
Jets in Vacuum: Theory

Ian Moult

Berkeley Center for Theoretical Physics
Lawrence Berkeley Laboratory

Jesse Thaler — Using Jets and QCD to Boost the Search for New Physics 4

The Boosted Regime	
 

BoostedResolved Highly Boosted

 [TeV]Z'M
0.5 1 1.5 2 2.5 3

) [
pb

]
t t

→
 B

(Z
' 

× 
Z'
σ

Up
pe

r l
im

it 
on

 

3−10

2−10

1−10

1

10

210

310
CMS

 (8 TeV)-119.7 fb
Expected (95% CL)
Observed (95% CL)
Topcolor Z' 10% width

 Expectedσ1±
 Expectedσ2±

[CMS, 1506.03062]

t

t̄

p pZ ′

•

•

∆R ≃ mtop

mZ′

JetScape 2018 January 3, 2018 1 / 58



Outline

• Theoretical Aspects of Jets

• Infrared and Collinear Safety and Jet Observables

• Resummation

• From e+e− Event Shapes to Jets in pp

• e+e− Event Shapes

• Jets in pp

• Groomed Observables
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Why Jets?
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QCD

u

u

g
• QCD is an SU(3) gauge theory:

LQCD = −1
4G

a
µνG

µνa +
∑
f

q̄f (i /D −mf )qf

• Microscopic degrees of freedom are quarks and gluons.

• In scattering experiments we observe collimated sprays of hadrons,
called jets:

• Jets act as proxies for quarks and gluons.

• Jets are our probe of the underlying microscopic dynamics.
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Jets at PETRA

• Kinematics of jets used to infer gluon emission in hard scattering.
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Jets at the LHC: Internal Structure

• Internal structure of jets resolved due to excellent detector resolution.

• Electroweak scale objects, W /Z/H or t can have sufficiently high pT
to appear inside a jet.

• Revolutionizes the types of questions we can/must ask about jets:
=⇒ jets have substructure!

Boosted Tops Event Display
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Jet Substructure

Z0

• Jet substructure: measure properties (charge, energy, etc) of radiation
in a jet to extract information about its origin.
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Infrared and Collinear Safety and Jet Observables
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Perturbative Calculations

u

u

g
• We perform perturbative calculations in terms of quarks and gluons

LQCD = −1
4G

a
µνG

µνa +
∑
f

q̄f (i /D −mf )qf

• But observables are measured on hadrons:

• For what observables is a perturbative calculation meaningful?
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Non-Perturbative Corrections

• Non-perturbative corrections arise when you are sensitive to splittings
with invariant mass ∼ ΛQCD

• To have small invariant mass radiation can be either

• Collinear: m2 ∼ p2
TJθ

2

• Soft: m2 ∼ pTJEs

• Need observables to be well behaved in the soft and collinear limits.
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Infrared and Collinear Safety

• Infrared and Collinear (IRC) Safety:

An observable is infrared and collinear safe if it is insensitive
to infinitesimally soft or exactly collinear emissions.

• Infrared and Collinear Safety implies that you get a finite answer at
each order in perturbation theory.

• It does not mean that the answer is reliable!

• IRC safety is a primary guide in designing observables.
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Infrared and Collinear Safety

• What observables are Infrared and Collinear Safe:
• Jet charge is not IRC safe.

R

• An arbitrarily soft quark can carry charge away from the jet.

• Jet charge CANNOT be calculated in perturbation theory. A
non-perturbative input function is required.

• Does NOT mean charge isn’t interesting.
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Infrared and Collinear Safety

• What is Infrared and Collinear Safe:

• Jet mass: m2
J = (

∑
i pi )

2

• Consider a two-particle configuration that splits:

m2 = (p1 + p2)2 = 2p1 · p2

m2 = (p1 + p2 + k)2 ' 2p1 · p2

m2 = (p1 + p2 · z + p2 · (1− z))2 = 2p1 · p2
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Infrared and Collinear Safety

• IRC safe observables are linear functions of energy.

• e.g. The observable
∑

i∈J E
2
i is not IRC safe.

(E2(1− z))2 + (E2z)2 6= E 2
2

• Places strong constraints on perturbatively calculable observables.
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Energy Correlation Functions

• Correlations of energies and angles are IRC safe.

FN(P) =
∑

Ei1 · · ·EiN fN(p̂i1 , · · · , p̂iN )

• Known that from this one can reconstruct any IRC safe observable.

• Linear in the energies by Infrared and
Collinear (IRC) safety.

• fN is symmetric, and fN → 0 if p̂i ||p̂j
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Generalized Energy Correlation Functions

ie
(β)
j =

1

pjTJ

∑

1≤n1<···<nj≤n
pTn1pTn2 . . . pTnj min

(
i∏

s,t

Rβst

)

1e
(β)
3 =

1

p3
TJ

∑

1≤i<j<k≤nJ
pTipTjpTkmin

[
Rβij ,R

β
ik ,R

β
jk

]
,

2e
(β)
3 =

1

p3
TJ

∑

1≤i<j<k≤nJ
pTipTjpTkmin

[
Rβij R

β
ik ,R

β
ij R

β
jk ,R

β
ikR

β
jk

]
,

3e
(β)
3 =

1

p3
TJ

∑

1≤i<j<k≤nJ
pTipTjpTkR

β
ij R

β
ikR

β
jk = e

(β)
3

• Example: Three different ways to probe three particle correlations.

General Energy Correlation Functions

• Two particle correlation e
(2)
2 gives mass.

Rij =
√

∆y2
ij + ∆φ2

ij
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The Shape of Jets at the LHC: D2

• D2 distributions in ATLAS.
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N2 at CMS

• N2 distributions in CMS.
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Figure 5: Distribution of 𝑁2 after the full AK8 event selection is applied. An overall 
normalization of 0.89 is applied to each MC sample to normalize the MC yield to the data 
yield.
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Figure 6: Distribution of 𝑁2𝐷𝐷𝑇 with a 26% transformation after the full AK8 event 
selection is applied. An overall normalization of 0.89 is applied to each MC sample to 
normalize the MC yield to the data yield.

11

Figure 8: Distribution of 𝑁2𝐷𝐷𝑇 CA15 event selection is applied. An overall normalization 
of 0.94 is applied to each MC sample to normalize the MC yield to the data yield.
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Resummation
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A Standard QCD Calculation

• QCD has soft and collinear singularities: P(z , θ) = dz
z

dθ
θ

• We can try and compute the jet mass at lowest order (dropping all
factors)

dσ

dm2
J

∼ αsCF

∫
dz

z

dθ

θ
δ
(
m2

J − z(1− z)θ2p2
TJ

)

• Let τ = m2
J/p

2
TJ
dσ

dτ
∼ αsCF

∫
dz

z

dθ

θ
δ
(
τ − zθ2

)

∼ αsCF
1

τ

∫

√
τ

dθ

θ
∼ αsCF

log(τ)

τ
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A Standard QCD Calculation

• Soft and collinear singularities, P(z , θ) = dz
z

dθ
θ , cause divergence.

• If one measures an observable τ = m2
J/p

2
TJ on a jet,
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π
log τ
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6
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• All orders resummation necessary (powerful techniques exist).
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• All orders resummation necessary (powerful techniques exist).
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A Standard QCD Calculation

• Soft and collinear singularities, P(z , θ) = dz
z

dθ
θ , cause divergence.

• If one measures an observable τ = m2
J/p

2
TJ on a jet,
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• All orders resummation necessary (powerful techniques exist).
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A Standard QCD Calculation
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• All orders resummation necessary (powerful techniques exist).
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Sudakov Form Factor

• This is a completely universal behavior.

• Exponential is referred to as Sudakov Form Factor.

• Gives probability for no emissions between pTJ and mJ .

dσ
dτ = −2αsCF

π
log τ
τ
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e
−αsCF

π
log2 mJ

pTJ
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[Sudakov, 1954]

JetScape 2018 January 3, 2018 22 / 58



Non-Perturbative Effects

• Even though mass is IRC safe, at small values, have non-perturbative
corrections.
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• For mass amount to a shift of the peak.

• Can be modelled by a shape function, or taken from Monte Carlo.
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Logarithmic Counting

R

• Instead of counting orders in αs (LO, NLO, ...) count logarithmic
orders (LL, NLL, NNLL,...)

• Consider jet mass:

σ(mJ) =
mJ∫
0

dmJ
dσ
dmJ

• Sum towers of logs: LL, NLL, NNLL, · · ·

log
pTJ
mJ
∼ 1

αs
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What Should our Aim Be?

• Comparing Accuracy:

• LL: “Calculations for Understanding”
• NLL: Corrections O(αs) suppressed.
• NNLL: Corrections O(α2

s ) suppressed, reliable uncertainty estimates.
=⇒ Data-Theory comparison!

• NNLL is now achievable for a select group of important observables.
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Soft and Collinear Factorization

• A jet is by definition a collimated spray of radiation with mJ � pTJ
• To have small invariant mass the jet can consist of radiation that is

either

• Collinear: m2
J ∼ p2

TJθ
2

=⇒ θ ∼ mJ

pTJ

• Soft: m2
J ∼ pTJEs

=⇒ Es ∼ m2
J

pTJ

• Measuring a jet forces QCD into the soft and collinear limits.
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Factorization

• It can be proven that we can write a cross section as a product of
hard, collinear and soft matrix elements

dσ

dm
= H(Q2)

∫
dmcdmc̄dmsδ

(
m −mc −mc̄ −ms

)
Jna

(
mc
)
Jnb

(
mc̄
)
S(ms)

JetScape 2018 January 3, 2018 27 / 58



Factorization and Renormalization

• Factorization allows cross section to be written as a product
(convolution) of simple single scale functions:

dσ

dm
= H(Q2)

∫
dmcdmc̄dmsδ

(
m −mc −mc̄ −ms

)
Jna

(
mc
)
Jnb

(
mc̄
)
S(ms)

• Each function can be easily computed by itself (often in an expanded
limit).

• All logarithms predicted by renormalization group evolution:

d

d logµ
F (z ;µ, ν) =

∫
dz ′ γµF (z − z ′;µ, ν)F (z ′;µ, ν)

• Anomalous dimensions can be computed to very high perturbative
accuracy.
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Jets in e+e−
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Jets in e+e−

• Jets in e+e− are literally jets from the QCD vacuum.

• Insert the current Jµ = q̄γµq into the QCD vacuum.
=⇒ exceptional theoretical control!
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Jets at LEP

• Measured detailed distribution of radiation using event shapes.

[Hoang, Kolodrubetz, Mateu, Stewart]
• Precise probe of QCD:
αs(MZ ) = 0.1123± 0.0015

C-Parameter2-Jet Event

3-Jet Event
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Perturbative Accuracy

• State of the art for e+e− event shapes is 3 loops.

• Example of renormalization group boundary condition at 3 loops:
cEEC

1 = −2CF ζ2 ,

cEEC
2 = CACF

(
2428

81
−

67

3
ζ2 −

154

9
ζ3 + 10ζ4

)
+ CF nf

(
−
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81
+
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3
ζ2 +
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9
ζ3

)
,

cEEC
3 = CFC

2
A
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5211949

13122
−

297481
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ζ2 −

151132

243
ζ3 +

3649

27
ζ4

+
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9
ζ5 +
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ζ2ζ3 −

3086

27
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9
ζ
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3
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3
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)
+ CF n

2
f

(
−
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−
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)
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4 1 × 1
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2

FIG. 7: The 26 different integrals which are allowed, by the hypothesis of dual conformal symmetry,

to contribute to the amplitude M
(2),D=4
6 . Beneath each diagram is the coefficient with which the

corresponding integral, defined according to the rules reviewed in fig. 1, enters into our result for

M
(2),D=4
6 . An overall factor of 1/16 is suppressed and it is understood that one should sum over

the 12 cyclic and reflection permutations of the external legs. In each coefficient, the second factor

is a symmetry factor that accounts for overcounting in this sum.

24

• Very sophisticated and well developed mathematical tools exist.

[Moult and Zhu]
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Theory Precision for Jets in Vacuum

• 1% uncertainty achieved for certain observables!

Thrust at N3LL

26

τ

σ
dσ
dτ

τ

0.300.10 0.15 0.20 0.25
0.0

0.4

0.3

0.2

0.1

Fit at N LL3 ’

theory scan error

DELPHI

ALEPH

OPAL

L3

SLD

for & !

FIG. 13: Thrust distribution at N3LL′ order and Q = mZ

including QED and mb corrections using the best fit values
for αs(mZ) and Ω1 in the R-gap scheme given in Eq. (68). The
pink band represents the perturbative error determined from
the scan method described in Sec. VI. Data from DELPHI,
ALEPH, OPAL, L3, and SLD are also shown.

αs(mZ) is ±0.0009 compared to ±0.0021 with Ω̄1 in the
MS scheme. Also at NNLL′ and N3LL we see that the
removal of the O(ΛQCD) renormalon leads to a reduction
of the theoretical uncertainties by about a factor of two
in comparison to the results with Ω̄1 in the MS scheme
without renormalon subtraction. The proper treatment
of the renormalon subtraction is thus a substantial part
of a high-precision analysis for Ω1 as well as for αs.

It is instructive to analyze the minimal χ2 values for
the best fit points shown in Fig. 11. In Fig. 12 the dis-
tributions of the best fits in the αs-χ

2
min/dof plane are

shown using the color scheme of Fig. 11. Figure 12a dis-
plays the results in R-gap scheme, and Fig. 12b the ones
in the MS scheme. For both schemes we find that the
χ2

min values and the size of the covered area in the αs-
χ2

min/dof plane systematically decrease with increasing
order. While the analysis in the MS scheme for Ω̄1 leads
to χ2

min/dof values around unity and thus an adequate
description of the entire global data set at N3LL′ order,
we see that accounting for the renormalon subtraction in
the R-gap scheme leads to a substantially improved the-
oretical description having χ2

min/dof values below unity
already at NNLL′ and N3LL orders, with the N3LL′ or-
der result slightly lower at χ2

min/dof ≃ 0.91. This demon-
strates the excellent description of the experimental data
contained in our global data set. It also validates the
smaller theoretical uncertainties we obtain for αs and Ω1

at N3LL′ order in the R-gap scheme.

As an illustration of the accuracy of the fit, in Fig. 13
we show the theory thrust distributions at Q = mZ for
the full N3LL′ order with the R-gap scheme for Ω1, for
the default theory parameters and the corresponding best
fit values shown in bold in Tabs. IV and V. The pink

Band Band Our scan
method 1 method 2 method

N3LL′ with ΩRgap
1 0.0004 0.0008 0.0009

N3LL′ with Ω̄MS
1 0.0016 0.0019 0.0021

N3LL′ without Smod
τ 0.0018 0.0021 0.0034

O(α3
s) fixed-order 0.0018 0.0026 0.0046

TABLE VI: Theoretical uncertainties for αs(mZ) obtained at
N3LL′ order from two versions of the error band method, and
from our theory scan method. The uncertainties in the R-gap
scheme (first line) include renormalon subtractions, while the
ones in the MS scheme (second line) do not and are therefore
larger. The same uncertainties are obtained in the analysis
without nonperturbative function (third line). Larger uncer-
tainties are obtained from a pure O(α3

s) fixed-order analysis
(lowest line). Our theory scan method is more conservative
than the error band method.

band displays the theoretical uncertainty from the scan
method. The fit result is shown in comparison with data
from DELPHI, ALEPH, OPAL, L3, and SLD, and agrees
very well. (Note that the theory values displayed are
actually binned according to the ALEPH data set and
then joined by a smooth interpolation.)

Band Method

It is useful to compare our scan method to determine the
perturbative errors with the error band method [26] that
was employed in the analyses of Refs. [20, 22, 25]. In the
error band method first each theory parameter is varied
separately in the respective ranges specified in Tab. III
while the rest are kept fixed at their default values. The
resulting envelope of all these separate variations with
the fit parameters αs(mZ) and Ω1 held at their best fit
values determines the error bands for the thrust distri-
bution at the different Q values. Then, the perturbative
error is determined by varying αs(mZ) keeping all the-
ory parameters to their default values and the value of
the moment Ω1 to its best fit value. The resulting per-
turbative errors of αs(mZ) for our full N3LL′ analysis in
the R-gap scheme are given in the first line of Tab. VI.
In the second line the corresponding errors for αs(mZ)
in the MS scheme for Ω̄1 are displayed. The left column
gives the error when the band method is applied such
that the αs(mZ) variation leads to curves strictly inside
the error bands for all Q values. For this method it turns
out that the band for the highest Q value is the most
restrictive and sets the size of the error. The resulting
error for the N3LL′ analysis in the R-gap scheme is more
than a factor of two smaller than the error obtained from
our theory scan method, which is shown in the right col-
umn. Since the high Q data has a much lower statistical
weight than the data from Q = mZ , we do not consider
this method to be sufficiently conservative and conclude
that it should not be used. The middle column gives the
perturbative error when the band method is applied such
that the αs(mZ) variation minimizes a χ2 function which

[Abbate, Fickinger, Hoang, Mateu, Stewart]

• Jets in true vacuum quite well understood.
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Jets in pp
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

• Very complicated structure!

• Involves interactions at many hierarchical energy scales.
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

• Tractable due to factorization:
dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• dσ
dM1··· written as a convolution of single scale objects.

+ · · ·
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• Hκ: Describes underlying hard process. e.g. qq̄′ →W+ jet.

q

q̄′

W

g
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• IIJκi × · · · × Jκj : Describe dynamics of collinear radiation (jets).
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• Sκs , F: Describe low energy soft radiation.
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

hxBi ⇠ 0.7

xB

1/
N

d
N

/d
x

B

b-Fragmentation

dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• fk→H : Describe fragmentation to identified hadrons.
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Proton-Proton Collisions

p

p

b

W

Q ⇠ TeV

⇤QCD ⇠ 100 MeV

pTJ ⇠ 500 GeV

mJ ⇠ 100 GeV

m2
J/pTJ ⇠ 20 GeV

mb ⇠ 4 GeV

E
n
ergy

S
cale

x
10�3 10�2 10�1 110�4

0.2

0.4

0.6

xf
1

Q2 = 10GeV2

0.8

u

d

(⇥0.05)

(⇥0.05)

g

s

hxBi ⇠ 0.7

xB

1/
N

d
N

/d
x

B

b-Fragmentation

PDFs

dσ

dM1 · · ·
=
∑

{κ}
trHκIIJκi ⊗ · · · ⊗ JκjSκs ⊗ fp/i fp/j ⊗ fk→H ⊗ · · · ⊗ fl→H ⊗ F

• fp/i , fp/j : PDFs describing incoming protons.
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Underlying Event and MPI

• Global observables in pp:

16

Atlas
Geneva+Py8
Geneva+Py8(no MPI)
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Tune 11
Tune 14
Tune 17
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Fig. 12: The beam thrust distribution TCM.

ATLAS. Comparing the predictions of Geneva+Pythia8
with the data allows to test the MPI model more di-
rectly than is possible for other UE-sensitive observ-

ables. The good agreement with the data indicates that
the MPI model in the MonashStar tune we use as our
default describes the physics reasonably well.
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• Affected by Underlying Event (UE)/ Multiple Parton Interactions
(MPI)
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Underlying Event and MPI

p

p

b

W

• Proton remnants interact. Can violate factorization into independent
PDFs fp/i , fp/j

• MPI/UE is typically low energy uniform radiation

• Is in general non-perturbative. Options:
• Models tuned to data implemented in standard Monte Carlos.
• Minimize effects.
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Jet Observables

mJ1

mJ2

• Effects can be significantly minimized by measuring observables on
jets themselves instead of entire event.

• Jet observables get smaller contamination from low energy UE/MPI
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Non-Global Observables

mJ1

mJ2

mJ1

mJ2

• Most (∼ all) measurements at the LHC make different measurements
in different regions of phase space.

• In a non-abelian gauge theory, this introduces correlations:

α2
s log2 mJ1

mJ2
+ · · ·

• Significantly complicates the structure.
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How can we make a jet look like it is in e+e−?
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Grooming

• Groomer are used to remove soft contamination.

• Soft Drop/ mMDT: Recurse through a Cambridge-Aachen clustering
tree and remove particles that fail the condition:

Jesse Thaler — Aspects of Jets from First Principles 16

Soft Drop Declustering

!
[Larkoski, Marzani, Soyez, JDT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]

Original Jet

=

Clustering Tree

Jesse Thaler — Aspects of Jets from First Principles 17

Soft Drop Declustering

Groomed	
Clustering Tree

=

Groomed Jet

!
[Larkoski, Marzani, Soyez, JDT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]

R R

min[pTi , pTj ]

pTi + pTj
> zcut

• Loosely speaking, reduces a jet to its collinear core.

• Any IRC safe observable measured on a groomed jet is IRC safe.

[Larkoski, Marzani, Soyez, Thaler]

[Dasgupta, Fregoso, Marzani, Salam]
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Difficulties with pp Collisions

p

p

• Difficulties in QCD calculations for pp:

• Global color correlations

• Hadronization corrections

• Pile-Up

• Underlying event

R RGroom

• All complications associated with soft radiation.

• Groomers remove soft radiation
=⇒ Makes calculations simpler and more universal.
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Grooming for pp Collisions

p

p

• Grooming removes all color correlations.

• Jet can be considered in isolation!

• Enables calculations in complicated LHC environment.

= fg

+fq
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Groomed Observables
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Precision Calculations with Grooming

• Groomed mass is a benchmark observable.
=⇒ Motivates push to precision

• Groomed mass is theoretically well understood:
• Simple structure X
• Contamination is minimized X

• Formalized in all orders factorization theorem:

15

Factorization for NNLL Resummation

41

Factorization for NNLL Resummation

Z

d�

de
(2)
2

=
X

k=q,q̄,g

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

(2)
2 )

sum over jet flavor

includes pdfs, emissions
that were groomed

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

collinear-soft radiation

hard collinear radiation

Effective theory for soft drop 
groomed jets

Frye, AJL, Schwartz, Yan 2016

Coefficient Dk can be 
extracted from fixed-order

Only assumes collinear 
factorization of high pT jets in 

pp collisions

d�resum

dm2
J

=
X

k=q,q̄,g

Dk(pT , zcut, R)SC,k(zcutm
2
J) ⌦ Jk(m2

J)

m2
J ⌧ zcutp

2
TJ ⌧ p2

TJ

[Frye, Larkoski, Schwartz, Yan]

• Allows one to systematically compute to higher orders.
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Soft Drop Jet Mass

• Factorization theorem allows one to immediately go to NNLL.

• First precision calculation of a jet substructure observable!
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Figure 11: NLL matched (left) and NNLL matched (right) distributions for hardest jet e
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2

in pp ! Z + j events with soft drop grooming zcut = 0.1 and � = 0 and � = 1. Estimates

of theoretical uncertainties are represented by the shaded bands. For soft drop with � = 1,

the dotted lines represent the extent of the theoretical uncertainties when the variation of

the two-loop non-cusp anomalous dimension is included. The distributions in the two upper

figures are normalized to the total cross section (in femtobarns), while in the bottom figures,

the distributions integrate to the same value over the range e
(2)
2 2 [0.001, 0.1]. Note the

reduction in uncertainties as one moves from NLL to NNLL, and also as one considers the

normalized distribution.

renormalization scales in MCFM by a factor of 2 about 500 GeV ' pTJ . We then take the

envelope of all of these scale variations to produce the shaded bands in Fig. 11. For � = 1 at

NNLL, we have also explicitly shown the additional uncertainty due to the two-loop non-cusp

anomalous dimension of the collinear-soft function. In going from NLL to NNLL accuracy,

the relative size of the scale uncertainty bands decreases by about a factor of 2 or 3 for both
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NNLL, we have also explicitly shown the additional uncertainty due to the two-loop non-cusp

anomalous dimension of the collinear-soft function. In going from NLL to NNLL accuracy,

the relative size of the scale uncertainty bands decreases by about a factor of 2 or 3 for both
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Soft Drop Mass pp− > Z + j

NLL NNLL

[Frye, Larkoski, Schwartz, Yan]

JetScape 2018 January 3, 2018 52 / 58



Soft Drop Jet Mass

• Measurement of the groomed jet mass in ATLAS:
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level,
and NLO+NLL+NP [40] and LO+NNLL [41, 42] theory predictions. The LO+NNLL calculation does not
have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker, while regions where they are expected to be small are shown with a filled marker. All uncertainties
described in the text are shown on the data; the uncertainties from the calculations are shown on each one.
The distributions are normalized to the integrated cross section, �resum, measured in the resummation region,
�3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21
nb for � = 0, 1, 2, respectively [40].

8

Soft Drop Mass in ATLAS

• Comparison of first principles QCD theory and data in pp
environment.
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Groomed D2
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• Similar success with other more
complicated observables.

Groomed D2

• MPI/Underlying Event completely negligible.

• Non-perturbative corrections are from hadronization within the jet.
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Power Counting

• Original proposal used e
(�)
2 , e

(�)
3 .

• Define the discriminant D
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[Larkoski, Moult, Neill]
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Momentum Asymmetry zg
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• Asymmetry on groomed jets: zg .

zg Distribution zg = min[pT1,pT2]
pT1+pT2

• Measures the splitting probability.
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Summary

• IRC safe observables can be computed
perturbatively to high accuracy.

• Understanding of jets in vacuum in pp difficult
due to complex environment.

• Precision understanding regained by smart
choice of observables.
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FIG. 13: Thrust distribution at N3LL′ order and Q = mZ

including QED and mb corrections using the best fit values
for αs(mZ) and Ω1 in the R-gap scheme given in Eq. (68). The
pink band represents the perturbative error determined from
the scan method described in Sec. VI. Data from DELPHI,
ALEPH, OPAL, L3, and SLD are also shown.

αs(mZ) is ±0.0009 compared to ±0.0021 with Ω̄1 in the
MS scheme. Also at NNLL′ and N3LL we see that the
removal of the O(ΛQCD) renormalon leads to a reduction
of the theoretical uncertainties by about a factor of two
in comparison to the results with Ω̄1 in the MS scheme
without renormalon subtraction. The proper treatment
of the renormalon subtraction is thus a substantial part
of a high-precision analysis for Ω1 as well as for αs.

It is instructive to analyze the minimal χ2 values for
the best fit points shown in Fig. 11. In Fig. 12 the dis-
tributions of the best fits in the αs-χ

2
min/dof plane are

shown using the color scheme of Fig. 11. Figure 12a dis-
plays the results in R-gap scheme, and Fig. 12b the ones
in the MS scheme. For both schemes we find that the
χ2

min values and the size of the covered area in the αs-
χ2

min/dof plane systematically decrease with increasing
order. While the analysis in the MS scheme for Ω̄1 leads
to χ2

min/dof values around unity and thus an adequate
description of the entire global data set at N3LL′ order,
we see that accounting for the renormalon subtraction in
the R-gap scheme leads to a substantially improved the-
oretical description having χ2

min/dof values below unity
already at NNLL′ and N3LL orders, with the N3LL′ or-
der result slightly lower at χ2

min/dof ≃ 0.91. This demon-
strates the excellent description of the experimental data
contained in our global data set. It also validates the
smaller theoretical uncertainties we obtain for αs and Ω1

at N3LL′ order in the R-gap scheme.

As an illustration of the accuracy of the fit, in Fig. 13
we show the theory thrust distributions at Q = mZ for
the full N3LL′ order with the R-gap scheme for Ω1, for
the default theory parameters and the corresponding best
fit values shown in bold in Tabs. IV and V. The pink

Band Band Our scan
method 1 method 2 method

N3LL′ with ΩRgap
1 0.0004 0.0008 0.0009

N3LL′ with Ω̄MS
1 0.0016 0.0019 0.0021

N3LL′ without Smod
τ 0.0018 0.0021 0.0034

O(α3
s) fixed-order 0.0018 0.0026 0.0046

TABLE VI: Theoretical uncertainties for αs(mZ) obtained at
N3LL′ order from two versions of the error band method, and
from our theory scan method. The uncertainties in the R-gap
scheme (first line) include renormalon subtractions, while the
ones in the MS scheme (second line) do not and are therefore
larger. The same uncertainties are obtained in the analysis
without nonperturbative function (third line). Larger uncer-
tainties are obtained from a pure O(α3

s) fixed-order analysis
(lowest line). Our theory scan method is more conservative
than the error band method.

band displays the theoretical uncertainty from the scan
method. The fit result is shown in comparison with data
from DELPHI, ALEPH, OPAL, L3, and SLD, and agrees
very well. (Note that the theory values displayed are
actually binned according to the ALEPH data set and
then joined by a smooth interpolation.)

Band Method

It is useful to compare our scan method to determine the
perturbative errors with the error band method [26] that
was employed in the analyses of Refs. [20, 22, 25]. In the
error band method first each theory parameter is varied
separately in the respective ranges specified in Tab. III
while the rest are kept fixed at their default values. The
resulting envelope of all these separate variations with
the fit parameters αs(mZ) and Ω1 held at their best fit
values determines the error bands for the thrust distri-
bution at the different Q values. Then, the perturbative
error is determined by varying αs(mZ) keeping all the-
ory parameters to their default values and the value of
the moment Ω1 to its best fit value. The resulting per-
turbative errors of αs(mZ) for our full N3LL′ analysis in
the R-gap scheme are given in the first line of Tab. VI.
In the second line the corresponding errors for αs(mZ)
in the MS scheme for Ω̄1 are displayed. The left column
gives the error when the band method is applied such
that the αs(mZ) variation leads to curves strictly inside
the error bands for all Q values. For this method it turns
out that the band for the highest Q value is the most
restrictive and sets the size of the error. The resulting
error for the N3LL′ analysis in the R-gap scheme is more
than a factor of two smaller than the error obtained from
our theory scan method, which is shown in the right col-
umn. Since the high Q data has a much lower statistical
weight than the data from Q = mZ , we do not consider
this method to be sufficiently conservative and conclude
that it should not be used. The middle column gives the
perturbative error when the band method is applied such
that the αs(mZ) variation minimizes a χ2 function which
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level,
and NLO+NLL+NP [40] and LO+NNLL [41, 42] theory predictions. The LO+NNLL calculation does not
have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker, while regions where they are expected to be small are shown with a filled marker. All uncertainties
described in the text are shown on the data; the uncertainties from the calculations are shown on each one.
The distributions are normalized to the integrated cross section, �resum, measured in the resummation region,
�3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21
nb for � = 0, 1, 2, respectively [40].
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Further Reading

• For a modern review of jets at the LHC (with 500+ references):
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Thanks!
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