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Goals
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• Introduction to Jets in Soft-Collinear Effective Theory (SCET) 

• Selection of recent developments, connecting:

Phenomenology: 

• Event shapes 

• Tagging boosted H, W 

• Grooming 

• Probing QGP [Varun’s talk]

Theory: 

• Higher order calculations [Bernard’s talk] 

• Non-global logarithms [Thomas’ talk] 

• Multi-differential resummation 

• Recoil



Outline
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• Jet production: 

• Inclusive 

• Exclusive 

• Jet functions 

• Jet substructure: 

• Jet mass 

• Fragmentation 

• Jet shape 

• 2-prong tagging 

• Soft drop 

• V+jet azimuthal decorrelation



Inclusive jet production: formalism

•                        for jet radius             

• Power counting: 

• Factorization: 

• Same factorization as inclusive fragmentation with 
fragmentation function replaced by a jet function
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FIG. 1. Ratios KR of the NLOsin result which is obtained by
expanding Eq. (2) and the full NLO QCD result for di↵erent
values of R as a function of the jet-pT , for 1.5 < |⌘| < 2 atp
S = 13 TeV. The error bars show the numerical uncertainty.

and inclusive jet functions are both known and the 2-loop
global soft and the soft-collinear functions can be ob-
tained following [46] and [47, 48]. The angular correlation
between the jet and soft-collinear function arises from in-
tegrating over the single soft limit of the 1 ! 3 splitting
functions [36] with appropriate phase space restrictions.
The 2-loop signal jet function can be calculated at least
numerically following the strategies of [48, 49]. Alterna-
tively, the anomalous dimensions, hence all lnR terms
of the signal jet function, can be extracted at 2-loop us-
ing consistency relations. The remaining constant terms
of the signal jet function can be determined numerically
using EVENT2 [50]. Here we are utilizing the fact that
the same jet function will appear for jet production at
threshold in e+e� annihilation where a similar joint re-
summation formalism applies.

Phenomenology. To proceed, we first validate the fac-
torization formalism by comparing the predictions of
Eq. (2) expanded to NLO, denoted by NLOsin in the
following, with the full NLO QCD calculation in the
threshold region. Since Eq. (2) is derived in the strict
threshold limit, the scale choice related to the jet-pT can
only be the leading-jet transverse momentum pmax

T
, since

no jets in the event can be harder than the signal-jet
in this limit. Therefore, when comparing the two re-
sults, we choose the renormalization and factorization
scales as µ = µF = µR = pmax

T
for the full NLO

QCD calculation instead of using the so-called individ-
ual jet-pT which probes a softer scale than pmax

T
. We

use the MMHT2014nlo PDF set of [51] and focus onp
S = 13 TeV. To enforce the threshold limit, we demand

that pT > 700 GeV and 1.5 < |⌘| < 2. Fig. 1 displays the
ratios KR of the NLOsin result to the full NLO QCD cal-
culation [52] for R = 0.2, 0.4 and 0.6. We find very good
agreement between these two calculations for all choices
of R which validates our factorization theorem.

We further separate the NLOsin result into a “virtual”
�(z) term and the logarithmic terms (lnk(z)/z)+ with
k = 0, 1. We observe that the “virtual” term gives a large
positive correction. The net logarithmic contribution de-
creases the cross section, where the (ln(z)/z)+ term is
positive whereas the (1/z)+ term is negative and large
due to its coe�cient in the kinematic regime under study.

Now we turn to the phenomenology at the LHC. We

match the NLL resummed results with the full NLO cal-
culation using

d� = d�NLL � d�NLOsin + d�NLO , (5)

and we set µ = pmax

T
for the reasons discussed above. We

make the central scale choices µh = pT and µJ = pTR
for the hard and the signal-jet functions, respectively.
The naive scale for the recoiling jet function is of or-

der µX ⇠ 
p
s
⇣
1� 2pTp

S

⌘
with  ⇠ 1. However, due

to the steeply falling shape of the luminosity function,
 can deviate from 1 and approach a smaller value.
We determine  dynamically following [53] and we set

µX =  ⇥ 2pT
⇣
1� 2pTp

S

⌘
with  = 1/2. The other

scales are determined in the seesaw way: µsG = µ2

X
/µh

and µsc = µJ ⇥ µsG/µh. Our uncertainty estimates are
obtained by varying µ, µh and µJ independently while
keeping the seesaw relations for µX , µsG and µsc. For all
scales we consider variations by a factor of 2 around their
central values and the final scale uncertainty is obtained
by taking the envelope.

We first present the results for the single-inclusive jet
cross sections at

p
S = 2.76 TeV which was measured

by the CMS Collaboration for di↵erent jet radii [3]. In
Fig. 2, we show the resummed calculations using the
CT10nlo PDFs [54] for |⌘| < 2 along with the experimen-
tal data both normalized to the full NLO results. The
error bars include both the experimental and the NLO
scale uncertainties added in quadrature as provided in [3].
The dashed orange lines represent the PDF uncertainty
and the dashed blue lines show the PDF uncertainty for
the ratio �/�NLO which is obtained by keeping the cor-
relations. We observe a significant improvement of the
description of the data for all values R once the joint
resummation is taken into account.
Next, we turn to the single-inclusive jet production atp
S = 13 TeV. The cross section was measured by AT-

LAS with a jet radius of R = 0.4 for various bins of the
jet-rapidity ⌘ [6]. For the scale choice µ = pmax

T
, the

NLO predictions slightly overshoot the data by about
7% to 10% using the MMHT2014nlo PDF set for |⌘| > 1.
Nevertheless, the NLO calculation is still within the ex-
perimental errors bars. The NNLO corrections further
enhance the cross section leading to a more significant
disagreement with the data [6]. In Fig. 3, we show the
results for the pT spectrum of our jointly resummed cal-
culation. As an example, we consider the rapidity region
1.5 < |⌘| < 2 and we plot the ratio of the NLL improved
result to the NLO prediction. Here the error bars show
both the NLO and PDF uncertainties [6]. We find that
the joint resummation decreases the cross section relative
to the NLO result and thus improves the agreement with
the data. A similar trend can be observed when compar-
ing to other single-inclusive jet analyses [2, 4, 5]. More
detailed and systematic studies along those lines will be
presented elsewhere [58].

ratio of singular and full NLO
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• Power corrections of            are small for even  

• Jet function satisfies DGLAP equation, and evolution between  
                                  resums logarithms of R [Dasgupta et al] 

• Threshold logarithms can also be included [Liu, Moch, Ringer] 

(but numerically less relevant)
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FIG. 3: Ratios DR of Eq. (5) with Rfixed = 0.4 at
p
S = 13 TeV for the cross sections at NLO + NLL (left) and

NLO (right) accuracy using the MMHT PDF set [64] at NLO.
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p
S = 7 TeV of [17] with R = 0.5 (left) and R = 0.7 (right) to the

theoretical results at NLO (black) and at NLO + NLL (red) accuracy using the MMHT PDF set [64] at NLO.

C. Comparison to LHC data

Now we move on to the comparison of the theoretical
predictions with the CMS inclusive jet analyses for bothp
S = 7 and 13 TeV [17, 22]. Other data sets, such

as those by CMS collected at
p
S = 2.76 TeV [15] and

the one ATLAS at
p
S = 13 TeV [21] have already been

considered in [27].

We start with
p
S = 7 TeV following the CMS anal-

ysis [17] and focus on the cross section data with the
anti-kT jet radius R = 0.5, which we bin into 4 di↵er-
ent rapidity regions: 0.0  |y| < 0.5, 0.5  |y| < 1.0,
1.0  |y| < 1.5 and 1.5  |y| < 2.0. For each rapidity
bin, we present the pQCD predictions �NLO+NLL at NLO
+ NLL and �NLO at NLO accuracy based on the CT10
PDFs [71] at NLO as in the original CMS analysis [17].

Figs. 7 and 8 show the ratio of the CMS data to the the-
oretical predictions, that is �Data/�Theory for both NLO
+ NLL and NLO accuracy. For both cases, also the NP
e↵ects as provided by CMS [17] have been included in the
perturbative calculations to convert the predictions from
the parton level to the particle level. The yellow bands in
Figs. 7 and 8 indicate the theoretical uncertainties from
scale variations obtained as discussed in the previous sec-

tion with the hard scale chosen as µ = pmax

T . The solid
brown lines on the other hand indicate the experimen-
tal systematic errors, whereas the error bars on the data
represent the experimental statistical errors [17].
In Fig. 7 we observe very good agreement with the data

in all rapidity regions for the NLO + NLL predictions
where the NLL joint resummation is taken into account.
In the high-pT region, the NLO + NLL calculations still
somewhat overestimate the CMS data. However, this
can be further improved by switching from the CT10
PDFs [71] to more recent PDF sets, as we will detail in
the next section. In contrast, the NLO results in Fig. 8
are consistently larger than the inclusive jet data by an
amount of 10% in all rapidity bins. Thus, all predictions
are lying along the lower boundary of the systematic er-
rors (brown lines) in Fig. 8, except for the high pT tail
region of the rapidity bin 1.5  |y| < 2.0.
The theoretical uncertainty of the NLL + NLO pre-

dictions in Fig. 7 is still large and comparable with the
experimental errors. However, this can be reduced fur-
ther in the future with the help improved accuracy for
the resummation, i.e., upon resumming the relevant log-
arithms to NNLL accuracy together with matching to the
available NNLO calculations.
Next we study the inclusive jet production cross section
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FIG. 1. Ratios KR of the NLOsin result which is obtained by
expanding Eq. (2) and the full NLO QCD result for di↵erent
values of R as a function of the jet-pT , for 1.5 < |⌘| < 2 atp
S = 13 TeV. The error bars show the numerical uncertainty.

and inclusive jet functions are both known and the 2-loop
global soft and the soft-collinear functions can be ob-
tained following [46] and [47, 48]. The angular correlation
between the jet and soft-collinear function arises from in-
tegrating over the single soft limit of the 1 ! 3 splitting
functions [36] with appropriate phase space restrictions.
The 2-loop signal jet function can be calculated at least
numerically following the strategies of [48, 49]. Alterna-
tively, the anomalous dimensions, hence all lnR terms
of the signal jet function, can be extracted at 2-loop us-
ing consistency relations. The remaining constant terms
of the signal jet function can be determined numerically
using EVENT2 [50]. Here we are utilizing the fact that
the same jet function will appear for jet production at
threshold in e+e� annihilation where a similar joint re-
summation formalism applies.

Phenomenology. To proceed, we first validate the fac-
torization formalism by comparing the predictions of
Eq. (2) expanded to NLO, denoted by NLOsin in the
following, with the full NLO QCD calculation in the
threshold region. Since Eq. (2) is derived in the strict
threshold limit, the scale choice related to the jet-pT can
only be the leading-jet transverse momentum pmax

T
, since

no jets in the event can be harder than the signal-jet
in this limit. Therefore, when comparing the two re-
sults, we choose the renormalization and factorization
scales as µ = µF = µR = pmax

T
for the full NLO

QCD calculation instead of using the so-called individ-
ual jet-pT which probes a softer scale than pmax

T
. We

use the MMHT2014nlo PDF set of [51] and focus onp
S = 13 TeV. To enforce the threshold limit, we demand

that pT > 700 GeV and 1.5 < |⌘| < 2. Fig. 1 displays the
ratios KR of the NLOsin result to the full NLO QCD cal-
culation [52] for R = 0.2, 0.4 and 0.6. We find very good
agreement between these two calculations for all choices
of R which validates our factorization theorem.

We further separate the NLOsin result into a “virtual”
�(z) term and the logarithmic terms (lnk(z)/z)+ with
k = 0, 1. We observe that the “virtual” term gives a large
positive correction. The net logarithmic contribution de-
creases the cross section, where the (ln(z)/z)+ term is
positive whereas the (1/z)+ term is negative and large
due to its coe�cient in the kinematic regime under study.

Now we turn to the phenomenology at the LHC. We

match the NLL resummed results with the full NLO cal-
culation using

d� = d�NLL � d�NLOsin + d�NLO , (5)

and we set µ = pmax

T
for the reasons discussed above. We

make the central scale choices µh = pT and µJ = pTR
for the hard and the signal-jet functions, respectively.
The naive scale for the recoiling jet function is of or-

der µX ⇠ 
p
s
⇣
1� 2pTp

S

⌘
with  ⇠ 1. However, due

to the steeply falling shape of the luminosity function,
 can deviate from 1 and approach a smaller value.
We determine  dynamically following [53] and we set

µX =  ⇥ 2pT
⇣
1� 2pTp

S

⌘
with  = 1/2. The other

scales are determined in the seesaw way: µsG = µ2

X
/µh

and µsc = µJ ⇥ µsG/µh. Our uncertainty estimates are
obtained by varying µ, µh and µJ independently while
keeping the seesaw relations for µX , µsG and µsc. For all
scales we consider variations by a factor of 2 around their
central values and the final scale uncertainty is obtained
by taking the envelope.

We first present the results for the single-inclusive jet
cross sections at

p
S = 2.76 TeV which was measured

by the CMS Collaboration for di↵erent jet radii [3]. In
Fig. 2, we show the resummed calculations using the
CT10nlo PDFs [54] for |⌘| < 2 along with the experimen-
tal data both normalized to the full NLO results. The
error bars include both the experimental and the NLO
scale uncertainties added in quadrature as provided in [3].
The dashed orange lines represent the PDF uncertainty
and the dashed blue lines show the PDF uncertainty for
the ratio �/�NLO which is obtained by keeping the cor-
relations. We observe a significant improvement of the
description of the data for all values R once the joint
resummation is taken into account.
Next, we turn to the single-inclusive jet production atp
S = 13 TeV. The cross section was measured by AT-

LAS with a jet radius of R = 0.4 for various bins of the
jet-rapidity ⌘ [6]. For the scale choice µ = pmax

T
, the

NLO predictions slightly overshoot the data by about
7% to 10% using the MMHT2014nlo PDF set for |⌘| > 1.
Nevertheless, the NLO calculation is still within the ex-
perimental errors bars. The NNLO corrections further
enhance the cross section leading to a more significant
disagreement with the data [6]. In Fig. 3, we show the
results for the pT spectrum of our jointly resummed cal-
culation. As an example, we consider the rapidity region
1.5 < |⌘| < 2 and we plot the ratio of the NLL improved
result to the NLO prediction. Here the error bars show
both the NLO and PDF uncertainties [6]. We find that
the joint resummation decreases the cross section relative
to the NLO result and thus improves the agreement with
the data. A similar trend can be observed when compar-
ing to other single-inclusive jet analyses [2, 4, 5]. More
detailed and systematic studies along those lines will be
presented elsewhere [58].

ratio of singular and full NLO



Inclusive jet production: fragmentation limit

• In limit           , jet function becomes fragmentation function 

• Charged hadron spectrum can be obtained using small-z 
resummation of jet, hard and anomalous dimension [Neill]
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Figure 3. The fragmentation spectrum for e+e� ! h± + X at center of mass energies 58
and 91 GeV. The gray region is excluded from the �2/d.o.f. determination based on hadron mass
corrections or zh ⇠ O(1), and the quoted �2/d.o.f. is the goodness-of-fit for that data set alone
using the best fit parameters.

Figure 4. The fragmentation spectrum for e+e� ! h± + X at center of mass energies 189
and 206 GeV. The gray region is excluded from the �2/d.o.f. determination based on hadron mass
corrections or zh ⇠ O(1), and the quoted �2/d.o.f. is the goodness-of-fit for that data set alone
using the global best fit parameters.

• SLD data at the Z-pole of Q = 91GeV [32], in region 0.5 < �lnzh < 4.14, in Fig. 3.

• ALEPH data at Q = 189GeV [33], in region 0.5 < �lnzh < 4.87, in Fig. 4.

• L3 data at Q = 206GeV [34], in region 0.5 < �lnzh < 4.96, in Fig. 4.

The upper end of these regions is determined by when I expect hadron mass corrections

to become significant. To estimate this, I compare the energy fraction (zh) versus the 3-

momentum fraction of the hadron (xp), whose relation is given by: xp = zh�
2m2

h
zhQ2 +O(Q4),

with mh the hadron mass (ref. [35]). Since I am fitting for generic light hadron production,

I takemh ⇠ 0.5 GeV, the mass of the kaon, and demand that |xp�zh| < 0.2. More stringent
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Inclusive jet production: leading jet

• The leading parton does not have to produce the leading jet, 
so factorization becomes increasingly nonlinear [Scott, WW]

8

Starting at leading order (LO) accuracy, the cross section di↵erential in the transverse

momentum pT,J of the hardest jet can be written as

d�LO

pp!HJ

dpT,J
=

X

i

Z
dpT,i

d�̃(0)

pp!Hi

dpT,i

Z
dzl Jl,i(zl, pT,iR,µ) �(pT,J � zlpT,i) +O(R2) . (2.1)

The di↵erential cross section d�̃(0)

pp!Hi
describes the production of a Higgs boson and parton

i at leading order in QCD with transverse momentum pT,i. As such, it contains the

convolution with initial-state parton distribution functions, along with the usual sum over

contributing partonic channels. The sum over i is over possible final-state partons i =

{q, q̄, g}. At higher orders, d�̃(0) is not simply given by the higher order cross section for

Higgs+parton production, as will be discussed shortly, and for this reason we include the

tilde. The jet function Jl,i(zl, pT,iR,µ) encodes the leading jet produced by this parton

with transverse momentum pT,J = zl pT,i. In particular, the jet function only depends on

the parton initiating the jet and is independent of the process in which it was produced. At

LO, the jet function is simply Jl,i(zl, pT,iR,µ) = �(1�zl), so the above equation is trivially

correct. However, the factorization in eq. (2.1) also holds for the leading logarithms (LL) in

R. These can be resummed to all orders in ↵s by deriving and solving the renormalization

group equations (RGEs) for the leading-jet functions, as discussed in section 3. Thus,

eq. (2.1) is LO+LL accurate, when including this evolution of the jet function. Note that

we assume that there are no other hierarchies in this process, i.e. pT,J ⇠ pT,H ⇠ mH , since

these would otherwise introduce additional logarithms requiring resummation. The region

p
veto

T
⇠ pT,H ⌧ mH has been studied in [23].

At NLO, there can be an additional hard parton j (real radiation) in the final state

which is not collinear to i, so it is necessary to include additional jet functions to describe

their radiation1

d�NLO

pp!HJ

dpT,J
=

X

i,j

Z
dpT,i dpT,j

d�̃pp!Hij

dpT,idpT,j

Z
dzl,i Jl,i(zl,i, pT,iR,µ) (2.2)

⇥

Z
dzl,j Jl,j(zl,j , pT,jR,µ)�

�
pT,J �max{zl,ipT,i, zl,jpT,j}

�
+O(R2) .

Collinear final-state radiation is already encoded by the jet functions and is not part of

d�̃pp!Hij , since it would otherwise be double counted.2 Furthermore, d�̃pp!Hij also in-

cludes the one-loop virtual corrections to pp ! Hi, for which pT,j = 0 and the integral

over Jl,j gives unity from the conservation of probability (see eq. (2.8)). The cross section

d�̃pp!Hij only depends on the the hard scales µH ⇠ pT,J ⇠ mH and not R. As the NLO

calculation in section 2.3 reveals, the jet function on the other hand depends on the scale

µJ ⇠ pT,JR. The renormalization group evolution between these scales produces the large

logarithms of µJ/µH ⇠ R, as discussed in section 3. To extend eq. (2.2) to higher orders

1
Factorization formulae where a di↵erent number of jet functions appear at di↵erent orders in pertur-

bation theory have also been obtained in refs. [24, 25].
2
Indeed, we extract d�̃pp!Hij by expanding eq. (2.2) to NLO, and subtracting the contribution involving

the NLO jet function. This is discussed in detail in section 4.1.
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Inclusive jet production: leading jet

• The leading parton does not have to produce the leading jet, 
so factorization becomes increasingly nonlinear [Scott, WW] 

•            corrections and resummation effects small

9
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The di↵erential cross section d�̃(0)

pp!Hi
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i at leading order in QCD with transverse momentum pT,i. As such, it contains the

convolution with initial-state parton distribution functions, along with the usual sum over

contributing partonic channels. The sum over i is over possible final-state partons i =

{q, q̄, g}. At higher orders, d�̃(0) is not simply given by the higher order cross section for
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correct. However, the factorization in eq. (2.1) also holds for the leading logarithms (LL) in

R. These can be resummed to all orders in ↵s by deriving and solving the renormalization

group equations (RGEs) for the leading-jet functions, as discussed in section 3. Thus,

eq. (2.1) is LO+LL accurate, when including this evolution of the jet function. Note that

we assume that there are no other hierarchies in this process, i.e. pT,J ⇠ pT,H ⇠ mH , since

these would otherwise introduce additional logarithms requiring resummation. The region

p
veto

T
⇠ pT,H ⌧ mH has been studied in [23].

At NLO, there can be an additional hard parton j (real radiation) in the final state

which is not collinear to i, so it is necessary to include additional jet functions to describe

their radiation1

d�NLO

pp!HJ

dpT,J
=

X

i,j

Z
dpT,i dpT,j

d�̃pp!Hij

dpT,idpT,j

Z
dzl,i Jl,i(zl,i, pT,iR,µ) (2.2)

⇥
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dzl,j Jl,j(zl,j , pT,jR,µ)�

�
pT,J �max{zl,ipT,i, zl,jpT,j}

�
+O(R2) .

Collinear final-state radiation is already encoded by the jet functions and is not part of

d�̃pp!Hij , since it would otherwise be double counted.2 Furthermore, d�̃pp!Hij also in-

cludes the one-loop virtual corrections to pp ! Hi, for which pT,j = 0 and the integral

over Jl,j gives unity from the conservation of probability (see eq. (2.8)). The cross section

d�̃pp!Hij only depends on the the hard scales µH ⇠ pT,J ⇠ mH and not R. As the NLO

calculation in section 2.3 reveals, the jet function on the other hand depends on the scale

µJ ⇠ pT,JR. The renormalization group evolution between these scales produces the large

logarithms of µJ/µH ⇠ R, as discussed in section 3. To extend eq. (2.2) to higher orders

1
Factorization formulae where a di↵erent number of jet functions appear at di↵erent orders in pertur-

bation theory have also been obtained in refs. [24, 25].
2
Indeed, we extract d�̃pp!Hij by expanding eq. (2.2) to NLO, and subtracting the contribution involving

the NLO jet function. This is discussed in detail in section 4.1.
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Figure 4. The full NLO prediction (solid lines) for exclusive Higgs + 1 jet production for the
jet (left) and Higgs (right) transverse momentum distributions with p

veto
T

= 40 GeV compared to
the NLO singular prediction in eq. (4.2) (dotted lines). The anti-kT jet algorithm with R = 0.8
(red) and R = 0.4 (blue) is used. The LO cross section (solid gray) is shown for comparison. The
lower panels show the ratio of the singular and NLO predictions (more transparent line) as well as
a linear fit of this ratio to clarify the trend (more opaque).

with fluctuations due to the limited statistics of the Monte Carlo integration, while the

thicker lines display a linear fit in order to highlight the trend. For the Higgs distribution

we perform this fit only for pT,H > 80 GeV to avoid the influence of the Sudakov shoulder.

While both values of the jet radius considered are in excellent agreement with the full

NLO prediction, delivering predictions typically within a few percent of the exact NLO,

factorized predictions for smaller radii give a more accurate prediction of the full NLO, as

expected. The validity of the small R approximation for relatively large values of R has

been noted before in e.g. refs. [13, 40].

Given that the collinear approximation works so well, we next investigate how much

of this is is captured by the ↵s lnR terms in the singular cross section. In figure 5 we

show the pT,J (left) and pT,H (right) distributions for R = 0.4, keeping various components

of the singular cross section. Shown are predictions obtained by simply adding the LL

terms at O(↵s) to the LO cross section (green dashed) as well as the NLO singular cross

section, eq. (4.2), using the LL (blue dotted) and soft (red dot-dashed) approximation of

the full NLO jet function. The LO (dot-dashed black line) and full NLO (solid black line)

contribution are shown for comparison. The bottom panel of each plot displays the ratio

of each prediction to the full NLO result. For both the pT,J and pT,H distributions, we see

that simply augmenting the LO cross section with the ↵s lnR terms (green dashed line)

gives results which severely underestimate the exact NLO cross section. Indeed, from the

ratio plots we can see that it only captures between 40 – 70% of the cross section for the

pT,J distribution depending on the pT,J bin and does only slightly better (away from the
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Figure 6. The Higgs + 1 jet cross section di↵erential in the jet transverse momentum at NLO
(solid lines) and NLO + ↵

2
s
ln2 R corrections (dashed lines) for R = 0.8, 0.4, 0.1 (red, green, blue).

The left plot shows the exclusive cross section with a loose p
veto
T

= 40 GeV, while the right plot
shows the inclusive cross section. The lower panels show the ratio of the NLO + ↵

2
s
ln2 R predictions

with the corresponding NLO ones.

terms (dashed lines) for the jet transverse momentum spectrum at varying values of R. In

the left plot, we show the exclusive cross section with a loose jet veto p
veto

T
= 40 GeV where

we see that for moderate values of R ⇠ 0.8, 0.4 the e↵ect of the ln2R terms is minimal.

As can be seen in the lower panel, the e↵ect is around 2–3% for R = 0.4 and at most 1%

for R = 0.8. It is only for the more extreme value of R = 0.1 that the ln2R terms start to

have a large impact, especially at large transverse momentum. The more pronounced pT,J

dependence at R = 0.1 has a simple explanation: the transverse momentum dependence

of the ln2R term is similar to that of the LO cross section, which falls o↵ slower than the

exclusive NLO cross section, an e↵ect which is enhanced for smaller R values (c.f. R = 0.8

and R = 0.4 predictions in figure 4). As such, the contribution from the ↵
2
s ln

2
R terms,

as a fraction of the NLO predictions, grows at larger pT,J for these smaller values of R.

While this is potentially an interesting indication of where ln2R terms could become large

enough to warrant resummation, it is also well known that the NNLO QCD corrections to

Higgs plus jet production cross sections lead to large K-factors [41, 42]. We would therefore

also expect large corrections from the d�̃(2) term in the factorization formula, as well as

potentially large contributions from d�̃(1)
⌦ J

(1). The plot on the right of figure 6 instead

displays the inclusive cross section, where we also assess the impact of the ↵
2
sL

2 terms. In

this instance the e↵ect of the ↵
2
sL

2 terms is relatively unchanged for R = 0.4, while the

enhancement seen for R = 0.1 in figure 6 is reduced to . 6% enhancement for most of the

spectrum. Thus, the simple inclusion of these terms cannot lead to the kind of K-factors

needed to approximate the full NNLO inclusive cross section.
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Exclusive jet production: formalism

• Exactly N jets. Veto on extra jets → radiation is collinear or soft 

• Power counting: 

• Factorization: 

• Fine print: For            collinear and soft can cluster 
                For             clustering logarithms 

10

[Becher et al; Stewart et al; see also Banfi et al]
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Exclusive jet production: alternative jet vetoes

• Event shapes in e+e-. E.g. thrust            vetoes a third jet 

• Similarly,                   vetoes additional jets in Higgs production 

• N-jettiness in pp [Stewart, Tackmann, WW] 

• Simple factorization, good for slicing IR div. [Boughezal et al; Gaunt et al] 

• But sensitive to underlying event/Glaubers

11
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We present results using the default parameters present in Herwig++ version 2.6.3 for

the underlying event model. We note that these were tuned to a variety of experimental

data using the MRST LO** PDF set [42] instead of the MSTW2008 NLO set [27] used

here for the hard process generated using aMC@NLO.7 In Fig. 10 we show the ET distribution

including the UE, with hadrons of a maximum pseudorapidity ⌘
c = 5, compared against the

analytical result, which we have shown matches well the hadron-level ⌘c = 5 distribution

without UE (Fig. 9). In practice, particles cannot be detected at transverse momenta

down to zero, and therefore we show the e↵ect of applying transverse-momentum cuts on

the hadrons: p
c

T
= 1.0, 1.5, 2.0 GeV. When p

c

T
= 1.5 GeV the peak in ET is moved back

to approximately the value of the parton-level prediction, but the distribution itself is still

somewhat broader.

Figure 10: Hadron-level transverse-energy distribution in Higgs boson production at the LHC at 8
and 14 TeV, including the e↵ect of the underlying event. Red: resummed and matched to NLO, for
comparison. Reweighted aMC@NLO+Herwig++ events with hadron maximum pseudorapidity ⌘

c = 5:
Black: pc

T
= 0 GeV, Blue: pc

T
= 1.0 GeV, Magenta: pc

T
= 1.5 GeV, Cyan: pc

T
= 2.0 GeV.

We have also investigated the impact of the underlying event using di↵erent PDFs

and di↵erent, reasonable, model parameters. We found that, with reasonably-tuned values

for the underlying event model parameters, the change of PDF sets does not induce any

significant changes to the distributions.

To conclude, one can reproduce the ET distribution with the e↵ect of the UE and

detector geometry e↵ects by reweighting the parton-level Monte Carlo events to match the

analytical prediction of the ET due to ISR and subsequently enabling the hadronization

and underlying event models of the generator. The description of the underlying event is

robust against changes of tune parameters as well as PDF sets. However, in the presence

of the underlying event the ET distribution is highly sensitive to the minimum hadron

transverse momentum, pc
T
.

7MRST LO**, the default PDF set for LO processes in Herwig++, is called ‘MRSTMCal’, with set

number 20651 in the LHAPDF database [43].
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Jet function: introduction

• Quark jet function at order      (field theory definition in SCET) 

• For inclusive jet production, not all radiation inside jet 

• Invariant mass jet function known at       [Bruser et al; Banerjee et al] 

    

• For many observables (e.g. with a jet algorithm) only one-loop 
jet functions known. Notorious example: broadening [Becher, Bell]
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jq,3 = �128.651 . . .



Jet function: calculation

• For NNLL resummation need two-loop anomalous dimension. 
Can use consistency of factorization to extract this from 
automated two-loop soft function code SoftSERVE [Bell, Rahn, Talbert] 

• GOJet package for calculating one-loop jet functions,  
uses geometric subtraction scheme for IR [Basdew-Sharma et al]
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(a) G1: Numerical contribution
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(b) G2: Soft counterterm
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(c) G3: Box counterterm

Figure 2: A graphical representation of our subtraction scheme in eq. (2.6). We have only

included the soft counterterms for z ! 1 for legibility. Shown are the restriction on the

measurement from the observable (blue line), the soft limit of the observable (red line),

the box (green line), the cut on z arising from A (pink line). Blue plus (minus) areas

correspond to positive (negative) contributions of the full integrand QiMobs, while red plus

(minus) areas correspond to positive (negative) contributions of Qi,1Mobs,1.

Qq,1(s, z,�) = Qq(s, z,�)|z!1 =
(µ2e�E )✏

p
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⌘
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(1� z)1+⌘+✏s1+✏
= Qg,0(s, 1� z,�) . (2.7)

Similarly, Mobs,0 and Mobs,1 denote the soft z ! 0 and z ! 1 limit of the measurement

Mobs. The soft limit can contain multiple boundary conditions on the phase space, which

we account for by writing Mobs,0 and Mobs,1 as a sum of Heaviside theta functions that

constrain the integration over s as a function of z. Moreover, they will follow a power-law

behavior parametrized by

Mobs(s, z,�)|z!0 = ⇥(�)
X

r

M r

obs = ⇥(�)
X

r

⇥
⇣c+0r µ2

z↵
+
0r

� s
⌘
⇥
⇣
s�

c�0rµ
2

z↵
�
0r

⌘
, (2.8)

Mobs(s, z,�)|z!1 = ⇥(�)
X

r

M r

obs = ⇥(�)
X

r

⇥
⇣ c+1r µ

2

(1� z)↵
+
1r

� s
⌘
⇥
⇣
s�

c�1rµ
2

(1� z)↵
�
1r

⌘
,

where the sum on r is over di↵erent regions (see figure 1), and the parameters ci, ↵i depend

on the observable, and can depend on � as well.3 We also allow for a constraint � on the

azimuthal angle, as will be discussed in section 2.3. Depending on the observable, each soft

boundary condition will therefore follow one out of three distinct behaviors shown in figure

1: the upper boundary of R1 corresponds to ↵ < 0, the lower boundary of R2 to ↵ = 0,

the upper boundary to ↵ > 0 and R3 does not extend into the soft region. Finding c0,1
and ↵0,1 can be nontrivial, and we will discuss a strategy to do so for an involved example

in section 4.2.

We will now discuss the decomposition in eq. (2.6) in more detail, using the graphical

representation in figure 2 for the kT algorithm. In order to get a finite G1 in figure 2a,

3
In general c0 = c1 and ↵0 = ↵1, but we will show examples where this is no longer true because the

observable depends on the azimuthal angle, which di↵ers by ⇡ between the two partons.
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Jet substructure: introduction

• Study properties of the jet: mass, charge, shape… 

• Identify what kind of jet it is: quark, gluon or boosted heavy 
particle?  

• E.g. top quark:

14

3 subjets3 jets



Jet substructure: jet mass

• Example: jet mass:  

• Power counting: 

• Insensitive to details of other jets in small R limit, as is clear 
from boosting.

15
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Jet substructure: nonglobal logarithms

• Nonglobal logarithms arise due to different restrictions on soft 
radiation in- and outside jets [Dasgupta, Salam] 

• This can be avoided/reduced for: 

• Purely collinear measurements, e.g. fragmentation in jets 

• Observables that treat soft radiation in- and outside jet the same, 
e.g. azimuthal angular decorrelation in Z+jet (using special axis) 

• Measurements for which soft radiation is reduced (grooming)
16
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Global Soft function at one loop
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NGLs arise from soft emissions probing inside and outside
of jet simultaneously

Soft Dasgupta, Salam 01’
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• Power counting:  

• Collinear factorization (exclusive jets) [Procura, Stewart; Jain, Procura, WW]
<latexit sha1_base64="HKwP+b6QjDH6pUlCgWF1H3beNqM="></latexit>

Gi!h(z, pTR,µ) =
X

j

Ji!j(z, pTR,µ)⌦Di!h(z, µ)

Jet substructure: fragmentation
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Figure 2. Comparison of our theoretical calculations with the ATLAS experimental data [15] in
proton-proton collisions at

p
s = 7 TeV. Jets are reconstructed using the anti-kT algorithm with

R = 0.6 within the rapidity range |y| < 1.2. The numbers in the square brackets correspond to
di↵erent jet transverse momentum bins, e.g. [25, 40] means 25 < pT < 40 GeV. The blue solid
curves are the “nominal” theoretical calculations, where we make the scale choice of µ = pT , and
µG = µJ = 2pT tan (R/2) ⌘ pTR. The green bands are the estimated uncertainties of our theoretical
calculations from scale variations, see the discussion in the text.

while the solid blue curves are the “nominal” theoretical calculations, where we make the

scale choices µ = pT , µG = µJ = pTR defined in the last section. The green bands are the

estimated uncertainties of our theoretical calculations from the scale variations for all three

scales µ, µG , µJ by a factor of 2 around the above central values. See detailed discussions in

Sec. 3.2 below. Note that the DSS07 fragmentation function parameterizations for Dh
i (z, µ)

are only valid for 0.05 < z < 1 and 1 < µ
2
< 105 GeV2. Thus, all the calculations outside

these regions are based on the extrapolations of the DSS07 parameterizations provided by

the distributed package from the authors [49, 50]. As we have expected, the theoretical

uncertainties from the scale variations are relatively small, due to the fact that Gh
i and J

i

follow the same RG running as discussed in Sec. 2.1. At the same time, as one can see,

there is good agreement between our theoretical calculations and the ATLAS data. Our

calculations slightly overshoot the experimental data at large z for jets with low pT . Since

– 9 –

[Chien et al]

• Several extensions:  

• Inclusive jet production [Kang et al] 

• Transverse momenta [Kang et al; Neill et al] 

• Threshold resummation [Procura, WW; Dai et al] 

• Heavy quarks [Bauer, Mereghetti; Dai et al]



<latexit sha1_base64="UM9yNC5T38kO8lYmcLTQkkNnWCs="></latexit>

G(pTR, r/R) = H(pTR)C(pT r, k?)⌦ S(k?, R)

Jet substructure: jet shape resummation

• Average energy fraction inside cone of size  

• Contains large logarithms for           

• Power counting:  

• Factorization includes recoil from soft radiation  
[Cal, Ringer, WW; earlier work without recoil: Seymour; Li, Li, Yuan; Chien, Vitev]
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⇢(r)
<latexit sha1_base64="ynaH/OeOZ3IjTSG5e+WTN+oR1Zc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+gXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HtzO//cS04Uo+2EnCgpgMJY84JdZJnZ4eKVzV5/1yxat5c+BV4uekAjka/fJXb6BoGjNpqSDGdH0vsUFGtOVUsGmplxqWEDomQ9Z1VJKYmSCb3zvFZ04Z4EhpV9Liufp7IiOxMZM4dJ0xsSOz7M3E/7xuaqPrIOMySS2TdLEoSgW2Cs+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVHzvZp/f1mp3+RxFOEETqEKPlxBHe6gAU2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx8TQI9S</latexit><latexit sha1_base64="ynaH/OeOZ3IjTSG5e+WTN+oR1Zc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+gXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HtzO//cS04Uo+2EnCgpgMJY84JdZJnZ4eKVzV5/1yxat5c+BV4uekAjka/fJXb6BoGjNpqSDGdH0vsUFGtOVUsGmplxqWEDomQ9Z1VJKYmSCb3zvFZ04Z4EhpV9Liufp7IiOxMZM4dJ0xsSOz7M3E/7xuaqPrIOMySS2TdLEoSgW2Cs+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVHzvZp/f1mp3+RxFOEETqEKPlxBHe6gAU2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx8TQI9S</latexit><latexit sha1_base64="ynaH/OeOZ3IjTSG5e+WTN+oR1Zc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+gXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HtzO//cS04Uo+2EnCgpgMJY84JdZJnZ4eKVzV5/1yxat5c+BV4uekAjka/fJXb6BoGjNpqSDGdH0vsUFGtOVUsGmplxqWEDomQ9Z1VJKYmSCb3zvFZ04Z4EhpV9Liufp7IiOxMZM4dJ0xsSOz7M3E/7xuaqPrIOMySS2TdLEoSgW2Cs+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVHzvZp/f1mp3+RxFOEETqEKPlxBHe6gAU2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx8TQI9S</latexit><latexit sha1_base64="ynaH/OeOZ3IjTSG5e+WTN+oR1Zc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+gXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HtzO//cS04Uo+2EnCgpgMJY84JdZJnZ4eKVzV5/1yxat5c+BV4uekAjka/fJXb6BoGjNpqSDGdH0vsUFGtOVUsGmplxqWEDomQ9Z1VJKYmSCb3zvFZ04Z4EhpV9Liufp7IiOxMZM4dJ0xsSOz7M3E/7xuaqPrIOMySS2TdLEoSgW2Cs+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVHzvZp/f1mp3+RxFOEETqEKPlxBHe6gAU2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx8TQI9S</latexit>

r
<latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit>

R
<latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit>

r
<latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit>

R
<latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit> dr

<latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit><latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit><latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit><latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit>

dr
<latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit><latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit><latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit><latexit sha1_base64="joosOW01XpXZyxgTUioxJrQe8VM=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWQymTY0jyHJCGXoZ7hxoYhbv8adf2OmrVBfBwKHc+7lnpwo5cxY3//wSiura+sb5c3K1vbO7l51/6BtVKYJbRHFle5G2FDOJG1ZZjntpppiEXHaicbXhd+5p9owJe/sJKWhwEPJEkawdVKvL7AdaZHHUz2o1oK6PwPyf5EvqwYLNAfV936sSCaotIRjY3qBn9owx9oywum00s8MTTEZ4yHtOSqxoCbMZ5Gn6MQpMUqUdk9aNFOXN3IsjJmIyE0WEc1PrxD/8nqZTS7DnMk0s1SS+aEk48gqVPwfxUxTYvnEEUw0c1kRGWGNiXUtVZZL+J+0z+qBXw9uz2uNq0UdZTiCYziFAC6gATfQhBYQUPAAT/DsWe/Re/Fe56Mlb7FzCN/gvX0C2ZSRnA==</latexit>



Jet substructure: jet shape results

• Good agreement. Perturbative uncertainty largest for small 

• Nonperturbative effects (included)
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pT = 30� 40GeV
<latexit sha1_base64="5rIPPO709vGR8qqXukiEPh5syio=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiY0YAiCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz5yTvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF2LpqJCKIYIeCTRZ1YUgzpKA7aFgo4yoEhjCthbqW8xxTjaELLmBDc2ZfnSeU05zo59y6fLVxO40iTfXJAjohLzkmB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AGSrlOo=</latexit><latexit sha1_base64="5rIPPO709vGR8qqXukiEPh5syio=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiY0YAiCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz5yTvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF2LpqJCKIYIeCTRZ1YUgzpKA7aFgo4yoEhjCthbqW8xxTjaELLmBDc2ZfnSeU05zo59y6fLVxO40iTfXJAjohLzkmB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AGSrlOo=</latexit><latexit sha1_base64="5rIPPO709vGR8qqXukiEPh5syio=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiY0YAiCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz5yTvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF2LpqJCKIYIeCTRZ1YUgzpKA7aFgo4yoEhjCthbqW8xxTjaELLmBDc2ZfnSeU05zo59y6fLVxO40iTfXJAjohLzkmB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AGSrlOo=</latexit><latexit sha1_base64="5rIPPO709vGR8qqXukiEPh5syio=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiY0YAiCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz5yTvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF2LpqJCKIYIeCTRZ1YUgzpKA7aFgo4yoEhjCthbqW8xxTjaELLmBDc2ZfnSeU05zo59y6fLVxO40iTfXJAjohLzkmB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AGSrlOo=</latexit>

pT = 60� 80GeV
<latexit sha1_base64="O8nJawy+RL+PbVjhVdylfs66oDs=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiYEdEgCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz52TvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF28s1EBFGMEPDJok4sKYZ0FAdtCwUc5cAQxpUwt1LeY4pxNKFlTAju7MvzpHKac52ce3eWLVxO40iTfXJAjohLLkiB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AG+ylPE=</latexit><latexit sha1_base64="O8nJawy+RL+PbVjhVdylfs66oDs=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiYEdEgCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz52TvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF28s1EBFGMEPDJok4sKYZ0FAdtCwUc5cAQxpUwt1LeY4pxNKFlTAju7MvzpHKac52ce3eWLVxO40iTfXJAjohLLkiB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AG+ylPE=</latexit><latexit sha1_base64="O8nJawy+RL+PbVjhVdylfs66oDs=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiYEdEgCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz52TvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF28s1EBFGMEPDJok4sKYZ0FAdtCwUc5cAQxpUwt1LeY4pxNKFlTAju7MvzpHKac52ce3eWLVxO40iTfXJAjohLLkiB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AG+ylPE=</latexit><latexit sha1_base64="O8nJawy+RL+PbVjhVdylfs66oDs=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPGiYEdEgCAEPeoyQDZIQejqVpEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5kRQaHefbSi0sLi2vpFcza+sbm1v29k5Fh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf71yK/eg9IiDEo4iKDps24gOoIzNFLL3otaJXpFz52TvNM4pg2EB0xuoDJs2Vkn54xB54k7JVkyRbFlfzXaIY99CJBLpnXddSJsJkyh4BKGmUasIWK8z7pQNzRgPuhmMv5gSA+N0qadUJkKkI7V3xMJ87Ue+J7p9Bn29Kw3Ev/z6jF28s1EBFGMEPDJok4sKYZ0FAdtCwUc5cAQxpUwt1LeY4pxNKFlTAju7MvzpHKac52ce3eWLVxO40iTfXJAjohLLkiB3JIiKRNOHskzeSVv1pP1Yr1bH5PWlDWd2SV/YH3+AG+ylPE=</latexit>

pT = 110� 160GeV
<latexit sha1_base64="ikB9jgnTjYxHej4MvErRkO6zE+s=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcO0iIogBDzoMUI2SELo6VSSJj0L3TViGAJe/BUvHhTx6k9482/sLAeNPih4vFdFVT0vUtKg6345qbn5hcWl9HJmZXVtfSO7uVUxYawFlEWoQl3zuAElAyijRAW1SAP3PQVVr3818qt3oI0MgxIOImj6vBvIjhQcrdTK7kStEr2kjLlH7NRtHNIGwj0m11AZtrI5N++OQf8SNiU5MkWxlf1stEMR+xCgUNyYOnMjbCZcoxQKhplGbCDios+7ULc04D6YZjL+YUj3rdKmnVDbCpCO1Z8TCfeNGfie7fQ59sysNxL/8+oxds6biQyiGCEQk0WdWFEM6SgQ2pYaBKqBJVxoaW+losc1F2hjy9gQ2OzLf0nlOM/cPLs9yRUupnGkyS7ZIweEkTNSIDekSMpEkAfyRF7Iq/PoPDtvzvukNeVMZ7bJLzgf303wlWA=</latexit><latexit sha1_base64="ikB9jgnTjYxHej4MvErRkO6zE+s=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcO0iIogBDzoMUI2SELo6VSSJj0L3TViGAJe/BUvHhTx6k9482/sLAeNPih4vFdFVT0vUtKg6345qbn5hcWl9HJmZXVtfSO7uVUxYawFlEWoQl3zuAElAyijRAW1SAP3PQVVr3818qt3oI0MgxIOImj6vBvIjhQcrdTK7kStEr2kjLlH7NRtHNIGwj0m11AZtrI5N++OQf8SNiU5MkWxlf1stEMR+xCgUNyYOnMjbCZcoxQKhplGbCDios+7ULc04D6YZjL+YUj3rdKmnVDbCpCO1Z8TCfeNGfie7fQ59sysNxL/8+oxds6biQyiGCEQk0WdWFEM6SgQ2pYaBKqBJVxoaW+losc1F2hjy9gQ2OzLf0nlOM/cPLs9yRUupnGkyS7ZIweEkTNSIDekSMpEkAfyRF7Iq/PoPDtvzvukNeVMZ7bJLzgf303wlWA=</latexit><latexit sha1_base64="ikB9jgnTjYxHej4MvErRkO6zE+s=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcO0iIogBDzoMUI2SELo6VSSJj0L3TViGAJe/BUvHhTx6k9482/sLAeNPih4vFdFVT0vUtKg6345qbn5hcWl9HJmZXVtfSO7uVUxYawFlEWoQl3zuAElAyijRAW1SAP3PQVVr3818qt3oI0MgxIOImj6vBvIjhQcrdTK7kStEr2kjLlH7NRtHNIGwj0m11AZtrI5N++OQf8SNiU5MkWxlf1stEMR+xCgUNyYOnMjbCZcoxQKhplGbCDios+7ULc04D6YZjL+YUj3rdKmnVDbCpCO1Z8TCfeNGfie7fQ59sysNxL/8+oxds6biQyiGCEQk0WdWFEM6SgQ2pYaBKqBJVxoaW+losc1F2hjy9gQ2OzLf0nlOM/cPLs9yRUupnGkyS7ZIweEkTNSIDekSMpEkAfyRF7Iq/PoPDtvzvukNeVMZ7bJLzgf303wlWA=</latexit><latexit sha1_base64="ikB9jgnTjYxHej4MvErRkO6zE+s=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcO0iIogBDzoMUI2SELo6VSSJj0L3TViGAJe/BUvHhTx6k9482/sLAeNPih4vFdFVT0vUtKg6345qbn5hcWl9HJmZXVtfSO7uVUxYawFlEWoQl3zuAElAyijRAW1SAP3PQVVr3818qt3oI0MgxIOImj6vBvIjhQcrdTK7kStEr2kjLlH7NRtHNIGwj0m11AZtrI5N++OQf8SNiU5MkWxlf1stEMR+xCgUNyYOnMjbCZcoxQKhplGbCDios+7ULc04D6YZjL+YUj3rdKmnVDbCpCO1Z8TCfeNGfie7fQ59sysNxL/8+oxds6biQyiGCEQk0WdWFEM6SgQ2pYaBKqBJVxoaW+losc1F2hjy9gQ2OzLf0nlOM/cPLs9yRUupnGkyS7ZIweEkTNSIDekSMpEkAfyRF7Iq/PoPDtvzvukNeVMZ7bJLzgf303wlWA=</latexit>

pT = 500� 600GeV
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• Recluster the jet using Cambridge/Aachen (based on angles) 

• Traverse the tree, throwing away the less energetic branch until 
[Larkoski, Marzani, Soyez, Thaler] 

• Parameters                                     specify how much wide-
angle soft radiation is removed

Jet substructure: soft drop
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• Power counting: 

• Collinear always passes grooming, collinear-soft may not 

• Factorization [Kang, Lee, Liu, Neill, Ringer] 

• NLL includes leading non-global and clustering logarithms

Jet substructure: soft drop groomed radius

21
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Figure 7. The soft drop groomed jet radius Rg at NLL in proton-proton collisions for STAR
kinematics at

p
s = 200 GeV. The jet kinematics and soft drop parameters are indicated in the

figure.

theorem runs into the nonperturbative regime µS2gr ⇠ zcut✓
1+�
g pTR ⇠ ⇤QCD ⇠ 1 GeV. This

corresponds to values of the soft drop groomed jet radius of ✓g . (⇤QCD/(zcutpTR))1/(1+�).

Numerical results in this region are obtained by smoothly freezing the running of the QCD

coupling constant above the Landau pole. We choose to freeze the running of ↵s at the

scale 0.4 GeV for the numerical results presented here.

In Fig. 6, we study di↵erent perturbative and nonperturbative e↵ects for the same

kinematics as in Fig. 5. First, the purely partonic results are shown by the black line. We

then include the contribution of Initial State Radiation (ISR) as shown by the blue line.

In general, ISR leads to a shift of the distribution toward larger values of ✓g. We note that

there is no exact one-to-one correspondence between the di↵erent parton and hadron level

contributions in Pythia and the QCD factorization theorem we develop in this work. ISR

is power suppressed and not included in our factorization theorem. However, since ISR is

a perturbative initial state contribution, we include it in the comparison in Fig. 5 above.

Next, we include the underlying event contribution or multi-parton interactions (MPI), as

shown by the green line in Fig. 6. As it turns out, MPI does not play a significant role for the

jet kinematics and soft drop parameters considered here. Finally, we include hadronization

e↵ects for the ✓g distribution as shown by the blue line in Fig. 6. Interestingly, hadronization

leads to a shift of the distribution to lower values of ✓g for soft drop grooming with � = 0,

whereas it shifts the distribution to higher values for � = 1, 2. It will be interesting to

study such e↵ects in more detail in the future following the work of [84]. We conclude that

the impact of di↵erent e↵ects that are not captured by the factorization theorem presented

in this work are relatively small and that the soft drop groomed radius ✓g is under good

control within perturbative QCD.

Finally, in Fig. 7 we present results for jet kinematics relevant for the STAR experiment

at RHIC at
p
s = 200 GeV. For the setup of the analysis presented in [85], we show

numerical results for three jet transverse momentum intervals 25 < pT < 30 GeV, 30 <

pT < 40 GeV and 40 < pT < 60 GeV (left to right) with R = 0.4, zcut = 0.1 and � = 0. We

show the theoretical result 1/�incld�/dRg as a function of Rg. As expected, the QCD scale

– 23 –
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Power Counting: e(�)2 , e(�)3 Phase Space

• Power counting determines structure of e(�)
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• Start from energy correlation functions [Larkoski, Salam,Thaler] 
 
 
 
with    the energy fraction of i and      the angle between i and j 

• Parametric discrimination of 1 vs. 2 prong [Larkoski, Moult, Neill] 

Jet substructure: 2-prong tagging power counting
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• Tag Z boson jets using 

• SCET yields resummed prediction for the cross section of D2, 
compatible with Monte Carlos

Jet substructure: two prong tagging results
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Figure 6: A schematic depiction of the collinear subjets configuration with dominant QCD

radiation and the functions describing its dynamics in the e↵ective field theory is shown in

a). The matching procedure and relevant scales are shown in b), where we have restricted

to the case ↵ = � = 2 for simplicity.

Factorization Theorem

In the collinear subjets region of phase space, the values of the 2-point energy correlation

functions e(↵)2 and e(�)2 are set by the hard splitting. To leading power, these observables

can be used to provide IRC safe definitions of the subjet energy fractions and the angle

between the subjets. We therefore write the factorization theorem in terms of e(↵)2 , e(↵)3 ,

and the energy fraction of one of the subjets, which we denote by z. We further assume that

an IRC safe observable, B, is measured in the out-of-jet region. Dependence on B enters

only into the out-of-jet jet function, and the out-of-jet contribution to the soft function.

The factorization theorem formulated in SCET+ for the collinear subjets region of

phase space is given by

d3�

dz de(↵)2 de(↵)3

=
X

f,fa,fb

Hf
nn̄Jn̄(B)P f!fafb

nt!na,nb

⇣
z; e(↵)2

⌘ Z
dec3dec̄3des3decs3 (3.8)

⇥ �
⇣
e(↵)3 � ec3 � ec̄3 � es3 � ecs3

⌘
Jfa
na

⇣
z; ec3

⌘
Jfb
nb

⇣
1 � z; ec̄3

⌘
Snn̄

⇣
es3, B; R

⌘
S+
nanbn̄

⇣
ecs3

⌘
,

where we have suppressed the convolution over the out-of-jet measurement, B, for sim-

plicity. Here the na, nb denote the collinear directions of the subjets, and we assume that

z ⇠ 1 � z ⇠
1
2 . The sum runs over all possible quark flavors that could be produced in an

e+e� collision. A brief description of the functions entering the factorization theorem of

Eq. (3.8) is as follows:

• Hf
nn̄ is the hard function describing the underlying short distance process. In this

case we consider e+e� ! qq̄.

– 15 –

Analytic Boosted Boson Discrimination

• Region relevant for discrimination highly sensitive to non-perturbative
physics. Excellent description with single parameter shape function!
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It’s complicated…



Jet substructure: recoil-free axes

• Jet axis is along jet momentum: recoiled by soft radiation in jet 
→ Theory: non-global logarithms, Exp: contamination. 

• Recoil absent for Winner-Take-All (WTA) recombination:

24

Er = E1 + E2

n̂r =

⇢
n̂1 if E1 > E2

n̂2 if E2 > E1

[Salam; Bertolini, Chan, Thaler]



• Azimuthal angle                        with                              

• By using WTA axis, soft radiation only provides total recoil, 
but jet axis not aligned with jet momentum 

• Standard TMD PDFs with 

<latexit sha1_base64="nvlq+WZCpATQpiKykKRIlVWf9ss="></latexit>
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2⇡
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�ibx px,V Sijk(bx, ⌘J)

⇥ Fi(bx, x1)Fj(bx, x2)Jk(bx)

Exclusive jet production: V+jet azimuthal decorrelation
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Exclusive jet production: V+jet linear polarization

• Linearly-polarized gluon beam function contributes at NLO. 
(NNLO for Higgs production) Test using MCFM. [Campbell, Ellis et al] 

• Linearly-polarized jet function: 
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Exclusive jet production: V+jet results

• Small    : match to NLO using transition function. 
Large    : avoid Landau pole with     prescription. [Collins, Soper, Sterman] 

• Good perturbative convergence. 

• Pythia (with NLO K-factor) agrees reasonably well. [Sjostrand et al] 27
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Summary
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• Jet production: 

• Factorization generally understood 

• Exclusive: Several definitions have factorization issues limiting precision/use in 
phenomenology 

• Inclusive: Non-global logarithms may come back to bite you for jet substructure 

• Jet functions 

• Up to three loop (for jet mass), but much still one loop 

• Jet substructure: 

• Lots of progress and new ideas 

• For many observables (N)LL is current limit due to non-global logarithms (though often small) 

• Differential resummation involves more complicated factorization, e.g. 2-prong taggers.  

• Recoil from soft radiation complicates several observables, e.g. azimuthal decorrelation. 
Reduce by grooming or avoid with recoil-free axis. 

• Grooming important experimentally and can be accounted for in theory.


