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Soft-Collinear Effective Theory (SCET)
An effective field theory for processes with energetic particles 

Hard 

Collinear fields 

Soft fields 

  

Allows one to analyze factorization of cross sections and 
perform resummations of large Sudakov logarithms.

}  high-energy

} low-energy part

Bauer, Pirjol, Stewart et al. 2001, 2002; Beneke, Diehl et al. 2002; ...

soft

jet

hard



Disclaimer
• O(70) papers over the past year 

• SCET is now a standard method to perform 
resummations 

• To be semi-coherent I will focus on a small number of 
them 

• for more on Higgs, see talk by Lorena Rothen 
• Among other things, I will leave out all results 

concerning 
• QED 
• heavy-ion physics 
• B-physics → talk by Roman Zwicky
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Overview
• Philosophical considerations 

• Logs, SCET and QCD 
• Theoretical progress 

• Glauber gluons 
• Non-global logarithms 

• Applications 
• N3LL for qT, NNLL for mJ, mtMC , …



Philosophical considerations



There is an rich and interesting interplay of soft 
and collinear physics 

• threshold logarithms 
• rapidity logarithms 
• non-global logarithms 
• super-leading logarithms 
• small-x logarithms 
• Reggeization 

→ SCET is a framework of EFTs  
However, at the end of the day …
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…there are only two kinds of logarithms: 
1. the ones we know how to resum 
2. those we don’t know yet 

The logarithms in perturbative cross sections are 
independent of the method used to resum them.

source: http://2kindsofpeople.tumblr.com

http://2kindsofpeople.tumblr.com


8

Two general approaches to resummation: 
1. Top down: approximations of all-order 
factorization theorems. CSS, SCET, … 

2. Bottom up: corrections to coherent 
branching. PS, CAESAR, ARES, …



versus
• Top down (CSS, SCET, …) 

• All-order structure manifest: immediately clear how to increase 
accuracy 

• Observable specific (but same structure for many)  

• Bottom up (PS, CAESAR, ARES, …) 

• Simplifications at a given accuracy (e.g. LL and NLL structure 
much simpler than full fact. theorem) 

• Lends itself to automation and MC implementation 

• Higher-log resummation also for cases where factorization 
theorem is not available
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Two kinds of logarithms: 
1. large ones 
2. others



Large logs: e.g. qT resummation

Cannot use fixed-order computation in peak region.
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Framework
Phenomenology

Appendix

Confront with data
Conclusions

VS Z ATLAS 8 TeV

Good agreement with data: [Becher,TL,Neubert,Wilhelm]pgr.

ATLAS hep-ex/1512.0219 Z/�⇤ 20.3 fb�1 at 8TeV.
Cuts for d�fiducial/dqT : 66 < Mll/GeV < 116,

pT ,l > 20GeV, |⌘l | < 2.4, excluding 1.37 < |⌘l | < 1.52

Suppressed tail and overshoot �exp
Z/�⇤!l+ l�

= 537.10pb by ⇠ +6%.

At this precision, potentially relevant �n and �0 log0 � ↵3
s contributions:

KqT/GeV2[10,20] ⇠ 0.9 , KqT/GeV2[20,40] ⇠ 0.95
[Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan].

All three experiments well described. No specific tuning.

Thomas Lübbert qT spectra at NNLL’+NNLO with CuTe 17

CuTe 2.0 TB, Lübbert, Neubert, Wilhelm



Not so large logs: threshold resummation

PeTeR (TB, Bell, Marti, Lorentzen) result contains NLO from 
Jetphox plus 

• full NNLO virtual effects   
• approximate NNLO real emissions 
• + EW effects TB, Garcia i Tormo 

Inclusive cross section. Fixed order is applicable. Should 
eventually upgrade to full NNLO!
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Figure 4: Comparison between the prediction from PeTeR matched to JetPhox and AT-
LAS data. Darker bands are scale uncertainties, lighter bands also include PDF uncertainty.

The second set of plots in Fig. 3 is again a comparison to JetPhox, but now with
the fine structure constant taken to be ↵e = 1

129

instead of the JetPhox default value of
↵e =

1

137

. Since the whole cross section is proportional to ↵e, this shifts the theory prediction
up by around 6%. Comparing Figs. 2 and 3, one can see a definite improvement with the
larger value of ↵e. A discussion of why a high-scale ↵e is more appropriate can be found
in [22, 23,26].

The third set of plots, in Fig. 4 shows the prediction from PeTeR matched to JetPhox.
This theory prediction includes threshold resummation at N3LL accuracy and is matched
to the NLO fixed order results with fragmentation. The value of ↵e used is the one from
Fig. 3, ↵e =

1

129

. In going from Fig. 3 to Fig. 4 one can see an additional shift upward in the
cross section. Looking at the central values of the prediction (dashed line), one sees that the
increase is relatively larger at higher ET . This is logical, as the resummation is more of an
e↵ect closer to threshold (ET ⇠ E

CM

/2) since the logarithms are larger.
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pp → γ + j
ATLAS ‘16 

Schwartz ‘16



Two applications of SCET et al. 
1. resummation 
2. expansion around soft and collinear limit 

Expansion simplifies cross section and its computation 
• Approximate higher-order computations:  

• threshold resummation 
• NNLO and N3LO Higgs cross section first 

computed in an expansion around soft limit 
• Slicing and subtraction schemes 

Useful applications even when logs are not large!
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Theoretical progress



Theoretical progress
For the past few years, the most important open 
issues in SCET (and also in direct resummation) 
were 

1. Forward scattering, Glauber gluons, 
factorization violation in hadronic collisions 

2. Resummation for non-global observables 

A lot of progress in both areas during the past 
year! Effective field theories to analyze both 
kinematical situations are now available.
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Forward scattering

For s→∞ there are large logarithms  αsn lnn(s/-t) 

• Reggeization, BFKL, Glauber gluons, … 

Not the same situation as in ordinary SCET, 
which considers large momentum transfers and 
small invariant masses.
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All proton collisions include forward component (proton 
remnants). EFT for pp collisions must describe forward 
scattering. 

• EFT should include Glauber-gluons. 

• Absence of factorization-violation due to 
Glauber gluons is important element of 
factorization proof for Drell-Yan process.
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Glauber Exchange 
violates factorization: 122
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FIG. 29. Spectator-specator interactions for the hard scattering correlator in Eq. (312). The Glauber

interaction labeled G indicates the sum of all ladder diagrams including the graph with 0 Glaubers as

indicated.

As we will see below once the hard scattering is taken into account the Glaubers no longer

eikonalize. However, despite this fact, an overall phase will still be generated if we sum over

Glauber exchange rungs (ignoring soft and collinear radiation).

We will also show under what circumstances the phase cancels. Of course this cancellation

is a necessary TODO:

Check

(TODO) but not su�cient condition for a proof of factorization. Since there are

quantum corrections which break factorization that are not pure phases. A demonstration of how

complete proofs of factorization can be carried out using our Glauber theory will be given elsewhere.

TODO:

FIX THIS

OUTLINE

(TODO) In Sec. VIIB we consider the same all order resummation of Glauber exchanges for

a hard scattering vertex, demonstrating that they again give a phase. In Sec. VIIA we consider

Glauber gluons in diagrams involving spectators that do not directly participate in the hard scat-

tering.

A. Spectator-Spectator

We begin by considering the diagrams in Fig. 29 which we refer to as Spectator-Spectator (SS)

interactions. These occur between spectator particles which do not participate in the hard annihi-

lation. Since the hard scattering case with MDIS
� has only a single hadron, these SS contributions

only exist for the hard annihilation case with MDY
� , where the two participating spectators are

created by �n and �n̄ respectively. In these graphs the hard interaction is indicated by the ⌦, and

our routing for incoming and outgoing external momentum is shown in Fig. 29b. For simplicity

we take the limit where the mass of the incoming hadrons is ignored, so that P 2 = P̄ 2 = 0. This

is accomplished by taking Pµ = n̄ · P nµ/2 and P̄ = n · P̄ n̄µ/2 respectively. The tree level result

for Fig. 29b is then given by

Fig. 29b = S� i n̄ · (p1�P )

(P � p1)2
i n · (P̄ � p2)

(P̄ � p2)2
(313)

= S�



1

~p 2
1?

1

~p 2
2?

� 

n̄ · p1 n̄ · (P�p1)

n̄ · P
n · p2 n · (P̄�p2)

n · P̄
�

⌘ S� E(p1?, p2?),

couples n-collinear,
n-collinear, and 

soft modes

Glauber’s dominate 
Forward Scattering:
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FIG. 4. Tree level matching for the nnn̄n̄ Glauber operators. In a) we show the four full QCD graphs

with t-channel singularites. The matching results are given by reading down each column. In b) we show

the corresponding Glauber operators for the four operators in SCET with two equivalent notations. The

notation with the dotted line in c) emphasizes the factorized nature of the n and n̄ sectors in the SCET

Glauber operators, which have a 1/P2
? between them denoted by the dashed line.

Thus for these tree level 2–2 scattering graphs the Mandelstam invariant t = q2? = �~q 2
? < 0.

For this matching calculation there are four relevant QCD tree graphs, shown in Fig. 4a. They

will result in four di↵erent Glauber operators, whose Feynman diagrams for this matching are

represented by Fig. 4c. The matching must be carried out using S-matrix elements for a physical

scattering process, so we take ?-polarization for the external gluon fields. Expanding in � the

results for the top row of diagrams at leading order is

i
h

ūn
n̄/

2
TBun

ih�8⇡↵s(µ)�BC

~q 2
?

ih

v̄n̄
n/

2
TCvn̄

i

, (28)

i
h

ifBA3A2gµ2µ3
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ih
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2
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i

,

i
h

ūn
n̄/

2
TBun
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~q 2
?

ih

ifCA4A1gµ1µ4
? n · p1

i

,

i
h

ifBA3A2gµ2µ3
? n̄ · p2

ih�8⇡↵s(µ)�BC

~q 2
?

ih

ifCA4A1gµ1µ4
? n · p1

i

.

In writting these results we have written out the collinear quark spinors but left o↵ the collinear

gluon polarization vectors "µ2A2
n (p2) etc, for simplicity.

We begin our analysis by discussing the SCETII operators whose tree level matrix elements

reproduce the results in Eq. (28). The four SCETII operators whose matrix elements reproduce

Eq. (28) factorize into collinear and soft operators separated by 1/P2
? factors, so we adopt the

n n

ss

fwd. scattering

fwd. scattering

n-n̄

n-s

(small-x logs,  reggeization, BFKL,
BK/BJMWLK, …)

Glauber



Technical challenges
• Glauber gluons are offshell  

• kT ≫ E , like Coulomb gluons 

• must be included as potential, not dynamical 
field in Leff 

• Glauber region is not well defined without 
additional rapidity regulator (on top of dim.reg.) 

• separation among soft, collinear and 
Glauber gluons scheme dependent
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Glauber exchanges

• Exploratory studies by several groups (Liu et al., 
Idilbi et al, Bauer et al. Donoghue et al., Fleming, 
…). 

• This year Rothstein and Stewart published an 
EFT framework for Glauber exchanges [JHEP 
1608 (2016) 025 (204pp!)]
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Construction: �� 1 large Q

will do calculations with back-to-back collinear particles for simplicity

Integrate out
Need 3-types of Glauber momenta:

mode fields pµ momentum scaling physical objects type
n-collinear �n, Aµ

n (n · p, n̄ · p, p�) � Q(�2, 1,�) n-collinear “jet” onshell
n̄-collinear �n̄, Aµ

n̄ (n̄ · p, n · p, p�) � Q(�2, 1,�) n̄-collinear “jet” onshell
soft �S, Aµ

S pµ � Q(�, �, �) soft virtual/real radiation onshell
ultrasoft �us, Aµ

us pµ � Q(�2,�2,�2) ultrasoft virtual/real radiation onshell
Glauber – pµ � Q(�a,�b,�), a + b > 2 forward scattering potential o�shell

(here {a, b} = {2, 2}, {2, 1}, {1, 2})
hard – p2 � Q2 hard scattering o�shell
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FIG. 4. Tree level matching for the nnn̄n̄ Glauber operators. In a) we show the four full QCD graphs

with t-channel singularites. The matching results are given by reading down each column. In b) we show

the corresponding Glauber operators for the four operators in SCET with two equivalent notations. The

notation with the dotted line in c) emphasizes the factorized nature of the n and n̄ sectors in the SCET

Glauber operators, which have a 1/P2
? between them denoted by the dashed line.

Thus for these tree level 2–2 scattering graphs the Mandelstam invariant t = q2? = �~q 2
? < 0.

For this matching calculation there are four relevant QCD tree graphs, shown in Fig. 4a. They

will result in four di↵erent Glauber operators, whose Feynman diagrams for this matching are

represented by Fig. 4c. The matching must be carried out using S-matrix elements for a physical

scattering process, so we take ?-polarization for the external gluon fields. Expanding in � the

results for the top row of diagrams at leading order is
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In writting these results we have written out the collinear quark spinors but left o↵ the collinear

gluon polarization vectors "µ2A2
n (p2) etc, for simplicity.

We begin our analysis by discussing the SCETII operators whose tree level matrix elements

reproduce the results in Eq. (28). The four SCETII operators whose matrix elements reproduce

Eq. (28) factorize into collinear and soft operators separated by 1/P2
? factors, so we adopt the
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n-n̄

n n
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pµ � Q(�2,�2,�)

pµ � Q(�2,�,�)

pµ � Q(�, �2,�)

(n · k, n̄ · k, k?)
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Full Leading Power Glauber Lagrangian:

LII(0)
G =

�

n,n̄

�

i,j=q,g

OiB
n

1
P2
�
OBC

s
1
P2
�
OjC

n̄ +
�

n

�

i,j=q,g

OiB
n

1
P2
�
OjnB

s

30

OqB
n = �nT

B n̄/

2
�n OgB

n =
i

2
fBCDBC

n?µ
n̄

2
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2
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n Sn̄P?µ � P?
µ g eBnµ

S?ST
n Sn̄ � ST

n Sn̄g eBn̄µ
S?P?

µ � g eBnµ
S?ST

n Sn̄g eBn̄
S?µ � nµn̄⌫

2
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n ig eG

µ⌫
s Sn̄

�BC
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S TB n/

2
 n
S
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2
fBCDBnC

S?µ
n

2
· (P+P†)BnDµ
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S?µ
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2
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⌘

TABLE II. Summary of operators appearing in the leading power Glauber exchange Lagrangian in Eq. (41).

towards the n̄-collinear particles. This type of time ordered product will play an important role in

our calculations later on.

Considering all terms which cause scattering between either colllinear or soft fields we can write

the full Glauber Lagrangian for SCETII as

LII(0)
G = e�ix·P X

n,n̄

X

i,j=q,g

Oij
nsn̄ + e�ix·P X

n

X

i,j=q,g

Oij
ns

⌘ e�ix·P X

n,n̄

X

i,j=q,g

OiB
n

1

P2
?
OBC

s

1

P2
?
OjC

n̄ + e�ix·P X

n

X

i,j=q,g

OiB
n

1

P2
?
OjnB

s . (41)

Thus we see that the Glauber Lagrangian consists of operators connecting 3 rapidity sectors

{n, s, n̄} and operators connecting 2 rapidity sectors {n, s} (and {n̄, s}). For future reference

we summarize the operators appearing in Eq. (41) in Table II.

If consider the interactions of soft and collinear particles in SCETI then none of the tree level

calculations that we have done in SCETII change, and hence the Glauber operators are precisely

the same as in SCETII. In this case we are considering SCETI prior to making the ultrasoft field

redefinition, so

LI(0)
G = LII(0)

G . (42)

However due to the appearance of couplings between the collinear and ultrasoft fields in L(0)
ni for

SCETI, and the di↵erences between how momentum sectors are separated (via subtraction terms)

the precise behavior of these operators in loop diagrams will in general be di↵erent. We will see

this explicitly when comparing our one-loop matching calculations in Secs. VIIA and VIIC for

SCETII and SCETI respectively.

3. Matching for All Polarizations

For completeness, we can also repeat the matching calculations involving external gluons with

arbitrary external polarizations. This amounts to not specifying a specific basis for the physical

coming up 
soon

sum pairwise 
on all collinears

sum on all
collinears 

(2 rapidity sectors)(3 rapidity sectors)

Interactions with more sectors is given by T-products•
No Wilson coefficient ie. no new structures at loop level.  [more later]•

(slide from a talk by I. Stewart)

Rothstein and Stewart ‘16

Glauber potential



First applications
Rothstein and Stewart ’16 mostly focus on the 
construction of Leff, but have used their framework 
to reproduce some classic results in this area 

• Reggeization  
• BFKL from (rapidity) renormalization group 
• Lipatov vertex 
• Glauber exponentiation, eikonal phase in pp 

scattering

21
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veto:

 Eout < βQ ≪ Q

unrestricted Ein ~ Q

Non-global observables



Large logarithms αsn lnm(β) in non-global 
observables do not exponentiate Dasgupta and 
Salam ’02. 

Leading logarithms at large Nc can be obtained 
from non-linear integral equation
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Figure 14. The action of the operator Vm on an amplitude in the large-Nc limit.

suppressed at large Nc. At large Nc, emissions arise only between nearest-neighbour legs,

since all other attachments would lead to non-planar contributions which are suppressed.

Based on the above simplification, the effect of Rm in the large-Nc limit is shown diagram-

matically in Figure 13. The action of Vm simplifies analogously, as shown in Figure 14.

The large-Nc color factor from squaring the amplitudes is simply a factor of Nc for each

color loop, and the number of additional color loops is equal to the number of powers of

αs, so that the color factor is obtained by switching to the ’t Hooft coupling λ = Nc αs.

We now plug the explicit results (5.11) for the anomalous-dimension coefficients Vm

and Rm into the expressions (5.17). For the coefficients of the expansion in t, we then

obtain

S
(1)
2 = −4Nc

∫

Ω
3OutW

3
12 ,

S
(2)
2 =

(4Nc)
2

2!

∫
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4
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)
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4
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]
,
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3

3!

∫
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[
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P 34
12

(
W 5

13 +W 5
32 +W 5

12

)
− 2W 3

12 W
4
12 W

5
12

]

− 3In 4In 5OutW
3
12

[(
P 45
13 −W 4

13 W
5
13

)
+

(
P 45
32 −W 4

32 W
5
32

)
−

(
P 45
12 −W 4

12 W
5
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)]

− 3Out 4Out 5OutW
3
12 W

4
12 W

5
12

]
, (5.20)

where
∫
Ω 3Out =

∫ dΩ(n3)
4π Θnn̄

out(n3), and we have used the abbreviation

P kl
ij = W k

ij

(
W l

ik +W l
kj

)
. (5.21)

The above expressions include all leading logarithms, i.e. the global and non-global loga-

rithmic terms appear together.

Let us now relate the above expressions to the leading logarithmic resummation of

NGLs at large Nc, which can be obtained by solving the BMS equation [26]

∂L̂Gkl(L̂) =

∫
dΩ(nj)

4π
W j

kl

[
Θnn̄

in (j)Gkj(L̂)Gjl(L̂)−Gkl(L̂)
]
, (5.22)

with boundary condition Gkl(0) = 1. The function Gkl(L̂) depends on two light-like refer-

ence vectors nk and nl. After solving the equation, the resummed soft function is obtained

as S({n}, Qβ, µ) = G12(L̂) with L̂ = 4Nc t. While the non-linear integral equation (5.22)

– 43 –

Banfi, Marchesini, Smye ‘02

Non-global logarithms



Many examples of non-global observables 
• Exclusive jet cross sections 
• Jet vetoes, gaps between jets 
• jet substructure 
• Event shapes such as the light-jet mass and 

narrow jet broadening 
Resummation of realistic observables, needs to 
address non-global logarithms! Should either 

• resum or 
• eliminate / reduce 

these logarithms. 

24



Basic physics is soft radiation off energetic 
partons inside jet. 

Wilson line along direction of each hard parton 
inside the jet. 
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Soft emissions in process with m energetic particles are 
obtained from the matrix elements of the operator 

  

For a jet of several (nearly) collinear energetic particles, their 
soft radiation is described by a single Wilson line with the total 
color charge. 

• For non-global observables one cannot combine Wilson 
lines

Figure 1. Definition of the parameters � and � of the dijet cross section. We use the thrust axis
~n, as the jet axis.

definiton is identical to the one in the seminal paper of Sterman and Weinberg [36]. Using

the thrust vector as the jet axis leads to a simpler form of the phase-space constraints and

will enable us to use existing two-loop results for the cone-jet soft function obtained in

[27, 28].

If we consider wide-angle jets with � ⇠ 1, the e↵ective theory contains only two mo-

mentum regions

hard: ph ⇠ Q (1, 1, 1) , (2.3)

soft: ps ⇠ Q� (1, 1, 1) .

The hard mode describes the energetic particles inside the jet. Given their momentum

scaling, these particles can never be outside the jet, in contrast to the soft partons which

can be emitted inside or outside the jet. Since there are no collinear singularities for large

cone size, the cross section is single-logarithmic, i.e. the leading logarithms have the form

↵n
s ln�.

The factorization of an amplitude with m hard partons and an arbitrary number of

soft partons is of course well known. Each of the hard partons get dressed with a Wilson

line along its direction. In analogy to factorization for amplitudes with coft particles [32],

we have

S1(n1)S2(n2) . . . Sm(nm)|Mm({p})i , (2.4)

where nµ
i = pµi /Ei and {p} = {p1, p2, . . . , pm}, but while the coft case involved quark

splitting amplitudes, we are now dealing with ordinary amplitudes |Mm({p})i. One way

to obtain this formula is to write down the SCET operator for processes with m jets,

which involves m di↵erent collinear fields, perform the decoupling transformation and then

take the matrix element with exactly one collinear particle in each sector, which gives the

amplitude |Mm({p})i. (On the amplitude level, there is no di↵erence between collinear

and hard on-shell particles. The di↵erence in scaling only matters in the expansion of the

phase-space constraints.) To get the amplitude with an arbitrary number of soft particles

in the final state, one takes the relevant matrix element of the Wilson-line operator (2.4).

Doing so, the cross section takes the form

– 5 –

hard scattering amplitude 
with m particles 

(vector in color space)

soft Wilson lines along the directions  
of the energetic particles / jets 

(color matrices)



Hard function. 
m hard partons along  

fixed directions {n1, …, nm} 

Factorization theorem

27

Soft function 
with m Wilson lines

integration over the m 
directions 

color trace

Figure 3. omparison of our analytic results (solid lines) for the coe�cients of the three color
structures in the two-loop coe�cient dB/d ln ⇢h for the heavy-jet mass distribtion with numerical
results (points with invisibly small error bars) obtained using the Event2 event generator [13].

Putting everything together, inverting the Laplace transformation, and using relation

(1.5) we then obtain the following result for the logarithms in the light-jet cross section

d�

d⇢`
= (4.9)

This can be compared to numerical results obtained from running fixed-order event

generators such as Event2 [13] or eerad3 [? ] at low values of the jet mass.

[Write what we conclude from this comparison...]

5 Conclusions

• Non-global observables all have similar structure, key feature are multi-Wilson-line

operators tracking hard partons.

• Briefly discuss resummation.

• Numerical trouble with event generators?

�(�) =
1X

m=2

⌦Hm({n}, Q, µ)⌦ Sm({n}, Q�, µ)
↵
, (5.1)

– 16 –

TB, Neubert, Rothen, Shao ’15 ’16 
see also Caron-Huot ‘15



Comments
• Infinitely many operators Sm, mix under RG 

• Also for narrow-cone jets, the same type of 
structure is relevant TB, Neubert, Rothen, Shao ’15 
’16; Chien, Hornig, Lee ‘15 

• Check: Have computed all ingredients for 
cone cross section at NNLO. Obtain full 
logarithmic structure at this order.

28

Since the vast majority of collider observables include hard phase-space cuts or, more

generally, regions of phase space in which radiation is not restricted, the presence of NGLs

severely limits the applicability of higher-order resummation techniques. For this reason, a

lot of effort was put into trying to get a better understanding of these types of logarithms.

For example, several groups computed hemisphere soft functions up to two-loops to obtain

the full result for the non-global structure at this order [30–33]. Also, using the BMS

equation, the analytic result for the leading-logarithmic terms up to five-loop order was

extracted [25]. This analysis was also extended beyond the large-Nc limit by computing the

higher-order terms directly from strongly-ordered soft amplitudes [34]. While these fixed-

order computations provide important insights into the form of NGLs, ultimately one is

interested in their all-order structure. Steps towards a resummation of such terms were

recently taken in [35, 36]. The authors claim that the NGLs arise from soft subjets near

phase-space boundaries and propose a set of factorization theorems which resum global

logarithms in the presence of subjets. They then argue that this resummation will capture

a large part of the NGLs in more inclusive cross sections. They propose an expansion in the

number of soft subjets, which they call “dressed gluons”. Since the dressed gluons include

Sudakov factors, the expansion in dressed gluons does not suffer from the same divergence

as standard perturbation theory when the logarithms become large. However, an arbitrary

number of soft subjets contributes even to the leading NGLs, and it is not clear what

expansion parameter governs the expansion in subjets and whether there is any parametric

suppression of the higher-multiplicity terms.1 From a numerical point of view (see Figure 8

in [35]), the expansion in dressed gluons appears to provide only a modest improvement

over a pure fixed-order treatment for moderately large values of the logarithms. A second

interesting proposal to go beyond leading-logarithmic resummation is the functional RG of

Caron-Huot [37]. We will comment in more detail on both approaches and their relation

to our results below.

An important example of non-global observables are jet cross sections, in particular

those involving cone jets, which are insensitive to radiation inside the jet cone. In the

present paper we analyze dijet cross sections in e+e− collisions. In addition to the narrow-

jet case analyzed in our previous work [38], we also treat the case where the opening angle

of the jet cone is large. For brevity, we will refer to these as “wide-angle jets”. We find that

in both situations, the simple factorization theorem (1.2) is incorrect. This is immediately

obvious for wide-angle jets since the jet opening angle is as large as the typical angle of the

soft radiation. The approximation (1.1) is therefore not appropriate and each hard parton

inside the jet produces its own Wilson line. In the next section we show that the relevant

factorization theorem for the cross section takes the form

σ =
∞∑

m=2

〈
Hm ⊗ Sm

〉
. (1.3)

The function Hm is the squared amplitude for having m particles inside the two jets,

integrated over their energies but at fixed angles. The function Sm contains soft Wilson

1We were informed by an author of [35] that a paper addressing these questions is in preparation.

– 3 –

Figure 4. omparison of our analytic results (solid lines) for the coe�cients of the three color
structures in the two-loop coe�cient dB/d ln ⇢` for the light-jet mass distribtion with numerical
results (points with invisibly small error bars) obtained using the Event2 event generator [13].

�(�) =
1X

m=2

⌦Jm ⌦ Um
↵
, (5.2)

A Absence of leading-power collinear contributions

In the following, we demonstrate explicitly that all collinear contributions are scaleless,

using rescaling arguments after multi-pole expansion. One would expect that also left-

collinear modes with scaling

(n · pc, n̄ · pc, p?c ) ⇠ (1, ⌧,
p
⌧)!R (A.1)

could contribute to the cross section since they have n̄ · p ⇠ !L, as required. The operator

definition for the associated leading-power jet function has the form:

Jc(!L) =
X

XL

���hXL|W †
n̄Wn|0i

���
2

�(!L �
X

i

n̄ · P i
L) , (A.2)

where the Wilson lines are built from collinear fields. The multipole expansion ensures that

the left-collinear fields are always in the left hemisphere and for this reason, the collinear

– 17 –

collinear “coft” 
soft+collinear



Numerical check against Event 2

• Works: agreement for small β. 

• Perform same check also for narrow jets.
29

Figure 12. Comparison of our analytic results (solid lines) for the coefficients of the three color
structures in the two-loop coefficient dB(β, δ)/d ln β with numerical results (points with invisibly
small error bars) obtained using the Event2 event generator [44]. In the lower panels we show the
difference ∆B between Event2 and our result, which should be equal for small values of β. The
cone size is chosen as α = π/4, corresponding to δ ≈ 0.414.

5.1 Renormalization at one-loop order

Let us write the expansion of the Z-factor defined in (2.35) in the form

Z
H
ij ({n}, Q, δ, ϵ, µ) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

+∞∑

n=j−i

(αs

4π

)n
z
(n)
i,j ({n}, Q, δ, ϵ, µ) ; if i ! j ,

0 ; if i > j ,

(5.1)

with z(0)i,j = 1. The entries zi,j are matrices in the color space of the partons in the

amplitude and its conjugate. We denote the color generators T a
i acting on i-th particle

in the amplitude on the left-hand-side of Hm in (2.14) as T a
i,L, and those acting on the

conjugate amplitude on the right-hand side as T a
i,R. Because of the structure of (2.15), the

roles of T a
i,L and T a

i,R are reversed for the case of the soft function: the generators T a
i,L act

on the right-hand side of Sm.

Let us now verify that ZH , which is introduced to absorb the divergences of the hard

function, can indeed be used to renormalize the one-loop soft function. If this is true, we

must find that

∑

l≥m

Z
H
ml({n}, Q, δ, ϵ, µ) ⊗̂S l({n}, Qβ, δ, ϵ) = Sm({n}, Qβ, δ, µ) = finite . (5.2)
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Resummation by RG evolution
Wilson coefficients fulfill renormalization 
group (RG) equations 

  
1. Compute Hm at a characteristic high 

scale µh ~ Q  

2. Evolve Hm to the scale of low energy 
physics µl ~ Qβ  

Avoids large logarithms αsn lnn(β) of scale 
ratios which can spoil convergence of 
perturbation theory.

R
G

 evolution

d

dt
Hn(t) = Hn(t)Vn +Hn�1(t)Rn�1(t) (11)

H2(th = 0) = 1, Hn>2(th = 0) = 1 (12)

Hn(t) =

Z t

0
dt0Hn�1(t

0
)Rn�1(t

0
)e�(t0�t)Vn

(13)

�LL =

1X

n=2

Hn(ts)⌦ Sn(ts) (14)

d

d lnµ
Hm({n}, Q, �, µ) = �

mX

l=2

Hl({n}, Q, µ)�H
lm({n}, Q, µ) (15)

d

d lnµ
Hm(Q,µ) = �

mX

l=2

Hl(Q,µ)�H
lm(Q,µ) (16)

2

Q

Qβ



RG = Parton Shower
• Ingredients for LL 

• RG 

• Solution is parton shower equation
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divergence from the lower end of the energy integration, the total result for the divergent

part becomes

αs

4π
z
(1)
m,m({n}, Q, δ, ϵ, µ) +

αs

4π

∫
dΩ(nm+1)

4π
z
(1)
m,m+1({n, nm+1}, Q, δ, ϵ, µ)

= − αs

2πϵ

∑

(ij)

Ti · Tj

∫
dΩ(nk)

4π
W k

ij Θ
nn̄
out(nk) . (5.8)

Since the color factors are contracted with the trivial tree-level soft function, we do not need

to distinguish the left and right color generators. Note that inside the cone the real and

virtual corrections have cancelled, so that the net result only gets contributions from out-

of-cone radiation and precisely cancels against the divergence of the soft function. We see

that the renormalization indeed works at the one-loop level. We have repeated the same

exercise also for the narrow-jet case, see Appendix C. In this case, we can give explicit

expressions for the angular integrals. Again, we find that the divergences cancel as they

should.

5.2 Renormalization-group evolution at leading logarithmic level

We now discuss the anomalous-dimension matrix ΓH defined in (2.40), which governs the

RG evolution of the hard (2.38) and soft functions (2.39), and verify the agreement between

the perturbative expansion of the BMS equation and our RG-based resummation method.

In order to resum the leading logarithmic terms, the anomalous-dimension matrix is needed

up to O(αs). It can be expressed as

ΓH ({n}, Q, δ, µ) =
αs

4π
Γ(1) ({n}, Q, δ, µ) +O(α2

s) , (5.9)

where

Γ(1) =

⎛

⎜⎜⎜⎜⎜⎜
⎝

V2 R2 0 0 . . .

0 V3 R3 0 . . .

0 0 V4 R4 . . .

0 0 0 V5 . . .
...

...
...

...
. . .

⎞

⎟⎟⎟⎟⎟⎟
⎠

. (5.10)

It follows from the discussion in the previous section that, in the soft approximation, the

corresponding matrix elements are given by

Vm = Γ(1)
m,m = −2

∑

(ij)

(Ti,L · Tj,L + Ti,R · Tj,R)

∫
dΩ(nk)

4π
W k

ij

[
Θnn̄

in (k) +Θnn̄
out(k)

]
,

Rm = Γ
(1)
m,m+1 = 4

∑

(ij)

Ti,L · Tj,RWm+1
ij Θnn̄

in (nm+1) . (5.11)

The anomalous dimensions Vm and Rm depend on the directions {n} = {n1, . . . , nm} and

colors of the hard partons, and the indices i, j in the sum run from 1 to m. The quantities

Rm also depend on the additional direction nm+1 of the real emission. The integration over

this direction is performed after the multiplication with the soft function. At first sight,
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Compari

• Equivalent to the dipole shower used by Dasgupta 
and Salam ’02. 

• For higher-log accuracy we will need to include 
corrections to Hm, Sm, Γmn into the shower.
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MC numerical results
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NGLs: Status and Outlook
• Have applied formalism to hemisphere soft 

function and light-jet mass 
• factorization theorems have same general 

structure as the ones for jet cross sections 

• Are developing MC formalism for higher-log 
resummation 

• Applications … 
• Interplay with Glauber gluons? Superleading logs?

33

TB, Pecjak, Shao, in preparation



Alternative: ``Globalization”
Alternative approach to observables with NGLs based on 
resummation for substructure. Larkoski, Moult, Neill ‘15 

• Divide jet cross section into contributions from n sub-jets. 
Idea is to lower the hard scale in the NGLs by resolving the 
subjets. 

• Resum global logarithms in subjet observables: ``Dressed 
gluons’’. 

• At leading-log level, this maps into iterative solution of BMS 
equation (talk by Ian Moult at LHC-ESI workshop)

34



Recent SCET Applications
35



qT resummation at N3LL
Unknown ingredients at achieve N3LL accuracy 

1. Four-loop Γcusp 

2. Three-loop anomaly d3 aka rapidity anomalous 
dimension γr, directly related to B3 of CSS.
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Computation of γr / d3 / B3 
Easiest to extract coefficient from a three-loop 
soft function 

Same matrix element as H production near 
threshold Anastasiou et al., Li et al. ’14,  but 
constraint on pX,T instead of EX. 

• pX,T  function needs additional regulator
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Computation of γr / d3 / B3 
• Interesting to consider double differential 

soft function in EX and pX,T. Li, Neill, Zhu ‘16 

• EX regularizes rapidity divergences 

• intriguing relations among threshold and 
qT soft functions  

• Li and Zhu ’16 have computed three-loop 
double differential soft function 
• make general ansatz, fix coefficients using  

Taylor expansion 

38
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Full three-loop double differential soft function in QCD

19

Cancel in N=1 SYM
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Full three-loop double differential soft function in QCD

19

Cancel in N=1 SYM

❖ Taking the τ → 0, rapidity divergence manifest as Log(τ)

20

3-loop coefficient   Li and Zhu ’16



Jet substructure: mJ in pp → Z + j 
Challenges and contaminations 

• Grooming can mitigate these problems 
• mMDT also eliminates NGLs in mJ 

• Analytical NLL Dasgupta, Fregoso, Marzani, Salam 
’13, Larkoski, Marzani, Soyez,Thaler ’14 

40

9

Measure        on the jet in pp    Z + j eventsm2
J

How to get to Precision Jet Substructure

Can eliminate these problems by 
grooming the jet!

non-global logs

pile-up underlying event



NNLL + O(αs2) for jet mass

Based on factorization

41

17

Comparison with Pythia8 Monte Carlo

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

Results: NNLL+αs2 Jet Substructure
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NNLL+αs2, β = 1NNLL+αs2, β = 0

Hadronization and underlying event only dominate form2
J/p

2
T . 10�3

Frye, AJL, Schwartz, Yan 2016

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(m

2
J)

m2
J ⌧ zcutp

2
TJ ⌧ p2TJ

Frye, Larkoski, Schwartz, Yan’16 



Butenschoen et al. compute NNLL resummed result for thrust 
event shape in               

• Exclusive observable, sensitive to mt 
• Compare to MC predictions at different Q and relate 

Pythia  parameter mtMC to mtpole  

• Universality? Initial state effects at hadron colliders?

Top mass in Pythia?

42
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FIG. 2. Comparison of Pythia samples with 107 events and mMC

t = 173 GeV (red dots) to the theoretical prediction in the
MSR scheme at N2LL for mMSR

t (1 GeV) = 172.81GeV and ⌦
1

= 0.44GeV. The blue band shows the perturbative uncertainty
from a random scan over 500 profile functions. Vertical error bars on the Pythia points are obtained by a global rescaling of
Pythia statistical uncertainties such that the average �2

min

/dof = 1 and roughly indicate the incompatibility uncertainties on
the cross sections. Horizontal error bars are related to the N2LL incompatibility uncertainty in the MSR mass shown in Tab. I.

mMC

t = 173GeV

�
⌧e

+e�
2

�

mass order central perturb. incompatibility total

mMSR

t,1GeV

NLL 172.80 0.26 0.14 0.29

mMSR

t,1GeV

N2LL 172.82 0.19 0.11 0.22

mpole

t NLL 172.10 0.34 0.16 0.38

mpole

t N2LL 172.43 0.18 0.22 0.28

TABLE I. Results of the calibration for mMC

t = 173GeV in
Pythia, combining results from all Q sets and bin ranges.
Shown are central values, perturbative and incompatibility
uncertainties, and the total uncertainty, all in GeV.

ferences can be associated to the level of incompatibility
of the MC event generator results to the QCD predic-
tions, and unlike the perturbative uncertainties these dif-
ferences need not necessarily decrease when going from
NLL to N2LL. We will use the di↵erences from the 21
fits to assign an additional incompatibility uncertainty

between QCD and the MC generator for the calibration.

To quote final results we use the following procedure:
(1) Take the average of the highest and lowest central
values from the 21 sets as the final central value of our
calibration. (2) Take the average of the scale uncertain-
ties of these sets as our final estimate for the perturba-
tive uncertainty. (3) Take the half of the di↵erence of the
largest and smallest central values from the sets as the
incompatibility uncertainty between QCD and the MC.
(4) Quadratically add the perturbative, and incompati-
bility errors to obtain a final uncertainty.

Using ↵s values within the uncertainty of the world av-
erage ↵s(mZ) = 0.1181(13) gives an additional paramet-
ric uncertainty of ' 20 MeV for mMSR

t (1 GeV) and mpole

t

at N2LL order. This is an order of magnitude smaller
than the other uncertainties and we therefore neglect it.

Table I shows our final results for the MSR mass
mMSR

t (1 GeV) and mpole

t at NLL and N2LL order, uti-

lizing the mMC

t = 173GeV dataset. For mMSR

t (1 GeV)
we observe a reduction of perturbative uncertainties from
260 MeV at NLL to 190 MeV at N2LL. The correspond-
ing incompatibility uncertainties are 140 and 110 MeV.
The corresponding fit results for the first shape function
moment are ⌦PY

1

= 0.42 ± 0.07 ± 0.03 GeV at N2LL and
⌦PY

1

= 0.41 ± 0.07 ± 0.02 GeV at NLL order with the
first uncertainty coming from scale variation and second
from incompatibility. The result agrees nicely with the
expectation that ⌦

1

⇠ ⇤
QCD

. For mpole

t there is a signif-
icant di↵erence to mMC

t , and we observe that the central
value shifts by 330 MeV between NLL and N2LL order.
There is a reduction of perturbative uncertainties like
in the MSR scheme, however the incompatibility uncer-
tainty increases at N2LL order. These results may not
be unexpected, since the pole mass often leads to poor
convergence of perturbative series.

Figure 3, shows the outcome of our fits for the MSR
mass mMSR

t (1 GeV) at N2LL order with six di↵erent in-
put values for mMC

t , and error bars with the total un-
certainties. We see the expected strong correlation be-
tween these masses. This calibration results in Tab. I
and Fig. 3 should be independently determined for each
MC and generator setting (such as di↵erent tunes).

To the extent that the treatment of the top in MC
generators and QCD factorizes for di↵erent kinemati-
cally sensitive observables and from whether one consid-
ers e+e� or pp collisions, our method can be used to cal-
ibrate mMC

t in current experimental reconstruction anal-
yses. pp collisions introduce initial state radiation, color
reconnection, and additional hadronization and multi-
parton interaction e↵ects, not present in e+e�. In the
future our method can be extended to use a pp observ-
able to directly study these e↵ects. Prior to this, we
believe that applying our e+e� calibration to mMC

t from
a typical pp reconstruction analysis will give a more ac-
curate result than assuming mMC

t = mpole

t . When corre-

e+e� ! tt̄

Butenschoen, Dehnadi, Hoang, Mateu, Preisser and Stewart ‘16

3

ues. For a given profile and value of ↵s(mZ) we fit the
parameters mt and ⌦i of the hadron level QCD predic-
tions to this MC dataset. We fit for integrals over bins in
⌧
2

of size ' 0.13 GeV/Q. For each Q value the distribu-
tion is normalized over the fit range, and multiple Qs are
needed simultaneously to break degeneracies. This pro-
cedure is carried out for the MC output and the QCD
predictions. We then construct the �2 using the statis-
tical uncertainties in the MC datasets. We do the fit by
first, for a given value of mt, minimizing �2 with respect
to the ⌦i parameters. The resulting marginalized �2 is
then minimized with respect to mt used in the QCD pre-
dictions. Uncertainties obtained for the QCD parameters
from this �2 simply reflect the MC statistical uncertain-
ties used to construct the �2. When fitting for mpole

t or
mMSR

t (1 GeV) we find that the resulting �2 is no longer
sensitive to ↵s(mZ). Therefore we fix ↵s(mZ) to the
world average, and do not consider it as a fit parameter.

To estimate the perturbative uncertainty in the QCD
predictions we take 500 random points in the profile-
function parameter space and perform a fit for each of
them. The 500 sets of best-fit values provide an ensem-
ble from which we remove the upper and lower 1.5% in
the mass values to eliminate potential numerical outliers.
From the ensemble we determine central values from the
average of the largest and smallest values and perturba-
tive uncertainties from half the covered interval.

To illustrate the calibration procedure we use
Pythia 8.205 [33, 34] with the e+e� default tune 7
(the Monash 2013 tune [35] for which ⇤c = 0.5 GeV)
for top mass parameter values mMC

t = 170, 171, 172,
173, 174 and 175 GeV. We use a fixed top quark width
�t = 1.4 GeV which is independent of mMC

t . (Final
calibration results for a mMC

t -dependent top width dif-
fer by less than 25 MeV). No other changes are made
to the default settings. To minimize statistical uncer-
tainties we generate each distribution with 107 events.
We have carried out fits for the following seven Q sets
(in GeV units): (600, 1000, 1400), (700, 1000, 1400),
(800, 1000, 1400), (600 – 900), (600 – 1400), (700 – 1000)
and (700 – 1400), where the ranges refer to steps of 100.
For each one of these sets we have considered three ranges
of ⌧

2

in the peak region: (60%, 80%), (70%, 80%) and
(80%, 80%), where (x%, y%) means that we include re-
gions of the spectra whose ⌧

2

< ⌧peak

2

having cross-section

values larger than x% of the peak height, and ⌧
2

> ⌧peak

2

with cross sections larger than y% of the peak height,
where ⌧peak

2

is the peak position. This makes a total of
21 fit settings each of which give central values and scale
uncertainties for the top mass and the ⌦i.

Numerical Results of the Calibration: To visu-
alize the stability of our fits we display in Fig. 1 the
distribution of best-fit mass values obtained for 500 ran-
dom profile functions for mMC

t = 173 GeV based on the
Q set (600 � 1400) and the bin range (60%, 80%). Re-
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FIG. 1. Distribution of best-fit mass values from the scan
over parameters describing perturbative uncertainties. Re-
sults are shown for cross sections employing the MSR mass
mMSR

t (1GeV) (top two panels) and the pole mass mpole

t

(bottom two panels), both at N2LL and NLL. The Pythia
datasets use mMC

t = 173GeV as an input (vertical red lines).

sults are shown for mMSR

t (1 GeV) and mpole

t at NLL
and N2LL order, exhibiting good convergence, with the
higher order result having a smaller perturbative scale
uncertainty. The results for mMSR

t (1 GeV) are stable and
about 200MeV below mMC

t confirming the close relation
of mMSR

t (1 GeV) and mMC

t suggested in Ref. [4, 5]. We
observe that mpole

t is about 1.1 GeV (NLL) and 0.7 GeV
(N2LL) lower than mMC

t , demonstrating that corrections
here are bigger, and that the MC mass can not sim-

ply be identified with the pole mass. These fit results
are compatible with converting mMSR

t with R ' µB '
µSQ/mt ' 10 GeV to mpole

t using Eq. (4), where µB is
the renormalization scale of the jet function JB,⌧2 which
governs the dominant mass sensitivity. In Fig. 2 we see
the level of agreement between the MC and theory re-
sults in the MSR scheme at N2LL order for this fit. The
bands show the N2LL perturbative uncertainty from the
profile variations.

The results from the fits to the 21 di↵erent Q sets and
bin ranges mentioned above are quite similar. The dif-



N-jettiness subtraction

Use event shape τN to separate out most singular region of NNLO 
computations 

• Use SCET to compute σ  in singular region 
• Use existing NLO code away from end-point. 

Extension of qT subtraction Catani, Grazzini ’07 to processes with jets in 
the final state.
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N jettiness slicing 

The idea is to use the event shape variable N-jettiness (Stewart, 
Tackmann, Waalewijn 09) to separate the phase space into two regions 
(Boughezal, Liu, Petreillo 15’, Gaunt, Stahlhofen, Tackmann Walsh 15) which 
separates the doubly-from singly unresolved regions. 


Small N-jettiness, use 
factorization theorem. 

Doubly unresolved Singly  unresolved
“Large” N-jettiness, is an NLO 
calculation. Can use existing 
tools, like MCFM 

4

N jettiness slicing 

The idea is to use the event shape variable N-jettiness (Stewart, 
Tackmann, Waalewijn 09) to separate the phase space into two regions 
(Boughezal, Liu, Petreillo 15’, Gaunt, Stahlhofen, Tackmann Walsh 15) which 
separates the doubly-from singly unresolved regions. 


Small N-jettiness, use 
factorization theorem. 

Doubly unresolved Singly  unresolved
“Large” N-jettiness, is an NLO 
calculation. Can use existing 
tools, like MCFM 

Two-loop graphs 
Soft and collinear 

emissions: factorization
NLO

qT or τN
Boughezal, Liu, Petreillo 15, Gaunt, Stahlhofen, Tackmann Walsh 15



N-jettiness subtraction
• Advantage: can use existing NLO codes to 

obtain NNLO results 
• Already an impressive list of applications H, 

Z, W, W+j, H+j, Z+j, HZ, HW, γγ, … 
• MCFM 8 includes NNLO for color neutral 

final states Boughezal, Campbell, Ellis, 
Focke, Giele, Liu, Petriello and Williams ‘16 

• Challenge: independence of slicing parameter 
qT or τN. Parameter needs to be small, but 
numerical problems if too small.
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Automated resummation
• Automated computations of 2-loop soft functions Bell, 

Rahn and Talbert ‘15 

• NNLL for jet veto cross sections, TB, Frederix, Neubert 
and Rothen ‘15 

• NLL for pp→2 jets Farhi, Feige, Freytsis and Schwartz 
’15 

• NNLL soft-gluon resummations for arbitrary distributions. 
ttH, Broggio, Ferroglia, Pecjak, Signer and Yang ‘15. ttW, 
Broggio, Ferroglia, Ossola and Pecjak ’16 

• GENEVA results for Drell-Yan process → talk by Christian 
Bauer 

Note: NNLL resummations use automated one-loop 
computations of hard functions as input.
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Jet radius logarithms
A lot of work during the past year 

• Inclusive jet cross section Chien, Kang, Ringer 
and Vitev ’16; Idilbi, Kim ’16; Dai, Kim, Leibovich ‘16 

• based on jet fragmentation function 
• Exclusive jet cross sections Chien, Hornig, Lee 

’15, Kolodrubetz, Hornig, Makris and Mehen ’16 
Pietrulewicz, Stewart, Tackmann and Waalewijn ‘16 

• non-global logarithms are not resummed
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Summary
• Important theoretical progress in SCET 

• Inclusion of Glauber gluon effects 
• Resummation for non-global observables 

• Many phenomenological applications 
• Higher-logs in qT-spectra, jet vetos, jet 

substructure, … 
• Efforts to extend higher-log resummation to more 

observables 
• Automation, factorization for generic scale 

hierarchies, multi-differential cross sections, …


