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Ever increasing set of experimental
measurements

Motivation for Precision Jet Substructure

Probing orthogonal regime of QCD

New αs extractions using
resummation-sensitive observables

Quark and gluon jet definitions important 
for new physics and pdf constraints
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Measure        on the jet in pp    Z + j eventsm2
J
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How to get to Precision Jet Substructure
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Experimental Challenge:
Contamination captured in the jet

Perturbative
Radiation

Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure
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Underlying Event

Perturbative
Radiation

Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Experimental Challenge:
Contamination captured in the jet
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Underlying Event

Perturbative
Radiation

Pile-up

Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Experimental Challenge:
Contamination captured in the jet
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Perturbative
Radiation

Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Theoretical Challenge:
Non-Global Logarithms

Dasgupta, Salam 2001
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Perturbative
Radiation

Out-of-Jet perturbative
radiation re-emission

Dasgupta, Salam 2001

Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Theoretical Challenge:
Non-Global Logarithms

Prohibits all-orders description of jets
Recent progress:

Schwartz, Zhu 2014
Caron-Huot 2015

AJL, Moult, Neill 2015
Neill 2015

Becher, Neubert, Rothen, Shao 2015, 2016
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Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Can eliminate these problems by 
grooming the jet!
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Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Can eliminate these problems by 
grooming the jet!

Butterworth, Davison, Rubin, Salam 2008
Cacciari, Salam, Soyez 2008
Krohn, Thaler, Wang 2009
Ellis, Vermilion, Walsh 2009

Soyez, Salam, Kim, Dutta, Cacciari 2012
Dasgupta, Fregoso, Marzani, Salam 2013

Krohn, Schwartz, Low, Wang 2013
AJL, Marzani, Soyez, Thaler 2014

Berta, Spousta, Miller, Leitner 2014
Cacciari, Soyez, Salam 2014

Bertolini, Harris, Low, Tran 2014
...
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What has been done: NLL resummation
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Figure 4. Comparison of Monte Carlo (left panels) and analytic results (right panels) for trimming.
The upper panels are for quark jets, the lower panels for gluon jets. Two sets of trimming parameters
are illustrated. In the upper left panel, arrows indicate the expected transition points, at ρ = r2zcut
(in black) and ρ = zcut (in grey), where r = Rsub/R. The details of the MC event generation are
as for Fig. 1.

Insofar as zcut and Rsub are not too small, the peak position is essentially given by the

peak position for the mass of a jet of size Rsub rather than R,

Ltrim
peak =

1√
ᾱs

− 2 ln r +O (1) . (4.10)

i.e. at a ρ value that is a factor r2 smaller than for the plain jet mass. This is consistent

with what is observed comparing the Monte Carlo results for the plain and trimmed jet

masses. A final comment is that while the peak position is independent of zcut, its height

– 12 –

Dasgupta, Fregoso, Marzani, Salam 2013

Trimming: 
Krohn, Thaler, Wang 2009
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highest logs transition(s) Sudakov peak NGLs NP: m2 !

plain mass αn
sL

2n — L ≃ 1/
√
ᾱs yes µNP ptR

trimming αn
sL

2n zcut, r2zcut L ≃ 1/
√
ᾱs − 2 ln r yes µNP ptRsub

pruning αn
sL

2n zcut, z2cut L ≃ 2.3/
√
ᾱs yes µNP ptR

MDT αn
sL

2n−1 ycut,
1
4y

2
cut, y

3
cut — yes µNP ptR

Y-pruning αn
sL

2n−1 zcut (Sudakov tail) yes µNP ptR

mMDT αn
sL

n ycut — no µ2
NP/ycut

Table 1. Table summarising the main features for the plain jet mass, the three original taggers of

our study and the two variants introduced here. In all cases, L = ln 1

ρ
= ln R2p2

t

m2 , r = Rsub/R and
the log counting applies to the region below the smallest transition point. The transition points
themselves are given as ρ values. Sudakov peak positions are quoted for dσ/dL; they are expressed
in terms of ᾱs ≡ αsCF /π for quark jets and ᾱs ≡ αsCA/π for gluon jets and neglect corrections of
O (1). “NGLs” stands for non-global logarithms. The last column indicates the mass-squared below
which the non-perturbative (NP) region starts, with µNP parametrising the scale where perturbation
theory is deemed to break down.

performance of pruning relative to mMDT is mitigated. Most interesting, perhaps, is

Y-pruning. Its background enjoys a double-logarithmic Sudakov suppression for small

m/pt, due to the factor e−D(ρ) in Eq. (5.10a). The analogous effect for the signal is, we

believe, single-logarithmic, hence the modest reduction in signal yields in Fig. 17. Overall

the background suppression dominates, leading to improved tagging significance at high

pt. This is most striking in the gluon case, because of the CA colour factor in the e−D(ρ)

Sudakov suppression. Despite this apparent advantage, one should be aware of a defect

of Y-pruning, namely that at high pt the Y/I classification can be significantly affected

by underlying event and pileup, because of the way in which they modify the original jet

mass and the resulting pruning radius. It remains of interest to develop a tagger that

exploits the same double-logarithmic background suppression while not suffering from this

drawback.21

9 Conclusions

In this paper we have developed an extensive analytical understanding of the action of

widely used boosted-object taggers and groomers on quark and gluon jets.

We initially intended to study three methods: trimming, pruning and the mass-drop

tagger (MDT). The lessons that we learnt there led us to introduce new variants, Y-pruning

and the modified mass-drop tagger (mMDT). The key features of the different taggers are

21In this context it may be beneficial to study a range of variables, such as N-subjettiness [26] and energy

correlations [32], or even combinations of observables as done in Refs [81, 82]. It is also of interest to examine

observables specifically designed to show sensitivity to colour flows, such as pull [83] and dipolarity [84],

though it is not immediately apparent that these exploit differences in the double logarithmic structure.

It would also, of course, be interesting to extend our analysis to other types of method such as template

tagging [85].

– 45 –
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Figure 11. Comparison of Monte Carlo (left panels) and analytic results (right panels) for the
modified mass-drop tagger (mMDT). The upper panels are for quark jets, the lower panels for gluon
jets. Three values of ycut are illustrated, while µ is always taken to be 0.67 (its precise value has no
impact on the results, as long as it is not substantially smaller than this). The details of the MC
event generation are as for Fig. 1.

tagger deserves further investigation in view of possibly becoming the main recommended

variant of mMDT.13

7.5 Interplay with filtering

The mass-drop tagger is often used together with a filtering procedure, which reduces

sensitivity to underlying event and pileup. In its original incarnation a filtering radius Rfilt

13This would of course leave “modified Mass Drop Tagger” as a somewhat inappropriate name!

– 30 –

What has been done: NLL resummation

Dasgupta, Fregoso, Marzani, Salam 2013

Explicit calculations
suggest better techniques!
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What has been done: NLL resummation
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Figure 3: The energy correlation functions C
(↵=2)
1 for quark-initiated jets. Here we compare

Pythia 8 [120] (left), our MLL formula in Eq. (3.8) (right, dashed curves), and our MLL

plus multiple-emissions formula in Eq. (3.13) (right, solid curves). These ↵ = 2 curves

correspond to the case of jet mass-squared (normalized to jet energy squared). We show

both the ungroomed (plain jet) distribution, as well as groomed distributions from soft drop

declustering with zcut = 0.1 and various values of �. For � = 2, 1, we see the expected Sudakov

double logarithmic peaks, while � = 0 (mMDT) has only single logarithms and � = �1 cuts

o↵ at small values. The Pythia 8 distributions do not have hadronization e↵ects, and the

MLL distributions are evaluated by freezing ↵s in the infrared.

find worst agreement between analytics and Monte Carlo in the ungroomed (plain jet) case.

However, one should keep in mind that although the two approximations are roughly of the

same accuracy (MLL), Monte Carlo parton showers also partially contain many subleading

e↵ects. Using the results of Refs. [92, 93], we have checked that subleading e↵ects (like initial-

state radiation and non-global logarithms) play a non-negligible role. Indeed, Pythia 8 is

closer to the full NLL result than to the (less accurate) MLL plus multiple emissions one

presented here. Because the action of soft drop is to remove large-angle soft radiation (e.g.

initial state radiation and non-global logarithms), it is reassuring that our calculations for

the finite � soft-drop curves are indeed in better agreement with the parton shower.

In Fig. 4, we compare our analytic resummation to the parton shower for C
(↵)
1 with

↵ = 1.5, 1, 0.5. Again, the plots on the left are obtained with Pythia 8 while the ones on

the right are the MLL plus multiple emissions results. The same gross features seen with

↵ = 2 are also present here, including the fact that the agreement between Monte Carlo and

analytics is better with grooming than without. Overall, however, the agreement gets worse

– 16 –

AJL, Marzani, Soyez, Thaler 2014
m

2 J
/�

d�
/d

m
2 J

m2
J/p

2
TR

2m2
J/p

2
TR

2

m
2 J
/�

d�
/d

m
2 J

min[pTi, pTj ]

pTi + pTj
> zcut

✓
Rij

R

◆�

Soft Drop: β = 0: mMDT

fail fail
pass

Only mMDT/Soft Drop 
groomers eliminate NGLs!



14

Procedure to get NNLL Resummation

Measure        of the
soft dropped jet:

Soft Drop the hardest jet
in pp    Z + j events

Focus on the regime where:

All remaining particles in the jet must be collinear!

pTi

pTJ
⇠ zcut

soft, wide angle
particle i 1)

2) groomed away

m2
J ⌧ zcutp

2
TJ ⌧ p2TJ

m2
J

m2
J '

X

i<j2J

pTipTjR
2
ij

m2
J ⇠ zcutp

2
TJ

pTi

pTJ
⇠ m2

J

p2TJ

min[pTi, pTj ]

pTi + pTj
> zcut

✓
Rij

R

◆�
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Factorization for NNLL Resummation

41

Factorization for NNLL Resummation

Z

d�

de(2)2

=
X

k=q,q̄,g

Dk(pT , zcut, R)SC,k(zcut, e
(2)
2 )⌦ Jk(e

(2)
2 )

sum over jet flavor

includes pdfs, emissions
that were groomed

away, out-of-jet radiation,...

collinear-soft radiation

hard collinear radiation

Effective theory for soft drop 
groomed jets

Frye, AJL, Schwartz, Yan 2016

Coefficient Dk can be 
extracted from fixed-order

Only assumes collinear 
factorization of high pT jets in 

pp collisions

d�resum

dm2
J

=
X

k=q,q̄,g

Dk(pT , zcut, R)SC,k(zcutm
2
J)⌦ Jk(m

2
J)

m2
J ⌧ zcutp

2
TJ ⌧ p2TJ
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Matching NNLL to αs2 

Use MCFM to generate relative αs2 cross section

Required extreme computing power:
To make the following plots required centuries of CPU time

The very first jet substructure calculation at high precision!

pp    Z + j at NNLO with                = pp    Z + 2j at NLOm2
J > 0

d�NNLL+↵2
s

dm2
J

⌘ d�NNLL

dm2
J

+
d�↵2

s

dm2
J

� d�NNLL,↵2
s

dm2
J

Campbell, Ellis 2002
Campbell, Ellis, Rainwater 2003
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Results: NNLL+αs2 Jet Substructure

NLL+αs NNLL+αs2

Significant decrease in residual scale uncertainty at NNLL+αs2!

Soft Drop:

Frye, AJL, Schwartz, Yan 2016
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Results: NNLL+αs2 Jet Substructure

Shape of distribution only depends on collinear physics

<10%-level residual scale uncertainties in normalized distributions!

β = 0

β = 1

β = 0

β = 1

NNLL+αs2

d�resum

dm2
J

=
X

k=q,q̄,g

Dk(pT , zcut, R)SC,k(zcutm
2
J)⌦ Jk(m

2
J)

NLL+αs

Frye, AJL, Schwartz, Yan 2016



19

Comparison with Pythia8 Monte Carlo

Almost three decades of perturbative control in a single jet distribution!

Results: NNLL+αs2 Jet Substructure
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Almost three decades of perturbative control in a single jet distribution!

Results: NNLL+αs2 Jet Substructure
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Summary

Precision calculations for jet substructure requires jet grooming

Only mMDT/soft drop remove contamination and eliminate NGLs

All radiation that remains in the jet is collinear

NNLL resummation of groomed jet mass is accomplished
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Looking Ahead

mMDT/soft drop also makes quark/gluon jet flavor IRC safe

Precision jet substructure measurements?

Feedback to Fixed-Order/Monte Carlo Community

Improved input into pdfs?
Monte Carlo tuning to gluon jets?

Tuning Monte Carlos to precision calculations?

Motivation for ATLAS and CMS to make identical jet measurements?
Possible for systematics at %-level?

Jet substructure observables are sensitive to infrared phase space region
Need very efficient methods to sample deep infrared

Generic phase space reweighting à la EVENT2?
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Bonus Slides
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Aside: Getting Collinear-Soft Function to NNLL
Factorization theorem in e+e- collisions:

J(e(�)
2 )

e(�)
2 ⌧ zcut ⌧ 1

SC(zcute
(�)
2 )

SG(zcut)

Figure 1: Schematic of the modes in the factorization theorem for soft-drop groomed hemi-

spheres in e+e� ! dijets events. SG(zcut) denotes the soft wide-angle modes, SC(zcute
(↵)
2 )

denotes the collinear-soft modes, and J(e(↵)2 ) denotes the jet modes.

As we will explain in detail, there are several important consequences of this factorization

formula. Because the formula depends on the observables e(↵)2,L, e(↵)2,R only through collinear ob-

jects each of which has a single scale, there are no non-global logarithms. The elimination

of the purely soft contribution also makes the shape of soft-drop groomed jet shapes largely

independent of what else is going on in the event. For example, the shape of the left hemi-

sphere jet mass is independent of what is present in the right hemisphere. Additionally, the

scale associated with the collinear-soft mode is parametrically larger than the soft scale as-

sociated with ungroomed masses, so non-perturbative corrections such as hadronization are

correspondingly smaller.

This factorization theorem allows us to go beyond NLL accuracy to arbitrary accuracy.

In this paper, we show that next-to-next-to-leading logarithmic (NNLL) accuracy is readily

achievable. We focus on ↵ = 2 where the two-point energy correlation function is equal to the

squared jet mass (up to a trivial normalization). This lets us extract most of the necessary

two-loop anomalous dimensions from the existing literature. For � = 0, the global soft

function SG(zcut) is closely related to the soft function with an energy veto [28, 29] which is

known to two-loop order. There are additional clustering e↵ects from the soft drop algorithm,

but these are straightforward to calculate. Interestingly, we find that the clustering e↵ects in

the soft drop groomer are intimately related to similar e↵ects observed in jet veto calculations

[30–34]. For � = 1, we compute the two-loop anomalous dimension of SG(zcut) numerically

– 3 –
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collinear

H(Q2) J(e(�)
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slope � � 0
fail soft drop
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SC(zcute
(�)
2 )

SG(zcut)

Figure 2: Location of modes appearing in the soft drop factorization theorem in the plane

defined by energy fraction z and splitting angle ✓ of emissions in the jet. The solid diagonal

line separates the regions of phase space where emissions pass and fail soft drop. All emissions

along the dashed line that pass soft drop contribute at leading power to the measured value

of e(↵)2 .

For a jet to have e(↵)2 ⌧ 1, all particles must be either soft or collinear to the jet axis. In

particular, a particle with energy E = zEJ at an angle ✓ from the jet axis must satisfy

z✓↵ . e(↵)2 . (3.1)

This is a line in the log(1/z)-log(1/✓) plane, as shown in Fig. 2. Anything below the dashed

line in this figure is too hard to be consistent with a given value of e(↵)2 . The soft drop criterion

is that

zcut . z✓�� , (3.2)

This is the region below the solid line in Fig. 2.

To find the relevant modes for the factorized expression, we need to identify the distinct

characteristic momentum scalings that approach the singular regions of phase space in the

limit e(↵)2 ⌧ zcut ⌧ 1. For a particular scaling, the constraints in Eqs. (3.1) and (3.2) will

either remain relevant or decouple. We can characterize the relevant regions by their scalings

in light-cone coordinates. Defining nµ as the jet direction and n̄µ as the direction backwards

to the jet, then light-cone coordinates are triplets p = (p�, p+, p?) where p� = n̄ ·p, p+ = n ·p
and p? are the components transverse to n. On-shell massless particles have p+p� = p2?.

The energy fraction is z = p0/Q = 1
2(p

+ +p�)/Q and the angle to the jet axis in the collinear

limit is ✓ = p?/p0.
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Aside: Getting Collinear-Soft Function to NNLL
Factorization theorem in e+e- collisions:

H(Q2) : Hard function for e+e-    qq. Known beyond two-loops.

J(m2
J) :

SG(zcutQ
2) :

SC(zcutm
2
J) :

d2�

dm2
J,L dm2

J,R

= H(Q2)SG(zcutQ
2)

⇥
SC(zcutm

2
J,L)J(m

2
J,L)

⇤ ⇥
SC(zcutm

2
J,R)J(m

2
J,R)

⇤

Jet function.  Known at two-loops for quarks and gluons.

Global soft function.  Related to two-loop soft function 
with energy veto (up to calculable clustering effects).

Collinear-soft function.  New, no two-loop calculation exists.

van Neerven 1986
Matsuura, van der Marck, van Neerven 1989

Bauer, Manohar 2003
Becher, Neubert 2006

von Manteuffel, Schabinger, Zhu 2013
Chien, Hornig, Lee 2015

Can get everything from literature and by exploiting RG invariance!

0 = �H + �SG + 2�J + 2�SC


