functions for parton p, fp. Thus the crudest approximation

gives

cqq ⇠ fqfq cqg ⇠ cgq ⇠ fqfg cgg ⇠ fgfg. (10)

The integrating over the parton distribution functions, di↵erent Casimir couplings for quarks

versus gluons, realistic matrix elements, antiquark parton distribution functions, and quark-

antiquark production spoil this approximation. Nevertheless, this gives some hope for being

insensitive to the quark-gluon composition of jets.

To explore the deviation from factorability, the following general parameterization of cp1p2
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Full Dijet Sample is

Approximating by 



Have seen no evidence yet of correlations
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Figure 2: Fraction of X+1jet events where the jet is uds quark (bottom and blue in each plot) as
compared to gluon (top and red). The horizontal axis is a pT cut on the jet, which in these events
translates into an identical pT cut on the other object.
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Figure 3: Fraction of X+2jet events where the jets are both light quark ‘QQ’ (bottom blue) vs one
light quark one gluon ‘QG’ (middle purple) vs both gluon ‘GG’ (top red). Notice γ+GG almost never
happens, nor does b+QQ. These are starting points for quark and gluon purification. The horizontal
axis is a pT cut on all jets, while the other objects (b, γ, and leptons from Z/W ) have pT > 20GeV.
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Figure 4: Division of the multijet (dominantly QCD) sample. The horizontal axis is a pT cut on all
jets. Notice that all three jets are almost never all quark, and in the 4-jet sample, there are almost
always at least two gluons. The 3-jet sample will be a staring point for gluon purification.
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Desperately Seeking Correlations

Schwartz & Gallichio 2012

Look at samples with different compositions

Leading 2 jets similar enough in composition between 2Jets & 4Jets

Using single template on all 4 jets doesn’t work
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indicated by the vertical grey line.

we should consider two cases in comparing the two methods. In the first case, uncorrelated

variables can be found, and ABCD yields a data-driven background estimate without relying

on MC. Because the systematics associated with template methods and the ABCD method

are complementary, each provides a valuable crosscheck on the background determination.

In the second case, uncorrelated variables cannot be found, and any ABCD estimate is

strongly dependent on MC. Template-based methods, however, may still be able to provide

a data-driven estimate. This latter situation is expected to hold in many jet substructure

searches of interest, e.g., for searches involving cuts on jet mass and additional substructure

observables (because these observables are in general highly correlated).

This paper is just the start of exploring applications of the template approach. One

important area of study is how templates depend on the quark/gluon composition of jets.

The techniques in this paper can be generalized to include separate templates for quarks

and gluons, which can be viewed as a discrete input label. To explore how the templates

depend on quark/gluon content, we generated two MC samples of pure-quark and pure-

gluon dijets and created the associated templates, shown in Fig. 7. Once a 20 GeV mass

cut is imposed on each jet (dashed gray line), the quark and gluon mass distributions are

very similar. However, there is clearly information that could potentially be incorporated

into the procedure. Using separate quark/gluon templates will be a crucial step in applying

these methods to third (or higher) jets in the event, which tend to be gluon jets.

There are other directions that deserve further study. For example, exploring how the

template estimates depend on the fat jet radius, and the impact of overlapping jets and pile-

Q vs G Distributions Are Different
Have similar shapes and compositions cancel

Follow up work will use multiple templates

Apply to 3rd and 4th Jets
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Figure 2: Fraction of X+1jet events where the jet is uds quark (bottom and blue in each plot) as
compared to gluon (top and red). The horizontal axis is a pT cut on the jet, which in these events
translates into an identical pT cut on the other object.
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Figure 3: Fraction of X+2jet events where the jets are both light quark ‘QQ’ (bottom blue) vs one
light quark one gluon ‘QG’ (middle purple) vs both gluon ‘GG’ (top red). Notice γ+GG almost never
happens, nor does b+QQ. These are starting points for quark and gluon purification. The horizontal
axis is a pT cut on all jets, while the other objects (b, γ, and leptons from Z/W ) have pT > 20GeV.
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Higher Jets Saw Larger Deviations
Transition from Quark Dominated Jets to Gluon Dominated Jets

Schwartz & Gallichio 2012

Look at samples with different compositions

Could hope to regress out the different compositions



Outlook

MJ & NJ are powerful new tools to separate 
new physics from QCD

High Multiplicity Signals are Challenging 
But Powerful Signal

Learning how to have low background 
searches without MET

Novel approaches to backgrounds exist 
using Jet Factorization approximation
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Boosted Community has been great to me

Grown from the small group in 2009
to this 115 person conference in its 6th iteration


