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W 0 ! Wh ! (`⌫)(b¯b)

CMS (EXO-14-010): ATLAS (EXOT-2013-23, 1503.08089):
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Immediate Questions

How do we convince ourselves that the excess is real?

Is there some implicit cut or constraint that sculpts the mass distribution?

Do we see the excess using a broad range of substructure techniques?

How do we convince others?

Is there any signal in “clean” channels?
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Immediate Questions

How does the boosted community fit into the broader QCD community?

What precision measurements and calculations can we do?

How can what we have learned inform more general QCD issues?

What do we need to do to exhibit the power of boosted techniques?

What is a QCD killer app(s)?

What is our “wish list”?
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6 Les Houches 2013

Now known!
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Outline

Theory review of BOOST 2015

New Physics Boosted Analyses

New Methods and Algorithms

New Jet Definitions

New Calculations

New Horizons

A first boosted “wish list”

5 talks by 
students!
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New Physics
Boosted Analyses



RPV SUSY sensitivity
• Competitive with 

displaced vertex 
searches 

• Less model 
dependent 

• “Natural SUSY” 
scenario with top jets 
to be done
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Figure 16: Sensitivity of the emerging jets search for the RPV MSSM toy model, at the 14 TeV
LHC. Contours are as in Fig. 10. A common mass M

q̃

is assumed for first and second generation
right-handed up-squarks, while all other MSSM particles are assumed to be heavy.

The squarks, of course, decay promptly via gauge or Yukawa interactions: q̃ ! q�
1

.

In the following we generate events for a RPV toy model where only the right-handed up and

charm squarks and the lightest neutralino are kinematically accessible. Signal events are generated

using the MSSM implementation [93] in Pythia. The squark masses M
ũR

= M
c̃R

⌘ M
q̃

and

the neutralino lifetime c⌧
�

are varied, and the neutralino mass is taken to be m
�

= 100 GeV.

Since the squark masses are of order TeV, the neutralino will have a significant boost, such that

its decay products will be collimated. This is a challenging regime for searches which rely on

reconstructing a common displaced vertex for a dijet pair. The emerging jets search has no

problem picking up this signature, and we show our reach estimate in Fig. 16. There is sensitivity

across four orders of magnitude in neutralino lifetime c⌧
0

for squark masses as high as 1500 GeV.

Compared with the dark QCD signature, the reach in c⌧
0

is larger. The reason for this is that

there is only one displaced decay per jet, while in the dark QCD model multiple displaced decays

happen, which reduce the cut e�ciency on the signal. Similar to the dark QCD case, going to

3000 fb�1 can significantly improve the reach in the 100 mm channel, while the benefits in the

3 mm search are more moderate.

Before concluding, we would like to stress that the supersymmetric model used here was

chosen purely for phenomenological reasons. From a naturalness perspective it would be more

motivated to only have third generation squarks in the kinematic range. The resulting signature

with prompt top-jets and displaced neutralino jets would be interesting to study in the future.

7 Conclusions

The LHC and its detectors are excellent machines for exploring the physics of the TeV scale. Yet,

there are only a finite number of analyses that can be done on the data, so it is important to

29
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What is an Emerging Jet? 
3

Tracking
Volume QCD

hadrons

neutral, SM  
singlet states
(dark pions)

Possible origin:

Hidden sector with 
confining SU(N) 
gauge interactions
“dark QCD”

Bai, PS, PRD 2014
PS, Stolarksi, Weiler, JHEP 
2015

Also in “Hidden Valleys”
Strassler, Zurek, 2006,2007
Han, Strassler, Zurek, 2007

Pedro Schwaller

Jets from hidden 
sector decays to SM 

Vetoing tracks 
results in powerful 

bounds!



10 Pedro Schwaller

Jet Shape(s)
• Girth 

• Model discrimination (?) 

• Subtleties: Might loose hardest dark meson, etc…
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Figure 22: Girth distribution for signal vs. background. The background (green, dashed) in both
plots is four jet QCD events passing the kinematic cuts of Tab. 3, while the signal are model A
(left, blue, solid) and model B (right, red, solid) in the Z

d

model only requiring that jets have
p
T

> 200 GeV.

Another crucial parameter is the dark confinement scale ⇤
d

and the particle masses that are

associated with it. We have already seen in the main part of this work that within the mass

range motivated by dark matter, i.e. ⇤
d

of order 1 � 10 GeV, there is no strong dependence on

this parameter.

Some jet observables can, however, be sensitive to the mass scale. One such example is the

girth of an individual jet defined in Eq. (12). The distribution depends on the jet-clustering

algorithm. Using the same jet parameters as in the rest of this work, we plot the girth distributions

for emerging and QCD jets in Fig. 22. For the background, we use QCD 4-jet events passing the

kinematic cuts in Tab. 3, while for the signal, we get a pure sample of emerging jets by using the

Z
d

model and only requiring that each jet has p
T

> 200 GeV.

For model B, the girth distribution looks roughly like that of QCD, but for model A the

di↵erence substantial. The main reason for this is because of our detector mockup described

in App. A.3. Dark mesons which decay beyond the calorimeters are not counted towards the

energy of jets. These calorimeter jets exclude the longest lived mesons, particularly in model A

where the proper lifetime is 150 mm (this is a small e↵ect in model B where c⌧ = 5 mm). The

dark pions that live the longest are the ones that carry the most energy, so energetic core in

of the jet will be modified in a significant way, changing the jet shapes. Without our detector

simulation, the girth in model A looks much more like model B and QCD. Therefore, in order

to keep the range of validity of our search as broad as possible, we suggest not to introduce

additional discriminants based on jet observables. While they could increase the sensitivity to a

particular scenario, they might induce additional model dependence at the same time.

Motivated by QCD we have considered a particle spectrum where the dark pions ⇡
d

are

parametrically lighter than other dark mesons. Instead if their masses where similar to the other

dark mesons, the overall multiplicity of dark mesons would be reduced by at most a factor of

about two, since the decay of heavier dark mesons to dark pions would no longer be kinematically

allowed. In this scenario, however, the baryon fraction may be increased because there is no

39
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A Collider Simulation

A.1 Signal Events

In the context of Hidden Valley model phenomenology [38], a dark QCD sector with SU(N
d

)

gauge symmetry was implemented [58,59] in the event generator Pythia [51]. The model contains

n
f

dark quarks in the fundamental representation of SU(N
d

) and scalar mediators of the type

X
d

as well as the possibility to couple the dark quarks to a Z
d

boson. Furthermore the model

implements a parton shower and fragmentation in the dark sector, with some simplifications.

The string fragmentation produces only dark mesons which are either scalar (dark pion) or vector

resonances (dark rho), but no dark baryons. This is a good approximation for large N
d

theories,

but probably represents an O(10%) error for N
d

= 3 with a QCD-like spectrum as considered in

this work. Gluon splittings into dark quark pairs are also absent.

More importantly, the dark sector gauge coupling is not running but instead implemented

as a fixed parameter, and the equivalent of the confinement scale is mimicked by introducing

explicit dark quark masses. In general, we expect that when the coupling is fixed, for large

couplings events will look more spherical than in QCD-like theories, while for smaller couplings

fewer particles will be produced. We can quantify this by looking at two di↵erent observables.

The first is an event variable we call orphan p
T

, which is obtained by clustering the event into

jets and then summing the p
T

of particles which are not clustered into hard jets with p
T

> 200

GeV. The second variable is for individual jets and is called girth [97], defined as

girth =
1

pjet
T

X

i

pi
T

�R
i

, (12)

where the sum is over all constituents of the jet and �R is the distance in ⌘ � � space of a

constituent away from the jet axis. In Fig. 17 we compare Pythia with a fixed gauge coupling

of 0.7 to our modification with gauge coupling running included.11 We look at events produced

through a Z
d

so that all jets are emerging, and we see that without running, there is a lot more

orphan energy and that the jets themselves tend to be broader, consistent with having events

with energy spread all over the detector.

We therefore extend the Pythia implementation to allow running of ↵
d

from ⇤
d

to higher

scales, according to the one loop beta function with N
d

dark colors and n
f

dark flavors. As far

as the phenomenology is concerned, this mainly a↵ects the dark parton shower. It is easiest to

imagine the final state parton shower12 as a series of parton branchings a ! bc at scales Q2. The

11The fixed coupling of 0.7 was chosen since it most accurately reproduces the event hadron multiplicity of the
case with running.

12We closely follow Sec. 10 of the Pythia 6.4 manual [98].

32

Robust prediction: singularity structure of emerging jets 
is different from QCD!



11 Jamie Gainer

Debnath, JSG, 
Matchev, 2014

“Discovery and Study of Resonances Decaying to Boosted Vector Bosons”     J. Gainer     BOOST 2015      Tuesday August 11, 2015

“Increasing RS Graviton Discovery Sensitivity with the MEM in 4l Final States”     J. Gainer     BOOST 2015      Tuesday August 11, 2015

“Ranking and Flattening for Model-Independent Discoveries”     J. Gainer     BOOST 2015      Tuesday August 11, 2015

• Potential approach to finding new physics in a  
model-independent way 
and displaying the results: 
 

“Flatten” (take the cdf) of a powerful variable,  
then look for deviations from flatness in the data. 

• New physics shows up as excesses or deficits.

Model-Independent Searches

Extension of MEM to isolate deviations from background
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“Discovery and Study of Resonances Decaying to Boosted Vector Bosons”     J. Gainer     BOOST 2015      Tuesday August 11, 2015

Preliminary Results

“Increasing RS Graviton Discovery Sensitivity with the MEM in 4l Final States”     J. Gainer     BOOST 2015      Tuesday August 11, 2015

Signal is narrow 2 TeV RS Graviton

Identification of dominant signal/background discriminants!



The Old Guitarist, Pablo Picasso13

New Methods
and Algorithms
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(Crazy) New idea…

Use image/pattern recognition technology 
to classify “splash patterns”.

Treat a jet as a “splash pattern” or image.

=
jet “splash patterns” contain all  

of calo. information.

Using neural networks to extract “all 
information” from calorimeter hits in jet

Mihailo Backovic

Two possible conclusions:

1) Using a NN leads to better 
discrimination power

2) N-subjettiness contains 
almost all of the useful 

discrimination information!

*Very* IRC unsafe; what do we learn from 
an NN?  Possible to calibrate/validate?
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*Old* HEPTopTagger Algorithm

Torben Schell

HEPTopTagger

HEPTopTagger – Algorithm
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tt̄

W + jets

QCD

0
fat jet: C/A R = 1.5, pT > 200 GeV

1
hard substructures:
mass drop fdrop = 0.8, mi < msub = 30 GeV

2
filtering:
filter triplets of hard substructures ! 3 jets (j1, j2, j3)
150 GeV < m123 < 200 GeV

3
mass plane cuts:
0.85mW

mt
<

mij

m123
< 1.15mW

mt

m23 ⇡ mW : 0.2 < arctan m13
m12

< 1.3; else m23
m123

> 0.35

4
triplet selection: choose triplet closest to mt

5
consistency: p(tag)

T > 200 GeV

T. Schell (U Heidelberg) Boost 2015 3 / 12
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*New* HEPTopTagger Algorithm

Torben Schell

HTT Resonance Reconstruction

Qjets

[Ellis, Hornig, Roy, Krohn, Schwartz]

deterministic clustering ! set of weighted histories

each possible merging (ij) gets a weight

!(↵)
ij = exp

 
�↵

dij � dmin
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ij

!
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filtered fat jets (3)
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Qjets (11, 0.1x0.1 cells)

 = 13 TeVs

use leading tagged Qjets history + statistical information from tagged histories

{ mtt ,m↵, pT ,t1 , pT ,t2 , pT ,f1 , pT ,f2 ,m
min
rec ,mmax

rec , f max
rec ,Ropt�R (calc)

opt , {⌧N}, "min
Qjets, {mQjets

rec } }

T. Schell (U Heidelberg) Boost 2015 10 / 12

Still HEPTT?  Or just ~20 parameter MVA?  
Dangerously overtrained?

Need to add Seattle 
and Boston to H, E, P?



17 Yang-Ting Chien

Telescoping Jets

Telescoping X setup

• Samples
• W: 1 and 2 TeV W′ → WZ, anti-kT R0 = 1.0
• t: 1 and 2 TeV Z′ → t t̄, anti-kT R0 = 1.0
• 300 GeV < pT < 500 GeV and 800 GeV < pT < 1000 GeV, |η| < 1.2
• For W, 70 GeV < mtrim < 90 GeV with Rfilt = 0.3 and fcut = 0.05

• T- specifics
• 20 values in the parameter ranges below
• T-pruning

• zcut = 0.1, 0.1 < Rcut factor < 2.0 (2m/pt)

• T-trimming
• Rfilt = 0.1 or 0.2, 0.0 < fcut < 0.1

• T-reclustering
• anti-kt, 0.05 or 0.1 < Rsub < 0.6

• T-subjet
• tau2 axes, 0.05 or 0.1 < Rsub < 0.6

• T-subjettiness
• onepass kt axes, 1.0 < beta < 3.0

Y.-T. Chien Telescoping Jet Substructure 11 / 20

Telescoping Jets

300 GeV < pT < 500 GeV, truth particles, ROC curves

0 0.2 0.4 0.6 0.8 10

0.2

0.4
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0.8
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Q-jet Volatility
tau 21
T-pruning Volatility
T-trimming Volatility
T-reclustering Volatility
T-subjet Volatility
T-tau 2 Volatility

ROC curve

Y.-T. Chien Telescoping Jet Substructure 13 / 20

An MVA for observable parameters

Relatively small improvement;
how much information is gained?

Is it constructive?  Can better 
observables be found?



Un dimanche après-midi à l'Île de la Grande Jatte, Georges Seurat18

New Jet Definitions



19 TJ Wilkason

Basics of N-jettiness
General definition of N-jettiness:
[Stewart, Tackmann, Waalewijn, 1004.2489]; see also [Brandt, Dahmen, 1979]

T̃N = ∑
i

min {ρjet(pi, n1), . . . , ρjet(pi, nN), ρbeam(pi)}

TN = min
n1,n2,...,nN

T̃N

Jet 1

Jet 2

Jet 3

Beam

! TN partitioning: N jets +
beam (unclustered) region

! Quality measure of particle
alignment along N axes

! Minimization of TN defines
exclusive jet algorithm

6 / 24

Comparison to Anti-kT: General Considerations

Anti-kT:

! Conical, subject to
“nibbling”

! Variable # of jets (inclusive)

! Merges adjacent jets

XCone:

! Conical, except for
overlapping

! Fixed # of jets (exclusive)

! Splits adjacent jets

For well-separated jets, 2 hardest anti-kT ≈ XCone N = 2

15 / 24

New, exclusive* cone jet algorithm

Similar behavior to anti-kT in resolved regime

Can resolve very small angle structure with 
fixed jet radius

*Exclusive = N jets + anything
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Boosted Top Reconstruction
Classic example of jet substructure

pp → t̄ t

bW

qq̄′

=⇒

Most Obvious: N = 6 + kinematic grouping

19 / 24

Boosted Top Reconstruction Efficiency

Cutting tight on mass gives strong signal efficiency and significance

 (GeV)
T, min

p
200 300 400 500 600 700

Si
gn

al
 E

ff
ic

ie
nc

y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
 = 2β
 = 1β

 (Bst)Tak
 (Res)Tak

R = 0.5
 [150,200] GeV∈m 

 > 50 GeVW+ m

3×Top Efficiency for N = 2

 (GeV)
T, min

p
200 300 400 500 600 700

B
ac

kg
ro

un
d 

M
is

ta
g

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
 = 2β
 = 1β

 (Bst)Tak
 (Res)Tak

R = 0.5
 [150,200] GeV∈m 

 > 50 GeVW+ m

3×QCD Mistag for N = 2

 (GeV)
T,min

p
200 300 400 500 600 700

 Im
pr

ov
em

en
t

B
S/

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
 = 2β
 = 1β

 (Bst)Tak
 (Res)Tak

R = 0.5
 [150,200] GeV∈m 

 > 50 GeVW+ m

3×Signal Significance for N = 2

! Higher significance than traditional strategies across all pT!

! Further gains possible with additional discrimination methods

22 / 24

Produces irregular sized/shaped jets.  Easy* to calibrate/validate?

How does this compare to standard fat jet 
substructure analyses?

*Easy = just like anti-kT
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Introduction

What is a quark jet?

J Thaler & co., Les Houches 2015

C Pollard QCD-aware BOOST2015 2015 08 13 2 / 16

The QCD-aware algorithm

The QCD-aware algorithm

Here’s what we came up with and tried. . .

1. Cluster the event final partons into jets (“parton jets”) with two
additions to the usual algorithms:

I only allow clustering steps that follow 1 ! 2 QCD or QED Feynman
rules;

I track the flavor of each pseudo-jet based on the Feynman rule used to
create it.

2. For each particle jet in the event, label it with the flavor of the
corresponding parton jet.

The parton clustering is fairly simple to realize for the kt family of
clustering algorithms: set dij ! 1 for disallowed recombinations.

It’s also similar to the “bland” flavor algorithm outlined in
hep-ph/0601139 (Banfi, Salam, Zanderighi).

C Pollard QCD-aware BOOST2015 2015 08 13 4 / 16

New flavor jet algorithm

Can “quark”-ness and “gluon”-ness be made 
well-defined at the jet clustering level?



Labeling “performance”

Comparison across generators and jet definitions

C Pollard QCD-aware BOOST2015 2015 08 13 11 / 16

22 Chris Pollard

See some differences in Monte 
Carlo.  From parton shower?  

From hadronization? From MPI?  
No clear picture.

Fixed-order calculations in e+e- collisions might help 
understand source of differences and provide “truth”

Labeling “performance”

Generator dependence: inclusive jets

gluon labeled jets

Pythia 8
Herwig++
Sherpa

-1 -0.5 0 0.5 1
pT resolution

ar
bi

tr
ar

y

Pythia 8
Herwig++
Sherpa

-1 -0.5 0 0.5 1
pT resolution

ar
bi

tr
ar

y

charm-quark labeled jets

light-quark labeled jets

Pythia 8
Herwig++
Sherpa

-1 -0.5 0 0.5 1
pT resolution

ar
bi

tr
ar

y

Pythia 8
Herwig++
Sherpa

-1 -0.5 0 0.5 1
pT resolution

ar
bi

tr
ar

y

bottom-quark labeled jets

C Pollard QCD-aware BOOST2015 2015 08 13 8 / 16



23 Self Portrait, Vincent van Gogh

New Calculations



Trimming - Initial State Radiation
I The result obtained has two distinct regimes. For fcut >
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24 Andrzej Siodmok

Trimming - Lowest order results

LO results:

Analytical
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Applying “Back to basics” 
to signal jets

Predicts shape of efficiency curves
(if not normalization)
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Optimal values - mMDT
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I Herwig parton level agrees with analytics (both the
peak positions and the evolution of opt. ycut with pT).

I hadronisation and UE do not change the picture
significantly

I peaks are broad ) slightly non-optimal ycut is still ok.
I good degree of overlap within tolerance band between

full MC and analytical estimates.

Andrzej Siodmok

First principles predictions for optimal grooming parameters

Impressive agreement 
with Monte Carlo!

How far can this be extended?
Foundation of precision boosted calculations?

Or, only for understanding Monte Carlo?
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Jet radius effects can be large; require 
resummation for perturbative control

How relevant are small-R e�ects?

Energy loss has big e�ect on jet spectrum.

R correction to jet spectrum

0.4 O( � 25%)
0.2 O( � 50%)

“In the small R limit, new clustering logarithms [of R . . . ] arise at each order

and cannot currently be resummed.”

— Tackmann, Walsh & Zuberi (arXiv:1206.4312)

We aim to resum all leading logarithmic (↵
s

ln R)n terms in the limit
of small R for a wide variety of observables.

Frédéric Dreyer 4/22

Quark evolution equation

Evolution equation for the quark generating functional can be rewritten as a
di�erential equation.

Blobs
represent the

generating
functionals at

a scale t.

A similar equation can be obtained for the gluon evolution.
These equations allow us to resum observables to all orders numerically.
They e�ectively exploit angular ordering.

Frédéric Dreyer 7/22

Developed generating functional 
formalism for LL resummation



Comparison to data: ATLAS with R ⇤ 0.4

Small-R resummation shifts the spectrum by 5 � 10%, and changes the
scale dependence of the NLO prediction.
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Comparison to data: ALICE with R ⇤ 0.2

Small-R resummation somewhat improves agreement with Alice R ⇤ 0.2
data, and reduces the scale dependence of the NLO prediction.
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27 Frédéric Dreyer

Resummation appears to reduce scale 
dependence in other cases

Understanding?  Are perturbative 
uncertainties accurately represented?
Higher-order resummation required?

Some confusion; resummation appears 
to increase scale dependence in some 

cases



Subjet mass constraints on boosted jets

Results for QCD background

Before we start...

N-subjettiness

I For ⌧2: three possible partitions of p0 and emissions p1,p2.

I Depends on choice of axis:
optimal ⌧2 ⇡ z2✓22 up to our accuracy

excl. gen-kp=1/2
t ⌧2 ⇡ z2✓22 simpler than optimal

excl. kt ⌧2 ⇡ z2✓22 if z2✓2<z1✓1 not in this talk
⇡ z1✓21 if z2✓2>z1✓1

Mass drop

I IR safety relies on recursive C/A declustering.

I Solution: combine non-recursive version with gen-kp=1/2
t

declustering.

9 / 22
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Subjet mass constraints on boosted jets

Structure of the results

Structure of the results
I The second most massive emission p2 sets the value of v .
I For a jet of a given mass + a cut in the shape vcut :

⇢

�

d�

d⇢

����
<v

=

Z 1

⇢
dz1P(z1)

↵s(z1⇢p2tR
2)

2⇡

⇥e

�Rplain(⇢)�Rv (⇢,z1)

Rv (⇢, z1) =

Z 1

0

d✓22
✓22

Z 1

0

dz2Pi (z2)
↵s(z22✓

2
2p

2
tR

2)

2⇡

⇥⇥(v(⇢, z1, z2, ✓2) > vcut)⇥(z2✓
2
2 < ⇢)

+

Z 1

0

d✓212
✓212

Z 1

0

dz2Pg (z2)
↵s(z1⇢z22✓

2
12p

2
tR

2)

2⇡

⇥⇥(v sec(⇢, z1, z2, ✓12) > vcut)

Now all we need is to find v(⇢, z1, z2, ✓2).
8 / 22

Leading-logarithmic calculations 
of 2-prong jet discriminants

Provides powerful, quantitative 
insight into jet observables and 

Monte Carlos

Sub-jet axes for N-subjettiness 
are subtle



Subjet mass constraints on boosted jets

Discussion

ROC curves

I E�ciency for the QCD background "B vs. signal "S .
I

C2 is the most e�cient due to large-angle constraints, and ⌧21
more e�cient than µ2 (more delicate call).

 0.001

 0.01

 0.1

 1

 0  0.2  0.4  0.6  0.8  1

L�=5.25

dashed: FSR
solid: full

� B

�S

Pythia8, with SoftDrop(�=2,zc=0.1)
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I Soft drop reduces NP e↵ects but decreases e�ciency.
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Can be misleading; small L 
region is poorly described

Observables are still in 
resummation regime there

Subjet mass constraints on boosted jets

Results for QCD background

Comparison with Monte-Carlo

Parton-shower Monte-Carlo
I Compare results with Monte-Carlo event generators like

Pythia. Below we have the Lv distribution.
[Dashed line is LL only, solid line includes some NLL corrections]
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I Di↵erence between shapes qualitatively reproduced (but
Pythia has a more ”peaked”distribution).

I Including global NLL corrections improves the agreement.
14 / 22

Log plots for comparison to 
fixed-order divergences

Hadronization corrections should be able to be 
included from first principles
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Analytic Boosted Boson Discrimination
• Analytic predictions for both signal and background allows for
analytic boosted boson discrimination.
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Ian Moult

Presented factorization theorem 
for 2-prong discriminants

Any insight into groomed observables?

Approach to Calculation

Experiment
• Measure collection of IRC safe
observables: ⌧ (�)

1 , e(�)2 , · · ·
• Impose cuts on observables to
classify di↵erent jet structures.

• Events in each classification
separately treated.

Calculation
• Calculate collection of IRC safe
observables: ⌧ (�)

1 , e(�)2 , · · ·
• Parametric relations between
observables define classification.

• E↵ective field theory description
of jets in each classification used
for calculation.EFTs for 2-prong Substructure:

jet axis

R

Soft Haze

jet axis

R

Collinear Subjets

jet axis

R

n̂sj
Soft Subjet

Boost 2015 July 21, 2015 5 / 24



31 Jesse Thaler

Jesse Thaler — Probing the Core of QCD 8

Groomed angular-ordered tree… …gives splitting function?

zg

1–zg
θg

⇒

zg
IR Safe!
C Unsafe

[Larkoski, Marzani, Soyez, JDT, 1402.2657]!
[see also Butterworth, Davison, Rubin, Salam, 0802.2470; Dasgupta, Fregoso, Marzani, Salam, 1307.0007]  

energy!
threshold

angular 
exponent

z > zcut ✓
�

Soft Drop (β = 0, aka mMDT)

Z
d✓

✓
dz P (z)

z
1–z θ

Measure Universal Singularity?

Measurement of the QCD splitting 
function from CMS Open Data

Other than novelty, is there a 
“killer app” for this?

Jesse Thaler — Probing the Core of QCD 24

Open Data Analysis
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zg

0

2
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1

�

d�

dzg

CMS 2010 Open Data
Theory (MLL)
Pythia 8.205
Herwig++ 2.6.3

Anti–kt: R = 0.5; pT > 150 GeV

Soft Drop: � = 0; zcut = 0.1

0.0 0.1 0.2 0.3 0.4 0.5 0.6
zg

0.6
0.8
1.0
1.2
1.4

Ratio
to

Data

Prelim. (20%)

As nature!
intended:

pT > 150 GeV!
zcut = 0.1

[Thanks to Sal Rappoccio, Aashish Tripathee, Wei Xue]

CMS Open Data:!
Jet Primary Data Set!
with Particle Flow !
Candidates

Statistical uncertainties only,!
no unfolding, 58021 events!
!
Using single jet triggers!
with ≈100% efficiency,!
AK5 jet energy corrections!
with area subtraction,!
no PFC corrections!
!
AOD → MOD format!
(MIT Open Data project)!
!
More plots in backup slides
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14

Simple Picture of Non-Global Effects

In-jet region Out-of-jet region

R
mJ ≠ 0

2 Emissions

Non-global “non-Abelian” contribution

28

Rethinking Non-Global Effects

R
mJ ≠ 0

27

Rethinking Non-Global Effects

R
mJ ≠ 0

28

Rethinking Non-Global Effects

21

Rethinking Non-Global Effects

R

+ +

=

+ …

29

Rethinking Non-Global Effects

R
mJ ≠ 0

⌧4 ⌧ ⌧3 ⇠ ⌧2 ⇠ ⌧1⌧2 ⌧ ⌧1 ⌧3 ⌧ ⌧2 ⇠ ⌧1

“Dressed Gluon Approximation”

Rigorous definition in terms of all-orders factorization theorems

Jet substructure-based insights into 
non-global logarithms

How is this related to the traditional 
logarithmic counting?

What is the expansion parameter and 
how does it formally scale?



33 Nymphéas, Claude Monet

New Horizons
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Requirements for a hadronic calorimeter at a 100 TeV collider.  S.Chekanov (ANL)

Finer HCAL cells.  Boosted top quarks vs  QCD dijets

 0.1 → 0.05 cell size reduction improves QCD background rejection 

 0.05 → 0.025 cell size reduction shows smaller improvement

 Same conclusion for smaller cell size

Delphes+HepSim Delphes+HepSim

τ
21 τ

32 

8

Requirements for a hadronic calorimeter at a 100 TeV collider.  S.Chekanov (ANL)

Estimating HCAL depth

C.Helsens,C.Solans
Leading particles in high-pT jets http://lss.fnal.gov/conf/C860623/p355.pdf

SSC studies 

pT(jet)>30 TeV:   ~10% will be carried by 1 TeV hadrons (~9 hadrons/jet)

12 λ is needed to contain 98% of energy of a 1 TeV hadron

Agrees with SSC estimates

FCC
FCCLHC LHC

34 Sergei Chekanov

What happens with the 
mass resolution?

What happens with realistic 
pile-up (and grooming)?

Need deep calorimeter to 
capture hadronic radiation 

at a future collider

Old lessons from SSC?

Improved angular resolution, 
improved discrimination
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Finite resolution

11

� Smaller scales cannot be resolved in the hadronic cal. (HCAL)!

(typical lengths, in ATLAS , CMS & future cal [CALICE] being 20–30 cm)

� For any given detector exists minimal angular scale:

2

sion are very energetic. For example, for W jets with
pT near 3 (10) TeV, the three leading long-lived hadrons
carry on average energies of 1200 (2700), 700 (1500), 490
(1100) GeV, and the three leading neutral ones carry 600
(1330), 210 (470), 80 (190) GeV [10]. Similar numbers
are obtained for QCD jets. For hadrons in this range
of hundreds of GeV, the dependence on the energy and
species is rather mild [7, 11, 12]. The 95% longitudinal
containment of hadronic shower cascades, L95%, which is
the average calorimeter depth within which 95% of the
hadronic cascade energy will be deposited, is described
in terms of the nuclear interaction length, �A, as [7]

L95% ⇡ (6.2 + 0.8 ln(E/100 GeV))�A . (1)

The 95% lateral containment for hadronic cascades, d95%,
can also be expressed in terms of �A [7],

d95% ⇡ �A . (2)

Smaller interaction lengths are obtained for ma-
terials with larger atomic weights, with �A ⇡
10, 11, 15, 17, 17, 40 cm for tungsten, uranium, copper,
iron, lead, and aluminum respectively, while scintillator
materials typically have larger interactions lengths. Ef-
fective interaction lengths of HCALs (composed of scintil-
lator and stopping material) thus cannot be shorter than
⇠ 10 cm, with typical e↵ective interaction lengths, e.g. in
ATLAS and CMS, and the prototype future calorimeter
CALICE [12], being 20–30 cm.

One can then define a minimal scale,

dhad ⇡ d95% , (3)

below which the perturbative jet information becomes
increasingly unresolvable in the HCAL due to overlap
between the hadronic showers (see, e.g., Ref. [13]). Thus,
for any HCAL at a radial distance rHCAL from the beam
axis, one can define a typical minimal opening angle ✓had
below which jet substructure will be washed out,

✓had ⇡ dhad
rHCAL

⇡ 0.1⇥ �HCAL

20 cm
⇥ 2m

rHCAL
. (4)

While it seems very challenging to improve upon �HCAL,
it is in principle possible to decrease ✓had by increasing
the radial distance, rHCAL. A typical opening angle of a
boosted t or W jet is ✓t,W = 2mt,W /pT . Thus, assuming
�HCAL = 20 cm, to resolve the substructure of a 3 (10)
TeV jet the HCAL needs to be at a distance of at least
rHCAL ⇡ 2, 4 (6, 12) meters from the beam pipe. Note
that it means that superboosted jets might become rel-
evant already at the LHC, since the active inner radius
of the HCAL is 2.3 meters for ATLAS and 1.8 meters
for CMS. The HCAL shower size may or may not be the
most important limitation, since an angular size of about
0.1 describes also the granularity of the ATLAS and CMS
HCALs. However, future colliders are expected to have
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FIG. 1. Energy fractions carried by long-lived neutral hadrons
in boosted W jets (solid blue) and QCD jets (dashed red) for
pT = 3 TeV (left) and 10 TeV (right).

much better HCAL granularities (see, e.g., Ref. [11]), so
the HCAL shower size will become the leading obsta-
cle. While scaling up the detectors would eliminate the
problem, this would be very costly, not only due to the
increased HCAL volume but also due to the increased
volume of the magnetic field for the muon detector. This
will likely make such a solution unrealistic.

Limitations of neutralless jet substructure
variables.—The results obtained above lead to the con-
clusion that in the future the energy frontier will almost
unavoidably have to deal with jets in the superboosted
regime. In this regime, jet substructure analyses would
have to rely solely on information obtained by the tracker
and the electromagnetic calorimeter (ECAL). Tracker or
tracker+ECAL based jet substructure methods have al-
ready been explored in the literature in the context of
boosted tops [14–16] and W ’s and Z’s [16]. Here we take
a somewhat orthogonal path and attempt to characterize
the unavoidable fluctuations that arise in (practically all)
jet substructure variables due to the spatially unresolv-
able energy depositions of the neutral hadrons.

In Fig. 1, we show the fraction of energy carried by
neutrons, KL’s, as well as all other neutral hadrons that
due to a large boost happen to decay farther than 2 m
from the beam axis, for boosted W and QCD jets with
pT = 3 and 10 TeV. These results are based on a simu-
lation of WW and QCD events in 100 TeV pp collisions
using Pythia 8.205 [10] (with the default settings) in-
terfaced with FastJet [17]. Here and in the following,
we use as our defaults anti-kT jets [18] with cone size
R = 3mW /pT = 0.08 (0.024). Smaller cones would fre-
quently fail to capture the W decay products [19], while
larger cones would increase the QCD background at mW

since the average mass of a QCD jet is hmJi ⇠ ↵s pTR,
with the peak of the mJ distribution (the Sudakov peak)
being somewhat lower. Below, we shall discuss additional
impacts of using larger cones. The mean, hfN i, and stan-
dard deviation, �fN , of the energy fraction taken by the
neutrals in the 3 (10) TeV boosted W and QCD jets are

(muon-cal+magnets => hard to imagine rHCAL  > 1-2 meters)

Irreducible angular resolution with 
traditional calorimetry?

No resolution improvement with 
3D shower information?

Jet mass error due to subjet fluctuations

17

� Understand analytically, first focus on blue curves for signal: 4
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FIG. 2. Jet mass based on the two leading subjets: m
12

(truth value, required to be 75 ± 5 GeV, thin black), m
12,N/

(without the neutrals, dotted green) and m
12,corr (corrected,

thick blue) for boosted W jets (left) and QCD jets (right)
with jet pT = 10 TeV, for cone sizes R = 3mW /pT (top row)
and R = 15mW /pT (bottom row). In all cases R

subjet

=
(3/4)mW /pT .

are still controlled by the two-prong limit, there should
not be much of an e↵ect. However, for the QCD jets,
which are now a↵ected by a large number of emissions,
we expect the correlation with the two-prong variable, z,
to be rather weak. The two leading subjets in 3 (10) TeV
QCD jets carry more than 75% of the jet energy in only
80% (84%) of the cases. Figures 2 (bottom row) and 3
(right) confirm this expectation.

The only other jet-substructure variable that is inde-
pendent of the mass, for two-prong kinematics, is z itself.
To leading order, after fixing the mass, W jets have a flat
z distribution while for QCD jets it is proportional to 1/z
for small z’s [21]. It is therefore possible to apply a lower
cut on z to enhance the signal over the corresponding
QCD background [26], or alternatively apply an upper
cut on z to obtain a background-enriched sample to study
massive QCD jets or have a control region. However, the
impact of the lost neutrals on the signal and background
e�ciencies is quite minor as the z distributions of both
the signal and background are pretty broad to start with.
This is also being reflected by the fact that cutting on z
is not particularly useful for rejecting the background.

Zero-cone-size, longitudinal jet information.—
Future HCALs are envisioned to have an improved granu-
larity not only in the transverse but also in the longitudi-
nal direction (see, e.g., Ref. [11]), allowing to measure the
longitudinal energy deposition profile. In principle, the
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FIG. 3. Standard deviation of the relative o↵set in the
corrected jet mass (for jets with truth mass in the range
75 ± 5 GeV) as a function of z, for boosted W jets (thin
blue) and QCD jets (thick red) with jet pT = 3 TeV (solid)
and 10 TeV (dotted). On the left we use jets with cone size
R = 3mW /pT , while on the right we use large cones (the Su-
dakov peak case). In both cases R

subjet

= (3/4)mW /pT . The
mean o↵set (not shown) is much smaller than the standard
deviation.

profile is sensitive to the energy depositions of individual
hadrons. Separation between them is slightly aided by
the fact that the shower starts at a random depth for each
hadron. The relevant so-called pion interaction length is
comparable to �A [11]. Remarkably, the longitudinal in-
formation is available even if the hadrons are completely
collinear, when the conventional jet substructure vari-
ables, all of which depend on transverse separation, are
powerless.

In practice, extracting individual contributions from a
measured profile may be challenging, as there will still be
a significant degree of shower overlap, the shower shapes
vary significantly event-by-event [9, 27], and the granu-
larity will still be a limiting factor. We will not analyze
this in detail, but discuss how information obtained in
this way can potentially be useful.

If each hard parton produced one hard hadron and a
few softer ones, the longitudinal profile of a boosted W
jet, for example, would typically contain two relatively
large humps, while a QCD jet would lead to a single and
more energetic one. That would likely be easy to see. In
practice, each high-pT parton produces several compara-
bly energetic hadrons, so the picture is more complicated,
but one might still hope that some information about the
underlying partonic structure remains. One could imag-
ine variables such as the pT fraction carried by the leading
hadron, or the number of hadrons one needs to sum to
account for a certain fraction of the jet pT . If one of the
hadrons is a ⇡0(! ��) and thus deposits all of its energy
in the ECAL, it can be accounted for in a trivial way and
only make the interpretation of the HCAL profile easier.

One might hope that the availability of the longitudi-
nal profile makes the loss of transverse information less
severe of an issue. However, we find that the longitudinal
information, even at the truth level (i.e., before simulat-

jet mass (truth mass = 75 ± 5 GeV), jet pT = 3 TeV (solid) , 10 TeV (dotted).

Bressler, Flacke, Kats, Lee & GP (15)

R = 3mW /pT R = 9mW /pT

3

(in %)

hfW,QCD
N i = 16, 15 (17, 15) , �fW,QCD

N = 15, 13 (15, 13) .
(5)

It implies that tracker+ECAL based jets capture roughly
85% ± 15% of the actual jet energy. For subjets, ob-
tained by reclustering the jet constituents using the anti-
kT algorithm with cone size Rsubjet = (3/4)mW /pT , the
means are similar to that of the whole jet, while the fluc-
tuations are larger — by factors of 1.3–1.4 for each of the
two leading subjets. We note in passing that the neutral
fraction depends on the flavor composition of the boosted
jet partonic origin. This can potentially be used as a dis-
criminator in certain situations. For hadronic W , t and
h ! bb̄ 10 TeV jets, we find

hfW!cs̄, W!ud̄
N i = 21, 14, �fW!cs̄, W!ud̄

N = 16, 14,

hf t!bcs̄, t!bud̄
N i = 18, 14, �f t!bcs̄, t!bud̄

N = 12, 11,

hf h!bb̄
N i = 17, �f h!bb̄

N = 13 . (6)

As is well known, one can apply a global rescaling to
correct for the missing neutral component based on the
total jet energy, EJ , measured in the HCAL. For recent
discussions in the context of boosted jets, see [14, 15].
Jet energy resolution, which for instance in CMS is given
roughly by �(EJ)/EJ ⇡ 1.0/

p
EJ/GeV � 0.05 [20], is

only a minor limitation, since already for EJ & 50 GeV
the associated fluctuations are below 15%. Now we would
like to argue that such a global correction does not com-
pensate for fluctuations in jet substructure variables.
The reason is very simple: jet substructure, by defini-
tion, characterizes some kinematic properties of the jet’s
perturbative constituents, the subjets. However, each
subjet is subject to an independent fluctuation in the
neutral fraction. A global correction cannot cancel the
fluctuations of the individual subjets, f i
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Let us consider, for example, the jet mass, which is

among the simplest possible jet substructure variables.
We will show that applying a global correction to the
jet does not reduce the fluctuations. The jet mass for
boosted 2-body hadronic decays of W/Z/h (signal) is
dominated by just the two-prong kinematics, making it
simple to describe. For QCD jets, the mass distribution
depends on the jet cone size. We shall consider two cases
in the context of QCD jets as background for W jets,
for a fixed jet pT : (i) the W mass falls in the tail re-
gion of the QCD jet mass distribution, away from the
Sudakov peak, such that the two-prong approximation
roughly holds (see, for instance, Refs. [21–23]) and (ii)
the W mass is near or below the Sudakov peak, where
the QCD jet mass is partially driven by resummation of
multiple emissions (see, e.g., Refs. [24, 25] and references
therein).
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Note that the size of the fluctuations is z dependent. It is
interesting to see that both signal and background events
might benefit from cutting away the low z events as this
would reduce the average fluctuation in the mass.
Let us first consider the case that the QCD jets are

far from the Sudakov peak. Such QCD jets, as well as
boosted W jets, are dominated by the two-prong approx-
imation. In Fig. 2 (top row) we show the distributions of
the truth jet mass, m12, the mass without the neutrals,
m12,N/, as well as the globally corrected one, m12,corr, for
W and QCD jets with pT = 10 TeV. We focus on events
where the mass of the boosted W jets is indeed captured
by the two leading subjets at the truth level by requiring
m12 = 75 ± 5 GeV. For the QCD jets, the two leading
subjets carry more than 75% of the jet energy in about
95% of the cases. The fluctuations of m12,corr relative to
m12 are most significant for low z, as shown in Fig. 3
(left), consistent with the expectation from Eq. (10).
We now turn to examine the case where the jet mass is

in the Sudakov-peak region. For this purpose we use large
jet radii, R = 9mW /pT = 0.24 for 3 TeV jets and R =
15mW /pT = 0.12 for 10 TeV jets. For the W jets, which
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kT algorithm with cone size Rsubjet = (3/4)mW /pT , the
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would reduce the average fluctuation in the mass.
Let us first consider the case that the QCD jets are

far from the Sudakov peak. Such QCD jets, as well as
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m12,N/, as well as the globally corrected one, m12,corr, for
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where the mass of the boosted W jets is indeed captured
by the two leading subjets at the truth level by requiring
m12 = 75 ± 5 GeV. For the QCD jets, the two leading
subjets carry more than 75% of the jet energy in about
95% of the cases. The fluctuations of m12,corr relative to
m12 are most significant for low z, as shown in Fig. 3
(left), consistent with the expectation from Eq. (10).
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boosted 2-body hadronic decays of W/Z/h (signal) is
dominated by just the two-prong kinematics, making it
simple to describe. For QCD jets, the mass distribution
depends on the jet cone size. We shall consider two cases
in the context of QCD jets as background for W jets,
for a fixed jet pT : (i) the W mass falls in the tail re-
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roughly holds (see, for instance, Refs. [21–23]) and (ii)
the W mass is near or below the Sudakov peak, where
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Note that the size of the fluctuations is z dependent. It is
interesting to see that both signal and background events
might benefit from cutting away the low z events as this
would reduce the average fluctuation in the mass.
Let us first consider the case that the QCD jets are

far from the Sudakov peak. Such QCD jets, as well as
boosted W jets, are dominated by the two-prong approx-
imation. In Fig. 2 (top row) we show the distributions of
the truth jet mass, m12, the mass without the neutrals,
m12,N/, as well as the globally corrected one, m12,corr, for
W and QCD jets with pT = 10 TeV. We focus on events
where the mass of the boosted W jets is indeed captured
by the two leading subjets at the truth level by requiring
m12 = 75 ± 5 GeV. For the QCD jets, the two leading
subjets carry more than 75% of the jet energy in about
95% of the cases. The fluctuations of m12,corr relative to
m12 are most significant for low z, as shown in Fig. 3
(left), consistent with the expectation from Eq. (10).
We now turn to examine the case where the jet mass is

in the Sudakov-peak region. For this purpose we use large
jet radii, R = 9mW /pT = 0.24 for 3 TeV jets and R =
15mW /pT = 0.12 for 10 TeV jets. For the W jets, which
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Neutral-less jet substructure

Lose 15% of jet energy ±15%



J. Love -- Lessons Learned from 100 TeV MC
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Physics Reach

● ANer jet substructure and 

b-tagging requirements sensi�vity

to new resonances decaying to 

+bar are calculated
● With 10 ab-1 can discover 12 TeV signal

● With 150 ab-1 can discover 20 TeV signal

Cross Section X BR 95 %CL Limit

Before Selection All Requirements
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J. Love -- Lessons Learned from 100 TeV MC
6

● Used jet substructure variables to test if substructure can provide needed 

background rejec�on
● Jet Mass

● Spli<ng scale d12    Phys. Rev. D65 (2002) 96014

● N-subje<ness variables τ32 τ21     JHEP 1103:015, 2011

●  Jet Eccentricity         Phys. Rev. D81 (2010) 114038

● REf – Energy Averaged Distance from Radius 

● And combina�ons thereof

 

● An�-kT jets with radius 0.5

● Built from truth record par�cles minus 

neutrinos

● An in4nite and perfect detector

 

Jet Substructure Variables

R
eff 

= ∑ R
i  
E / E

i

Ideal, particle-level top tagging 
at 100 TeV

Is this a pipe dream?

Is there hope for super-TeV 
b-tagging in a busy tracker?
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Performance  

  

Charged Jet Mass 

Calorimeter based jet Mass Track- based jet Mass

to recover correct value of top mass, rescale charged jet mass by:       

              p
T 
/ p

T 
charged     

(thanks Gavin)

Presented procedure for 
identifying hyper-boosted 

top quarks

Is this “good” discrimination?
Is this representative of a future detector?
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A First Boosted “Wish List”
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Boosted Wish List*

Precision αs with substructure

*My restricted, biased wish list

Substructure inputs and constraints to PDFs

“Standard Candle” validated, unfolded measurements



40

Precision αs with substructure

Current LHC αs measurements:

CMS 1304.7498:
Ratio of 3-to-2 jet cross sections.  Only need fixed-order results.

CMS 1307.1907:
Top production cross section.  Only need fixed-order results + soft resummation.

CMS 1412.1633:
Three-jet inclusive cross section, pT > 100 GeV.  Only need fixed-order.

CMS 1410.6765:
Inclusive jet cross section and PDFs.  Matched parton showers.

ATLAS 1508.01579:
Energy-energy correlators.  Fixed-order (NNLO) + Monte Carlo (LL).
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Precision αs with substructure

Current LHC αs measurements:

No measurements use high precision resummed observables.

Rely on Monte Carlo to model UE/ISR or other contamination.

Goal: Precision αs from groomed jet observables

No UE/ISR/PU/NGL contamination

Minimum accuracy: resummation to NNLL, match to NLO

%-level precision jet measurements
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Substructure inputs and constraints to PDFs

Improvements to quark/gluon jet definitions and discrimination

Jet charge measurements and calculations

Grooming for robust jet pT definition

Are improvements to gluon PDF fits possible?

Are improvements to quark PDF fits possible?

PDF fits in high pile-up environment
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“Standard Candle” validated, unfolded measurements

Feasible calculation:
Jet observables measured on pp → Z/γ + j

Measure large class of groomed and ungroomed observables

Goal: Precision calculations to compare to precision measurements

Inputs to Monte Carlo tuning

Fits for universal non-perturbative parameters
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As a community, we need clear goals, both 
theoretically and experimentally
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Thank you for a wonderful Chicago-style BOOST!


