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JETS
Collimated, energetic 

sprays of particles

2

ubiquitous @LHC:
60-70% of ATLAS 
& CMS papers use 
jets in their analyses!
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April 2014Jet Substructure

Boosted massive particles ! fat jets

Normal analyses: two quarks from
X ! qøq reconstructed as two jets

jet 1

jet 2

X at rest

X

High-pt regime: EW object X
is boosted, decay is collimated,

qøq both in same jet

single
fat jet

z

(1−z)

boosted X

Happens forpt ! 2m/R

pt ! 320 GeV form = mW , R = 0 .5

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 19 / 29
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Boosted hadronic decays
(X = W, Z, H, top, new particle)

Searching for new particles (I-a)

¥ standard analysis: the heavy particle X decays into two 
   partons, reconstructed as two jets

arXiv:1407.1376

¥ look for bumps in the dijet 
   invariant mass distribution
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http://arxiv.org/abs/1407.1376


Searching for new particles (I-b)

¥ resolved analyses can look for much richer topologies

¥ e.g. SUSY cascades: typically 
many  jets (w/out missing ET)

4

Search for massive supersymmetric particles decaying to many jets using the ATLAS
detector in pp collisions at

!
s = 8 TeV

The ATLAS Collaboration

Results of a search for decays of massive particles to fully hadronic Þnal states are presented.
This search uses 20.3 fb! 1 of data collected by the ATLAS detector in

!
s = 8 TeV protonÐproton

collisions at the LHC. Signatures based on high jet multiplicities without requirements on the
missing transverse momentum are used to search forR-parity-violating supersymmetric gluino pair
production with subsequent decays to quarks. The analysis is performed using a requirement on
the number of jets, in combination with separate requirements on the number of b-tagged jets, as
well as a topological observable formed from the scalar sum of the mass values of large-radius jets
in the event. Results are interpreted in the context of all possible branching ratios of direct gluino
decays to various quark ßavors. No signiÞcant deviation is observed from the expected Standard
Model backgrounds estimated using jet-counting as well as data-driven templates of the total-jet-
mass spectra. Gluino pair decays to ten or more quarks via intermediate neutralinos are excluded
for a gluino with mass m÷g < 1 TeV for a neutralino mass m÷! 0

1
= 500 GeV. Direct gluino decays to

six quarks are excluded for m÷g < 917 GeV for light-ßavor Þnal states, and results for various ßavor
hypotheses are presented.

PACS numbers: 12.60.Jv,12.60.-i,12.38.Qk,13.85.-t,14.80.Da,11.30.Pb,13.87.-a,14.65.Fy

I. INTRODUCTION

Supersymmetry (SUSY) [1Ð9] is a theoretical exten-
sion of the Standard Model (SM) which fundamentally
relates fermions and bosons. It is an alluring theoret-
ical possibility given its potential to solve the natural-
ness problem [10Ð15] and to provide a dark-matter can-
didate [16, 17]. Partially as a result of the latter pos-
sibility, most searches for SUSY focus on scenarios such
as a minimal supersymmetric standard model (MSSM)
in which R-parity is conserved (RPC) [18Ð21]. In these
models, SUSY particles must be produced in pairs and
must decay to a stable lightest supersymmetric particle
(LSP). With strong constraints now placed on standard
RPC SUSY scenarios by the experiments at the Large
Hadron Collider (LHC), it is important to expand the
scope of the SUSY search program and explore models
whereR-parity may be violated and the LSP may decay
to SM particles, particularly as these variations can alle-
viate to some degree the Þne-tuning many SUSY models
currently exhibit [ 22].

In R-parity-violating (RPV) scenarios, many of the
constraints placed on the MSSM in terms of the allowed
parameter space of gluino (̃g) and squark (q̃) masses
are relaxed. The reduced sensitivity of standard SUSY
searches to RPV scenarios is due primarily to the high
missing transverse momentum (Emiss

T ) requirements used
in the event selection common to many of those searches.
This choice is motivated by the assumed presence of two
weakly interacting and therefore undetected LSPs. Con-
sequently, the primary challenge in searches for RPV
SUSY Þnal states is to identify suitable substitutes for
the canonical largeEmiss

T signature of RPC SUSY used
to distinguish signals from background processes. Com-
mon signatures used for RPV searches include resonant
lepton pair production [23Ð25], exotic decays of long-lived

particles, and displaced vertices [26Ð29].
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Figure 1. Diagrams for the benchmark processes considered
for this analysis. The solid black lines represent Standard
Model particles, the solid red lines represent SUSY partners,
the gray shaded circles represent e! ective vertices that in-
clude o! -shell propagators (e.g. heavy squarks coupling to a
÷! 0

1 neutralino and a quark), and the blue shaded circles rep-
resent e! ective RPV vertices allowed by the baryon-number-
violating " "" couplings with o ! -shell propagators (e.g. heavy
squarks coupling to two quarks).

New analyses that do not rely onEmiss
T are required

in order to search for fully hadronic Þnal states involving
RPV gluino decays directly to quarks or via !̃ 0

1 neutrali-
nos as shown in the diagrams in Fig.1. Cases in which
pair-produced massive new particles decay directly to a
total of six quarks, as well as cascade decays with at least
ten quarks, are considered. Three-body decays of the
type shown in Fig. 1 are given by e! ective RPV vertices
allowed by the baryon-number-violating " !! couplings as
described in Sec.II with o! -shell squark propagators.
This analysis is an extension of the search conducted at!
s = 7 TeV for the pair production of massive gluinos,

each decaying directly into three quarks [30].
The diagrams shown in Fig. 1 represent the bench-

mark processes used in the optimization and design of
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Search for massive supersymmetric particles decaying to many
jets using the ATLAS detector in pp collisions at

!
s = 8 TeV

The ATLAS Collaboration

Abstract

Results of a search for decays of massive particles to fully hadronic Þnal states are presented. This search
uses 20.3 fb! 1 of data collected by the ATLAS detector in

!
s = 8 TeV protonÐproton collisions at the LHC.

Signatures based on high jet multiplicities without requirements on the missing transverse momentum
are used to search for R-parity-violating supersymmetric gluino pair production with subsequent decays
to quarks. The analysis is performed using a requirement on the number of jets, in combination with
separate requirements on the number of b-tagged jets, as well as a topological observable formed from
the scalar sum of the mass values of large-radius jets in the event. Results are interpreted in the context
of all possible branching ratios of direct gluino decays to various quark ßavors. No signiÞcant deviation is
observed from the expected Standard Model backgrounds estimated using jet-counting as well as data-
driven templates of the total-jet-mass spectra. Gluino pair decays to ten or more quarks via intermediate
neutralinos are excluded for a gluino with mass m÷g < 1 TeV for a neutralino mass m ÷! 0

1
= 500 GeV. Direct

gluino decays to six quarks are excluded for m÷g < 917 GeV for light-ßavor Þnal states, and results for
various ßavor hypotheses are presented.

c! 2015 CERN for the beneÞt of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as speciÞed in the CC-BY-3.0 license.
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Signal Region Expected Obs. p0
N

non-SM

N

non-SM

!
vis

[fb] !
vis

[fb]

Exp. Obv. Exp. Obv.

SR1 (M⌃
J

) 160+40
! 34 176 0.39 49 64 2.4 3.2

(njet , pjet
T , nb! tags ) = (7, 120 GeV, 0) 370 ± 60 444 0.12 44 38 2.2 1.9

(njet , pjet
T , nb! tags ) = (7, 180 GeV, 0) 6.1 ± 2.2 4 � 0.5 19 10 0.9 0.5

(njet , pjet
T , nb! tags ) = (7, 120 GeV, 1) 138 ± 26 178 0.09 56 42 2.8 2.1

(njet , pjet
T , nb! tags ) = (7, 180 GeV, 1) 2.3 ± 1.0 1 � 0.5 4 4 0.2 0.2

(njet , pjet
T , nb! tags ) = (7, 80 GeV, 2) 1670 ± 190 1560 � 0.5 38 38 1.9 1.9

(njet , pjet
T , nb! tags ) = (7, 120 GeV, 2) 38 ± 17 56 0.17 36 52 1.8 2.6

Table VII. Table showing upper limits on the number of events and visible cross sections in various signal regions. Columns two
and three show the expected and observed numbers of events. The uncertainties on the expected yields represent systematic
and statistical uncertainties. Column four shows the probabilities, represented by the p0 values, that the observed numbers of
events are compatible with the background-only hypothesis (the p0 values are obtained with pseudo-experiments). Columns
five and six show respectively the expected and observed 95% CL upper limit on non-SM events (N

non-SM

), and columns seven
and eight show respectively the 95% CL upper limit on the visible signal cross-section (�

vis

= �
prod

⇥A⇥ ✏ = N
non-SM

/L). In
the case where N

expected

exceeds N
observed

, p0 is set to � 0.5.

nal region, is assumed and no experimental or theoretical
signal systematic uncertainties are assigned other than
the luminosity uncertainty. The resulting limits on the
number of non-SM events and on the visible signal cross-
section are shown in the rightmost columns of Tab. VII.
The visible signal cross-section (�vis ) is defined as the
product of acceptance (A), reconstruction efficiency (✏)
and production cross-section (�prod ); it is obtained by di-
viding the upper limit on the number of non-SM events
by the integrated luminosity. The results of these fits are
provided in Tab. VII.
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Figure 15. Expected and observed exclusion limits in the
(m÷g , m÷�0

1
) plane for the ten-quark model for the jet-counting

analysis (with and without b-tagged jets) and the total-jet-
mass analysis.

The interpretations of the results of the jet-counting
and total-jet-mass analyses are displayed together in
Fig. 15 for the ten-quark model. This figure allows for the
direct comparison of the results of the various analyses.
Without b-tagging requirements, the jet-counting analy-
sis sets slightly lower expected limits than the total-jet-
mass analysis. With b-tagging requirements, the limits
are stronger for the jet-counting analysis. The observed
limits from the total-jet-mass analysis and jet-counting
analysis with b-tagging requirements are also compara-
ble.

IX. CONCLUSIONS

A search is presented for heavy particles decaying into
complex multi-jet final states using an integrated lumi-
nosity of 20.3 ± 0.6 fb�1 of

!
s = 8 TeV pp collisions

with the ATLAS detector at the LHC. Two strategies
are used for both background estimation and signal dis-
crimination. An inclusive data-driven analysis using the
total-jet-mass with a template method for background
estimation is performed as well as a jet-counting anal-
ysis that includes exclusive heavy-flavor signal regions
and provides limits on different branching ratios for the
benchmark SUSY RPV UDD decays. For the ten-quark
model, results from both analyses are presented with
comparable conclusions. When the jet-counting analy-
sis includes sensitivity to heavy flavor given by b-tagging
requirements, mass exclusions are further increased.

Exclusion limits at the 95% CL are set extending up to
m

g̃

= 917 GeV in the case of pair-produced gluino decays
to six light quarks and up to m

g̃

= 1 TeV in the case
of cascade decays to ten quarks for moderate m

g̃

" m!̃ 0
1

mass splittings. Limits are also set on different branching
ratios by accounting for all possible decay modes allowed
by the �00

ijk

couplings in full generality in the context of R-



Searching for new particles (II)

¥ LHC energy (104 GeV) ≫ electro-weak scale (102 GeV)

¥ EW-scale particles (new physics, Z/W/H/top) are abundantly 
   produced with a large boost 

April 2014Jet Substructure

Boosted massive particles → fat jets

Normal analyses: two quarks from
X → qq̄ reconstructed as two jets

jet 1

jet 2

X at rest
X

High-pt regime: EW object X
is boosted, decay is collimated,

qq̄ both in same jet

single
fat jet

z

(1−z)

boosted X

Happens for pt ! 2m/R

pt ! 320 GeV for m = mW , R = 0.5

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 19 / 29
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Boosted hadronic decays
(X = W, Z, H, top, new particle)

¥ their decay-products are then collimated 
¥ if they decay into hadrons, we end up with localized 
   deposition of energy in the hadronic calorimeter: a jet

5
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Outline

1. Jet deÞnitions, cross-sections and distributions
      (mostly review of the Þeld, with some personal contributions)

2. Looking inside jets: jet substructure 

3. Using jets to learn about Þeld theory

6



Jet deÞnitions, 
cross-sections and distributions

7



¥ Jet algorithms: sets of (simple) rules to cluster        
   particles together
¥ Implementable in experimental analyses and  
   in theoretical calculations 
¥ Must yield to Þnite cross sections
¥ First example :

Jet deÞnition(s)

8



¥ Jet algorithms: sets of (simple) rules to cluster        
   particles together
¥ Implementable in experimental analyses and  
   in theoretical calculations 
¥ Must yield to Þnite cross sections
¥ First example :

Jet deÞnition(s)

Sterman and Weinberg, 
Phys. Rev. Lett. 39, 1436 (1977):9



¥ A large class of modern jet deÞnitions is given by sequential       
   recombination algorithms 

dij  (weighted) distance between i j
diB external parameter or distance 

from the beam ...

for a complete review see G. Salam, 
Towards jetography (2009)

Sequential recombination

¥ Start with a list of particles, 
   compute all distances dij and diB

¥ Find the minimum of all dij and diB



¥ A large class of modern jet deÞnitions is given by sequential       
   recombination algorithms 

for a complete review see G. Salam, 
Towards jetography (2009)

Sequential recombination

¥ Start with a list of particles, 
   compute all distances dij and diB

¥ Find the minimum of all dij and diB

¥ If the minimum is a dij, recombine 
   i and j and iterate

i

j

dij  (weighted) distance between i j
diB external parameter or distance 

from the beam ...



¥ A large class of modern jet deÞnitions is given by sequential       
   recombination algorithms 

for a complete review see G. Salam, 
Towards jetography (2009)

Sequential recombination

¥ Start with a list of particles, 
   compute all distances dij and diB

¥ Find the minimum of all dij and diB

¥ If the minimum is a dij, recombine 
   i and j and iterate

i

dij  (weighted) distance between i j
diB external parameter or distance 

from the beam ...



¥ A large class of modern jet deÞnitions is given by sequential       
   recombination algorithms 

for a complete review see G. Salam, 
Towards jetography (2009)

Sequential recombination

¥ Start with a list of particles, 
   compute all distances dij and diB

¥ Find the minimum of all dij and diB

¥ If the minimum is a dij, recombine 
   i and j and iterate

¥ Otherwise call i a Þnal-state jet, 
   remove it from the list and iterate

i

dij  (weighted) distance between i j
diB external parameter or distance 

from the beam ...



¥ A large class of modern jet deÞnitions is given by sequential       
   recombination algorithms 

Sequential recombination

¥ Start with a list of particles, 
   compute all distances dij and diB

¥ Find the minimum of all dij and diB

¥ If the minimum is a dij, recombine 
   i and j and iterate

¥ Otherwise call i a Þnal-state jet, 
   remove it from the list and iterate

i

dij  (weighted) distance between i j
diB external parameter or distance 

from the beam ...

We have deÞned jets, how do we now study jet 
cross-sections and distributions ?



The three pillars of LHC pheno

architecture.knoji.com

Parton showers
Fixed-order

Resummation

¥powerful general-purpose tools
¥provide fully differential events
¥interfaced with non-perturbative
   models to give a realistic description
¥all-orders, but theoretical accuracy          
   beyond leading-log difÞcult to assess

¥well deÞned and improvable     
  accuracy (examples up to N3LL)
¥provide insights and understanding
¥feasible for a limited number of          
  observables (low automation)

¥exploit QCD pert. expansion
¥NLO highly automated
¥can provide fully differential events
¥NNLO revolution on its way
¥N3LO examples

15

http://architecture.knoji.com


ATLAS, Phys.Rev. D86 (2012) 014022
CMS-PAS-SMP-12-012

¥ Inclusive jet observables are well-described by Þxed-order QCD
¥ Several NLO codes are publicly available (NLOJE T++ by Nagy, NJet by Badger et al.). 

Inclusive jet production
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Many jets at NLO
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FIG. 6: The pT distributions of the leading five jets in W ! + 5-jet production at the LHC at
!
s = 7 TeV. In the upper panels, the NLO predictions are shown as solid (black) lines, while

the LO predictions are shown as dashed (blue) lines. The lower panels show the predictions for

the LO distribution and scale-dependence bands normalized to the NLO prediction (at the scale

µ = Ĥ "
T /2). The LO distribution is the dashed (blue) line, and the scale-dependence bands are

shaded (gray) for NLO and cross-hatched (brown) for LO.

can be a sensitive probe of new physics [63]. The table also shows the jet-production ra-

tios [7, 64] for either sign of the W charge, here defined by the ratio of the total cross section

for W ± + n-jet to W ± + (n" 1)-jet production. The charge-asymmetry ratios are all sig-

nificantly greater than unity, and grow with increasing numbers of jets. The jet-production

ratios are of order 1/ 4, and decrease with increasing numbers of jets. The NLO corrections

to the charge-asymmetry are quite small, and the corrections to the jet-production ratios

are modest but noticeable.

These values of the charge-asymmetry ratio reflect the excess of up quarks over down

quarks in the proton. The W + bosons are necessarily emitted by up-type quarks, whereas

W ! bosons are emitted by down-type quarks. The up-quark excess in the proton then leads

17

Bern, Dixon, Cordero, Hoeche, Ita, 
Kosower,  Maitre and Ozeren (2013)
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FIG. 1: Sample eight-point loop diagrams for the processes qg ! Wq!gggg, qQ̄1 ! Wq!gggQ̄1 and

qQ̄1 ! Wq!Q̄2Q2gQ̄1, followed by the decay of the W boson to leptons.
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FIG. 2: Sample nine-point real-emission diagrams for the processes qg ! Wq!ggggg and qq̄! !

W Q1ggQ2Q̄2Q̄1, followed by the decay of the W boson to leptons.

In this paper, we compute the total cross sections at NLO for inclusive W+ + n-jet

and W " + n-jet production with n " 5 and describeW+/W " ratios and W + n-jet/ W +

(n# 1)-jet ratios. Such ratios can be sensitive probes of new physics.We also study two

types of distributions: the di! erential cross section in the total hadronic transverse energy

H jets
T =

!
j # jets pj

T, and the complete set of di! erential cross sections in the jet transverse

momenta. For four and Þve jets we make use of a leading-color approximation for the virtual

contributions. This approximation has been shown to have subleading-color corrections of

under 3% for processes with four or fewer associated jets [22, 43].

This paper is organized as follows. In section II we summarize the basic setup of the

computation. In section III we present our results for cross sections, ratios and distributions.

We give our summary and conclusions in section IV.
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FIG. 2: Sample nine-point real-emission diagrams for the processesqg → W q′gggggand qøq′ →

W Q1ggQ2
øQ2

øQ1, followed by the decay of theW boson to leptons.

In this paper, we compute the total cross sections at NLO for inclusive W+ + n-jet

and W− + n-jet production with n ≤ 5 and describeW+/W − ratios and W + n-jet/ W +

(n−1)-jet ratios. Such ratios can be sensitive probes of new physics.We also study two

types of distributions: the di! erential cross section in the total hadronic transverse energy

H jets
T =

!
j ∈jets pj

T, and the complete set of di! erential cross sections in the jet transverse

momenta. For four and Þve jets we make use of a leading-color approximation for the virtual

contributions. This approximation has been shown to have subleading-color corrections of

under 3% for processes with four or fewer associated jets [22, 43].

This paper is organized as follows. In section II we summarize the basic setup of the

computation. In section III we present our results for cross sections, ratios and distributions.

We give our summary and conclusions in section IV.

4

Putting it all to work

! NLO =
!

d! B

" #
B + ÷V + I

$
+

!
d! R

" %
R ! S

&

I Dedicated One-Loop Engines compute virtual piece

I General-purpose ME generators compute Born, real emission, subtraction
and perform phase-space integration and event generation

I Interface provided by BLHA(2)
[Binoth et al.] arXiv:1001.1307 [Alioli et al.] arXiv:1308.3462

Stefan Höche, Precision Event Generators 8

17



Jet production at NNLO

Currie, Gehrmann-De Ridder, Gehrmann, 
Glover, Pires and Wells (2013++)

Boughezal, Caola, Melnikov, Petriello, Schulze (2013)
Chen, Gehrmann, Glover, Jaquier (2014)

Caola, Melnikov,, Schulze (2015)

NNLO dijet production Nigel Glover

Jets are identified using the anti-kT algorithm with resolution parameter R= 0.7. Jets are
accepted at central rapidity |y| < 4.4, and ordered in transverse momentum. An event is retained
if the leading jet has pT1 > 80 GeV. For the dijet invariant mass distribution, a second jet must be
observed with pT2 > 60 GeV.
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Figure 2: Inclusive jet transverse energy distribution, d! /dpT , for jets constructed with the anti-kT algo-
rithm with R= 0.7 and with pT > 80 GeV, |y| < 4.4 and

p
s= 8 TeV at NNLO (blue), NLO (red) and LO

(dark-green). The lower panel shows the ratios of different perturbative orders, NLO/LO, NNLO/LO and
NNLO/NLO.

All calculations have been carried out with the MSTW08NNLO distribution functions [30],
including the evaluation of the LO and NLO contributions. This choice of parameters allows us to
quantify the size of the genuine NNLO contributions to the parton-level subprocess. Factorization
and renormalization scales (µF and µR) are chosen dynamically on an event-by-event basis. As
default value, we set µF = µR ⌘ µ and set µ equal to the transverse momentum of the leading jet
so that µ = pT1.

In Fig. 2 we present the inclusive jet cross section for the anti-kT algorithm with R= 0.7 and
with pT > 80 GeV, |y| < 4.4 as a function of the jet pT at LO, NLO and NNLO, for the central
scale choice µ = pT1. The NNLO/NLO k-factor shows the size of the higher order NNLO effect
to the cross section in each bin with respect to the NLO calculation. For this scale choice we see
that the NNLO/NLO k-factor is approximately flat across the pT range corresponding to a 27-16%
increase compared to the NLO cross section. Note that in the combination of qq̄! gg +gg! gg
channels, the gluon-gluon initiated channel dominates. The NNLO/NLO k-factor for the qq̄! gg
channel alone is roughly 5%.

Fig. 3(a) shows the inclusive jet cross section in double-differential form in jet pT and rapidity
bins at NNLO. The pT range is divided into 16 jet-pT bins and seven rapidity intervals over the
range 0.0-4.4 covering central and forward jets. The double-differential k-factors for the distribu-
tion in Fig. 3(a) for three rapidity slices: |y| < 0.3, 0.3 < |y| < 0.8 and 0.8 < |y| < 1.2 are shown

5

pp→H+j+X

¥ large number of diagrams
¥ subtraction schemes highly non-trivial
¥ complex color structure

18

NNPDF2.3, 8 TeV

d
!
/d

p !
,j

1
[f
b
/1
0
G
eV

] LO
NLO

NNLO

0.05

0.1

0.15

0.2

0.25

0.3

p! ,j 1 [GeV]

NLO
LO

NNLO
NLO1

1.25
1.5

0 30 60 90 120 150

Figure 3: Rapidity and transverse momentum distributions of the most energetic jet at the 8 TeV

LHC. The insets show ratios of di! erential cross sections at di! erent orders in perturbation theory

for the factorization and the renormalization scales set to the mass of the Higgs boson.

The latter includes the transverse momentum and the rapidity distributions as well as the

distribution of the photon decay angle in the Collins-Soper reference frame. We can compute

all these kinematic distributions through NNLO in perturbative QCD, using exactly the same

setup that the ATLAS collaboration employs in the actual measurement.

We begin with the discussion of the rapidity and the transverse momentum distributions

of the Higgs boson in events with at least one jet, see Fig.2. The pattern of radiative

corrections is similar to the Þducial cross section case that we just discussed. In the two

plots in Fig. 2 the relative magnitude of radiative corrections is illustrated in lower panes,

where ratios of NLO to LO and NNLO to NLO distributions at µ = mH are displayed. We

will refer to such ratios asK-factors. We note that similar to the case of the inclusive Higgs

boson productionpp ! H, the NNLO enhancement of the Higgs boson rapidity distribution

in pp ! H + j process is independent of the rapidity. On the contrary, theK-factors

for transverse momenta distributions have a more interesting shape. Indeed, we observe

the instability of d�/dp?,H at the value of the Higgs boson transverse momentum equal to

the value of the jet transverse momentum cut. This is the manifestation of the so called

Sudakov-shoulder e↵ect [27]. Just abovep?,H ⇠ 30 GeV, the NNLO corrections are small

but they increase to about 30% at aroundp?,H ⇠ 75 GeV and then start to decrease again.

Next, we consider kinematic distributions of the QCD radiation that accompanies the

Higgs boson production. The rapidity and the transverse momentum distributions of the

hardest jet are shown in Fig.3. Similar to the QCD corrections to the Higgs boson rapidity

9



Parton showers and Þxed-order
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Merging at next-to-leading order

ME

P
S NLO

NLO

NLO

NLO

NLO

NLO NLO
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Figure 1: Cross section as a function of the inclusive jet multiplicity (left) and their ratios (right) in W+jets
events measured by ATLAS [50].

5 Conclusions

In this publication we have introduced a new method to consistently combine towers of matrix elements, at
next-to leading order, with increasing jet multiplicity into one inclusive sample. Our method respects, at
the same time, the Þxed order accuracy of the matrix elements in their respective section of phase space
and the logarithmic accuracy of the parton shower. The analysis of scale dependencies allows for a solid
understanding of the corresponding theory uncertainties in the merged samples. Employing next-to leading
order matrix elements leads, of course, to a dramatic reduction of the dependence on the renormalisation
and factorisation scale and a much improved description of data. The same Þndings also apply to the case
of e�e+ annihilations into hadrons, cf. [40].

This allows, for the Þrst time, to use Monte Carlo tools to generate inclusive multijet samples and analyse
their uncertainty due to the truncation of the perturbative series in the matrix elements in a systematic and
meaningful way.
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Resummation
¥ parton showers provide a very general framework to 

obtain all-order predictions in QCD. So why bother?
¥ we would like to reach better accuracy (e.g. more logs, 

subleading colors)
¥ we want to reach analytical understanding

Probing QCD radiation in-between hard objects
 (jets or electro-weak bosons)
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FIG. 2. Comparison of NNLO, NLL+NNLO and NNLL+NNLO results f or jet-veto e! ciencies for Higgs (left) and Z-boson
(right) production at the 8 TeV LHC. The Higgs plot includes t he result from a POWHEG (revision 1683) [20, 40] plus Pythia
(6.426) [17, 41] simulation in which the Higgs-boson pt distribution was reweighted to match the NNLL+NNLO predict ion
from HqT 2.0 [7] as in [21]. The lower panels show results normalised to the central NNLL+NNLO e ! ciencies.

Our central predictions haveµR = µF = Q = M/ 2 and
schemea matching, with MSTW2008NNLO PDFs [54].
We use the anti-kt [29] jet-algorithm with R = 0 .5, as
implemented in FastJet [55]. For the Higgs case we use
the large mtop approximation and ignore bøb fusion and
bÕs in thegg ! H loops (corrections beyond this approx-
imation have a relevant impact [16, 56]). To determine
uncertainties we vary µR and µF by a factor of two in
either direction, requiring 1/ 2 " µR /µ F " 2. Maintain-
ing central µR,F values, we also varyQ by a factor of
two and change to matching schemesb and c. Our Þnal
uncertainty band is the envelope of these variations. In
the Þxed-order results, the band is just the envelope of
µR,F variations.

The results for the jet-veto efficiency in Higgs and Z-
boson production are shown in Fig. 2 for 8 TeV LHC
collisions. Compared to pure NNLO results, the cen-
tral value is slightly higher and for Higgs production, the
uncertainties reduced, especially for lowerpt,veto values.
Compared to NNLO+NLL results [21], the central values
are higher, sometimes close to edge of the NNLO+NLL
bands; since the NNLO+NLL results used the same ap-
proach for estimating the uncertainties, this suggests that
the approach is not unduly conservative. In the Higgs
case, the NNLO+NNLL uncertainty band is not particu-
larly smaller than the NNLO+NLL one. This should not
be a surprise, since [21] highlighted the existence of pos-
sible substantial corrections beyond NNLL and beyond
NNLO. For the Higgs case, we also show a prediction
from POWHEG [20, 40] interfaced to Pythia 6.4 [17] at
parton level (Perugia 2011 shower tune [41]), reweighted

to describe the NNLL+NNLO Higgs-boson pt distribu-
tion from HqT (v2.0) [7], as used by the LHC experi-
ments. Though reweighting fails to provide NNLO or
NNLL accuracy for the jet veto, for pt,veto scales of prac-
tical relevance, the result agrees well with our central
prediction. It is however harder to reliably estimate un-
certainties in reweighting approaches than in direct cal-
culations.

Finally, we provide central results and uncertainties
for the jet-veto efficiencies and 0-jet cross sections (in
pb) with cuts (in GeV) like those used by ATLAS and
CMS, and also for a largerR value:

R pt,veto ϵ(7 TeV) σ(7 TeV)
0-jet ϵ(8 TeV) σ(8 TeV)

0-jet

0.4 25 0.63+0.07
! 0.05 9.6+1.3

! 1.1 0.61+0.07
! 0.06 12.0+1.6

! 1.4

0.5 30 0.68+0.06
! 0.05 10.4+1.2

! 1.1 0.67+0.06
! 0.05 13.0+1.5

! 1.5

1.0 30 0.64+0.03
! 0.05 9.8+0.8

! 1.1 0.63+0.04
! 0.05 12.2+1.1

! 1.4

Interestingly, the R = 1 results have reduced upper un-
certainties, due perhaps to the smaller value of the NNLL
f (R) correction (a large f (R) introduces signiÞcant Q-
scale dependence). The above results are without a ra-
pidity cut on the jets; the rapidity cuts used by ATLAS
and CMS lead only to small, < 1%, differences [21].

For the 0-jet cross sections above, we used total
cross sections at 7 TeV and 8 TeV of 15.3+1.1

! 1.2 pb and
19.5+1.4

! 1.5 pb respectively [57, 58] (based on results in-
cluding [45Ð49]) and took their scale uncertainties to be
uncorrelated with those of the efficiencies. Symmetris-
ing uncertainties, we Þnd correlation coefficients between

BanÞ, Monni, Salam,
 Zanderighi (2012)

BanÞ, Salam, Zanderighi
 (2010)
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Figure 2: The distribution for the representative observableTm,g , comparing pure resum-
mation (NLL, left) and pure Þxed order (LO and NLO, right) with the matched prediction
(NLL+NLO). For the matched resummed result, the band corresponds to the span of all
the uncertainties shown in Þg. 1, while in the Þxed order calculations itcorresponds to the
(asymmetric) variations of just the renormalisation and factorisation scales; for the pure
resummed result the band corresponds to the renormalisation, factorisation and X -scale
uncertainties. See text for more details.

uncertainties.
As expected, the matched distribution agrees with the NLO resultsat large values of

Tm,g . However for the pure NLL resummation without any coe! cient function obtained
from eq. (3.23), the level of agreement with NLO+NLL is quite poor even at fairly small
values ofTm,g . For example, the position of the peak of the distribution is not all that well
predicted (at Tm,g ! 0.09" 0.11 rather than at Tm,g ! 0.08). As far as the height of the
peak is concerned, both NLL and NLO+NLL distributions are normalized to one, however
the NLL distribution becomes negative atTm,g > 0.35, and this negative tail causes the
distribution to be far too high at low Tm,g . It is on the other hand reassuring that these
large di" erences with the matched distribution are reßected in the very large uncertainty
band of the NLL distribution.

As far as the Þxed-order results are concerned, Fig. 2b, they are as expected divergent
at small Tm,g . The LO distribution essentially never agrees with the matched distribution,
while the NLO does within uncertainties forTm,g ! 0.2. It is on the other hand evident
that scale uncertainties of the NLO results at smallTm,g underestimate the size of higher
order corrections not included in the Þxed order calculations.

Altogether, Þgure Fig. 2 highlights how neither NLO nor resummationalone can provide
a sensible prediction, while the combination of NLO and resummation gives signiÞcantly
reduced scale-dependence compared to either on its own. Furthermore the matching pro-
cedure gives the general shape that is associated with the resummation, while maintaining
the large-v behaviour of the NLO prediction. We Þnally note that for the event shapes
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Resummation and automation
¥ many different calculations (both in dQCD and SCET)
¥ far away from automation
¥ one examples: resummation of global event shapes

CAESAR: NLL resummation (and its recent extension to NNLL )
BanÞ, Salam, Zanderighi (2002-2010), BanÞ, McAslan, Monni, Zanderighi (2014)collinear to a leg! , the value of the observable can be parametrised as

V({ ÷p} , k) = d!

!
k(! )

t

Q

" a!

e! b! " ( ! )
g! (" (! ) ) . (2.1)

The { ÷p} denote the Born momenta after recoil from the emissionk; Q is what we shall
call the hard scale of the problem, though in practice there may not be a unique way
of deÞning it. The observableÕs dependence on the momentumk is expressed in terms
of k(! )

t , #(! ) and " (! ) , respectively the transverse momentum, rapidity and azimuthal
angle of the emission, as measured with respect to the hard leg ! . To fully specify the
azimuthal angle (where relevant) one needs additionally todeÞne a suitable reference
plane, for example that containingp! and some second (non-parallel) leg.

The precise parametric dependence of the observable on the momentum k is
speciÞed through the values of the coe! cients a! , b! and the combinationd! g! (" (! ) ).
For example for the thrust T in e+ e! ! 2 jets [48], one has [2]

$ = 1 " T , $({ ÷p} , k) =
k(! )

t

Q
e! " ( ! )

, (2.2)

giving a! = b! = d! = g! (" ) = 1, for ! = 1, 2. Though the dependence ond! and g! (" )
arises only through the productd! g! (" ), we will Þnd it convenient to give a standard
normalisation to the g! (" ), such asg! (%/ 2) = 1, leaving the observable-dependent
normalisation in d! .

The form (2.1) is su! ciently common [13, 14, 15, 16, 17, 18, 19, 21, 22, 23, 24,
25, 26, 27, 28, 37, 49, 50, 51] that we can safely make it a prerequisite of our approach
without unduly losing in generality.

Note that the coe! cients a! , b! , d! and the function g! can depend on the Born
conÞguration under consideration,i.e. they may be a function of the{ p} . Here we
shall carry out our analysis for a speciÞc Born conÞguration, and leave to section 4.2
the discussion of how to integrate over the Born conÞgurations.

Knowledge of the above coe! cients for each leg is of course not su! cient to fully
specify the observableÕs dependence on a single emission, since eq. (2.1) is relevant
only to the limit of a soft and collinear emission (a LL, or double logarithmic region).
One may legitimately worry that for a NLL (single logarithmic) resummation one
might also need some information on the large-angle soft limit or on the hard collinear
limit. We shall return to this issue in a while.

2.1 Single-emission results ( qøq case)

Having parametrised the observableÕs dependence on a single emission, let us now
examine how that information can be used to determine the logarithmic structure
of a Þrst order calculation Ñ this is a convenient Þrst step onthe way to a full
resummation. We will initially consider the simple case of acolour-singlet quark-
antiquark system, but with the feature that the quark (p1) and anti-quark (p2), both
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Figure 1: The ! Ðln(kt /Q ) plane for a single emission, together with a representation
(shaded area) of the region inkt and ! over which the integrand of eq. (2.10b) is non
zero. The speciÞc positions of the lines correspond to the case of an observable with
a1 = a2 ! a = 1 and b1 = 1, b2 = 3 / 2. For simplicity, the " -dependence of the problem
has been neglected. The insets correspond to a magniÞcationby a factor of order ln 1/v .
Further details are given in the text.

shaded region. If one makes the assumption that one can extend the soft and collinear
parametrisation (2.1) into the hard collinear region, thenone Þnds, using eq. (2.6),
that for a given Þxedz(! ) , the observable scales aska! + b!

t . The scales associated with
the lateral corners of the shaded region are then

kt " v1/ (a! + b! )Q . (2.11)

In practice, in the hard collinear region, the observableV({ ÷p} , k) may depart from
its soft and collinear parametrisation (2.1). Such a situation is illustrated in the
right-hand inset of Þg. 1, which represents the true boundary of the shaded region
(solid line), V ({ ÷p} , k) = v, and the boundary that would be obtained based on
the soft-collinear parametrised form forV (dashed line). As long as the di! erence
between the true form of the observable and the parametrisation is just a non-zero
z(! ) -dependent factor of order 1, then eq. (2.11) remains valid.Furthermore, when
evaluating eq. (2.10b), replacing the true observableV({ ÷p} , k) with its parametrised

Ð 13 Ð

i.e. having taken the limit eq. (3.4), the addition of an extra much softer

and/or more collinear emission should not affect the value of the observ-
able.

2b. The analogue of eq. (3.5a) should hold also for the collinear splitting of

an existing emission

lim
µ! 0

lim
øv! 0

1

v̄
V ({ p̃} , ! 1(v̄"1), . . . , { ! i a , ! i b} (v̄" i , µ), . . . ! m(v̄"m))

= lim
øv! 0

1

v̄
V ({ p̃} , ! 1(v̄"1), . . . , ! i (v̄" i ), . . . , ! m(v̄"m)) , (3.5b)

this, regardless of how precisely the collinear limit is taken (it can for

example involve a simultaneous soft limit of one of the daughters from
the collinear splitting). Such equalities should hold also for the case of

multiple extra emissions and/or collinear splittings.

We note that at first sight eqs. (3.5) closely resemble normal IRC safety —

however they actually differ critically, because of the order of the limits on the
left-hand sides. The novelty of the recursive IRC conditions is such that they

deserve to be studied and explained with the aid of some concrete examples.
This will be done in section 3.3 and appendix F.

Given the above conditions, the resummed probability f (v) that an observable has
a value less than v can be written to NLL accuracy as follows:

ln f (v) = !
n!

! =1

C!

"
r ! (L) + r "

! (L)

#
ln d̄! ! b! ln

2E!

Q

$
+ B! T

#
L

a + b!

$%

+
ni!

! =1

ln
q(! )(x! , e# 2L

a+ b! µ2
f )

q(! )(x! , µ2
f )

+ ln S (T(L/a )) + ln F (C1, . . . , Cn ; #) ,

(3.6)

where d̄! was defined in eq. (2.20), while r ! , r "
! , and T were given in eqs. (2.21)–(2.23)

and are evaluated in appendix A.1; L = ln 1/v , # = $0%sL ; C! is the colour factor

associated with leg &; and the hard collinear correction term B! is given by

B! =

&
''(

'')

!
3

4
quarks ,

!
11CA ! 4TRnf

12CA
gluons .

(3.7)

The number of incoming hadronic legs is denoted by ni , and each of them is associated

with a parton distribution q(! )(x! , µ2
f ) at Bjorken momentum fraction x! and, in the

Born cross section, at a hard factorisation scale µ2
f " Q2. To guarantee the NLL

accuracy of f (v) it is sufficient to use just LL DGLAP evolution [60] to resum the

collinear (single) logarithms in the ratio q(! )(x! , e# 2L
a+ b! µ2

f )/q
(! )(x! , µ2

f ).
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Automating the soft function

In this paper, we also address the issue of matching the resummation to Þxed-
order calculations. In Sec.3 we develop an automated LO matching scheme which
makes use of modiÞed dipole subtraction [34]. It circumvents the explicit expansion
of the resummation formulae to a large extent and provides a quasi-local cancellation
of the logarithmic contributions. We use the resummation of the transverse thrust
in hadronic collisions as a Þrst example to study the performance of our method. We
Þnally summarize our work and indicate future directions in Sec.4.

2. The soft function and its anomalous dimension

The main aim of this work is to deÞne and implement NLL resummation for processes
with an arbitrary number of hard partons. Despite the computational di! culties
arising from the non-trivial color structure in soft-gluon radiation, one can formally
write all-order resummed expressions in terms of abstract color operators [30, 33, 34,
35], which are then valid for an arbitrary number of hard legs.

The quantity we are interested in is the NLL Òsoft functionÓ2 [30, 31]

S(⇠) =
!m0|e� ⇠

2�
†
e� ⇠

2�|m0"
!m0|m0"

. (2.1)

Note that the soft function deÞned here and used throughout this paper does not
contain any collinear logarithms. This is in contrast to alternative deÞnitions also
common in the literature. In Eq. (2.1), |m0" denotes a vector in color space repre-
senting the Born amplitude, such that the color-summed squared matrix element is
|M 0|2 = !m0|m0". ⇠ is a single-logarithmic evolution variable. Its precise functional
form may depend on the observable at hand. We shall return to this point in Sec.3.
The soft function in Eq. (2.1) is deÞned in terms of the central object in our study:
the soft anomalous dimension! . For a large class of global event shapes,! can be
written as

! = # 2
!

i<j

T i áT j ln
Qij

Q12
+ i⇡

!

i,j = II,F F

T i áT j . (2.2)

The Þrst sum runs over all possible colored dipoles, withQij the respective invariant
mass, i.e.

Q2
ij = 2 pi ápj . (2.3)

The second sum in Eq. (2.2) is over the Coulomb (or Glauber) contributions between
ÞnalÐÞnal (FF) and initialÐinitial (II) parton pairs. In order to make contact with

2Although much of the computational technology developed here can be applied to a variety
of observables, in order to keep the presentation simple, we focus our discussion on global event
shapes. A general framework for resumming such observables has been developed in the context of
the program Caesar [17]. Within this method, observables deÞned on Born conÞgurations with
an arbitrary number of hard partons can in principle be considered. More details will be given in
Sec.3.1 and App. B.
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Sub-process gggg qøqgg qøqqøq ggggg qøqggg qøqqøqg

Dim. basis 5 3 2 16 10 4

Dim. Born 2 2 2 6 6 4

zero eigenvalues 0 0 0 0 0 0

Table 1: Summary of basis properties for all 4- and 5-parton processes. Pure gluon

processes are listed in the adjoint f -basis.

Sub-process 6g qøq4g qøqqøqgg qqqqøqq 7g qøq5g qøqqøq3g qøqqøqqøqg

Dim. basis 79 46 14 6 421 252 62 18

Dim. Born 24 24 12 6 120 120 48 18

zero eigenvalues 5 6 1 0 70 75 12 1

Table 2: Summary of basis properties for all 6- and 7-parton processes. Pure gluon

processes are listed in the adjoint f -basis.

B. The Caesar framework

Caesar [17] is a computer program that allows one to perform the resummation
of a large class of observables, namely global event shapes, to NLL accuracy. In
this appendix we recap, without re-deriving them, the expressions of the leading
and next-to-leading functiong(! )

1 and g(! ,B)
2 in Eq. (3.2) as obtained in theCaesar

framework. The LL function reads

g(! )
1 (! SL) =

!
n!

l=1

Cl

2"# 0$bl

"
(a ! 2$) ln

#
1 !

2$
a

$
! (a + bl ! 2$) ln

#
1 !

2$
a + bl

$%
,

(B.1)

where $ = ! S#0L, ! S = ! S(µ2
R) and #0 is the one-loop coe! cient of the QCD #-

function, #(! S) = ! ! S (! S#0 + ! 2
S #1 + . . . ), with

#0 =
11CA ! 2nf

12"
, #1 =

17C2
A ! 5CA nf ! 3CF nf

24" 2
. (B.2)

The result in Eq. (B.1) consists of a sum over all the hard partons and the dependence
on the color is trivial and only enters through the Casimir of each legl, (CF for a
quark leg,CA for a gluon leg). Note also thata1 = a2 = á á á= an = a > 0.
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see also work by Sjodhal

large-angle soft gluon contributions 
have complicated color structure

Dixon

we need color-decomposition of 
both Born amplitude and soft 

anomalous dimension

until recently: by hand

now: general bases and 
Comix (Sherpa) for Born 

amplitudes

Kidonakis, Oderda,Sterman (1998)
Kyrieleis, Seymour (2006)

Gerwick, Hoeche, SM, Schumann (2014)
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Looking inside a jet: 
jet substructure 
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JETS
Collimated, energetic 

sprays of particles

24

We want to look 
inside a jet



We want to look 
inside a jet

JETS
Collimated, energetic 

sprays of particles
exploit jetsÕ properties 

to distinguish
signal jets from bkg jets

h

pt > 2m/R

q

RR
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¥ First jet-observable that comes to mind

¥ Signal jet should have a mass distribution peaked near the 
   resonance

Signal-jet mass

April 2014Jet Substructure

Boosted massive particles → fat jets

Normal analyses: two quarks from
X → qq̄ reconstructed as two jets

jet 1

jet 2

X at rest
X

High-pt regime: EW object X
is boosted, decay is collimated,

qq̄ both in same jet

single
fat jet

z

(1−z)

boosted X

Happens for pt ! 2m/R

pt ! 320 GeV for m = mW , R = 0.5

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 19 / 29
12

Boosted hadronic decays
(X = W, Z, H, top, new particle)

¥ However, thatÕs a simple partonic picture

26



A useful cartoon

jet
hadronisation

pert. radiation
(parton branching) 

inspired by G. Salam
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jet hadronisation

pert. radiation
(parton branching) 

underlying event 
(multiple parton 

interactions)

A useful cartoon
inspired by G. Salam

28



jet hadronisation

pert. radiation
(parton branching) 

underlying event 
(multiple parton 

interactions)

pile-up
(multiple proton interactions)

A useful cartoon
inspired by G. Salam



Effect of jet masses

April 2014Jet Substructure

Boosted massive particles! fat jets

Normal analyses: two quarks from
X ! qøq reconstructed as two jets

jet 1

jet 2

X at rest

X

High-pt regime: EW object X
is boosted, decay is collimated,

qøq both in same jet

single
fat jet

z

(1−z)

boosted X

Happens forpt ! 2m/ R
pt ! 320 GeV form = mW , R = 0 .5

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 19 / 29

13

Most obvious way of 
detecting a boosted decay 

is through the mass of the jet 

But jet mass is 
poor  in practice:

e.g., narrow W resonance
highly smeared by QCD 

radiation

(mainly underlying event/
pileup)

1/
!

 d
!

/d
m

 [G
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-1
]

mjet [GeV]

jet mass distribution from W bosons

pp 14 TeV, pt,gen > 3 TeV, C/A R=1

Pythia 6, DW tune
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partons

hadrons w.
UE

¥ In reality perturbative and non-pert emissions pair broadens   
   and shift the signal peak

¥ Underlying Event and pile-up  typically enhance the jet mass    
   (both signal and background)
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Beyond the mass: substructure
¥ LetÕs have a closer look: background peaks in the EW region
¥ Need to go beyond the mass and exploit jet substructure 
¥ Grooming and Tagging:

1. clean the jets up by removing soft junk
2. identify the features of hard decays and cut on them                                                                               
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Beyond the mass: substructure
¥ LetÕs have a closer look: background peaks in the EW region
¥ Need to go beyond the mass and exploit jet substructure 
¥ Grooming and Tagging:

1. clean the jets up by removing soft junk
2. identify the features of hard decays and cut on them                                                                               
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¥ Grooming provides a handle on UE and pile-up
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Trimming

1. Take all particles in a jet and 
   re-cluster them with a 
   smaller jet radius Rsub < R

2. Keep all subjets for which 
   ptsubjet > zcut pt

3. Recombine the subjets to 
   form the trimmed jet

recluster

on scale Rsub

discard subjets

with < zcut pt

Krohn, Thaler and Wang (2010)
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A theoristÕs worry

M. Schwartz (Boost 2012)

precision 
QCD

gr
oo

m
ing

¥ Complicated algorithms with many parameters
¥ Are we giving up on calculability / precision QCD ?

Dasgupta, Fregoso, SM,  Powling EPJ C (2013)
Dasgupta, Fregoso, SM,  Salam,  JHEP 1309 029 (2013)
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¥ First comprehensive QCD study of these algorithms



Soft-gluon phase space

z

1 ! z

!

pT

dPi !
! s

"
Cr

dzi

zi

d#i

#i

Trimmed

log
R
!

log
1
z soft

so
ft-

co
llin

ea
r

collinear

Emission probability is uniform in the 
(log z, log θ) plane:

Soft gluons off a hard 
parton (a quark for 

deÞniteness)
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trimmed

Trimming

Trimmed

log
R
!

log
1
z

z = zcut

! = Rsub

z

1 ! z

!

pT

Soft gluons off a hard 
parton (a quark for 

deÞniteness)

¥ The action of a groomer is to remove some of the allowed 
   phase space (typically soft and soft-collinear)
¥ What are the consequences for physical observables, e.g. 
   the jet mass ? 36
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Trimmed mass: MC vs analytics
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�l  = m2/(pt
2 R2)

Pythia 6 MC: quark jets

m [GeV], for pt = 3 TeV, R = 1

Trimming

Rsub = 0.2, zcut = 0.05

Rsub = 0.2, zcut = 0.1

Dasgupta, Fregoso, SM and Salam (2013)

¥ Trimming is active (and aggressive) for zcut <ρ < Rsub2/R2 zcut 
¥ Not active below because of Þxed Rsub
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Trimmed mass: MC vs analytics
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ModiÞed LL (MLL):  LL + hard collinear + running coupling

¥ Trimming is active (and aggressive) for zcut <ρ < Rsub2/R2 zcut 
¥ Not active below because of Þxed Rsub
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1. Undo the last stage of the C/A clustering. Label the two   
    subjets j1 and j2 .

2. If 

   then deem j to be the soft-dropped jet.

3. Otherwise redeÞne j to be the harder subjet and iterate.
1-prong jets can be either kept (grooming mode) or discarded (tagging mode)

Analytic understanding at work:
Soft Drop Larkoski, SM, Soyez and Thaler (2014)

1 Introduction

The study of jet substructure has signiÞcantly matured over the past Þve years [1Ð3], with
numerous techniques proposed to tag boosted objects [4Ð46], distinguish quark from gluon jets
[44, 47Ð51], and mitigate the e! ects of jet contamination [6, 52Ð61]. Many of these techniques
have found successful applications in jet studies at the Large Hadron Collider (LHC) [50, 62Ð
89], and jet substructure is likely to become even more relevant with the anticipated increase
in energy and luminosity for Run II of the LHC.

In addition to these phenomenological and experimental studies of jet substructure, there
is a growing catalog of Þrst-principles calculations using perturbative QCD (pQCD). These
include more traditional jet mass and jet shape distributions [90Ð95] as well as more so-
phisticated substructure techniques [44, 59, 60, 96Ð103]. Recently, Refs. [59, 60] considered
the analytic behavior of three of the most commonly used jet tagging/grooming methodsÑ
trimming [ 53], pruning [54, 55], and mass drop tagging [6]. Focusing on groomed jet mass
distributions, this study showed how their qualitative and quantitative features could be un-
derstood with the help of logarithmic resummation. Armed with this analytic understanding
of jet substructure, the authors of Ref. [59] developed the modiÞed mass drop tagger (mMDT)
which exhibits some surprising features in the resulting groomed jet mass distribution, in-
cluding the absence of Sudakov double logarithms, the absence of non-global logarithms [104],
and a high degree of insensitivity to non-perturbative e! ects.

In this paper, we introduce a new tagging/grooming method called Òsoft drop decluster-
ingÓ, with the aim of generalizing (and in some sense simplifying) the mMDT procedure. Like
any grooming method, soft drop declustering removes wide-angle soft radiation from a jet in
order to mitigate the e! ects of contamination from initial state radiation (ISR), underlying
event (UE), and multiple hadron scattering (pileup). Given a jet of radius R0 with only two
constituents, the soft drop procedure removes the softer constituent unless

Soft Drop Condition:
min(pT 1, pT 2)

pT 1 + pT 2
> z cut

✓
" R12

R0

◆!

, (1.1)

where pT i are the transverse momenta of the constituents with respect to the beam," R12

is their distance in the rapidity-azimuth plane, zcut is the soft drop threshold, and ! is an
angular exponent. By construction, Eq. (1.1) fails for wide-angle soft radiation. The degree
of jet grooming is controlled by zcut and ! , with ! ! " returning back an ungroomed jet. As
we explain in Sec.2, this procedure can be extended to jets with more than two constituents
with the help of recursive pairwise declustering.1

Following the spirit of Ref. [59], the goal of this paper is to understand the analytic
behavior of the soft drop procedure, particularly as the angular exponent! is varied. There
are two di! erent regimes of interest. For! > 0, soft drop declustering removes soft radiation

1The soft drop procedure takes some inspiration from the Òsemi-classical jet algorithmÓ [58], where a variant
of Eq. (1.1) with zcut = 1 / 2 and ! = 3 / 2 is tested at each stage of recursive clustering (unlike declustering
considered here).

Ð 2 Ð

Butterworth, Davison, Rubin and Salam (2008)
Dasgupta, Fregoso, SM and Salam  (2013)

¥ Generalization of the (modiÞed) Mass Drop procedure
¥ no mass drop condition (not so important)
¥ mMDT recovered for β=0
¥ some inspiration from semi-classical jets Tseng and Evans (2013)
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Soft Drop as a groomer

Trimmed

log
R
!

log
1
z

z > z cut

!
!
R

" !

soft dropped ¥ useful to 
   consider the soft-
   gluon phase space

¥ soft-drop 
   condition becomes

¥ soft drop always removes soft radiation entirely (hence the name)
¥ for β>0 soft-collinear is partially removed

! > 0
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Soft Drop vs Trimming

Trimmed

log
R
!

log
1
z

z = zcut

! > 0
soft dropped

trimmed

! = Rsub

¥ trimming had an 
   abrupt change of
   behavior due to 
   Þxed Rsub

¥ in soft-drop 
   angular resolution 
   controlled by the 
   exponent β

¥ phase-space 
   appears smoother

Soft drop in grooming mode (β>0) works as a dynamical trimmer
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soft dropped

Soft Drop and mMDT

Trimmed

log
R
!

log
1
z

! = 0

z > z cut

!
!
R

" !

¥ useful to 
   consider the soft-
   gluon phase space

¥ soft-drop 
   condition becomes

¥ soft drop always removes soft radiation entirely (hence the name)
¥ for β=0 soft-collinear is also entirely removed (mMDT limit)
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soft dropped

Soft Drop as a tagger

Trimmed

log
R
!

log
1
z

! < 0
z > z cut

!
!
R

" !

¥ useful to 
   consider the soft-
   gluon phase space

¥ soft-drop 
   condition becomes

¥ soft drop always removes soft radiation entirely (hence the name)
¥ for β<0 some hard-collinear is also partially removed
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Calculating groomed-jet properties (I)

Two-point
energy

correlation 
functions
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Analytics to check MCs
¥ How solid are MC descriptions of jet substructure ?
¥ Take something we analytically understand very well (mMDT)

¥ Take the spread as the
   uncertainty  ?
¥ But we also have an 
   analytic calculation
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2 R2)

m [GeV], for pt = 3 TeV, R = 1

mMDT (ycut = 0.13)

pt,jet > 3 TeV

v6.425 (DW) virtuality ordered
v6.425 (P11) pt ordered
v8.165 (4C) pt ordered
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¥ Take the spread as the
   uncertainty  ?
¥ But we also have an 
   analytic calculation

¥ Problem in the shower: 
   Þxed by the Authors in 
   the 6.428pre version

Analytics to check MCs
�l/
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�l  = m2/(pt
2 R2)

m [GeV], for pt = 3 TeV, R = 1

mMDT (ycut = 0.13)

pt,jet > 3 TeV

v6.425 (DW) virtuality ordered
v6.425 (P11) pt ordered
v8.165 (4C) pt ordered

Analytics
v6.428pre (P11) pt ordered
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¥ How solid are MC descriptions of jet substructure ?
¥ Take something we analytically understand very well (mMDT)
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QCD lecture 2 (p. 22)
Better observables

IR/Collinear safety
Sterman-Weinberg jets

The original (Þnite) jet deÞnition

An event has 2 jets if at least a frac-
tion (1 ! ! ) of event energy is con-
tained in two cones of half-angle" .

!

#2! jet = #qøq

!
1 +

2$sCF

%

"
dE
E

d&
sin&

!
R

!
E
Q

, &
#

"

"
!

1 ! !
!

E
Q

! !
#

! (&! " )
#

! V
!

E
Q

, &
## #

! For smallE or small& this is just like total cross section Ñ full
cancellation of divergences between real and virtual terms.

! For largeE and large& a Þnite pieceof real emission cross section iscut
out.

! Overall Þnal contribution dominated by scales# Q Ñ cross section is
perturbatively calculable.

Common lore: IRC safety

51

QCD lecture 2 (p. 21)

Better observables

IR/Collinear safety
Infrared and Collinear Safety (deÞnition)

For an observableÕs distribution to be calculable in [Þxed-order]
perturbation theory, the observable should be infra-red safe, i.e.
insensitive to the emission of soft or collinear gluons. In particular if !pi

is any momentum occurring in its deÞnition, it must be invariantunder
the branching

!pi ! !pj + !pk

whenever!pj and!pk are parallel [collinear] or one of them is small
[infrared]. [QCD and Collider Physics (Ellis, Stirling & Webber)]

Examples

! Multiplicity of gluons isnot IRC safe [modiÞed by soft/collinear splitting]

! Energy of hardest particle isnot IRC safe [modiÞed by collinear splitting]

! Energy ßow into a coneis IRC safe [soft emissions donÕt change energy ßow
collinear emissions donÕt change its direction]

Taken from Gavin Salam

Sterman-Weinberg 
jet deÞnition 

subtract
3-jet component

! 2! jet = ! qøq

!

1 +
2" sCF

#

"
dE
E

d$
$

#

R
$

E
Q

, $
%

! (1 " ! (E " %Q) ! ($ " &)) " V
$

E
Q

, $
%&'

¥ in soft or collinear limit the 
Θ-functions disappear

¥ R-V cancellation occurs 
leading to a Þnite cross-
section: IRC safety
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QCD lecture 2 (p. 21)

Better observables

IR/Collinear safety
Infrared and Collinear Safety (deÞnition)

For an observableÕs distribution to be calculable in [Þxed-order]
perturbation theory, the observable should be infra-red safe, i.e.
insensitive to the emission of soft or collinear gluons. In particular if !pi

is any momentum occurring in its deÞnition, it must be invariantunder
the branching

!pi ! !pj + !pk

whenever!pj and!pk are parallel [collinear] or one of them is small
[infrared]. [QCD and Collider Physics (Ellis, Stirling & Webber)]

Examples

! Multiplicity of gluons isnot IRC safe [modiÞed by soft/collinear splitting]

! Energy of hardest particle isnot IRC safe [modiÞed by collinear splitting]

! Energy ßow into a coneis IRC safe [soft emissions donÕt change energy ßow
collinear emissions donÕt change its direction]

Taken from Gavin Salam

Partonic 
cross-sections

¥ in soft or collinear limit the 
Θ-functions disappear

¥ R-V cancellation occurs 
leading to a Þnite cross-
section: IRC safety

¥ IRC unsafe example: 
     partonic x-sections
¥ an arbitrary collinear 

emission carries away 
momentum fraction 1-x

¥ collinear divergencies 
absorbed by pdfs

2.1. QCD and the parton model

q

p

q

p

k

p!

Figure 2.3: Virtual and real contributions to the coe! cient function C2 at next-to-
leading-order

the leading order contribution to the coe! cient function is a delta function:

C(0)
2 = x! (x1 " x) = ! (1 " z) , (2.13)

where z = x
x1

is often called partonic Bjorken variable.

The computation of the next-to-leading order (NLO) corrections is performed here

in d = 4 " 2" dimension using dimensional regularisation. At O(#s) two classes of

contributions appear; the interference between the one-loop correction and the tree-

level amplitude has to be considered, together with the emission of one real gluon at

tree level as shown in Þgure 2.3. The virtual contribution isgiven by

!
C(1)

2 (x, Q2, " )
"

virt
=

1
8$

#
d" (1) [M l M !

0 + M !
l M 0] , (2.14)

where M 0 and M l are the tree-level and one-loop amplitudes respectively. Theresult

is [4]

!
C(1)

2 (z, Q2, " )
"

virt
= " (Q2)" ! (4$)! CF

$
#(1 + ")#2(1 " " )

#(1 " 2")
1 " "
1 " 2"

1
"2

$
1 +

"
2

+
3
2

"2
%

! (1 " z), (2.15)

whereCF = 4 / 3. The double pole in" originates from the region of the loop integration

where the exchanged virtual gluon is simultaneously soft and collinear to a massless

quark line. This singularity is cancelled by an analogous contribution from the emission

of one real gluon:

%! (q) + q(p) # q(p#) + g(k). (2.16)

11

! ! 0

1 ! x

x

ö! = ! 0

!
" (1 ! x) +

#s

$

" #
d%
%

(P(x) + K " (1 ! x)) + C(x)
$%



Beyond IRC safety ?
Larkoski, SM and Thaler (2015)

1 2
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1

2

observable is insu! cient to regulate all singularities in
u, we can measure a vector of IRC safe observabless =
{ s1, . . . , sn } , such that

p(u) =
!

dn sp(s) p(u|s) . (4)

All previous examples of Sudakov safety fall in the cat-
egory of (3) above where only a single IRC safe measure-
ment was required. In [3], the energy loss distribution
from soft drop grooming was deÞned precisely as in (3),
where u was the factional energy loss" E and s was the
groomed jet radius rg (see below). In [2], ratio observ-
ablesr = a/b were originally deÞned in terms of a double-
di#erential cross section [8] as

p(r ) =
!

da db p(a, b) !
"

r !
a
b

#
, (5)

wherea and bare IRC safe butr is not, because there are
singularities at b = 0 at every Þnite perturbative order,
leading to a divide-by-zero issue forr . Integrating over
a, we can write this as

p(r ) "
!

db p(b) p(r |b) , (6)

and r is Sudakov safe becausep(b) has an all-orders Su-
dakov form factor that renders p(r ) Þnite.

It should be stressed that the deÞnition of Sudakov
safety in (4) is not vacuous and it does not save all IRC
unsafe observables. As a counterexample, consider par-
ticle multiplicity. Because perturbation theory allows an
arbitrary number of soft or collinear emissions, the per-
turbative multiplicity is in principle inÞnite. Therefore,
to regulate all singularities to all orders would require
measuring an inÞnite number of IRC safe observables, in-
dicating the loss of perturbative control. Also, it should
be stressed that just because an observable is Sudakov
safe, that does not mean that non-perturbative aspects
of QCD are irrelevant. Indeed, both [2, 3] include an esti-
mate of non-perturbative e#ects, which are analogous to
non-perturbative power corrections and underlying event
corrections familiar from the IRC safe case.

Crucially, one needs some kind of all-orders informa-
tion to obtain Þnite distributions for p(u). If a Þxed-
order expansion ofp(s) and p(u|s) were su! cient, then
p(u) would have a series expansion in" s, contradicting
the assumption that u is IRC unsafe. While we use log-
arithmic resummation to capture all-orders information
about p(s), one could imagine using alternative methods.
Our deÞnition of Sudakov safety in (4) is clearly a neces-
sary condition for p(u) being Þnite, but we leave a proof
of whether or not it is su! cient to future work.

Unlike IRC safe distributions which have a unique " s

expansion, the formal perturbative accuracy of a Sudakov
safe distribution is ambiguous. First, there are di#er-
ent choices for s that can regulate the singularities in

u. This is analogous to the choice of evolution variables
in a parton shower, as each choice gives a Þnite (albeit
di#erent) answer at a given perturbative accuracy. Sec-
ond, the probability distributions p(s) and p(u|s) can be
calculated to di#erent formal accuracies. Below we use
leading logarithmic resummation for p(s), but only work
to lowest order in " s for p(u|s). Thus, when discussing
the accuracy ofp(u), one must specify the choice ofs and
the accuracy ofp(s) and p(u|s) separately.

We now study an instructive example that demon-
strates the complementarity of Sudakov safety and IRC
safety. This example is based on soft drop declustering
[3], which we brießy review. Consider a jet clustered with
the Cambridge-Aachen (C/A) algorithm [9, 10] with jet
radius R0. One can decluster through the branching his-
tory, grooming away the softer branch until one Þnds a
branch that satisÞes the condition

min (pT 1, pT 2)
pT 1 + pT 2

> z cut

$
R12

R0

%!

, (7)

where 1 and 2 denote the branches at that step in
the clustering, pT i are the corresponding transverse mo-
menta, andR12 is their rapidity-azimuth separation. The
kinematics of this branch deÞnes the groomed jet radius
rg and the groomed momentum sharingzg,

r g =
R12

R0
, zg =

min (pT 1, pT 2)
pT 1 + pT 2

. (8)

Because the C/A branching history is angular ordered,
it was shown in [3] that r g is IRC safe.

Our observable of interest iszg, and the angular ex-
ponent # determines whether or notzg is IRC safe. For
# < 0, zg is IRC safe, becausezg > z cut for any branch
that passes (7); if this condition is never satisÞed, the jet
is simply removed from the analysis. For# > 0, zg is IRC
unsafe, since measuringzg does not regulate collinear sin-
gularities. The boundary case# = 0 corresponds to the
(modiÞed) mass drop tagger [5Ð7] which also has collinear
divergences, but we will show that it actually satisÞes a
generalized version of IRC safety.

In our calculations, we work to lowest non-trivial order
to illustrate the physics, though we provide supplemen-
tal materials for the interested reader that include higher-
order e#ects. (I removed a sentence here about sin-
gle emission, since that discussion is best left to
the supplemental. Ðjdt) We take the parameter zcut

to be small, but large enough that lnzcut terms need not
be resummed, withzcut # 0.1 as a benchmark.

We now use the strategy in (3) to calculate the mo-
mentum sharing zg for all values of #, using the groomed
radius r g to regulate collinear singularities:

p(zg) =
1
$

d$
dzg

=
!

dr g p(r g) p(zg|r g) . (9)

2

observable is insu! cient to regulate all singularities in
u, we can measure a vector of IRC safe observables s =
{ s1, . . . , sn } , such that

p(u) =
!

dn sp(s) p(u|s) . (4)

All previous examples of Sudakov safety fall in the cat-
egory of (3) above where only a single IRC safe measure-
ment was required. In [3], the energy loss distribution
from soft drop grooming was defined precisely as in (3),
where u was the factional energy loss " E and s was the
groomed jet radius r g (see below). In [2], ratio observ-
ables r = a/b were originally defined in terms of a double-
di#erential cross section [8] as

p(r ) =
!

dadb p(a, b) !
"

r !
a
b

#
, (5)

where a and bare IRC safe but r is not, because there are
singularities at b = 0 at every finite perturbative order,
leading to a divide-by-zero issue for r . Integrating over
a, we can write this as

p(r ) "
!

db p(b) p(r |b) , (6)

and r is Sudakov safe because p(b) has an all-orders Su-
dakov form factor that renders p(r ) finite.

It should be stressed that the definition of Sudakov
safety in (4) is not vacuous and it does not save all IRC
unsafe observables. As a counterexample, consider par-
ticle multiplicity. Because perturbation theory allows an
arbitrary number of soft or collinear emissions, the per-
turbative multiplicity is in principle infinite. Therefore,
to regulate all singularities to all orders would require
measuring an infinite number of IRC safe observables, in-
dicating the loss of perturbative control. Also, it should
be stressed that just because an observable is Sudakov
safe, that does not mean that non-perturbative aspects
of QCD are irrelevant. Indeed, both [2, 3] include an esti-
mate of non-perturbative e#ects, which are analogous to
non-perturbative power corrections and underlying event
corrections familiar from the IRC safe case.

Crucially, one needs some kind of all-orders informa-
tion to obtain finite distributions for p(u). If a fixed-
order expansion of p(s) and p(u|s) were su! cient, then
p(u) would have a series expansion in " s, contradicting
the assumption that u is IRC unsafe. While we use log-
arithmic resummation to capture all-orders information
about p(s), one could imagine using alternative methods.
Our definition of Sudakov safety in (4) is clearly a neces-
sary condition for p(u) being finite, but we leave a proof
of whether or not it is su! cient to future work.

Unlike IRC safe distributions which have a unique " s

expansion, the formal perturbative accuracy of a Sudakov
safe distribution is ambiguous. First, there are di#er-
ent choices for s that can regulate the singularities in

u. This is analogous to the choice of evolution variables
in a parton shower, as each choice gives a finite (albeit
di#erent) answer at a given perturbative accuracy. Sec-
ond, the probability distributions p(s) and p(u|s) can be
calculated to di#erent formal accuracies. Below we use
leading logarithmic resummation for p(s), but only work
to lowest order in " s for p(u|s). Thus, when discussing
the accuracy of p(u), one must specify the choice of s and
the accuracy of p(s) and p(u|s) separately.
We now study an instructive example that demon-

strates the complementarity of Sudakov safety and IRC
safety. This example is based on soft drop declustering
[3], which we briefly review. Consider a jet clustered with
the Cambridge-Aachen (C/A) algorithm [9, 10] with jet
radius R0. One can decluster through the branching his-
tory, grooming away the softer branch until one finds a
branch that satisfies the condition

min (pT 1, pT 2)

pT 1 + pT 2
> z cut

$
R12

R0

%!

, (7)

where 1 and 2 denote the branches at that step in
the clustering, pT i are the corresponding transverse mo-
menta, and R12 is their rapidity-azimuth separation. The
kinematics of this branch defines the groomed jet radius
r g and the groomed momentum sharing zg,

r g =
R12

R0
, zg =

min (pT 1, pT 2)

pT 1 + pT 2
. (8)

Because the C/A branching history is angular ordered,
it was shown in [3] that r g is IRC safe.
Our observable of interest is zg, and the angular ex-

ponent # determines whether or not zg is IRC safe. For
# < 0, zg is IRC safe, because zg > z cut for any branch
that passes (7); if this condition is never satisfied, the jet
is simply removed from the analysis. For # > 0, zg is IRC
unsafe, since measuring zg does not regulate collinear sin-
gularities. The boundary case # = 0 corresponds to the
(modified) mass drop tagger [5–7] which also has collinear
divergences, but we will show that it actually satisfies a
generalized version of IRC safety.
In our calculations, we work to lowest non-trivial order

to illustrate the physics, though we provide supplemen-
tal materials for the interested reader that include higher-
order e#ects. (I removed a sentence here about sin-
gle emission, since that discussion is best left to
the supplemental. Ðjdt) We take the parameter zcut

to be small, but large enough that ln zcut terms need not
be resummed, with zcut # 0.1 as a benchmark.
We now use the strategy in (3) to calculate the mo-

mentum sharing zg for all values of #, using the groomed
radius r g to regulate collinear singularities:

p(zg) =
1

$
d$
dzg

=

!
dr g p(r g) p(zg|r g) . (9)

IRC safe IRC unsafe 
for β≥0

! !
0 always contributes in the 

collinear limit

real / virtual singularities
donÕt cancel

At this point non-pert
objects are usually 

invoked
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2

observable is insu! cient to regulate all singularities in
u, we can measure a vector of IRC safe observabless =
{ s1, . . . , sn } , such that

p(u) =
!

dn sp(s) p(u|s) . (4)

All previous examples of Sudakov safety fall in the cat-
egory of (3) above where only a single IRC safe measure-
ment was required. In [3], the energy loss distribution
from soft drop grooming was deÞned precisely as in (3),
where u was the factional energy loss" E and s was the
groomed jet radius rg (see below). In [2], ratio observ-
ablesr = a/b were originally deÞned in terms of a double-
di#erential cross section [8] as

p(r ) =
!

da db p(a, b) !
"

r !
a
b

#
, (5)

wherea and bare IRC safe butr is not, because there are
singularities at b = 0 at every Þnite perturbative order,
leading to a divide-by-zero issue forr . Integrating over
a, we can write this as

p(r ) "
!

db p(b) p(r |b) , (6)

and r is Sudakov safe becausep(b) has an all-orders Su-
dakov form factor that renders p(r ) Þnite.

It should be stressed that the deÞnition of Sudakov
safety in (4) is not vacuous and it does not save all IRC
unsafe observables. As a counterexample, consider par-
ticle multiplicity. Because perturbation theory allows an
arbitrary number of soft or collinear emissions, the per-
turbative multiplicity is in principle inÞnite. Therefore,
to regulate all singularities to all orders would require
measuring an inÞnite number of IRC safe observables, in-
dicating the loss of perturbative control. Also, it should
be stressed that just because an observable is Sudakov
safe, that does not mean that non-perturbative aspects
of QCD are irrelevant. Indeed, both [2, 3] include an esti-
mate of non-perturbative e#ects, which are analogous to
non-perturbative power corrections and underlying event
corrections familiar from the IRC safe case.

Crucially, one needs some kind of all-orders informa-
tion to obtain Þnite distributions for p(u). If a Þxed-
order expansion ofp(s) and p(u|s) were su! cient, then
p(u) would have a series expansion in" s, contradicting
the assumption that u is IRC unsafe. While we use log-
arithmic resummation to capture all-orders information
about p(s), one could imagine using alternative methods.
Our deÞnition of Sudakov safety in (4) is clearly a neces-
sary condition for p(u) being Þnite, but we leave a proof
of whether or not it is su! cient to future work.

Unlike IRC safe distributions which have a unique " s

expansion, the formal perturbative accuracy of a Sudakov
safe distribution is ambiguous. First, there are di#er-
ent choices for s that can regulate the singularities in

u. This is analogous to the choice of evolution variables
in a parton shower, as each choice gives a Þnite (albeit
di#erent) answer at a given perturbative accuracy. Sec-
ond, the probability distributions p(s) and p(u|s) can be
calculated to di#erent formal accuracies. Below we use
leading logarithmic resummation for p(s), but only work
to lowest order in " s for p(u|s). Thus, when discussing
the accuracy ofp(u), one must specify the choice ofs and
the accuracy ofp(s) and p(u|s) separately.

We now study an instructive example that demon-
strates the complementarity of Sudakov safety and IRC
safety. This example is based on soft drop declustering
[3], which we brießy review. Consider a jet clustered with
the Cambridge-Aachen (C/A) algorithm [9, 10] with jet
radius R0. One can decluster through the branching his-
tory, grooming away the softer branch until one Þnds a
branch that satisÞes the condition

min (pT 1, pT 2)
pT 1 + pT 2

> z cut

$
R12

R0

%!

, (7)

where 1 and 2 denote the branches at that step in
the clustering, pT i are the corresponding transverse mo-
menta, andR12 is their rapidity-azimuth separation. The
kinematics of this branch deÞnes the groomed jet radius
rg and the groomed momentum sharingzg,

r g =
R12

R0
, zg =

min (pT 1, pT 2)
pT 1 + pT 2

. (8)

Because the C/A branching history is angular ordered,
it was shown in [3] that r g is IRC safe.

Our observable of interest iszg, and the angular ex-
ponent # determines whether or notzg is IRC safe. For
# < 0, zg is IRC safe, becausezg > z cut for any branch
that passes (7); if this condition is never satisÞed, the jet
is simply removed from the analysis. For# > 0, zg is IRC
unsafe, since measuringzg does not regulate collinear sin-
gularities. The boundary case# = 0 corresponds to the
(modiÞed) mass drop tagger [5Ð7] which also has collinear
divergences, but we will show that it actually satisÞes a
generalized version of IRC safety.

In our calculations, we work to lowest non-trivial order
to illustrate the physics, though we provide supplemen-
tal materials for the interested reader that include higher-
order e#ects. (I removed a sentence here about sin-
gle emission, since that discussion is best left to
the supplemental. Ðjdt) We take the parameter zcut

to be small, but large enough that lnzcut terms need not
be resummed, withzcut # 0.1 as a benchmark.

We now use the strategy in (3) to calculate the mo-
mentum sharing zg for all values of #, using the groomed
radius r g to regulate collinear singularities:

p(zg) =
1
$

d$
dzg

=
!

dr g p(r g) p(zg|r g) . (9)

Þnite conditional 
probability for rg>0
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2

observable is insu! cient to regulate all singularities in
u, we can measure a vector of IRC safe observabless =
{ s1, . . . , sn } , such that

p(u) =
!

dn sp(s) p(u|s) . (4)

All previous examples of Sudakov safety fall in the cat-
egory of (3) above where only a single IRC safe measure-
ment was required. In [3], the energy loss distribution
from soft drop grooming was deÞned precisely as in (3),
where u was the factional energy loss" E and s was the
groomed jet radius rg (see below). In [2], ratio observ-
ablesr = a/b were originally deÞned in terms of a double-
di#erential cross section [8] as

p(r ) =
!

da db p(a, b) !
"

r !
a
b

#
, (5)

wherea and bare IRC safe butr is not, because there are
singularities at b = 0 at every Þnite perturbative order,
leading to a divide-by-zero issue forr . Integrating over
a, we can write this as

p(r ) "
!

db p(b) p(r |b) , (6)

and r is Sudakov safe becausep(b) has an all-orders Su-
dakov form factor that renders p(r ) Þnite.

It should be stressed that the deÞnition of Sudakov
safety in (4) is not vacuous and it does not save all IRC
unsafe observables. As a counterexample, consider par-
ticle multiplicity. Because perturbation theory allows an
arbitrary number of soft or collinear emissions, the per-
turbative multiplicity is in principle inÞnite. Therefore,
to regulate all singularities to all orders would require
measuring an inÞnite number of IRC safe observables, in-
dicating the loss of perturbative control. Also, it should
be stressed that just because an observable is Sudakov
safe, that does not mean that non-perturbative aspects
of QCD are irrelevant. Indeed, both [2, 3] include an esti-
mate of non-perturbative e#ects, which are analogous to
non-perturbative power corrections and underlying event
corrections familiar from the IRC safe case.

Crucially, one needs some kind of all-orders informa-
tion to obtain Þnite distributions for p(u). If a Þxed-
order expansion ofp(s) and p(u|s) were su! cient, then
p(u) would have a series expansion in" s, contradicting
the assumption that u is IRC unsafe. While we use log-
arithmic resummation to capture all-orders information
about p(s), one could imagine using alternative methods.
Our deÞnition of Sudakov safety in (4) is clearly a neces-
sary condition for p(u) being Þnite, but we leave a proof
of whether or not it is su! cient to future work.

Unlike IRC safe distributions which have a unique " s

expansion, the formal perturbative accuracy of a Sudakov
safe distribution is ambiguous. First, there are di#er-
ent choices for s that can regulate the singularities in

u. This is analogous to the choice of evolution variables
in a parton shower, as each choice gives a Þnite (albeit
di#erent) answer at a given perturbative accuracy. Sec-
ond, the probability distributions p(s) and p(u|s) can be
calculated to di#erent formal accuracies. Below we use
leading logarithmic resummation for p(s), but only work
to lowest order in " s for p(u|s). Thus, when discussing
the accuracy ofp(u), one must specify the choice ofs and
the accuracy ofp(s) and p(u|s) separately.

We now study an instructive example that demon-
strates the complementarity of Sudakov safety and IRC
safety. This example is based on soft drop declustering
[3], which we brießy review. Consider a jet clustered with
the Cambridge-Aachen (C/A) algorithm [9, 10] with jet
radius R0. One can decluster through the branching his-
tory, grooming away the softer branch until one Þnds a
branch that satisÞes the condition

min (pT 1, pT 2)
pT 1 + pT 2

> z cut

$
R12

R0

%!

, (7)

where 1 and 2 denote the branches at that step in
the clustering, pT i are the corresponding transverse mo-
menta, andR12 is their rapidity-azimuth separation. The
kinematics of this branch deÞnes the groomed jet radius
rg and the groomed momentum sharingzg,

r g =
R12

R0
, zg =

min (pT 1, pT 2)
pT 1 + pT 2

. (8)

Because the C/A branching history is angular ordered,
it was shown in [3] that r g is IRC safe.

Our observable of interest iszg, and the angular ex-
ponent # determines whether or notzg is IRC safe. For
# < 0, zg is IRC safe, becausezg > z cut for any branch
that passes (7); if this condition is never satisÞed, the jet
is simply removed from the analysis. For# > 0, zg is IRC
unsafe, since measuringzg does not regulate collinear sin-
gularities. The boundary case# = 0 corresponds to the
(modiÞed) mass drop tagger [5Ð7] which also has collinear
divergences, but we will show that it actually satisÞes a
generalized version of IRC safety.

In our calculations, we work to lowest non-trivial order
to illustrate the physics, though we provide supplemen-
tal materials for the interested reader that include higher-
order e#ects. (I removed a sentence here about sin-
gle emission, since that discussion is best left to
the supplemental. Ðjdt) We take the parameter zcut

to be small, but large enough that lnzcut terms need not
be resummed, withzcut # 0.1 as a benchmark.

We now use the strategy in (3) to calculate the mo-
mentum sharing zg for all values of #, using the groomed
radius r g to regulate collinear singularities:

p(zg) =
1
$

d$
dzg

=
!

dr g p(r g) p(zg|r g) . (9)

Þnite conditional 
probability for rg>0

all-order distribution:
emissions at zero angle are 
exponentially suppressed

If this procedure gives a Þnite result, zg is said Sudakov safe
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observable is insu! cient to regulate all singularities in
u, we can measure a vector of IRC safe observabless =
{ s1, . . . , sn } , such that

p(u) =
!

dn sp(s) p(u|s) . (4)

All previous examples of Sudakov safety fall in the cat-
egory of (3) above where only a single IRC safe measure-
ment was required. In [3], the energy loss distribution
from soft drop grooming was deÞned precisely as in (3),
where u was the factional energy loss" E and s was the
groomed jet radius rg (see below). In [2], ratio observ-
ablesr = a/b were originally deÞned in terms of a double-
di#erential cross section [8] as

p(r ) =
!

da db p(a, b) !
"

r !
a
b

#
, (5)

wherea and bare IRC safe butr is not, because there are
singularities at b = 0 at every Þnite perturbative order,
leading to a divide-by-zero issue forr . Integrating over
a, we can write this as

p(r ) "
!

db p(b) p(r |b) , (6)

and r is Sudakov safe becausep(b) has an all-orders Su-
dakov form factor that renders p(r ) Þnite.

It should be stressed that the deÞnition of Sudakov
safety in (4) is not vacuous and it does not save all IRC
unsafe observables. As a counterexample, consider par-
ticle multiplicity. Because perturbation theory allows an
arbitrary number of soft or collinear emissions, the per-
turbative multiplicity is in principle inÞnite. Therefore,
to regulate all singularities to all orders would require
measuring an inÞnite number of IRC safe observables, in-
dicating the loss of perturbative control. Also, it should
be stressed that just because an observable is Sudakov
safe, that does not mean that non-perturbative aspects
of QCD are irrelevant. Indeed, both [2, 3] include an esti-
mate of non-perturbative e#ects, which are analogous to
non-perturbative power corrections and underlying event
corrections familiar from the IRC safe case.

Crucially, one needs some kind of all-orders informa-
tion to obtain Þnite distributions for p(u). If a Þxed-
order expansion ofp(s) and p(u|s) were su! cient, then
p(u) would have a series expansion in" s, contradicting
the assumption that u is IRC unsafe. While we use log-
arithmic resummation to capture all-orders information
about p(s), one could imagine using alternative methods.
Our deÞnition of Sudakov safety in (4) is clearly a neces-
sary condition for p(u) being Þnite, but we leave a proof
of whether or not it is su! cient to future work.

Unlike IRC safe distributions which have a unique " s

expansion, the formal perturbative accuracy of a Sudakov
safe distribution is ambiguous. First, there are di#er-
ent choices for s that can regulate the singularities in

u. This is analogous to the choice of evolution variables
in a parton shower, as each choice gives a Þnite (albeit
di#erent) answer at a given perturbative accuracy. Sec-
ond, the probability distributions p(s) and p(u|s) can be
calculated to di#erent formal accuracies. Below we use
leading logarithmic resummation for p(s), but only work
to lowest order in " s for p(u|s). Thus, when discussing
the accuracy ofp(u), one must specify the choice ofs and
the accuracy ofp(s) and p(u|s) separately.

We now study an instructive example that demon-
strates the complementarity of Sudakov safety and IRC
safety. This example is based on soft drop declustering
[3], which we brießy review. Consider a jet clustered with
the Cambridge-Aachen (C/A) algorithm [9, 10] with jet
radius R0. One can decluster through the branching his-
tory, grooming away the softer branch until one Þnds a
branch that satisÞes the condition

min (pT 1, pT 2)
pT 1 + pT 2

> z cut

$
R12

R0

%!

, (7)

where 1 and 2 denote the branches at that step in
the clustering, pT i are the corresponding transverse mo-
menta, andR12 is their rapidity-azimuth separation. The
kinematics of this branch deÞnes the groomed jet radius
rg and the groomed momentum sharingzg,

r g =
R12

R0
, zg =

min (pT 1, pT 2)
pT 1 + pT 2

. (8)

Because the C/A branching history is angular ordered,
it was shown in [3] that r g is IRC safe.

Our observable of interest iszg, and the angular ex-
ponent # determines whether or notzg is IRC safe. For
# < 0, zg is IRC safe, becausezg > z cut for any branch
that passes (7); if this condition is never satisÞed, the jet
is simply removed from the analysis. For# > 0, zg is IRC
unsafe, since measuringzg does not regulate collinear sin-
gularities. The boundary case# = 0 corresponds to the
(modiÞed) mass drop tagger [5Ð7] which also has collinear
divergences, but we will show that it actually satisÞes a
generalized version of IRC safety.

In our calculations, we work to lowest non-trivial order
to illustrate the physics, though we provide supplemen-
tal materials for the interested reader that include higher-
order e#ects. (I removed a sentence here about sin-
gle emission, since that discussion is best left to
the supplemental. Ðjdt) We take the parameter zcut

to be small, but large enough that lnzcut terms need not
be resummed, withzcut # 0.1 as a benchmark.

We now use the strategy in (3) to calculate the mo-
mentum sharing zg for all values of #, using the groomed
radius r g to regulate collinear singularities:

p(zg) =
1
$

d$
dzg

=
!

dr g p(r g) p(zg|r g) . (9)

Þnite conditional 
probability for rg>0

all-order distribution:
emissions at zero angle are 
exponentially suppressed
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IRC safe situation to IRC unsafe 

(but Sudakov safe!) regime

What is the structure of the 
result ? 

If this procedure gives a Þnite result, zg is said Sudakov safe
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FIG. 1. Distributions of zg for various ! values, obtained from
(9) at Þxed " s = 0 .1 and zcut = 0 .1.

We use all-orders resummation to determinep(r g), which
has been carried out to next-to-leading-logarithmic accu-
racy in [14]. For this discussion, it is su! cient to consider
the Þxed-coupling limit:

p(r g) =
d

dr g
exp

!

!
2! sCi

"

" 1

r g

d#
#

" 1

0
dz Pi (z) " cut

#

,

(10)
whereCi is the color factor of the jet, Pi (z) is the appro-
priate splitting function (summed over Þnal states), and
the phase space cut is

" cut = " (1/ 2 ! z)"
$
z ! zcut #! %

+ " (z ! 1/ 2) "
$
(1 ! z) ! zcut #! %

. (11)

The exponential part of (10) is the rg Sudakov form fac-
tor, where " cut deÞnes the no-emission criteria. To calcu-
late p(zg|r g), note that zg is deÞned by a single emission
in the jet. For small R0, the lowest-order matrix element
is well-approximated by a 1" 2 splitting function:

p(zg|r g) =
P i (zg)

&1/ 2

zcut r !
g

dz P i (z)
" (zg ! zcut r !

g ) , (12)

where 0< z g < 1/ 2 and we have introduced the notation

P i (z) = Pi (z) + Pi (1 ! z). (13)

In the double-logarithmic limit, we simply have P i (z) =
1/z , allowing an explicit evaluation of (9):

p(zg) =
'

" s Ci
! exp

(
" s Ci

#! log2 1
2zcut

)
P i (zg) (14)

#
*

erf
( '

" s Ci
#! log 1

a1

)
! erf

( '
" s Ci

#! log 1
a2

)+
,

where

$ $ 0 : a1 = 0 , a2 = min [2 zcut , 2zg] , (15)

$ < 0 : a1 = 2zg, a2 = 2zcut . (16)

Safety Divergences Expansion

! < 0 IRC None " n
s

! = 0 IRC via FF Collinear Only " n ! 1
s

! > 0 Sudakov Collinear & Soft-Coll. " n/ 2
s

TABLE I. As ! is adjusted, p(zg ) interpolates between IRC-
safe and two Sudakov-safe behaviors, related to the diver-
gences inzg . Here, n ! 1 ranges over positive integers.

Because (14) is Þnite, we see thatzg is at least Sudakov
safe for all $. Distributions of zg calculated with (9) at
Þxed ! s are shown in Fig. 1.

By expanding p(zg) in small ! s, we can better under-
stand the di#erence between IRC-safe and Sudakov-safe
behavior. For $ < 0, zg is IRC safe, sozg should have a
well-deÞned expansion in! s. To the accuracy calculated,
(9) is fully valid to O(! s) in the collinear limit, and the
expansion of (9) yields the expected IRC safe result:

$ < 0 : p(zg) =
2! sCi

" |$|
P i (zg) log

zg

zcut
" (zg ! zcut )

+ O(! 2
s) . (17)

For $ > 0, zg is only Sudakov safe and its distribution
should not have a valid Taylor series in! s. Indeed, for
$ > 0, the distribution has the expansion

$ > 0 : p(zg) =

,
! s Ci

$
P i (zg) + O (! s) , (18)

and the presence of
%

! s implies non-analytic dependence
on ! s. To O(

%
! s), the only phase space constraint is

0 < z g < 1/ 2, and the kink visible in Fig. 1 at zg = zcut

Þrst appears at O(! s). Finally, for the boundary case
$ = 0, p(zg|r g) is independent ofr g (in the Þxed-coupling
approximation), and (14) is independent of ! s:

$ = 0 : p(zg) =
P i (zg)

&1/ 2
zcut

dz P i (z)
" (zg ! zcut ) . (19)

We will later show that the $ = 0 case does have a
valid perturbative expansion in ! s, despite being ! s-
independent at lowest order. The behavior ofzg for dif-
ferent $ values is summarized in Table I.

The $ = 0 distribution of zg is fascinating (and sim-
pler than previous ! s-independent examples [14, 15]).
Becausezg only has collinear divergences, we can un-
derstand p(zg) in a di#erent and illuminating way using
FFs. As is well known, FFs absorb collinear divergences
in Þnal-state parton evolution, and we can introduce a
generalized FF,F (zg), to play the same role for zg. In
the standard case, FFs are non-perturbative objects with
perturbative RG evolution. In the zg case, F (zg) will
have an UV Þxed point, becoming independent of non-
perturbative physics at su! ciently high energies.

splitting 
function

! < 0 : IRC safe, " s ! expansion

! > 0 : Sudakov safe,
"

" s ! expansion

¥ in the IRC safe case we recover a standard pert. 
expansion (good!)

¥ the Sudakov safe case has a non-analytic expansion in the 
coupling!
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¥ The β = 0 case (mMDT for the experts) is special
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At Born level, the jet has a single parton, so zg is
undeÞned. We can, however, useF (zg) to deÞne the
one-prong zg distribution, such that F (zg) acts like a
non-trivial measurement function that is independent of
the kinematics. Working to O(! s) in the collinear limit,

p(zg) = F (zg) +
! sCi

"

! 1

0

d#
#

!

"

P i (zg)! (zg " zcut ) " F (zg)
! 1/ 2

zcut

dz P i (z)

#

+ O(! 2
s) . (20)

There are two terms at O(! s). The Þrst term accounts
for the resolved case where the jet is composed of two
prongs from a 1# 2 splitting. The second term corre-
sponds to additional one-prong conÞgurations (with the
sameF (zg) measurement function as the Born case), aris-
ing either because the other prong has been removed by
soft drop grooming or from one-prong virtual corrections.

For a general F (zg), (20) is manifestly collinearly di-
vergent because of the# integral, and F (zg) must be
renormalized. But there is a unique choice ofF (zg) for
which collinear divergences are absent (at this order),
without requiring renormalization:

FUV (zg) =
P i (zg)

$1/ 2
zcut

dz P i (z)
! (zg " zcut ) . (21)

Plugging this into (20), the O(! s) term vanishes, and we
recover precisely the distribution in (19).

In this way, zg at $ = 0 exhibits an extended version of
IRC safety, where a non-trivial (and Þnite) measurement
function is introduced in a region of phase space where
the measurement would be otherwise undeÞned. Similar
measurement functions appeared (without discussion) in
the early days of jet physics [23, 24], where symmetries
determined their form. Here, we used the cancellation
of collinear divergences order-by-order in! s to Þnd an
appropriate F (zg). We can also extend (20) beyond the
collinear limit by considering full real and virtual matrix
elements, leading to ÞniteO(! s) corrections to p(zg).

As alluded to above,FUV (zg) also has the interpreta-
tion of being a UV Þxed point from RG evolution. The
collinear divergence of (20) can be absorbed into a renor-
malized FF, F (ren) (zg; µ), at the price of introducing ex-
plicit dependence on the renormalization scaleµ. Requir-
ing (20) to be independent ofµ through O(! s) results in
the following RG equation for F (ren) (zg; µ):

µ
%

%µ
F (ren) (zg; µ) =

! sCi

"
(22)

!

"

P i (zg)! (zg " zcut ) " F (ren) (zg; µ)
! 1/ 2

zcut

dz P i (z)

#

.

As µ goes to +$ , the infrared boundary condition is
suppressed andF (ren) (zg; µ) asymptotes to FUV (zg).

FIG. 2. Distributions of zg for ! = 0 and zcut = 0 .1 at the
13 TeV LHC, as simulated by Herwig++ 2 .6.3. The pT of
the jets ranges from 50 GeV to 2 TeV, and the asymptotic
distribution for quark jets, F q

UV in (21), is solid black.

This UV asymptotic behavior can be tested using par-
ton shower Monte Carlo generators. In Fig. 2 we show
the zg distribution for $ = 0 for Herwig++ 2.6.3 [25]
at the 13 TeV LHC, using FastJet 3.1 [26] and theRe-
cursiveTools contrib [27]. We see that as the jetpT

increases,p(zg) asymptotes to the form in (21) (which
happens to be nearly identical for quark and gluon jets).
This is due both to the RG ßow in (22), which suppresses
non-perturbative corrections, and the decrease of! s with
energy, which suppressesO(! s) corrections to p(zg).

In this letter, we gave a concrete deÞnition of Sudakov
safety, which extends the reach of pQCD beyond the tra-
ditional domain of IRC safe observables. Even at low-
est perturbative order, the zg example highlights the dif-
ferent analytic structures possible in the Sudakov safe
regime, and the FF approach to the IRC safe/unsafe
boundary yields new insights into the structure of per-
turbative singularities. In addition to being an interest-
ing conceptual result in perturbative Þeld theory, (4) of-
fers a concrete prescription for how to leverage the grow-
ing catalog of high-accuracy pQCD calculations (both
Þxed-order and resummed) to make predictions in the
IRC unsafe regime. This can be done without have to
rely (solely) on non-perturbative modeling, enhancing
the prospects for precision jet physics in the LHC era.

We thank Gregory Soyez for collaborating in the early
stages of this work and Bob Ja" e, Ian Moult, Du " Neill,
Michael Peskin, Gavin Salam, and George Sterman for
enlightening discussions. This work was supported by
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grant PHYÐ0969510, the LHC Theory Initiative.

we introduce a fragmentation    
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              collinear singularities

¥ Via renormalization F acquires scale 
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¥ RG ßow with a perturbative UV 
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At Born level, the jet has a single parton, so zg is
undeÞned. We can, however, useF (zg) to deÞne the
one-prong zg distribution, such that F (zg) acts like a
non-trivial measurement function that is independent of
the kinematics. Working to O(! s) in the collinear limit,

p(zg) = F (zg) +
! sCi

"

! 1

0

d#
#

!

"

P i (zg)! (zg " zcut ) " F (zg)
! 1/ 2

zcut

dz P i (z)

#

+ O(! 2
s) . (20)

There are two terms at O(! s). The Þrst term accounts
for the resolved case where the jet is composed of two
prongs from a 1# 2 splitting. The second term corre-
sponds to additional one-prong conÞgurations (with the
sameF (zg) measurement function as the Born case), aris-
ing either because the other prong has been removed by
soft drop grooming or from one-prong virtual corrections.

For a general F (zg), (20) is manifestly collinearly di-
vergent because of the# integral, and F (zg) must be
renormalized. But there is a unique choice ofF (zg) for
which collinear divergences are absent (at this order),
without requiring renormalization:

FUV (zg) =
P i (zg)

$1/ 2
zcut

dz P i (z)
! (zg " zcut ) . (21)

Plugging this into (20), the O(! s) term vanishes, and we
recover precisely the distribution in (19).

In this way, zg at $ = 0 exhibits an extended version of
IRC safety, where a non-trivial (and Þnite) measurement
function is introduced in a region of phase space where
the measurement would be otherwise undeÞned. Similar
measurement functions appeared (without discussion) in
the early days of jet physics [23, 24], where symmetries
determined their form. Here, we used the cancellation
of collinear divergences order-by-order in! s to Þnd an
appropriate F (zg). We can also extend (20) beyond the
collinear limit by considering full real and virtual matrix
elements, leading to ÞniteO(! s) corrections to p(zg).

As alluded to above,FUV (zg) also has the interpreta-
tion of being a UV Þxed point from RG evolution. The
collinear divergence of (20) can be absorbed into a renor-
malized FF, F (ren) (zg; µ), at the price of introducing ex-
plicit dependence on the renormalization scaleµ. Requir-
ing (20) to be independent ofµ through O(! s) results in
the following RG equation for F (ren) (zg; µ):

µ
%

%µ
F (ren) (zg; µ) =

! sCi

"
(22)

!

"

P i (zg)! (zg " zcut ) " F (ren) (zg; µ)
! 1/ 2

zcut

dz P i (z)

#

.

As µ goes to +$ , the infrared boundary condition is
suppressed andF (ren) (zg; µ) asymptotes to FUV (zg).

FIG. 2. Distributions of zg for ! = 0 and zcut = 0 .1 at the
13 TeV LHC, as simulated by Herwig++ 2 .6.3. The pT of
the jets ranges from 50 GeV to 2 TeV, and the asymptotic
distribution for quark jets, F q

UV in (21), is solid black.

This UV asymptotic behavior can be tested using par-
ton shower Monte Carlo generators. In Fig. 2 we show
the zg distribution for $ = 0 for Herwig++ 2.6.3 [25]
at the 13 TeV LHC, using FastJet 3.1 [26] and theRe-
cursiveTools contrib [27]. We see that as the jetpT

increases,p(zg) asymptotes to the form in (21) (which
happens to be nearly identical for quark and gluon jets).
This is due both to the RG ßow in (22), which suppresses
non-perturbative corrections, and the decrease of! s with
energy, which suppressesO(! s) corrections to p(zg).

In this letter, we gave a concrete deÞnition of Sudakov
safety, which extends the reach of pQCD beyond the tra-
ditional domain of IRC safe observables. Even at low-
est perturbative order, the zg example highlights the dif-
ferent analytic structures possible in the Sudakov safe
regime, and the FF approach to the IRC safe/unsafe
boundary yields new insights into the structure of per-
turbative singularities. In addition to being an interest-
ing conceptual result in perturbative Þeld theory, (4) of-
fers a concrete prescription for how to leverage the grow-
ing catalog of high-accuracy pQCD calculations (both
Þxed-order and resummed) to make predictions in the
IRC unsafe regime. This can be done without have to
rely (solely) on non-perturbative modeling, enhancing
the prospects for precision jet physics in the LHC era.
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¥ Alternative interpretation: generalized IRC safety
¥ F is a measurement function for 1-prong conÞgurations
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Supplemental Inform
ation

The softw
are

fra
mework

for the CMS Open Data
is

based on a virtu
al machine (CernVM

) [] running Sci-

entiÞ
c Linux CERN 5 (what precise version?

Ðjdt)

[] and the CMS softw
are

(CMSSW) v4.2.1-patch
1 [].

As

originally
designed, the CMS data

was intended to
be

processed within
the CMSSW

fra
mework. The prim

ary

datasets are
in the AOD (Analysis Object Data) form

at

[],
which

is
a CMS-speciÞc data

scheme based on the

ROOT fra
mework

[].
These AOD Þles were

intended to

be accessed remotely through theXRootD
interfa

ce [],

with
the Þnal analysis

perfo
rm

ed using a user-d
eÞned

EDAnalyzer.

For the present analysis, we decided to
use a di! er-

ent workßow, which
we describe in

some detail below.

To the best of our knowledge, every
analysis step that

we use could be perfo
rm

ed within the intended CMSSW

fra
mework. At the end of these supplemental notes, we

derive
some lessons fro

m
our experience and make

rec-

ommendations to
CERN and CMS about possible

ways

to
improve

the Open Data
Porta

l.

The startin
g point of our analysis

was downloading

the entire
CMS Jet Prim

ary
Dataset [1].

This consists

of around 2 TB of data
spanning 1664 AOD Þles. There

are
three main reasons why we decided to

download the

AOD Þles instead of accessing them
throughXRootD

.

First, we encountered issues with
the stability

of the net-

work
connection within

the VM, and failed connections

would term
inate

our analysis without an obvious way to

restore
our work. Second, it seemed (anecdotally) to

be

signiÞcantly
faster to

download Þles to
a local machine

and process them locally.
Third, we wanted to be able to

process the data one AOD Þle at a tim
e, which

was easier

to
cross check

and validate
with

a local Þle stru
cture.

Next, we constru
cted anEDProducerw

ithin CMSSW

to
convert the AOD Þles into

MOD (M
IT

Open Data)

Þles. The MOD form
at is a simple

text Þle
with

space-

separated entrie
s for easy read/write

access using C++

stre
ams. Each

MOD event consists of Þve
sections.

¥ BeginEvent : A header with
the run number, event

number, luminosity
block, and block

integrated lu-

minosity.

¥ Trig
: A list of trig

gers
present in the Jet Prim

ary

Dataset, with
their corre

sponding level 1 and level

2 prescale values, and whether that trig
ger Þred for

the event.

¥ AK5: A list of jets pre-clustered by CMS using the

anti-k
t
[2] clustering algorith

m with
R = 0 .5, using

partic
le

ßow candidates as inputs. We output the

jet four-v
ector as well a

s the CMS-re
commended jet

energy corre
ction factor for theGRR 42 V25global

tag.

¥ PFC: A list of partic
le

ßow
candidates, with

their

reconstru
cted four-v

ector and a PDG identify
code

[].

Some funÉvery preliminary!

Unique 
opportunity to 
test these ideas:
CMS open data



Summary

1. Jet deÞnitions, cross-sections and distributions: 
¥  towards automation of resummed calculations

2. Looking inside jets: jet substructure
¥ very active Þeld (theory and experiment). 
¥ it has now reached maturity

3. Using jets to learn about Þeld theory
¥ understanding (and pushing) the limits of pQCD
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THANK YOU !
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Common choices for the distance are

¥ Different algorithms serve different purposes
¥ Anti-kt clusters around hard particles giving round jets 
   (default choice for ATLAS and CMS)
¥ Anti-kt is less useful for substructure studies, while kt & C/A   
   reßects the structure of QCD matrix elements

dij = min
!

p2p
ti , p2p

tj

" ! R2
ij

R2

diB = p2p
ti

with ! R2
ij = ( yi ! yj )2 + ( ! i ! ! j )2

p = 1 kt algortihm                
         (Catani et al., Ellis and Soper)
p = 0 Cambridge / Aachen  
 (Dokshitzer et al., Wobish and Wengler)
p = -1 anti-kt algorithm       
             (Cacciari, Salam, Soyez)

Most common jet algorithms
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Eq. (4.7) resums terms" n
s L 2n and " n

s L 2n! 1 in ! (! ) (neglecting Þnite zcut e#ects and
terms enhanced by powers of lnzcut ). It also resums all terms " n

s L n+1 in ln ! (! ). To ob-
tain what is commonly referred to as NLL accuracy, i.e. all terms " n

s L n in ln ! (! ), would
require a treatment of several additional e#ects: the two-loop $-function and cusp anoma-
lous dimension, non-global logarithms involving resummation of terms ln(z2

cut r
2/ ! ), related

clustering logarithms, and multiple-emission e#ects on the observable. The clustering loga-
rithms will depend on the jet algorithm used for the trimming , but the rest of the structure
will be independent of this (as long as the algorithm belongsto the generalised-kt family).
These terms are all relatively straightforward to include, since they follow the structure of
the plain jet-mass distribution. However, we leave their study to future work. Analogous
results can be also derived for gluon-induced jets. Explicit expressions are collected in
appendix A.

4.3 Comparison with Monte Carlo results

One test of Eq. (4.7) is to compare it to the Monte Carlo results. We do this in Fig. 4
where the left-hand plots show the trimmed-mass distribution as obtained with Monte
Carlo simulation and the right-hand plots shows the corresponding analytical results.7

The upper row is for quark-initiated jets, while the lower one is for gluon-initiated jets.
Two sets of trimming parameters are shown, to help visualizethe dependence on them.

The three regions of ! are clearly distinguishable in each plot, with a close corre-
spondence of the Monte Carlo and analytic shapes and transition points, as well as their
dependence on the trimming parameters. SpeciÞcally, in thecase of quark jets, for! > z cut ,
one sees a linear rise with ln 1/ ! . For ! < z cut , down to ! = r 2zcut there is an approximate
plateau, whose height increases for smallerzcut , as expected from the ln 1/z cut term for
this region in the LO formula, Eq. ( 4.4). For ! < r 2zcut , the linear rise starts again, but is
quickly suppressed by a Sudakov form factor, giving the usual jet-mass type peak. The case
of gluon-initiated jets is similar, although the single-logarithmic region is not ßat, because
of the speciÞc choices ofzcut .

7 Resummed expressions for the various taggers (as well as forthe plain jet mass) contain integrals of
the strong coupling ! s (k2

t ). In order to evaluate these integrals down to low scales, we must introduce
a prescription to deal with the non-perturbative region. We decide to freeze the coupling below a non-
perturbative scale µNP :

! s (k2
t ) = ! 1-loop

s (k2
t )!

`
k2

t ! µ2
NP

«
+ ! 1-loop

s (µ2
NP )!

`
µ2

NP ! k2
t

«
,

where ! 1-loop
s (k2

t ) is the usual one-loop expression for the strong coupling, i.e. its running is evaluated with
" 0 only. We use ! s (mZ ) = 0 .118, nf = 5 and µNP = 1 GeV throughout this paper.
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Eq. (4.7) resums terms" n
s L 2n and " n

s L 2n! 1 in ! (! ) (neglecting Þnite zcut e#ects and
terms enhanced by powers of lnzcut ). It also resums all terms " n

s L n+1 in ln ! (! ). To ob-
tain what is commonly referred to as NLL accuracy, i.e. all terms " n

s L n in ln ! (! ), would
require a treatment of several additional e#ects: the two-loop $-function and cusp anoma-
lous dimension, non-global logarithms involving resummation of terms ln(z2

cut r
2/ ! ), related

clustering logarithms, and multiple-emission e#ects on the observable. The clustering loga-
rithms will depend on the jet algorithm used for the trimming , but the rest of the structure
will be independent of this (as long as the algorithm belongsto the generalised-kt family).
These terms are all relatively straightforward to include, since they follow the structure of
the plain jet-mass distribution. However, we leave their study to future work. Analogous
results can be also derived for gluon-induced jets. Explicit expressions are collected in
appendix A.

4.3 Comparison with Monte Carlo results

One test of Eq. (4.7) is to compare it to the Monte Carlo results. We do this in Fig. 4
where the left-hand plots show the trimmed-mass distribution as obtained with Monte
Carlo simulation and the right-hand plots shows the corresponding analytical results.7

The upper row is for quark-initiated jets, while the lower one is for gluon-initiated jets.
Two sets of trimming parameters are shown, to help visualizethe dependence on them.

The three regions of ! are clearly distinguishable in each plot, with a close corre-
spondence of the Monte Carlo and analytic shapes and transition points, as well as their
dependence on the trimming parameters. SpeciÞcally, in thecase of quark jets, for! > z cut ,
one sees a linear rise with ln 1/ ! . For ! < z cut , down to ! = r 2zcut there is an approximate
plateau, whose height increases for smallerzcut , as expected from the ln 1/z cut term for
this region in the LO formula, Eq. ( 4.4). For ! < r 2zcut , the linear rise starts again, but is
quickly suppressed by a Sudakov form factor, giving the usual jet-mass type peak. The case
of gluon-initiated jets is similar, although the single-logarithmic region is not ßat, because
of the speciÞc choices ofzcut .

7 Resummed expressions for the various taggers (as well as forthe plain jet mass) contain integrals of
the strong coupling ! s (k2

t ). In order to evaluate these integrals down to low scales, we must introduce
a prescription to deal with the non-perturbative region. We decide to freeze the coupling below a non-
perturbative scale µNP :
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where ! 1-loop
s (k2

t ) is the usual one-loop expression for the strong coupling, i.e. its running is evaluated with
" 0 only. We use ! s (mZ ) = 0 .118, nf = 5 and µNP = 1 GeV throughout this paper.
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Eq. (4.7) resums terms" n
s L 2n and " n

s L 2n! 1 in ! (! ) (neglecting Þnite zcut e#ects and
terms enhanced by powers of lnzcut ). It also resums all terms " n

s L n+1 in ln ! (! ). To ob-
tain what is commonly referred to as NLL accuracy, i.e. all terms " n

s L n in ln ! (! ), would
require a treatment of several additional e#ects: the two-loop $-function and cusp anoma-
lous dimension, non-global logarithms involving resummation of terms ln(z2

cut r
2/ ! ), related

clustering logarithms, and multiple-emission e#ects on the observable. The clustering loga-
rithms will depend on the jet algorithm used for the trimming , but the rest of the structure
will be independent of this (as long as the algorithm belongsto the generalised-kt family).
These terms are all relatively straightforward to include, since they follow the structure of
the plain jet-mass distribution. However, we leave their study to future work. Analogous
results can be also derived for gluon-induced jets. Explicit expressions are collected in
appendix A.

4.3 Comparison with Monte Carlo results

One test of Eq. (4.7) is to compare it to the Monte Carlo results. We do this in Fig. 4
where the left-hand plots show the trimmed-mass distribution as obtained with Monte
Carlo simulation and the right-hand plots shows the corresponding analytical results.7

The upper row is for quark-initiated jets, while the lower one is for gluon-initiated jets.
Two sets of trimming parameters are shown, to help visualizethe dependence on them.

The three regions of ! are clearly distinguishable in each plot, with a close corre-
spondence of the Monte Carlo and analytic shapes and transition points, as well as their
dependence on the trimming parameters. SpeciÞcally, in thecase of quark jets, for! > z cut ,
one sees a linear rise with ln 1/ ! . For ! < z cut , down to ! = r 2zcut there is an approximate
plateau, whose height increases for smallerzcut , as expected from the ln 1/z cut term for
this region in the LO formula, Eq. ( 4.4). For ! < r 2zcut , the linear rise starts again, but is
quickly suppressed by a Sudakov form factor, giving the usual jet-mass type peak. The case
of gluon-initiated jets is similar, although the single-logarithmic region is not ßat, because
of the speciÞc choices ofzcut .

7 Resummed expressions for the various taggers (as well as forthe plain jet mass) contain integrals of
the strong coupling ! s (k2

t ). In order to evaluate these integrals down to low scales, we must introduce
a prescription to deal with the non-perturbative region. We decide to freeze the coupling below a non-
perturbative scale µNP :
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where ! 1-loop
s (k2

t ) is the usual one-loop expression for the strong coupling, i.e. its running is evaluated with
" 0 only. We use ! s (mZ ) = 0 .118, nf = 5 and µNP = 1 GeV throughout this paper.
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