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LHC reach v. lumi
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Figure 1.

3 Post-dicting LHC Limits

In this section we show how well we can post-dict (expected) LHC limits.

4 The error of our ways

5 Comparison to Projections to Higher Energy and Luminosity

It is interesting to compare our method to recent projections for the LHC and future hadron machines.

– 3 –

Tevatron → LHC8 
x ~3 in mass 

LHC8 → HL-LHC14 
x ~2.2 in mass 

http://cern.ch/collider-reach with A. Weiler

http://cern.ch/collider-reach
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Boosted searches
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Figure 3: Track-based relative pT isolation with a cone size of R = 0.2 as a function of the distance
∆R(ℓ, ℓ) between the two leptons for the 2 TeV bulk RS G∗ decaying into a ZZ → e+e− + qq̄ (left)
and µ+µ− + qq̄ (right). The dilepton (nominal) isolation is shown by the blue triangles (red dots). The
horizontal line corresponds to ∆R(ℓ, ℓ) = 0.2 and the vertical line corresponds to the cut applied to the
dilepton isolation.
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Figure 4: Signal acceptance and selection efficiency of the low-pT, high-pT, and merged jet selection
categories for the bulk RS graviton signal (top) and the extended gauge model W’ signal (bottom) in the
electron (left) and muon (right) decay channels. For the merged selection the signal acceptance for the
nominal and dilepton isolation is shown.

11

RESOLVED MERGED

W’ → W(→hadrons) + Z(→e+e—) LHC 13/14
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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

4

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)
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cf. calculations by Rubin ‘10
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Very active research field
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Some taggers and jet-substructure observables

Jet Declustering

Jet Shapes

Matrix−Element

Seymour93

YSplitter

Mass−Drop+Filter

JHTopTagger TW

CMSTopTagger

N−subjettiness (TvT)

CoM N−subjettiness (Kim)

N−jettiness

HEPTopTagger
(+ dipolarity)

Trimming

Pruning

Planar Flow

Twist

ATLASTopTagger

Templates

Shower Deconstruction

Qjets

Multi−variate tagger

ACF

apologies for omitted taggers, arguable links, etc.

Gavin Salam (CERN/Princeton/CNRS) Boost Theory Summary Boost 2012-07-27 6 / 33

Some of the tools developed 
for boosted W/Z/H/top  

reconstruction

FisherJets
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Some of the tools developed 
for boosted W/Z/H/top  

reconstruction

FisherJets

A lot of activity since 2008
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Grégory Soyez (IPhT, CEA Saclay) Theory Lessons from LHC Run I August 18, 2014 2 / 26

G. Soyez, Boost ’14
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To fully understand “Boost” you want to study 
 all possible signal (W/Z/H/top/…) and QCD jets. 

!
But you need to start somewhere."
We chose the QCD jets because:"

!
(a) they have the richest structure. 

!
(b) once you know understand the QCD jets,  

the route for understanding signal jets becomes clear too. 

arXiv:1307.0007 
Dasgupta, Fregoso, Marzani & GPS 
+Dasgupta, Fregoso, Marzani & Powling, 1307.0013
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study 3 taggers/groomers

7

Trimming

Cannot possibly study all tools 
These 3 are widely used

Recluster

on scale Rsub

discard subjets
with < zcut pt
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Trimming

Cannot possibly study all tools 
These 3 are widely used

Recluster

on scale Rsub

discard subjets
with < zcut pt

Pruning
jet mass/pt
sets Rprune discard large-angle

soft clusteringsRecluster
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study 3 taggers/groomers

7

Trimming

Cannot possibly study all tools 
These 3 are widely used

Recluster

on scale Rsub

discard subjets
with < zcut pt

Mass-drop tagger (MDT, aka BDRS)

decluster &

discard soft junk
repeat until 

find hard struct

Pruning
jet mass/pt
sets Rprune discard large-angle

soft clusteringsRecluster
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The key variables

8

For phenomenology

Jet mass: m!
!

[as compared to W/Z/H 
or top mass]

For QCD calculations

 !
!

[R is jet opening angle 
– or radius]

Because ρ is invariant under 
boosts along jet direction

⇢ =
m2

p2tR2
⇢ =

m2

p2tR2
⇢ =

m2

p2tR2
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The “right” MC study can already be instructive 
(testing on quark [background] jets)  

Physical mass for 
3 TeV, R=1 jets

ρ ~ Rescaled mass2 
(i.e. the QCD variable)
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mEW"
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Different taggers 
can be 

quite similar
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(testing on quark [background] jets)  

But only for a 
limited range 

of masses
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What might we want to find out?

Where exactly are the kinks? 
How do their locations depend 

on zcut, Rsub?
Kinks are especially 
dangerous for data-
driven backgrounds

What physics is relevant in the 
different regions?

Because then you have 
an idea of how well you 

control it 
And maybe you can 
make better taggers
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Key calculations related to plain jet mass
• Catani, Turnock, Trentadue & Webber, ’91: heavy-jet mass in e+e– 

• Dasgupta & GPS, ‘01: hemisphere jet mass in e+e– (and DIS) 
(→ non-global logs) 

• Appleby & Seymour, ’02; Delenda, Appleby, Dasgupta & Banfi ’06: impact of jet 
boundary (→ clustering logs)"

• Gehrmann, Gehrmann de Ridder, Glover ’08; Weinzierl ’08 
Chien & Schwartz ’10: heavy-jet mass in e+e– to higher accuracy"

• Rubin ’10: filtering for jet masses 

• Li, Li & Yuan ’12, 
Dasgupta, Khelifa-Kerfa, Marzani & Spannowsky ’12, 
Chien & Schwartz ’12,  
Jouttenus, Stewart, Tackmann, Waalewijn ’13: 
jet masses at hadron colliders 

• Hatta & Ueda ’13: non-global logs beyond large-NC limit 

• Forshaw, Seymour et al ’06-’12, Catani, de Florian & Rodrigo ’12: factorization 
breaking terms (aka super-leading logs)

13
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Pileup Subtraction 
•  Grooming is great for removing pileup/UE. No doubt. 

•  Bump hunting 
•  Jet substructure 
•  New physics searches 
•  not QCD 

Alternatives 
•  Observable specific subtraction 

•  See Thaler’s talk on n-subjettiness 
•  Parameterize, fit shapes 
•  Pileup-insensitive observables 

Matt Schwartz @ Boost 2012

Jet masses are hard!!
Will tagging/grooming make them 

impossible?
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Take all particles in a 
jet of radius R and recluster 
them into subjets with a jet 

definition with radius  
Rsub < R 

The subjets that satisfy the 
condition  

pt(subjet) > zcut pt(jet)  
are kept and merged to 

form the trimmed jet.

Trimming!
Krohn, Thaler & Wang ’09 

 
 

two parameters: 
Rsub and zcut!

!
Use zcut because 

signals (bkgds) tend to 
have large (small) zcut 

Recluster

on scale Rsub

discard subjets
with < zcut pt
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Take all particles in a 
jet of radius R and recluster 
them into subjets with a jet 

definition with radius  
Rsub < R 

The subjets that satisfy the 
condition  

pt(subjet) > zcut pt(jet)  
are kept and merged to 

form the trimmed jet.

Recluster

on scale Rsub

discard subjets
with < zcut pt

Our approximations"

• ρ ≪ 1 
logs of ρ get resummed 

• pretend R ≪ 1 
• zcut ≪ 1,   

but (log zcut) not large

These approximations are not 
as “wild”as they might sound. 

They can also be relaxed.  
But our aim for now is to 

understand the taggers — we 
leave highest precision 

calculations till later.
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At O(αs), a quark jet emits a gluon. We study this 
as a function of the gluon momentum fraction z 
and the quark-gluon opening angle θ 

z

R

θ

(1−z)
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Leading Order — 2-body kinematic plane
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At O(αs), a quark jet emits a gluon. We study this 
as a function of the gluon momentum fraction z 
and the quark-gluon opening angle θ 

z
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At O(αs), a quark jet emits a gluon. We study this 
as a function of the gluon momentum fraction z 
and the quark-gluon opening angle θ 

z

sub

Rsub

(1−z)

R

θ

R
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↵sCF

⇡

d✓2

✓2
dz

z

matrix element

emission probability ~ constant 
in log θ – log z plane
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m [GeV], for pt = 3 TeV, R=1 
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↵sCF

⇡

✓
ln

r2

⇢
� 3

4

◆

↵sCF

⇡

✓
ln

1

zcut
� 3

4

◆

↵sCF

⇡

✓
ln

1

⇢
� 3

4

◆

ρ
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ρ

ρ = m2/(pt
2 R2)

trimmed quark jets: LO

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

r2zcut

r =
Rsub

R

Trimming at LO in αs

⇢

�

d�(trim,LO)

d⇢
=
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continue with all-order 
resummation of terms  

↵n
s lnm ⇢
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→ all orders in αs

31

QCD pattern 
of multiple 

soft/collinear 
emission Establish which 

simplifying 
approximations  

to use for 
tagger & matrix 

elements

Inputs

Analysis of 
taggers’ 

behaviour for 
1, 2, 3, … n,!
emissions  

Output

approx. 
formula for 

tagger’s mass 
distribution for 

ρ ≪ 1!
!
!
!
!
!
!

keeping only terms with 
largest powers of ln ρ, 

e.g. m = 2n, 2n-1 

⇢

�

d�

d⇢
=

1X

n=1

cnm ↵n
s lnm ⇢
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Trimming at all orders

32

Trimming

⇢trim(k1, k2, . . . kn) '
nX

i

⇢trim(ki)

⇠ max

i
{⇢trim(ki)}

Trimmed jet reduces 
(~) to sum of 
trimmed emissions

Matrix element

X

n

1

n!

nY

i

d✓2i
✓2i

dzi
zi

↵s(✓izip
jet
t )CF

⇡

can use QED-like 
independent 
emissions, as if 
gluons don’t split

+ virtual corrections, essentially from unitarity
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Trimming at all orders

33

ρ
/σ

 d
σ

 /
 d

ρ

ρ = m2/(pt
2 R2)

trimmed quark jets: LO

m [GeV], for pt = 3 TeV, R=1 
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d�trim,LO
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Trimming at all orders

34

d�trim,resum

d⇢
=

d�trim,LO

d⇢
exp


�
Z

⇢
d⇢0

1

�

d�trim,LO

d⇢0

�

ρ
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 d
σ

 /
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ρ

ρ = m2/(pt
2 R2)

trimmed quark jets

m [GeV], for pt = 3 TeV, R=1 
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Trimming at all orders

35

d�trim,resum

d⇢
=

d�trim,LO

d⇢
exp


�
Z

⇢
d⇢0
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�

d�trim,LO

d⇢0

�
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ρ = m2/(pt
2 R2)

trimmed quark jets

m [GeV], for pt = 3 TeV, R=1 
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Trimming at all orders

36

d�trim,resum

d⇢
=

d�trim,LO

d⇢
exp


�
Z

⇢
d⇢0

1

�

d�trim,LO

d⇢0

�

ρ
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 d
σ

 /
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ρ

ρ = m2/(pt
2 R2)

trimmed quark jets

m [GeV], for pt = 3 TeV, R=1 
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Trimming at all orders

37

d�trim,resum

d⇢
=

d�trim,LO

d⇢
exp


�
Z

⇢
d⇢0

1

�

d�trim,LO

d⇢0

�

ρ
/σ

 d
σ

 /
 d

ρ

ρ = m2/(pt
2 R2)

trimmed quark jets

m [GeV], for pt = 3 TeV, R=1 
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(fixed coupling)  0.01
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Trimming at all orders

38

d�trim,resum

d⇢
=

d�trim,LO

d⇢
exp


�
Z

⇢
d⇢0

1

�

d�trim,LO

d⇢0

�

ρ
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ρ

ρ = m2/(pt
2 R2)

trimmed quark jets

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

 0

 0.1

 0.2

10-6  10-4 0.01 0.1 1

 10  100  1000

LO

Resummed"
(fixed coupling)  0.01

 0.1

 1
 0.1  1

both particles in 1 subjet 2 subjets

z

�qg
Rsub

zcut

� = 0.001

trimmed away

VETO

Sudakov



September 2014Analytic Jet Substructure

Trimming at all orders

39

d�trim,resum

d⇢
=

d�trim,LO

d⇢
exp


�
Z

⇢
d⇢0
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�

d�trim,LO

d⇢0

�

Resummed"
(fixed coupling)

ρ
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2 R2)

trimmed quark jets

m [GeV], for pt = 3 TeV, R=1 
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Resummed"
(running coupling) Full resummation also 

needs treatment of 
running coupling  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What logs, what accuracy?

40

⌃(⇢) =

Z ⇢

0
d⇢0

1

�

d�

d⇢0
Express accuracy for 
“cumulative distn” Σ(ρ):

Trimming’s leading logs (LL, in Σ) are: 
!
!

We also have next-to-leading logs (NLL):  

↵sL
2, ↵2

sL
4, .... I.e. ↵n

sL
2n↵n

sL
2n↵n

sL
2n Just like the 

 jet mass

↵n
sL

2n�1↵n
sL

2n�1↵n
sL

2n�1

Use shorthand L = log 1/ρ 
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What logs, what accuracy?

40

⌃(⇢) =

Z ⇢

0
d⇢0

1

�

d�

d⇢0
Express accuracy for 
“cumulative distn” Σ(ρ):

Trimming’s leading logs (LL, in Σ) are: 
!
!

We also have next-to-leading logs (NLL):  

↵sL
2, ↵2

sL
4, .... I.e. ↵n

sL
2n↵n

sL
2n↵n

sL
2n Just like the 

 jet mass

↵n
sL

2n�1↵n
sL

2n�1↵n
sL

2n�1

Use shorthand L = log 1/ρ 

Could we do better? Yes: NLL in ln Σ: 
!
!
Trimmed mass is like plain jet mass (with R → Rsub), and this 
accuracy involves non-global logs, clustering logs

ln⌃: ↵n
sL

n+1 and ↵n
sL

n
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Trimming: MC v. analytics

41

ρ
/σ

 d
σ

 /
 d

ρ

ρ = m2/(pt
2 R2)

Analytic Calculation: quark jets

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

Trimming
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Non-trivial agreement!"
(also for dependence on parameters)

Pythia 6 
virt. ord. 
partons
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Trimming: MC v. analytics
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ρ
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Analytic Calculation: gluon jets

m [GeV], for pt = 3 TeV, R = 1
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Non-trivial agreement!"
(also for dependence on parameters)
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For a jet clustered with C/A:"

1. undo last clustering step to 
break jet (mass m) into two 
subjets with m1 > m2  

2. If significant mass-drop (m1 < 
μm) and subjet energy-sharing 
not too asymmetric 
  
 
jet is tagged. 

3. Otherwise discard subjet 2, and 
go to step 1 with jet → subjet 1.

Butterworth, Davison,  
Rubin & GPS ’08

Mass-Drop  
Tagger!

!

 
 

two parameters: 
μ and ycut (~ zcut)min(p2t1, p

2
t2)�R2

12 < ycutm
2

decluster &

discard soft junk
repeat until 

find hard struct
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2 R2)

MDT quark jets: LO

m [GeV], for pt = 3 TeV, R=1 
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Mass-Drop Tagger at LO"
Jet is always split to give two subjets, and so ycut 
(~ zcut) is always applied.  
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Jet is always split to give two subjets, and so ycut 
(~ zcut) is always applied.  
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Jet is always split to give two subjets, and so ycut 
(~ zcut) is always applied.  
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What MDT does wrong 
beyond LO:"
!
Follows a soft branch (p2+p3 < 
ycut pjet) with “accidental” small 
mass, when the “right” answer 
was that the (massless) hard 
branch had no substructure

(a)

1 p2

p3

p1

p3p2

(b)

p

Figure 2: Two characteristic partonic configurations that arise at in the tree-level O
(

α2
s

)

contri-
bution. The dashed cone provides a schematic representation of the boundary of the jet.

whole is tagged. If E3/E12 < ycut, then the MDT recurses, into the heavier of the two

subjets, i.e. j12, which can be analysed as in the previous, LO section. The key point

here is that in the limit in which E3 ≪ Ejet, the presence of gluon 3 has no effect on

whether the j12 system gets tagged. This is true even if mjet is dominated by emission

3, such that mjet ≫ m12. This was part of the intended design of the MDT: if the jet

contains hard substructure, the tagger should find it, even if there is other soft structure

(including underlying event and pileup) that strongly affects the original jet mass. One

of the consequences of this design is that when evaluated, the NLO contribution that

comes from configuration (a) and the corresponding virtual graphs, one finds a logarithmic

structure for the integrated cross section of C2
Fα

2
s ln

2 ρ [5]. This is suggestive of an all-orders

logarithmic structure of the form (αs ln ρ)n. We will return to this shortly.

Configuration (b) in Fig. 2 reveals an unintended behaviour of the tagger. Here we

have θ23 ≪ θ12 ≃ θ13, so the first unclustering leads to j1 and j23 subjets. It may happen

that the parent gluon of the j23 subjet was soft, so that E23 < ycutEjet. The jet therefore

fails the symmetry at this stage, and so recurses one step down. The formulation of the

MDT is such that one recurses into the more massive of the two prongs, i.e. only follows the

j23 prong, even though this is soft. This was not what was intended in the original design,

and is to be considered a flaw — in essence one follows the wrong branch. It is interesting

to determine the logarithmic structure that results from it, which can be straightforwardly

evaluated as follows:

ρ

σ

dσ

dρ

(MDT,NLOflaw)

= −CFρ
(αs

π

)2
∫

dxpgq(x)
dθ2

θ2
Θ
(

R2 − θ2
)

Θ (ycut − x)×

×
∫

dz

(

1

2
CApgg(z) + nfTRpqg(z)

)

dθ223
θ223

δ

(

ρ− z(1− z)x2
θ223
R2

)

×

×Θ (z − ycut)Θ (1− z − ycut)Θ
(

θ2 − θ223
)

=
CF

4

(αs

π

)2
[

CA

(

ln
1

ycut
− 11

12

)

+
nf

6

]

ln2
1

ρ
+O

(

α2
s ln

1

ρ

)

(4.5)

where θ is the angle between j1 and the j23 system, while x = E23/Ejet and z = E2/E23,

and pgg(z) = (1 − z)/z + z/(1 − z) + z(1 − z), pqg(z) =
1
2(z

2 + (1 − z)2). Considering the

integrated distribution, this corresponds to a logarithmic structure α2
s ln

3 ρ, i.e. enhanced

– 9 –

Subjet is soft, but has more 
substructure than hard subjet

51

MDT’s leading logs (LL, in Σ) are: 
!

quite complicated to evaluate

↵sL, ↵
2
sL

3, .... I.e. ↵n
sL

2n�1↵n
sL

2n�1↵n
sL

2n�1
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A simple fix: “modified” Mass Drop Tagger: 
When recursing, follow branch with larger (m2+pt2) 
(rather than the one with larger m) 

52

Original MDT

ρ
/σ

 d
σ

 / 
dρ

ρ = m2/(pt
2 R2)

Pythia 6 MC: quark jets

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

1-4 ycut
2

MDT, ycut=0.09

wrong branch

mMDT

 0

 0.05
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10-6  10-4 0.01 0.1 1

 10  100  1000

wrong branch piece
modified MDT

Modification has 
almost no 
phenomenological 
impact, but big 
analytical 
consequences...
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modified Mass Drop Tagger

53

Logs exclusively collinear – much simpler than jet mass 
➡ no non-global logs 
➡ no clustering logs 
➡ no super-leading (factorization-breaking) logs 
First time anything like this has been seen

At most “single logs”, at all orders, i.e. 
↵sL, ↵

2
sL

2, .... I.e. ↵n
sL

n↵n
sL

n↵n
sL

n

Fairly simple formulae; e.g. [fixed-coupling] 

fraction greater than ycut, that it tags the structure. This leads to the following all-order

result for the mass distribution:

1

σ

dσ

dρ

(mMDT)

=
∞
∑

n=1

∫

αsCF

π
dzn pgq(zn)

dθ2n
θ2n

Θ (zn − ycut) δ

(

ρ− zn
θ2n
R2

)

Θ(θn−1 − θn)

×
n−1
∏

i=1

∫

αsCF

π
dzi pgq(zi)

dθ2i
θ2i

[Θ (ycut − zi)− 1]Θ(θi−1 − θi) , (7.1)

In this formula, zi is the fraction of energy carried by gluon i relative to that of the original

jet. Because ycut ≪ 1, all emissions i < n carry away only a negligible fraction of the

jet’s energy, so that one can consider the jet as always having the same energy even after

multiple declusterings. As well as including real emissions, we have accounted for virtual

corrections, the −1 contribution in the square brackets; from unitarity considerations,

these can be treated as having the same phase-space integration as the real corrections,

but obviously without the constraint zi < ycut imposed by the mass drop tagger.

The terms in square brackets in Eq. (7.1) can be rewritten −Θ(zi − ycut). This makes

it clear that all the zi in the integrals are restricted to be larger than ycut. Insofar as we

neglect logarithms of ycut, we can then replace the ordering of θi with an ordering in the

variable ρi ≡ ziθ2i /R
2, allowing us to rewrite Eq. (7.1) in terms of integrals over (strongly)

ordered ρi values, i.e. ρi < ρi−1. The result for the integral of the ρ distribution is then

straightforward to express as an exponential,

Σ(mMDT)(ρ) = exp

[

−
∫ 1

ρ

dρ′

ρ′

∫ 1

max(ycut,ρ′)
dz pgq(z)

CF

π
αs(zρ

′p2tR
2)

]

, (7.2a)

= exp [−D(max(ycut, ρ)) − S(ycut, ρ)Θ(ycut − ρ)] (7.2b)

where we have now explicitly written in the scale for the coupling and taken care of the

modified z integration limit for ρ′ > ycut.

As usual, it can be convenient to examine Eq. (7.2) in the fixed coupling approximation.

It is given by

Σ(mMDT)(ρ) = exp

[

−αsCF

π

(

ln
ycut
ρ

ln
1

ycut
− 3

4
ln

1

ρ
+

1

2
ln2

1

ycut

)]

, (for ρ < ycut) ,

(7.3)

which is simply the exponential of the integral of the LO result, Eq. (6.2).

Eq. (7.2) corresponds to evaluating the probability for excluding the shaded region

shown in Fig. 10. From this, and the explicit fixed-coupling form, Eq. (7.3), it is straight-

forward to see that the most logarithmically divergent term in Σ(mMDT) at any order in

αs is αn
sL

n, i.e. there are no terms beyond single logarithms. Considering that all other

taggers had terms αn
sL

p with p up to 2n or 2n− 1, this is a striking result.

Note that the strong ordering approximation for ρi values that is implicit in obtaining

Eq. (7.2) is the main reason why we are able to neglect the effect of the mass-drop condition

in the tagger: for µ not too small, each time that one unclusters a subjet j into a j1 and j2,

if z > ycut, then one knows that mj1 ≪ mj and so the mass-drop condition mj1 < µmj is

– 27 –
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ρ = m2/(pt
2 R2)

Analytic Calculation: quark jets

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

mMDT ycut=0.03

ycut=0.13

ycut=0.35 (some finite ycut)
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mMDT MC v. Resummation

54

[mMDT is closest we have to a scale-invariant tagger, 
though exact behaviour depends on q/g fractions]
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Pythia 6 MC: quark jets

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

mMDT ycut=0.03

ycut=0.13

ycut=0.35
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Monte Carlo Analytic

quark jets
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Analytic Calculation: gluon jets

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

mMDT ycut=0.03

ycut=0.13

ycut=0.35 (some finite ycut)
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mMDT MC v. Resummation
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[mMDT is closest we have to a scale-invariant tagger, 
though exact behaviour depends on q/g fractions]
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2 R2)

Pythia 6 MC: gluon jets

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

mMDT ycut=0.03

ycut=0.13

ycut=0.35
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 10  100  1000

Monte Carlo Analytic

gluon jets
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mMDT resummation v. fixed order

56
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2 R2)

LO v. NLO v. resummation (quark jets)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV

Leading Order

Next-to-Leading Order

Resummed
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 10  100  1000

Because we only have 
single logs, fixed-order is 
valid over a broader than 

usual range of scales 
!

(helped by fortuitous 
cancellation between 
running coupling and 
single-log Sudakov) 

NLO from NLOJet++
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mMDT: comparing many showers

57
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LO v. Pythia showers (quark jets)

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

v6.428pre (P11) pt ordered

v8.165 (4C) pt ordered

Leading Order
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LO v. Herwig showers (quark jets)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV

Herwig 6.520

Herwig++

Leading Order

Leading Order (R=0.5)
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mMDT: comparing many showers

57
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LO v. Pythia showers (quark jets)

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

v6.428pre (P11) pt ordered

v8.165 (4C) pt ordered

Leading Order
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LO v. Herwig showers (quark jets)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV

Herwig 6.520

Herwig++

Leading Order

Leading Order (R=0.5)
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Issue found in Pythia 6 pt-ordered shower → promptly identified and fixed by Pythia authors!
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mMDT: comparing many showers
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LO v. Pythia showers (quark jets)

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

v6.428pre (P11) pt ordered

v8.165 (4C) pt ordered

Leading Order
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LO v. Herwig showers (quark jets)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV

Herwig 6.520

Herwig++

Leading Order

Leading Order (R=0.5)
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 10  100  1000

Issue found in Pythia 6 pt-ordered shower → promptly identified and fixed by Pythia authors!



September 2014Analytic Jet Substructure

comparing to data

58

  

mMDT phenomenology

LO results (njet+Sherpa)
ATLAS MDT 500< pT < 600 GeV

Good 
agreement!

ATLAS measurment of the jet mass with MDT [JHEP 1205 (2012)]
M. Dasgupta, A.S and A.Powling

Dasgupta, Siodmok & Powling, in prep.

Since LO quite close to 
full resummation, you 
can try comparing LO 
directly to data. 
!
Remarkable agreement! 

[see backup for 
non-pert effects] 
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Looking beyond 
!

!

59
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Soft Drop

60

Larkoski, Marzani, Soyez, Thaler ‘14

mMDT has a single-logarithmic (pure collinear) distribution 
that’s free of non-global logs 

!
A generalisation is Soft Drop 

!
Uncluster C/A jets as with mMDT, but stop only if 

!
!
!
 

For β > 0, get double-log distn without NG logs 
[mMDT corresponds to β = 1] 

min(pt1, pt2)

pt
> zcut

✓
�R12

R

◆�
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Performance for finding signals (S/√B)
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mMDT (ycut = 0.11)

pruning (zcut=0.1)

Y-pruning (zcut=0.1)

trimming (Rsub=0.3, zcut=0.05)

Figure 17. Efficiencies for tagging hadronically-
decaying W ’s, for a range of taggers/groomers,
shown as a function of the W transverse momen-
tum generation cut in the Monte Carlo samples
(Pythia 6, DW tune). Further details are given
in the text.

It receives O (αs) corrections from gluon radiation off the W → qq̄′ system. Monte Carlo

simulation suggests these effects are responsible, roughly, for a 10% reduction in the tagging

efficiencies. Secondly, Eq. (8.9) was for unpolarized decays. By studying leptonic decays of

the W in the pp → WZ process, one finds that the degree of polarization is pt dependent,

and the expected tree-level tagging-efficiency ranges from about 76% at low pt to 84%

at high pt. These two effects explain the bulk of the modest differences between Fig. 17

and the result of Eq. (8.9). However, the main conclusion that one draws from Fig. 17

is that the ultimate performance of the different taggers will be driven by their effect on

the background rather than by the fine details of their interplay with signal events. This

provides an a posteriori justification of our choice to concentrate our study on background

jets.
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300 500 1000 3000

ε S
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√ε
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pt,min [GeV]

signal significance with quark bkgds

hadron level with UE

(Rsub=0.3, zcut=0.05)

mMDT (ycut = 0.11)

pruning (zcut=0.1)

Y-pruning (zcut=0.1)

trimming 
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signal significance with gluon bkgds

hadron level with UE

(Rsub=0.3, zcut=0.05)

mMDT (ycut = 0.11)

pruning (zcut=0.1)

Y-pruning (zcut=0.1)

trimming 

Figure 18. The significance obtained for tagging signal (W ’s) versus background, defined as
ϵS/

√
ϵB, for a range of taggers/groomers, shown as a function of the transverse momentum gen-

eration cut in the Monte Carlo samples (Pythia 6, DW tune) Further details are given in the
text.

– 43 –

At low pt (moderate m/pt), all taggers quite similar

At high pt, substantial gains from new Y-pruning 
(probably just indicative of potential for doing better)



September 2014Analytic Jet Substructure

Combining variables
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Example: mMDT + N-subjettiness

10-5

10-4

10-3

10-2

10-1

 1 

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

ε B
 (Q

C
D

 b
kg

b)

εS (W tagging)

parton-level
LHC14, Pythia8(4C), anti-kt(R=1)
pt>1 TeV, 60<m<100 GeV

τ21(full jet)
mMDT+τ21(full jet)
mMDT+τ21(MD jet)
mMDT+τ21(mixed)

Combining helps!

Various options for τ21
τ2 and τ1 from the full jet
τ2 and τ1 from MD’d jet
τ2 from MD, τ1 from full

mixed case most efficient
τ1 from MD: 2-prongs resolved
τ2 from full: reach large angles

Grégory Soyez (IPhT, CEA Saclay) Theory Lessons from LHC Run I August 18, 2014 15 / 26

Experiments often combine 
[trimming/pruning/MDT/etc.] 
with a shape cut, typically  

N-subjettiness,  
τ21 = τ2 / τ1  

!
Next: understand τ21. 

Qu.: apply before or after 
MMDT? 

!
Prelim. answer: take τ2 from 

full jet, τ1 from mMDT jet

Work in progress, Dasgupta, GPS, Soyez & Sarem-Schunk
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But: non-pert effects change picture

63

Work in progress, Dasgupta, GPS, Soyez & Sarem-Schunk

Example: mMDT + N-subjettiness
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εS (W tagging)

parton-level
LHC14, Pythia8(4C), anti-kt(R=1)
pt>1 TeV, 60<m<100 GeV

τ21(full jet)
mMDT+τ21(full jet)
mMDT+τ21(MD jet)
mMDT+τ21(mixed)
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 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

ε B
 (Q

C
D

 b
kg

b)

εS (W tagging)

particle-level (hadron+UE)
mod Mass-drop: zcut=0.1
N-subjettiness: β=2, 1-pass kt axes

τ21(full jet)
mMDT+τ21(full jet)
mMDT+τ21(MD jet)
mMDT+τ21(mixed)

Non-perturbative effects can change the picture quite drastically
using mass-drop everywhere (i.e. grooming) limits NP effects

Grégory Soyez (IPhT, CEA Saclay) Theory Lessons from LHC Run I August 18, 2014 15 / 26

hadronisation + UE
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Summary

• Taggers may be quite simple to write, but potentially 
involved to understand.  

• Contrast this with pt cuts for standard jet analyses – 
(mostly) simple 

• Still, many taggers/groomers are within calculational 
reach. 

• Calculations help put the field on solid ground & 
potentially open road to new, better tools

64
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Summary table

65

highest logs transition(s) Sudakov peak NGLs NP: m2 !

plain mass αn
sL

2n — L ≃ 1/
√
ᾱs yes µNP ptR

trimming αn
sL

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

pruning αn
sL

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

MDT αn
sL

2n−1 ycut,
1
4y

2
cut, y

3
cut — yes µNP ptR

Y-pruning αn
sL

2n−1 zcut (Sudakov tail) yes µNP ptR

mMDT αn
sL

n ycut — no µ2
NP/ycut

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

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

ρ
= ln R2p2

t

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

9 Conclusions

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

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

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

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

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

summarised in table 1. We found, analytically, that the taggers are similar in certain

phase-space regions and different in others, identified the transition points between these

regions and carried out resummations of the dominant logarithms of pt/m to all orders.

One tagger has emerged as special, mMDT, in that it eliminates all sensitivity to

the soft divergences of QCD. As a result its dominant logarithms are αn
sL

n, entirely of

collinear origin. It is the first time, to our knowledge, that such a feature is observed,

and indeed all the other taggers involve terms with more logarithms than powers of αs.

One consequence of having just single, collinear logarithms is that the complex non-global

(and super-leading [57]) logarithms are absent. Another is that fixed-order calculations

have an enhanced range of validity, up to L ≪ 1/αs rather than L ≪ 1/
√
αs. The

modified mass-drop tagger is also the least affected by non-perturbative corrections. Finally

the parameters of the tagger can be chosen so as to ensure a mass distribution that is

nearly flat, which can facilitate the reliable identification of small signals. Also of interest

19In this context it may be beneficial to study a range of variables, such as N-subjettiness [26] and energy

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

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

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

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

tagging [85].

– 45 –

NEW

Special: only single 
logarithms (L = ln ρ) 
→ more accurately calculable

Special: better 
exploits signal/bkgd 

differences
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EXTRAS



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Cluster event, C/A, R=1.2

Butterworth, Davison, Rubin & GPS ’08

SIGNAL

Zbb BACKGROUND

arbitrary norm.67



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Fill it in, → show jets more clearly

Butterworth, Davison, Rubin & GPS ’08

SIGNAL

Zbb BACKGROUND

arbitrary norm.68



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Consider hardest jet, m = 150 GeV

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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arbitrary norm.69



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

split: m = 150 GeV, max(m1,m2)
m

= 0.92 → repeat

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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200 < ptZ < 250 GeV

Zbb BACKGROUND

 0

 0.002

 0.004

 0.006

 0.008

 80  100  120  140  160
mH [GeV]

200 < ptZ < 250 GeV

arbitrary norm.70



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

split: m = 139 GeV, max(m1,m2)
m

= 0.37 → mass drop

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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Zbb BACKGROUND
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200 < ptZ < 250 GeV

arbitrary norm.71



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

check: y12 ≃
pt2
pt1

≃ 0.7 → OK + 2 b-tags (anti-QCD)

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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200 < ptZ < 250 GeV

Zbb BACKGROUND
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200 < ptZ < 250 GeV

arbitrary norm.72



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Rfilt = 0.3

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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200 < ptZ < 250 GeV

Zbb BACKGROUND
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arbitrary norm.73



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Rfilt = 0.3: take 3 hardest, m = 117 GeV

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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Zbb BACKGROUND
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arbitrary norm.74



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Rfilt = 0.3: take 3 hardest, m = 117 GeV

Butterworth, Davison, Rubin & GPS ’08

SIGNAL
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mH [GeV]

200 < ptZ < 250 GeV

Zbb BACKGROUND
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200 < ptZ < 250 GeV

arbitrary norm.75

The declustering and cuts 
do two things"

• sharpen signals"

• reduce backgrounds
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What about  
non-perturbative effects? 

!

[on 3 TeV jets?!]
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Hadronisation effects

77
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ρ = m2/(pt
2 R2)

hadronisation summary (quark jets)

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

plain mass

trimmer

pruning

Y-pruning
mMDT (zcut)
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Nearly all taggers have 
large hadronisation 

effects:  
15 – 60%  

for m = 30 – 100 GeV
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Hadronisation effects
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2 R2)

hadronisation v. analytics (quark jets)

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

mMDT (zcut = 0.10)

0-mass mMDT (zcut = 0.10)

0-mass mMDT (ycut = 0.11)

mMDT (ycut = 0.11)

analytics

analytics (×2.4)
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Exception is (m)MDT. 

In some cases 
 just few % effect. 

m-dependence of 
hadronisation even 

understood analytically!
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Underlying Event (UE)
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UE summary (quark jets)

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

Plain mass

Trimmer
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Underlying event impact 
much reduced relative to 

jet mass 

Almost zero for mMDT 
(this depends on jet pt)
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Hadronization + MPI e�ects
Plain Mass ATLAS MDT

red line – parton level
blue line – hadron level

significant effcts

Plain Mass

      visible effcts (small m)

mMDT – not very sensitive to hadronization!

mMDT phenomenology
ATLAS measurment of the jet mass with MDT [JHEP 1205 (2012)]

Dasgupta, Siodmok & Powling, in prep.
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EXTRAS

Examples of NLO checks
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Dasgupta, Fregoso, Marzani & Powling, 1307.0013
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mMDT: impact of μ and of filtering
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ρ
/σ

 d
σ

 /
 d

ρ

ρ = m2/(pt
2 R2)

Effect of µ parameter: quark jets

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

µ = 1.00

µ = 0.67

µ = 0.40

µ = 0.30
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Effect of filtering: quark jets

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

mMDT (ycut=0.13)

mMDT + filtering
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μ parameter basically irrelevant"
(simpler tagger discards it)

commonly  
used value

filtering leaves results 
unchanged (up to and incl. NNLL)
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What about cuts on shapes/radiation

• These cuts are nearly 
always for a jet whose 
mass is somehow 
groomed. All the structure 
from the grooming 
persists. 

• So tagging & shape must 
probably be calculated 
together

83

E.g. cuts on N-subjettiness, tight mass drop, etc.?
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Trimmer (zcut=0.1, Rtrim=0.2)

Trimmer (zcut=0.1, Rtrim=0.2) & o21
`=1, kt axes < 0.3
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Take a jet and define  
Rprune = m / pt 

Recluster with kt or C/A alg.  
At each i+j clustering step, if 

pti or ptj < zcut pt(i+j)asdf 
ΔRij > Rprune  

discard softer prong. 

Acts similarly to filtering, but 
with dynamic subjet radius 

Pruning!
Ellis, Vermillion & Walsh ’09 

 
 

one (main) parameter: zcut!
!

we’ll study variant with C/A 
reclustering

jet mass/pt
sets Rprune discard large-angle

soft clusteringsRecluster
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Pruning at LO"
Dynamical choice of Rprune means that two prongs 
are always separated by > Rprune. So, unlike 
trimming, zcut always applied. 
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Pruning at LO"
Dynamical choice of Rprune means that two prongs 
are always separated by > Rprune. So, unlike 
trimming, zcut always applied. 

Apply zcutDon’t apply zcut
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Pruning at LO"
Dynamical choice of Rprune means that two prongs 
are always separated by > Rprune. So, unlike 
trimming, zcut always applied. 

Apply zcutDon’t "
apply "
zcut
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Pruning at LO"
Dynamical choice of Rprune means that two prongs 
are always separated by > Rprune. So, unlike 
trimming, zcut always applied. 

Apply zcutDon’t "
apply "
zcut
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Pruning at LO"
Dynamical choice of Rprune means that two prongs 
are always separated by > Rprune. So, unlike 
trimming, zcut always applied. 
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Pruning at LO"
Dynamical choice of Rprune means that two prongs 
are always separated by > Rprune. So, unlike 
trimming, zcut always applied. 
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What pruning sometimes does"
!
Chooses Rprune based on a soft p3 
(dominates total jet mass), and 
leads to a single narrow subjet 
whose mass is also dominated by 
a soft emission (p2, within Rprune of 
p1, so not pruned away).

p3

p1
Rprune p2

R

Figure 5: Configuration that illustrates generation of double logs in pruning at O
(

α2
s

)

. Soft gluon
p3 dominates the jet mass, thus determining the pruning radius. However, because of p3’s softness,
it is then pruned away, leaving only the central core of the jet, which has a usual double-logarithmic
type mass distribution.

ycut → zcut):

ρ

σ

dσ

dρ

(pruned, LO)

=
αsCF

π

[

Θ(zcut − ρ) ln
1

zcut
+Θ(ρ− zcut) ln

1

ρ
− 3

4

]

. (6.1)

6.1 3-particle configurations and “sane” and “anomalous” pruning

As was the case for the original mass-drop tagger, once we consider 3-particle configurations

the behaviour of pruning develops a certain degree of complexity. Fig. 5 illustrates the type

of configuration that is responsible: there is a soft parton that dominates the total jet mass

and so sets the pruning radius (p3), but does not pass the pruning zcut, meaning that it

does not contribute to the pruned mass; meanwhile there is another parton (p2), within

the pruning radius, that contributes to the pruned jet mass independently of how soft it

is. We call this anomalous pruning, because the emission that dominates the final pruned

jet mass never gets tested for the pruning zcut condition.

Let us work through this quantitatively. For gluon 3 to be discarded by pruning it must

have x3 < zcut ≪ 1, i.e. it must be soft. Then the pruning radius is given by R2
prune = x3θ23

and for p2 to be within the pruning core we have θ2 < Rprune. This implies θ2 ≪ θ3, which

allows us to treat p2 and p3 as being emitted independently (i.e. due to angular ordering)

and also means that the C/A algorithm will first cluster 1 + 2 and then (1 + 2) + 3. The

leading-logarithmic contribution that one then obtains at O
(

α2
s

)

is then

ρ

σ

dσanom-pruned

dρ
≃
(

CFαs

π

)2 ∫ zcut

0

dx3
x3

∫ R2
dθ23
θ23

∫ 1

0

dx2
x2

∫ x3θ23

0

dθ22
θ22

ρ δ

(

ρ− x2
θ22
R2

)

(6.2a)

=

(

CFαs

π

)2 1

6
ln3

zcut
ρ

+O
(

α2
s ln

2 1

ρ

)

, (valid for ρ < zcut). (6.2b)

where we have directly taken the soft limits of the relevant splitting functions.

The ln3 ρ contribution that one observes here in the differential distribution corre-

sponds to a double logarithmic (α2
s ln

4 ρ) behaviour of the integrated cross-section, i.e. it

has as many logs as the raw jet mass, with both soft and collinear origins. This term is

– 14 –

Sets pruning radius, but gets 
pruned away → “wrong” pruning 
radius → makes this ~ trimming

91

pruning beyond 1st order:!
consider multiple emissions
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ρ
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σ

 / 
dρ

ρ = m2/(pt
2 R2)

Analytic Calculation: quark jets

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

Pruning, zcut=0.1

Y-pruning, zcut=0.1

I-pruning, zcut=0.1
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A simple fix: “Y” pruning"
Require at least one successful merging with ΔR > Rprune 
and z > zcut  —  forces 2-pronged (“Y”) configurations

Original pruning

“Y” pruning

92

“Y” pruning ~ an 
isolation cut on 
radiation around the 
tagged object — 
exploits W/Z/H 
colour singlet

R

prune

p2

p1
R
prune

R
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What logs, what accuracy?

93

Full Pruning’s leading logs (LL, in Σ) are: 
!

we also have NLL
↵sL, ↵

2
sL

4, .... I.e. ↵n
sL

2n↵n
sL

2n↵n
sL

2n

At leading order pruning (≡ Y-pruning): no double logs! 
↵sL, but no ↵sL

2

Y-Pruning’s leading logs (LL, in Σ) are: 
!

we also have NLL
↵sL, ↵

2
sL

3, .... I.e. ↵n
sL

2n�1↵n
sL

2n�1↵n
sL

2n�1

Could we do better? Yes: NLL in ln Σ, but involves non-global logs, 
clustering logs
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Pruning

94
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Analytic Calculation: quark jets

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

Pruning, zcut=0.1

Y-pruning, zcut=0.1

I-pruning, zcut=0.1
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Pythia 6 MC: quark jets

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

Pruning, zcut=0.1

Y-pruning, zcut=0.1

I-pruning, zcut=0.1
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Monte Carlo Analytic

quark jets

Non-trivial agreement!"
(also for dependence on parameters)


