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W. Waalewijn SCET

SCET: what?

• All LHC predictions rely on factorization 
 

 

• Essential to separate nonperturbative. 

• SCET factorizes radiation at different scales 
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W. Waalewijn SCET

SCET: what?

• All LHC predictions rely on factorization 
 

 

• Essential to separate nonperturbative. 

• SCET factorizes radiation at different scales 
 

 

• SCET > method of regions. 

• Wide range of applications: B physics, 
event shapes, jet substructure, TMDs,  
diffraction, slicing…
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W. Waalewijn SCET

SCET: why?
• Calculations with multiple scales lead to 

large logarithms. E.g. Higgs with jet veto 
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W. Waalewijn SCET

SCET: why?
• Calculations with multiple scales lead to 

large logarithms. E.g. Higgs with jet veto 
 

 
• Factorization turns this into single  

scale calculations 
 

 
• Resummation by evolving with 

renormalization group to common scale

<latexit sha1_base64="ZSzGXxbn1v5iwam/B43cu57SOC4="></latexit>

�̂(H + 0 jets) / 1� 6↵s

⇡
ln2

mH

p
cut
T

+ . . .

<latexit sha1_base64="jF1ZIezAd09JLoX10Cp4aFgOsBQ="></latexit>

�̂(H + 0 jets) = H(mH) I(pcut
T

) I(pcut
T

)S(pcut
T

)

6

f

H

I

If

s

Higgs

PDFs 
Initial-state radiation 
Hard scattering 
Soft radiation



W. Waalewijn SCET

SCET: why?
• Calculations with multiple scales lead to 

large logarithms. E.g. Higgs with jet veto 
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W.J. Waalewijn Part B1 MULTISCALE
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FIG. 7: The 0-jet cross section for R = 0.4 and mH = 125 GeV. On the left we show the NLLpT , NLL�
pT

+NLO, and
NNLL�

pT
+NNLO predictions. A good convergence and reduction of uncertainties at successively higher orders is observed. On

the right we compare our best prediction at NNLL�
pT

+NNLO to the fixed NNLO prediction. The lower plots show the relative
uncertainty in percent for each prediction. On the lower left the lighter inside bands show the contribution from �resum only,
while the darker outer bands show the total uncertainty from adding �resum and �µ in quadrature.

ues for �0(pcut
T , R) with both theoretical uncertainties:

�0(25 GeV, 0.4) = 12.67 ± 1.22pert ± 0.46clust pb ,

�0(30 GeV, 0.5) = 13.85 ± 0.87pert ± 0.24clust pb . (74)

It is interesting to compare our results and uncertain-
ties for �0 to the NNLL+NNLO results presented ear-
lier in Ref. [9]. Our results build on their results in a
few ways. In particular, our RG approach includes �

2

resummation, our results are quoted as NNLL� because
they go beyond NNLL by including the complete NNLO
singular terms in the fixed-order matching (which are the
correct boundary conditions for the N3LL resummation),
and finally we use a factorization based approach to un-
certainties, which also makes predictions for the correla-
tions between the di↵erent jet bins.

Comparing �0 at p
cut
T = 25 GeV and R = 0.4 our cen-

tral values agree with those in Ref. [9], and are well within
each other’s uncertainties. Our perturbative uncertainty
of 9.6% is a bit smaller than the 13.3% uncertainty for
�0 of Ref. [9] which seems reasonable given the above

mentioned additions. One important ingredient in this
comparison is the inclusion of the �

2 resummation which
improves the convergence of our results and decreases our
uncertainty. On the other hand, in Ref. [9] the central
scale is chosen to be µFO = mH/2 which also works in the
same direction, decreasing the uncertainty relative to the
choice µFO = mH . For the total cross section Ref. [9] has
a 7.4% uncertainty, whereas we have 6.9% uncertainty
using µFO = mH and including �

2 resummation (see Ta-
ble II). From Table IV in appendix App. A we see that
our perturbative uncertainty for �0(25 GeV, 0.4) would
increase to 12.8% if the �

2 resummation were turned o↵
(while still taking the central µFO = mH), and that at
this level the uncertainty would become comparable to
that of Ref. [9]. For p

cut
T = 30 GeV and R = 0.5 our

central values remain perfectly compatible with Ref. [9],
and the uncertainties follow a pattern similar to the case
above.

(b)

p
cut
T

p
jet
T

mH

mH Liu & Petriello

Fixed-order

This proposal

Figure 2: (a) Higgs production with a jet veto p
cut
T

. The uncertainty band is significantly reduced when
the jet veto is resummed (red). [Phys. Rev. D 89, 054001 (2014)]. (b) Phase space for H + 1 jet.

• Motivation: The recent calculation by Liu and Petriello (2013) for the 1-jet bin assumes no hierar-
chy between the transverse momentum of the jet p

jet
T

and the Higgs mass mH , see Fig. 2b. However,

much of the cross section comes from the region where p
jet
T

⌧ mH .

• Objectives:

– Derive the cross section which factorizes the physics at (i) p
cut
T

, (ii) p
jet
T

and (iii) mH . Reduce
the current 25% theoretical uncertainty to the 10% level at NNLL accuracy.

– Work out the “matching” onto simpler e↵ective field theories when two scales merge, providing
the non-logarithmic terms that are essential to describe these transitions (as in Eq. (1)). This
includes the existing p

jet
T

! mH limit, but also the limit p
jet
T

! p
cut
T

.
– Perform a detailed comparison between my calculations, current theory predictions and LHC

data. Make my results publicly available as a dedicated software package.

1b) gg ! H + 2 jets: resumming the VBF selection cuts

• Introduction: The largest sensitivity to H ! ⌧⌧ comes from the vector boson fusion (VBF) en-
riched region characterized by two jets with a large rapidity gap. VBF is an electroweak process
and therefore the uncertainties of next-to-leading order calculations are already a few percent.

• Motivation: About 20% of the signal events passing the VBF selection come from Higgs produc-
tion through gluon fusion (GF), gg ! H. Since GF is an order of magnitude larger than VBF
before cuts, the VBF selection severely restricts QCD radiation and leads to large QCD corrections.

• Objectives:

– Calculate the GF cross section that passes the VBF selection, taking into account: (i) loga-
rithms induced by the closeness of the jets to the beams, (ii) the veto on additional jets. Halve
the current 30% theoretical uncertainty by achieving NNLL accuracy.

– Validate this innovative calculation by comparing to: (i) logarithmic terms in fixed-order calcu-
lations, (ii) data driven estimates for the dominant Z ! ⌧⌧ background (similar calculation).

Project 2. Predictions for Jet Substructure
One major application of jet substructure at the LHC is the identification of hadronically decaying heavy
particles, such as H ! bb̄, in the boosted regime. As the limits on Beyond-the-Standard Model physics
are pushed to ever higher energies, the typical boost (energy over mass) becomes large, causing the decay
products of the heavy particle to be collimated into a “fat” jet (see Fig. 3). This can be distinguished
from the large background of “normal” QCD jets by exploiting jet substructure, to enhance the signal.

2a) Resummation of N-subjettiness ratio ⌧N/⌧N�1

• Introduction: Ratios of jet observables, which individually require resummation as they go to zero,
are quite common. The paramount example is the N -subjettiness ratio ⌧N/⌧N�1, which applies the
N -jettiness event shape I designed to jet substructure and which has been studied extensively at the
LHC. The key feature of ⌧N is that it vanishes in the limit of N infinitely narrow subjets but be-
comes order one if there are additional subjets, making this ratio a powerful subjet discriminant.

4

[Stewart, Tackmann, Walsh, Zuberi]
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SCET: how?

8

1. Process & observable 

2. Modes & power counting 

3. Factorization:  

• all orders in  

• matrix element definition of ingredients. 

4. Evolution using renormalization group 
gives resummation. 

• Will illustrate this for thrust and  

• REF → FER 😀

αs

qT
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SCET: how?

10

Classic references by:  

Bauer, Fleming, Pirjol, Rothstein and 
Stewart; Beneke, Chapovsky, Diehl 
and Feldmann. 

Lectures:  

Stewart (OpenCourseWare) 
Becher (Les Houches) 

Book:  

Becher, Broggio and Ferroglia

1. Process & observable 

2. Modes & power counting 

3. Factorization:  

• all orders in  

• matrix element definition of ingredients. 

4. Evolution using renormalization group 
gives resummation. 

• Will illustrate this for thrust and  

• REF → FER 😀

αs

qT
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Thrust event shape

• Process & observable:  jets. 

• Light-cone coordinates: 
 

e+e− → 2
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• In light-cone coordinates: 

• Collinear radiation: 
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• In light-cone coordinates: 

• Collinear radiation:  

• Soft radiation:          

• EFT philosophy: can add modes as long as overlap is subtracted 
(zero bin).
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SCET Lagrangian

•  

•  encodes hard process with virtuality  

•  describes dynamics of SCET fields. 

• Power counting fields:                      Focus on collinear quark: 
 

 

• Similarly, 
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SCET Lagrangian

•  

•  encodes hard process with virtuality  

•  describes dynamics of SCET fields. 

• Power counting fields:                      Focus on collinear quark: 
 

 

• Similarly, 

<latexit sha1_base64="nJxx5j4EvcdOJKGEK+798NqoBgo=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJKIVDeFQlFcuKjYFzQhTCbTdujkwcxEKCFf48ZfceOiIuLOT3HSZlFbDwycOede7r3HjRgV0jC+tcLa+sbmVnG7tLO7t3+gHx51RBhzTNo4ZCHvuUgQRgPSllQy0os4Qb7LSNcdNzK/+0y4oGHQkpOI2D4aBnRAMZJKcvSa5SM5woglDymswYWfk1jch0+N21YKL1aNEeJe6uhlo2LMAFeJmZMyyNF09KnlhTj2SSAxQ0L0TSOSdoK4pJiRtGTFgkQIj9GQ9BUNkE+EnczOTOGZUjw4CLl6gYQzdbEjQb4QE99Vldm2YtnLxP+8fiwHN3ZCgyiWJMDzQYOYQRnCLDPoUU6wZBNFEOZU7Qqxuh9hqZItqRDM5ZNXSeeyYlYr1cercv0uj6MITsApOAcmuAZ1cA+aoA0weAFvYAo+tFftXfvUvualBS3vOQZ/oP38Ai5CpaQ=</latexit>

L = LSCET + Lhard

<latexit sha1_base64="/kci3zkSPThjk0wLmCE3LuKlcR8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIVJcFQVy4qGAf0IQwmUzboTOTMDMRSszCX3HjQhG3/oY7/8ZJm4W2Hhg4nHMvc+4JE0aVdpxva2l5ZXVtvbJR3dza3tm19/Y7Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq8LvPhCpaCzu9SQhPkdDQQcUI22kwD70ONIjjFh2mweZJzkcIRnlgV1z6s4UcJG4JamBEq3A/vKiGKecCI0ZUqrvOon2MyQ1xYzkVS9VJEF4jIakb6hAnCg/m+bP4YlRIjiIpXlCw6n6eyNDXKkJD81kkVbNe4X4n9dP9eDSz6hIUk0Enn00SBnUMSzKgBGVBGs2MQRhSU1WiM39CGtTWdWU4M6fvEg6Z3W3UW/cndea12UdFXAEjsEpcMEFaIIb0AJtgMEjeAav4M16sl6sd+tjNrpklTsH4A+szx9nOJZh</latexit>

Lhard Q2

<latexit sha1_base64="mjVvrlqzt0pbKhrlks3Mot0ut4k=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIVJeForhwUbEvaEKYTCft0MkkzEyEErPwV9y4UMStv+HOv3HSZqGtBwYO59zLPXP8mFGpLOvbWFpeWV1bL22UN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP1xI/e7D0RIGvGWmsTEDdGQ04BipLTkmYdOiNQII5beZl7qiBDeN65amWdWrKo1BVwkdkEqoEDTM7+cQYSTkHCFGZKyb1uxclMkFMWMZGUnkSRGeIyGpK8pRyGRbjrNn8ETrQxgEAn9uIJT9fdGikIpJ6GvJ/O0ct7Lxf+8fqKCSzelPE4U4Xh2KEgYVBHMy4ADKghWbKIJwoLqrBCPkEBY6crKugR7/suLpHNWtWvV2t15pX5d1FECR+AYnAIbXIA6uAFN0AYYPIJn8ArejCfjxXg3PmajS0axcwD+wPj8AbxRlfE=</latexit>

LSCET

<latexit sha1_base64="JsQ6McYyGSi1Cg7ZiibSpuEBP/g="></latexit>

d4x ⇠ ��4 ! ⇠ ⇠ �, ⌘ ⇠ �2.
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<latexit sha1_base64="H6FYnwYxZoCnfSo3KXl/55n045c="></latexit>

 n = ⇠n + ⌘n, ⇠n =
/n/̄n

4
 n, ⌘n =

/̄n/n

4
 n

L⇠ = ⇠̄n
/̄n

2
in ·D ⇠n + ⌘̄n

/n

2
in̄ ·D ⌘n

+ ⇠̄ni /D?⌘n + ⌘̄ni /D?⇠n.

<latexit sha1_base64="/eYvHSre+eD6aX+J3b+908C/7J8="></latexit>

Aµ
s ⇠ �2, qs ⇠ �3

Aµ
n ⇠ (�2, 1,�)



W. Waalewijn SCET

Collinear quark Lagrangian

• Integrate out suppressed  with equation of motion: 
 

ηn
<latexit sha1_base64="UpfTU6mfUDIcacdcG2/5ifOTdsw="></latexit>

⌘n =
1

in̄ ·D i /D?
/̄n

2
⇠n ⇠ � ⇠n

L⇠ = ⇠̄n


in ·D + i /D?

1

in̄ ·Di /D?

�
/̄n

2
⇠n
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<latexit sha1_base64="Oy5GsFYnp6MRP26KfOw3wnjFy+Q="></latexit>

L⇠ = ⇠̄n
/̄n

2
in ·D ⇠n + ⌘̄n

/n

2
in̄ ·D ⌘n + ⇠̄ni /D?⌘n + ⌘̄ni /D?⇠n.



W. Waalewijn SCET

Collinear quark Lagrangian

• Integrate out suppressed  with equation of motion: 
 

 

• The soft gluon only enters through 
 

  
and is suppressed in the other components of . 

• Alternative derivation uses gauge & reparametrization invariance (later).

ηn
<latexit sha1_base64="qqzp8qqb9Oa39gGuEvzB4ZpiWNw="></latexit>

⌘n =
1

in̄ ·D i /D?
/̄n

2
⇠n ⇠ � ⇠n

L⇠ = ⇠̄n


in ·D + i /Dn,?

1

in̄ ·Dn
i /Dn,?

�
/̄n

2
⇠n

<latexit sha1_base64="MviEs9FpVOzMYSFAyfq7bBvL1mY="></latexit>

in ·D = in · @ + g n ·An + g n ·As
<latexit sha1_base64="Q/VqzrSAv9ODiJM22vs3kElPxyw=">AAACBHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rKgiMsW7APaUCaTm3boZBJmJkIJ3bpxq3/hTtz6H/6E3+C0zUJrD1w4nHMvnHv8hDOlHefLKqytb2xuFbdLO7t7+wflw6O2ilNJsUVjHsuuTxRyJrClmebYTSSSyOfY8cc3M7/ziFKxWDzoSYJeRIaChYwSbaTm7aBccarOHPZ/4uakAjkag/J3P4hpGqHQlBOleq6TaC8jUjPKcVrqpwoTQsdkiD1DBYlQedk86NQ+M0pgh7E0I7Q9V39fZCRSahL5ZjMieqSWvZm40lMmygiDVV4v1eG1lzGRpBoFXYQIU27r2J41YgdMItV8Ygihkpk/bDoiklBteiuZgtzlOv6T9kXVrVVrzctK/S6vqggncArn4MIV1OEeGtACCgjP8AKv1pP1Zr1bH4vVgpXfHMMfWJ8/THqYPA==</latexit>

D
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<latexit sha1_base64="Oy5GsFYnp6MRP26KfOw3wnjFy+Q="></latexit>

L⇠ = ⇠̄n
/̄n

2
in ·D ⇠n + ⌘̄n

/n

2
in̄ ·D ⌘n + ⇠̄ni /D?⌘n + ⌘̄ni /D?⇠n.



W. Waalewijn SCET

Hard matching

• Integrate out interactions between  and -collinear, since 
 
 
since  

• Beyond tree-level,  

n n̄

18

<latexit sha1_base64="OEPGXO4a7Ty/6woMZVQs3oDnBro=">AAACInicbVDLSsNAFJ3UV62vqEsRBotQEUpSpLosCOKyBfuAJg2TybQdOpmEmYlQQlf+ihu3+hfuxJXgN/gNTtsstO2BC4dz7oVzjx8zKpVlfRm5tfWNza38dmFnd2//wDw8askoEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH91O/fYjEZJG/EGNY+KGaMBpn2KktOSZp6XY4/ASxl7q+EhAPrnoVaAjaQgbvYpnFq2yNQNcJnZGiiBD3TN/nCDCSUi4wgxJ2bWtWLkpEopiRiYFJ5EkRniEBqSrKUchkW46e2MCz7USwH4k9HAFZ+rfixSFUo5DX2+GSA3lojcVV3pSRxmSYJXXTVT/xk0pjxNFOJ6H6CcMqghO+4IBFQQrNtYEYUH1HxAPkUBY6VYLuiB7sY5l0qqU7Wq52rgq1u6yqvLgBJyBErDBNaiBe1AHTYDBE3gBr+DNeDbejQ/jc76aM7KbY/APxvcv4laidg==</latexit>

(pn + pn̄)
2 ⇠ Q2

<latexit sha1_base64="LzfsKbZc34m0OIbre7rt1QWwnvg=">AAACP3icbVDLSsNAFJ3UV62vqEs3g0VwVRKRKoJQEMRlBfuAJoTJZNoOnUzCzEQsof/ir7hxq1u/wF1x685JGkHbHrhwOOfeYc7xY0alsqwPo7Syura+Ud6sbG3v7O6Z+wdtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fijm8zvPBIhacQf1DgmbogGnPYpRkpLnnnlSIbkkAQpn0DniXocXkNLj+MjkQtpzjL3d7MQPLNq1awccJHYBamCAk3PnDpBhJOQcIX1U7JnW7FyUyQUxYxMKk4iSYzwCA1IT1OOQiLdNM84gSdaCWA/Enq4grn69yJFoZTj0NebIVJDOe9l4lKvSLXM6yWqf+mmlMeJIhzPPtFPGFQRzMqEARUEKzbWBGFBdQ6Ih0ggrHTlFV2QPV/HImmf1ex6rX5/Xm3cFlWVwRE4BqfABhegAe5AE7QABs/gFbyBd+PF+DSmxtdstWQUN4fgH4zvH89Erzg=</latexit>

/n⇠n = 0 = ⇠̄n̄ /̄n

<latexit sha1_base64="H8LrSvuhbbWkwbVu9LZC1RBawx0="></latexit>

Jµ
QCD =  ̄�µ = (⇠̄n̄ + ⌘̄n̄)

⇣
nµ /̄n

2
+ n̄µ /n

2
+ �µ?

⌘
(⇠n + ⌘n) ! Jµ

SCET = ⇠̄n̄�
µ
?⇠n

<latexit sha1_base64="5Cr6fXEQYdIZYNWMUgorlYvGK+U="></latexit>

Jµ
SCET = C(Q2, µ) ⇠̄n̄Wn̄�

µ
?W

†
n⇠n ⌘ C(Q2, µ) �̄n̄�

µ
?�n

53 c4 cdot

so

ximxi

<latexit sha1_base64="kypH66Y68UuuzvZ/c7xegaCaTLk=">AAACCnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKRI+BgHiMYB6QrGF2tpMMmX0wMyuEJX/gxav+hTfx6k/4E36Dk2QPmqSgoajqhuryYsGVtu1va219Y3NrO7eT393bPzgsHB03VZRIhg0WiUi2PapQ8BAbmmuB7VgiDTyBLW9Um/qtJ5SKR+GDHsfoBnQQ8j5nVBupVXtMS87FpFco2mV7BrJMnIwUIUO9V/jp+hFLAgw1E1SpjmPH2k2p1JwJnOS7icKYshEdYMfQkAao3HQWd0LOjeKTfiTNhJrM1L8XKQ2UGgee2QyoHqpFbyqu9JSJMkR/lddJdP/GTXkYJxpDNg/RTwTREZn2QnwukWkxNoQyyc0fhA2ppEyb9vKmIGexjmXSvCw7lXLl/qpYvc2qysEpnEEJHLiGKtxBHRrAYAQv8Apv1rP1bn1Yn/PVNSu7OYF/sL5+AS6Lmk8=</latexit>

C(1)



W. Waalewijn SCET

Collinear gauge invariance

• Beyond tree-level,   

• For longitudinal gluons,              , emissions build Wilson lines: 

• Structure dictated by -collinear gauge invariance: n

19

<latexit sha1_base64="IPY9OBOXg9WP/iaTgDzHvILlfO8=">AAACGXicbVBLSwMxGMz6rPW1Pm5egkXwYtkVqR4rgnisYB/Q3S7ZbLYNTbJLkhVq6S/x4lX/hTfx6sk/4W8wbfegbQcCw8w3MJkwZVRpx/m2lpZXVtfWCxvFza3tnV17b7+hkkxiUscJS2QrRIowKkhdU81IK5UE8ZCRZti/GfvNRyIVTcSDHqTE56graEwx0kYK7MPrQHTOoKcohx4zuQh1nMAuOWVnAjhP3JyUQI5aYP94UYIzToTGDCnVdp1U+0MkNcWMjIpepkiKcB91SdtQgThR/nDSfgRPjBLBOJHmCQ0n6t/EEHGlBjw0lxzpnpr1xuJCT5kqPRIt8tqZjq/8IRVpponA0xJxxqBO4HgmGFFJsGYDQxCW1PwD4h6SCGszZtEM5M7OMU8a52W3Uq7cX5Sqt/lUBXAEjsEpcMElqII7UAN1gMETeAGv4M16tt6tD+tzerpk5ZkD8A/W1y9gjJ+w</latexit>

A�
n ⇠ �0

<latexit sha1_base64="ac6u0R8IBZ6ldT+/RNiewWw++OM="></latexit>

Wn(x) = P exp


ig

Z 0

�1
ds n̄ ·An(x+ sn̄)

�

<latexit sha1_base64="5Cr6fXEQYdIZYNWMUgorlYvGK+U="></latexit>

Jµ
SCET = C(Q2, µ) ⇠̄n̄Wn̄�

µ
?W

†
n⇠n ⌘ C(Q2, µ) �̄n̄�

µ
?�n

muncleft1rightuparrowq
sqrt

uparrowq
xixi

uparrowq

collinear Wilson lines along opposite direction, 
can’t draw them on top of (anti)quark

<latexit sha1_base64="aCNGW/Z+JFwDX/S9lEn6gg4GO/s="></latexit>

⇠n ! Un⇠n, Wn ! UnWn, ⇠̄n̄ ! ⇠̄n̄



W. Waalewijn SCET

Soft decoupling

• Expanding soft field in covariant derivative: 
 

 

• Use a soft Wilson line: 
 

<latexit sha1_base64="dKswLF3w6cJpqhAoTo8XFQlNop0="></latexit>

in ·D = in · @ + g n ·An(x) + g n ·As(x
�) , x�

µ = (n̄ · x)nµ

2

<latexit sha1_base64="AZxV3oYQ+F0+6MxLtCDyY/YJ09c="></latexit>

Yn(x) = P exp


�ig

Z 1

0
ds n ·As(x+ sn)

�
, [in · @ + g n ·As(x)]Yn(x) = 0,

20



W. Waalewijn SCET

Soft decoupling

• Expanding soft field in covariant derivative: 
 

 

• Use a soft Wilson line: 
 

 

• We can decouple the soft and collinear through a field redefinition: 
 

<latexit sha1_base64="dKswLF3w6cJpqhAoTo8XFQlNop0="></latexit>

in ·D = in · @ + g n ·An(x) + g n ·As(x
�) , x�

µ = (n̄ · x)nµ

2

<latexit sha1_base64="AZxV3oYQ+F0+6MxLtCDyY/YJ09c="></latexit>

Yn(x) = P exp


�ig

Z 1

0
ds n ·As(x+ sn)

�
, [in · @ + g n ·As(x)]Yn(x) = 0,

<latexit sha1_base64="7l1sEet1wK83bw2x32AUd0lQ0A8="></latexit>

⇠n(x) = Yn(x�)⇠
(0)
n (x), Aµ

n(x) = Yn(x�)A
(0)µ
n (x)Y †

n (x�)

[in · @ + g n ·An(x) + g n ·As(x�)]⇠n(x) = Yn(x�)[in · @ + g n ·A(0)
n (x)]⇠(0)n (x).

21

[Bauer, Pirjol, Stewart]
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W. Waalewijn SCET

Soft decoupling

• Expanding soft field in covariant derivative: 
 

 

• Use a soft Wilson line: 
 

 

• We can decouple the soft and collinear through a field redefinition: 
 

 

• Soft decouples in                                                                since                .

<latexit sha1_base64="dKswLF3w6cJpqhAoTo8XFQlNop0="></latexit>

in ·D = in · @ + g n ·An(x) + g n ·As(x
�) , x�

µ = (n̄ · x)nµ

2

<latexit sha1_base64="AZxV3oYQ+F0+6MxLtCDyY/YJ09c="></latexit>

Yn(x) = P exp


�ig

Z 1

0
ds n ·As(x+ sn)

�
, [in · @ + g n ·As(x)]Yn(x) = 0,

<latexit sha1_base64="7l1sEet1wK83bw2x32AUd0lQ0A8="></latexit>

⇠n(x) = Yn(x�)⇠
(0)
n (x), Aµ

n(x) = Yn(x�)A
(0)µ
n (x)Y †

n (x�)

[in · @ + g n ·An(x) + g n ·As(x�)]⇠n(x) = Yn(x�)[in · @ + g n ·A(0)
n (x)]⇠(0)n (x).
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<latexit sha1_base64="lX3x5L01lJh5mrXHtk7WrvL7bSA="></latexit>

L⇠ 3 ⇠̄n /̄n⇠n ! ⇠̄(0)n Y †
n /̄nYn⇠

(0)
n = ⇠̄(0)n /̄n⇠(0)n

<latexit sha1_base64="ANHvwVGT0sHlsFr6CyV+nBa2hoY=">AAACGHicbZDNSsNAFIUn/tb6F+3SzWARXJVEpLoRCoK4rGB/pI1lMrlJh04mYWYilNIXceNW38KduHXnS/gMTtsstO2FgY9z7oUzx085U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKokkxQaNOGJbPtEAWcCGpppDu1UAol9Di1/cD3xW08gFUvEvR6m4MUkEixklGgj9ezSQ088dgMSRSCxYXyF3Z5ddirOdPAiuDmUUT71nv3TDRKaxSA05USpjuuk2hsRqRnlMC52MwUpoQMSQcegIDEobzQNP8YnRglwmEjzhMZT9e/FiMRKDWPfbMZE99W8NxGXespE6UOwzOtkOrz0RkykmQZBZyHCjGOd4ElLOGASqOZDA4RKZv6BaZ9IQrXpsmgKcufrWITmWcWtVqp35+XaTV5VAR2hY3SKXHSBaugW1VEDUTREL+gVvVnP1rv1YX3OVles/KaE/o319QtY8p8b</latexit>

Y †
nYn = 1

[Bauer, Pirjol, Stewart]



W. Waalewijn SCET

Thrust: factorization

• Soft decouples in           , which enters often, justifying 
 
 

 
• It does not in the hard scattering, which fortunately is only needed once: 

 

 

• This leads to 

<latexit sha1_base64="XnsDGBjUtR2MGmCJ3VZWZ8zjnqU="></latexit>

|Xi = |Xni ⌦ |Xn̄i ⌦ |Xsi

<latexit sha1_base64="0H9jsi5tUwjfpRHpHUjFdKoGAe0="></latexit>

Lhard 3 �̄n̄�
µ
?�n ! �̄n̄Y

†
n̄�

µ
?Yn�n, Y †

n̄Yn 6= 1
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<latexit sha1_base64="SGwlB4KIY4SRNM5MSz8JVehoPYs=">AAACG3icbVDLSsNAFJ3UV62vqODGzWARXJVEpLosFMWFi4p9QRPCZDJph04ezEyEEvMpbtzqX7gTty78Cb/BSZuFtj1w4XDOvXDucWNGhTSMb620srq2vlHerGxt7+zu6fsHXRElHJMOjljE+y4ShNGQdCSVjPRjTlDgMtJzx83c7z0SLmgUtuUkJnaAhiH1KUZSSY5+ZAVIjjBi6V3mpBYP4EPzup05etWoGVPARWIWpAoKtBz9x/IinAQklJghIQamEUs7RVxSzEhWsRJBYoTHaEgGioYoIMJOp/kzeKoUD/oRVxNKOFX/XqQoEGISuGozTyvmvVxc6gkVZUS8Zd4gkf6VndIwTiQJ8SyEnzAoI5gXBT3KCZZsogjCnKo/IB4hjrBUdVZUQeZ8HYuke14z67X6/UW1cVNUVQbH4AScARNcgga4BS3QARg8gRfwCt60Z+1d+9A+Z6slrbg5BP+gff0CVN+hVg==</latexit>

LSCET

<latexit sha1_base64="UFtYefkjykCjESr46Ch5x/1fyAg=">AAACBHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rJQEJct2Ae0oUwmN+3QySTMTIQSunXjVv/Cnbj1P/wJv8Fpm4XWHrhwOOdeOPf4CWdKO86XVdjY3NreKe6W9vYPDo/KxycdFaeSYpvGPJY9nyjkTGBbM82xl0gkkc+x608ac7/7iFKxWDzoaYJeREaChYwSbaRWY1iuOFVnAfs/cXNSgRzNYfl7EMQ0jVBoyolSfddJtJcRqRnlOCsNUoUJoRMywr6hgkSovGwRdGZfGCWww1iaEdpeqL8vMhIpNY18sxkRPVar3lxc6ykTZYzBOq+f6vDWy5hIUo2CLkOEKbd1bM8bsQMmkWo+NYRQycwfNh0TSag2vZVMQe5qHf9J56rq1qq11nWlfpdXVYQzOIdLcOEG6nAPTWgDBYRneIFX68l6s96tj+VqwcpvTuEPrM8fStqYOw==</latexit>

C

soft Wilson lines along same direction

muncleft1rightuparrowq
sqrt

uparrowq
xixi

uparrowq

<latexit sha1_base64="vKJ4FJDKfdGE2v++a2LK0xfM1no="></latexit>

d�

d⌧
⇠

Z
d�X |C hXn|⌦ hXn̄|⌦ hXs|�̄n̄�

µ
?Y

†
n̄Yn�n|0i|2�(⌧ � ⌧ [X])



W. Waalewijn SCET

Thrust: factorization

• Soft decouples in           , which enters often, justifying 
 
 

 
• It does not in the hard scattering, which fortunately is only needed once: 

 

 

• This leads to 

• Thrust is additive:  

• The rest is Fierzing and rearranging…

<latexit sha1_base64="XnsDGBjUtR2MGmCJ3VZWZ8zjnqU="></latexit>

|Xi = |Xni ⌦ |Xn̄i ⌦ |Xsi

<latexit sha1_base64="0H9jsi5tUwjfpRHpHUjFdKoGAe0="></latexit>

Lhard 3 �̄n̄�
µ
?�n ! �̄n̄Y

†
n̄�

µ
?Yn�n, Y †

n̄Yn 6= 1
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W. Waalewijn SCET

Thrust: factorization

• Factorization at leading power: 
 

 

• Convolutions can be eliminated by taking the Laplace transform. 

• Factorization separates physical scales. At order  
  

 

• Evaluate each ingredient at its natural scale 
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Thrust: resummation

• Hard function contains no large logs when evaluated at natural scale: 

• Use renormalization group to evolve  to a common scale. E.g. 
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W. Waalewijn SCET

Thrust: resummation

• Hard function contains no large logs when evaluated at natural scale: 

• Use renormalization group to evolve  to a common scale. E.g. 
 

 

• Leading logarithmic expression highlights the exponentiation. 

• Cross section is  independent → consistency of anomalous dimensions.
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W. Waalewijn SCET

Thrust: resummation results

• Scale variations in fixed-order underestimate the uncertainty.
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FIG. 9: Theory scan for errors in pure QCD with massless quarks. The panels are a) fixed-order, b) resummation with no
nonperturbative function, c) resummation with a nonperturbative function using the MS scheme for Ω̄1 without renormalon
subtraction, d) resummation with a nonperturbative function using the R-gap scheme for Ω1 with renormalon subtraction.

caption of Tab. II. Furthermore, we always consider five
active flavors in the running and do not implement bot-
tom threshold corrections, since our lowest scale in the
profile functions (the soft scale µS) is never smaller than
6 GeV in the tail where we perform our fit.

In Fig. 9 we display the normalized thrust distribution
in the tail thrust range 0.15 < τ < 0.30 at the differ-
ent orders taking αs(mZ) = 0.114 and Ω1(R∆, µ∆) =
0.35 GeV as reference values, and neglectingmb and QED
corrections. We display the case Q = mZ where the
experimental measurements from LEP-I have the small-
est statistical uncertainties. The qualitative behavior of
the results agrees with other c.m. energies. The colored
bands represent the theoretical errors of the predictions
at the respective orders, which have been determined by
the scan method described in Sec. VI.

In Fig. 9a we show the O(αs) (light/yellow), O(α2
s)

(medium/purple) and O(α3
s) (dark/red) fixed-order

thrust distributions without summation of large loga-
rithms. The common renormalization scale is chosen
to be the hard scale µH . In the fixed-order results the
higher order corrections are quite large and our error es-
timation obviously underestimates the theoretical uncer-
tainty of the fixed-order predictions. This panel including
the error bands is very similar to the analogous figures
in Refs. [4] and [6]. This emphasizes the importance of
summing large logarithms.

In Fig. 9b the fully resummed thrust distributions at
NLL′ (yellow), NNLL (green), NNLL′ (purple), N3LL
(blue) and N3LL′ (red) order are shown, but without
implementing the soft nonperturbative function Smod

τ or
the renormalon subtractions related to the R-gap scheme.
The yellow NLL′ error band is mostly covered by the
green NNLL order band, and similarly the purple NNLL′

[Abbate et al]
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Thrust: resummation results

• Scale variations in fixed-order underestimate the uncertainty. 

• Resummation greatly improves the perturbative convergence.
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FIG. 9: Theory scan for errors in pure QCD with massless quarks. The panels are a) fixed-order, b) resummation with no
nonperturbative function, c) resummation with a nonperturbative function using the MS scheme for Ω̄1 without renormalon
subtraction, d) resummation with a nonperturbative function using the R-gap scheme for Ω1 with renormalon subtraction.

caption of Tab. II. Furthermore, we always consider five
active flavors in the running and do not implement bot-
tom threshold corrections, since our lowest scale in the
profile functions (the soft scale µS) is never smaller than
6 GeV in the tail where we perform our fit.

In Fig. 9 we display the normalized thrust distribution
in the tail thrust range 0.15 < τ < 0.30 at the differ-
ent orders taking αs(mZ) = 0.114 and Ω1(R∆, µ∆) =
0.35 GeV as reference values, and neglectingmb and QED
corrections. We display the case Q = mZ where the
experimental measurements from LEP-I have the small-
est statistical uncertainties. The qualitative behavior of
the results agrees with other c.m. energies. The colored
bands represent the theoretical errors of the predictions
at the respective orders, which have been determined by
the scan method described in Sec. VI.

In Fig. 9a we show the O(αs) (light/yellow), O(α2
s)

(medium/purple) and O(α3
s) (dark/red) fixed-order

thrust distributions without summation of large loga-
rithms. The common renormalization scale is chosen
to be the hard scale µH . In the fixed-order results the
higher order corrections are quite large and our error es-
timation obviously underestimates the theoretical uncer-
tainty of the fixed-order predictions. This panel including
the error bands is very similar to the analogous figures
in Refs. [4] and [6]. This emphasizes the importance of
summing large logarithms.

In Fig. 9b the fully resummed thrust distributions at
NLL′ (yellow), NNLL (green), NNLL′ (purple), N3LL
(blue) and N3LL′ (red) order are shown, but without
implementing the soft nonperturbative function Smod

τ or
the renormalon subtractions related to the R-gap scheme.
The yellow NLL′ error band is mostly covered by the
green NNLL order band, and similarly the purple NNLL′

[Abbate et al]



W. Waalewijn SCET

Thrust: fixed-order matching

• Cross section only contains terms singular in , add the rest by matching 
 

 

• Cancellation between singular and  
nonsingular requires turning resummation 
off for large .

τ
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FIG. 7: Components of the pure QCD cross section. Here
Ω1 = 0.35 GeV and αs(mZ) = 0.114.

µI plays a role very similar to the scale R in the R-
gap scheme. These logarithms are the analogs of LR in
Eq. (38) and, since µ ∝ Q these logarithms also become
large. In the effective coupling model an appropriate re-
summation formalism for large logs in the subtractions
remains an open question.
In Fig. 7 we plot the absolute value of four components

of our cross section for our complete QCD result at N3LL′

order in the R-gap scheme at Q = mZ . The cross sec-
tion components include the singular terms (solid blue),
nonsingular terms (dashed blue), and separately the con-
tributions from terms that involve the subtraction coef-
ficients δi, for both singular subtractions (solid red) and
nonsingular subtractions (dashed red). The sum of these
four components gives the total cross section (solid black
line). The subtraction components are a small part of
the cross section in the tail region, but have an impact
at the level of precision obtained in our computation. In
the peak region at very small τ the solid red singular
subtraction grows to be the same size as the solid blue
singular term, and is responsible for yielding a smooth
positive definite total cross section. In both the peak
and tail regions the singular cross section dominates over
the nonsingular cross section. But as we approach the
threshold τ ∼ 1/3 for the far-tail region they appear with
opposite signs and largely cancel. This is clear from the
figure where individually the singular and nonsingular
lines are larger than the total cross section in this region.
The same cancellation occurs for the singular subtraction
and nonsingular subtraction terms.

G. Bottom Mass Effects

In this work we implement bottom mass effects
using the SCET factorization framework for massive
quarks [14, 41]. We include mb-dependence in the kine-

matics, which starts at tree level, and in the O(αs) cor-
rections in the partonic singular and nonsingular distri-
butions. We also account for the resummation of large
logs and for hadronization effects in the mb-dependent
terms. The mass dependent factorization theorem im-
plies that the renormalization group summation of loga-
rithms is identical to the one for massless quarks, and
that all power corrections of type 1 from Eq. (9) are
described by the nonperturbative soft function Smod

τ al-
ready defined for the massless case [14, 41]. We have
already indicated this with the convolution ∆dσ̂b/dτ ⊗
Smod
τ shown in Eq. (4). Since for the numerical analysis

in this work we fit to data in the tail region, where Qτ >
6 GeV, and since the massive quark thrust factorization
theorem implies for the soft scale µS ∼ Qτ > 6 GeV,
we do not have to account for any flavor threshold in
the renormalization group evolution and can always use
nf = 5. The mass dependent factorization theorem fur-
ther implies that the only nontrivial mb-dependence in
the singular distribution arises in the thrust jet function.
Thus the jet scale µJ ∼ Q

√
τ ≫ mb for the region of our

fit and we use the MS bottom mass mb(µJ ) to parame-
terize the mb corrections with m̄b(m̄b) = 4.2GeV as our
input value. Using the MS mass rather than the pole
mass avoids the appearance of large higher order effects
related to the O(ΛQCD) pole mass renormalon.
We implement the partonic bottom mass corrections

as an additive term to the massless partonic N3LL′ cross
section. These corrections come from the production of
bottom quarks by the virtual γ or Z,

∆dσ̂b

dτ
=

dσ̂b

dτ
−

dσ̂m̄b=0
b

dτ
, (42)

where both dσ̂b/dτ and dσ̂m̄b=0
b /dτ are computed at

NNLL. Because the effect of m̄b ̸= 0 in ∆dσ̂b/dτ is ex-
pected to be a percent level correction to the tail cross
section, we anticipate that the NNLL level of precision
suffices. (This is also justified a posteriori by the rela-
tively small effect of themb corrections on our fit results.)
An important aspect in the discussion of the finite

quark mass effects is in which way hadron and heavy
quark masses need to be accounted for in the definition
of thrust in Eq. (1). In the experimental analyses Monte
Carlo generators are used to convert the actual measure-
ments to the momentum variables needed to compute τ ,
and this conversion depends on hadron masses. Since the
final state stable hadrons are light, these effects are re-
lated to nonperturbative physics. Theoretically they are
therefore implicitly encoded within our fit of the nonper-
turbative corrections. In the partonic theoretical com-
putation light hadron masses are neglected in the com-
putation of the τ distribution, and it is consistent to set∑

i |p⃗i| = Q in the denominator of Eq. (1).
To understand how the heavy quark masses affect the

definition of thrust in Eq. (1) we recall that the partonic
computation relies on the inclusive nature of the mea-
surements and that, experimentally, only light and long-
lived hadrons reach the detectors and are accounted for

nonsingularsingular

[Abbate et al]
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Operator definitions of ingredients

• Soft function: 
 

 

• One-loop diagrams:
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W. Waalewijn SCET

Operator definitions of ingredients

• Soft function: 
 

 

• One-loop diagrams: 

• Note: after factorization we can use QCD instead of SCET Feynman rules. 

• For thrust, all ingredients are IR finite. Using dim. reg., virtual graphs 
convert IR in UV poles.
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W. Waalewijn SCET

Thrust: nonperturbative corrections

• Soft function has lowest scale, so its nonperturbative effects dominate 
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W. Waalewijn SCET

Thrust: nonperturbative corrections

• Soft function has lowest scale, so its nonperturbative effects dominate 
 

 
• Expanding in           , we obtain                                     [Lee, Sterman] 

• This leads to a shift in  of the spectrum: 
 

 

• Caveat: hadron mass scheme, only holds strictly in 2-jet region of . 
[Nason, Zanderighi]
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⇤QCD

⌧Q

<latexit sha1_base64="nCnScG4TG9wSw2P6Gh16ZbX+L4I=">AAACInicbVDLSgMxFM34tr6qLt0Ei6igZUak6kIQBHFnBatCp5Q76W0bmnmQ3BFK8Vvc+CtuXCjqSvBjTNtZaPVA4OScc0nuCRIlDbnupzM2PjE5NT0zm5ubX1hcyi+vXJs41QIrIlaxvg3AoJIRVkiSwttEI4SBwpugc9r3b+5QGxlHV9RNsBZCK5JNKYCsVM8fndV9gnTLR6W2+TH3G6gIsusu9y9CbMEg4u9k5ubQrecLbtEdgP8lXkYKLEO5nn/3G7FIQ4xIKDCm6rkJ1XqgSQqF9zk/NZiA6EALq5ZGEKKp9QYr3vMNqzR4M9b2RMQH6s+JHoTGdMPAJkOgthn1+uJ/XjWl5mGtJ6MkJYzE8KFmqjjFvN8Xb0iNglTXEhBa2r9y0QYNgmyrOVuCN7ryX3K9V/RKxdLlfuHkLKtjhq2xdbbFPHbATtg5K7MKE+yBPbEX9uo8Os/Om/MxjI452cwq+wXn6xtwlaHM</latexit>

F⌧ (`) = �(`)� ⌦⌧ �
0(`)



W. Waalewijn SCET

Reparametrization Invariance

• Other choices for  keep  and power counting. 

I.   

II.   

III.  

n, n̄ n2 = n̄2 = 0, n ⋅ n̄ = 2

35

<latexit sha1_base64="6a/NKn3pAsgsoOs8AAtS+JNhiME="></latexit>

n ! e↵n, n̄ ! e�↵n̄, ↵ = O(1)

<latexit sha1_base64="PUeHnxo4rz4IlckgRJIEwir5qzc=">AAACKnicbVDLSgNBEJz1bXxFPXoZDEJECbsi0YugKOLNCMYI2RB6ZztmyOzsOjMrhCXf48Vf8eJBEa9+iJPHQRMLGoqqbrq7gkRwbVz305manpmdm19YzC0tr6yu5dc37nScKoZVFotY3QegUXCJVcONwPtEIUSBwFrQOe/7tSdUmsfy1nQTbETwIHmLMzBWaubPJPVNTCXdo/4FCgNNP0GV7FP/MYXwj0ZPqB+BaTMQ2XWv6Au7JYTdZr7gltwB6CTxRqRARqg0829+GLM0QmmYAK3rnpuYRgbKcCawl/NTjQmwDjxg3VIJEepGNni1R3esEtJWrGxJQwfq74kMIq27UWA7+7fqca8v/ufVU9M6bmRcJqlByYaLWqmgNpx+bjTkCpkRXUuAKW5vpawNCpix6eZsCN74y5Pk7qDklUvlm8PC6eUojgWyRbZJkXjkiJySK1IhVcLIM3kl7+TDeXHenE/na9g65YxmNskfON8/JWil9Q==</latexit>

n ! n+�?, �? = O(�)
<latexit sha1_base64="uge4zRIbGBtmjB0n60KViuN03FE="></latexit>

n̄ ! n̄+ ✏?, ✏? = O(�0)

[Manohar, Mehen, Pirjol, Stewart]
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Infinitesimal version



W. Waalewijn SCET

Reparametrization Invariance

• Other choices for  keep  and power counting. 

I.   

II.   

III.   

• Relates for example the two terms in      :

n, n̄ n2 = n̄2 = 0, n ⋅ n̄ = 2

36

<latexit sha1_base64="eCN9hsYvClFlSA/sqyJ6tZA26Uc=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5KIVI8FQTx4qGBtoQlhs920SzebsLsplNB/4sWDIl79J978N27aHLR1YGGYeY83O2HKmdKO821V1tY3Nreq27Wd3b39A/vw6EklmSS0QxKeyF6IFeVM0I5mmtNeKimOQ0674fim8LsTKhVLxKOeptSP8VCwiBGsjRTYthdjPSKY5/ezwCMjFth1p+HMgVaJW5I6lGgH9pc3SEgWU6EJx0r1XSfVfo6lZoTTWc3LFE0xGeMh7RsqcEyVn8+Tz9CZUQYoSqR5QqO5+nsjx7FS0zg0k0VOtewV4n9eP9PRtZ8zkWaaCrI4FGUc6QQVNaABk5RoPjUEE8lMVkRGWGKiTVk1U4K7/OVV8nTRcJuN5sNlvXVb1lGFEziFc3DhClpwB23oAIEJPMMrvFm59WK9Wx+L0YpV7hzDH1ifP78jk8M=</latexit>

L�

<latexit sha1_base64="6a/NKn3pAsgsoOs8AAtS+JNhiME="></latexit>

n ! e↵n, n̄ ! e�↵n̄, ↵ = O(1)

<latexit sha1_base64="PUeHnxo4rz4IlckgRJIEwir5qzc=">AAACKnicbVDLSgNBEJz1bXxFPXoZDEJECbsi0YugKOLNCMYI2RB6ZztmyOzsOjMrhCXf48Vf8eJBEa9+iJPHQRMLGoqqbrq7gkRwbVz305manpmdm19YzC0tr6yu5dc37nScKoZVFotY3QegUXCJVcONwPtEIUSBwFrQOe/7tSdUmsfy1nQTbETwIHmLMzBWaubPJPVNTCXdo/4FCgNNP0GV7FP/MYXwj0ZPqB+BaTMQ2XWv6Au7JYTdZr7gltwB6CTxRqRARqg0829+GLM0QmmYAK3rnpuYRgbKcCawl/NTjQmwDjxg3VIJEepGNni1R3esEtJWrGxJQwfq74kMIq27UWA7+7fqca8v/ufVU9M6bmRcJqlByYaLWqmgNpx+bjTkCpkRXUuAKW5vpawNCpix6eZsCN74y5Pk7qDklUvlm8PC6eUojgWyRbZJkXjkiJySK1IhVcLIM3kl7+TDeXHenE/na9g65YxmNskfON8/JWil9Q==</latexit>

n ! n+�?, �? = O(�)
<latexit sha1_base64="uge4zRIbGBtmjB0n60KViuN03FE="></latexit>

n̄ ! n̄+ ✏?, ✏? = O(�0)

<latexit sha1_base64="sbo7WkQr5pJ5jVfMXxi9Qx5xhXw="></latexit>

�I
⇣
⇠̄n in ·D

/̄n

2
⇠n
⌘
= +⇠̄n i�? ·D?

/̄n

2
⇠n

�I
⇣
⇠̄n i /D?

1

in̄ ·Di /D?
/̄n

2
⇠n
⌘
= �⇠̄n i�? ·D?

/̄n

2
⇠n

[Manohar, Mehen, Pirjol, Stewart]
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W. Waalewijn SCET

Drell-Yan qT: modes and power counting

•  

• Collinear radiation:  

• Soft radiation:         

<latexit sha1_base64="nfYEHJP9r/RGKGn/pfogERo3W3k="></latexit>

pµn ⇠ Q(�2, 1,�) ! qT ⇠ �Q
<latexit sha1_base64="xa39UmP+/dt9jz4+Gph1E+gMBYo="></latexit>

pµs ⇠ Q(�s,�s,�s) ! qT ⇠ �sQ ! �s ⇠ �

37

<latexit sha1_base64="Ek1+hHUA0hhP5hx/hZO7iY6qqUU="></latexit>

Mode SCETI SCETII

n-collinear (�2, 1,�) (�2, 1,�)
n̄-collinear (1,�2,�) (1,�2,�)

soft (�2,�2,�2) (�,�,�)

<latexit sha1_base64="lmy9N+xwuXFLAYUPtyfUWecTMs4=">AAACE3icbVBNS8NAEN3Ur1q/oh69LBZBREsiUr0IBUE8KrQqNiVstlO7dLNJdzeFEvIfvPhXvHhQxKsXb/4btzEHvx4MPN6bYWZeEHOmtON8WKWp6ZnZufJ8ZWFxaXnFXl27VFEiKbRoxCN5HRAFnAloaaY5XMcSSBhwuAoGJxP/agRSsUg09TiGTkhuBesxSrSRfHvHGwHFQ7+Jj/Gep5LQTxn2BAzxTYbT3IwzP23ussy3q07NyYH/ErcgVVTg3LffvW5EkxCEppwo1XadWHdSIjWjHLKKlyiICR2QW2gbKkgIqpPmP2V4yyhd3IukKaFxrn6fSEmo1DgMTGdIdF/99ibif1470b2jTspEnGgQ9GtRL+FYR3gSEO4yCVTzsSGESmZuxbRPJKHaxFgxIbi/X/5LLvdrbr1WvzioNk6LOMpoA22ibeSiQ9RAZ+gctRBFd+gBPaFn6956tF6s16/WklXMrKMfsN4+AQ9KnRM=</latexit>

~qT = �
X

i 6=Z

~pT,i



W. Waalewijn SCET

•  

• Collinear radiation:  

• Soft radiation:          

• Collinear and soft no longer interact, because 

• Same Wilson line structure from                              matching.

<latexit sha1_base64="nfYEHJP9r/RGKGn/pfogERo3W3k="></latexit>

pµn ⇠ Q(�2, 1,�) ! qT ⇠ �Q
<latexit sha1_base64="xa39UmP+/dt9jz4+Gph1E+gMBYo="></latexit>

pµs ⇠ Q(�s,�s,�s) ! qT ⇠ �sQ ! �s ⇠ �

<latexit sha1_base64="1xQexmWGcGKT4EEe34dAp4FehOU=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCUpUl0WBHHZgn1AG8NkMkmHTiZhZiKU0t9w46+4caGIS135N07aCNp6YeDcc+7hzj1ewqhUlvVlFFZW19Y3ipulre2d3T1z/6Aj41Rg0sYxi0XPQ5IwyklbUcVILxEERR4jXW90lendeyIkjfmtGifEiVDIaUAxUppyTauSuByewcSVp3c1OJA0ggOm/T6CrYwIw59ed5pxzbJVtWYFl4GdgzLIq+maHwM/xmlEuMIMSdm3rUQ5EyQUxYxMS4NUkgThEQpJX0OOIiKdyeyyKTzRjA+DWOjHFZyxvx0TFEk5jjw9GSE1lItaRv6n9VMVXDoTypNUEY7ni4KUQRXDLCboU0GwYmMNEBZU/xXiIRIIKx1mSYdgL568DDq1ql2v1lvn5cZ1HkcRHIFjUAE2uAANcAOaoA0weABP4AW8Go/Gs/FmvM9HC0buOQR/yvj8Btd/ncA=</latexit>

(pn + ps)
2 ⇠ �Q2 � �2Q2

Drell-Yan qT: modes and power counting

38

<latexit sha1_base64="Ek1+hHUA0hhP5hx/hZO7iY6qqUU="></latexit>

Mode SCETI SCETII

n-collinear (�2, 1,�) (�2, 1,�)
n̄-collinear (1,�2,�) (1,�2,�)

soft (�2,�2,�2) (�,�,�)

<latexit sha1_base64="lmy9N+xwuXFLAYUPtyfUWecTMs4=">AAACE3icbVBNS8NAEN3Ur1q/oh69LBZBREsiUr0IBUE8KrQqNiVstlO7dLNJdzeFEvIfvPhXvHhQxKsXb/4btzEHvx4MPN6bYWZeEHOmtON8WKWp6ZnZufJ8ZWFxaXnFXl27VFEiKbRoxCN5HRAFnAloaaY5XMcSSBhwuAoGJxP/agRSsUg09TiGTkhuBesxSrSRfHvHGwHFQ7+Jj/Gep5LQTxn2BAzxTYbT3IwzP23ussy3q07NyYH/ErcgVVTg3LffvW5EkxCEppwo1XadWHdSIjWjHLKKlyiICR2QW2gbKkgIqpPmP2V4yyhd3IukKaFxrn6fSEmo1DgMTGdIdF/99ibif1470b2jTspEnGgQ9GtRL+FYR3gSEO4yCVTzsSGESmZuxbRPJKHaxFgxIbi/X/5LLvdrbr1WvzioNk6LOMpoA22ibeSiQ9RAZ+gctRBFd+gBPaFn6956tF6s16/WklXMrKMfsN4+AQ9KnRM=</latexit>

~qT = �
X

i 6=Z

~pT,i

<latexit sha1_base64="ptrwn0BF5l8nbZe8ctrgmlzbPs4=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVWZEqstCUeyuYl/QKSWTpm1oMjMkd8QyzG+48VfcuFDEpa78G9PHQmsPBA7n3MvNOX4kuAbH+bYyK6tr6xvZzdzW9s7unr1/0NBhrCir01CEquUTzQQPWB04CNaKFCPSF6zpj8oTv3nPlOZhUINxxDqSDALe55SAkbq2k3hK4rvyVS3tesAeQMmkkmIPQrzMqaRdO+8UnCnwf+LOSR7NUe3an14vpLFkAVBBtG67TgSdhCjgVLA058WaRYSOyIC1DQ2IZLqTTJOl+MQoPdwPlXkB4Kn6eyMhUuux9M2kJDDUi95EXOa1Y+hfdhIeRDGwgM4O9WOBTe5JTbjHFaMgxoYQqrj5K6ZDoggFU2bOlOAuRv5PGmcFt1go3p7nS9fzOrLoCB2jU+SiC1RCN6iK6oiiR/SMXtGb9WS9WO/Wx2w0Y813DtEfWF8/fkSgpg==</latexit>

SCETI ! SCETII



W. Waalewijn SCET

Rapidity divergences

• Collinear and soft no longer separated in invariant mass. 

• Leads to rapidity divergences. E.g. one-loop soft function 
 

 
where 

<latexit sha1_base64="ir5MWUI+tr97J0Auap/jptFiUS8="></latexit>

S(1)(kT ) / ↵s

Z
d4k ✓(k0)�(k2)

�2(kT � k?)

k+k�
=

↵s

k2
T

Z
dk+

k+
=

↵s

k2
T

Z
dy
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<latexit sha1_base64="cEzP3RBnm9KeUiABeisWGxlaar4=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgqCURqW6EgiAuK/QFbRom00k7ZDIJMxMxhPyKGxeKuPVH3Pk3Th8LbT1w4XDOvdx7jxczKpVlfRuFldW19Y3iZmlre2d3z9wvt2WUCExaOGKR6HpIEkY5aSmqGOnGgqDQY6TjBbcTv/NIhKQRb6o0Jk6IRpz6FCOlJdcsB4NTeAMDt9k/g2SQnae5a1asqjUFXCb2nFTAHA3X/OoPI5yEhCvMkJQ924qVkyGhKGYkL/UTSWKEAzQiPU05Col0suntOTzWyhD6kdDFFZyqvycyFEqZhp7uDJEay0VvIv7n9RLlXzsZ5XGiCMezRX7CoIrgJAg4pIJgxVJNEBZU3wrxGAmElY6rpEOwF19eJu2Lql2r1h4uK/W7eRxFcAiOwAmwwRWog3vQAC2AwRN4Bq/gzciNF+Pd+Ji1Foz5zAH4A+PzB8gPkwY=</latexit>

k+ = kT e�y



W. Waalewijn SCET

Rapidity divergences

• Collinear and soft no longer separated in invariant mass. 

• Leads to rapidity divergences. E.g. one-loop soft function 
 

 
where  

• Rapidity regulators add , making the integral convergent [See Scimemi’s talk] 

• Other example: electroweak Sudakov [Jenkins, Manohar et al].

<latexit sha1_base64="ir5MWUI+tr97J0Auap/jptFiUS8="></latexit>

S(1)(kT ) / ↵s

Z
d4k ✓(k0)�(k2)

�2(kT � k?)

k+k�
=

↵s

k2
T

Z
dk+

k+
=

↵s

k2
T

Z
dy

<latexit sha1_base64="vP8wrNFf4q1mVxQy1QI868L6T3c=">AAAB9HicbVDJSgNBEO1xjXGLevTSGAQvhhmR6DEgiMcIZoFkDD2dmqRJz2J3TWCY5Du8eFDEqx/jzb+xsxw08UHB470qqup5sRQabfvbWlldW9/YzG3lt3d29/YLB4d1HSWKQ41HMlJNj2mQIoQaCpTQjBWwwJPQ8AY3E78xBKVFFD5gGoMbsF4ofMEZGsmFx+y8DcjoKB2NO4WiXbKnoMvEmZMimaPaKXy1uxFPAgiRS6Z1y7FjdDOmUHAJ43w70RAzPmA9aBkasgC0m02PHtNTo3SpHylTIdKp+nsiY4HWaeCZzoBhXy96E/E/r5Wgf+1mIowThJDPFvmJpBjRSQK0KxRwlKkhjCthbqW8zxTjaHLKmxCcxZeXSf2i5JRL5fvLYuV2HkeOHJMTckYcckUq5I5USY1w8kSeySt5s4bWi/VufcxaV6z5zBH5A+vzB7hhkho=</latexit>

e�⌘|y|

40

<latexit sha1_base64="cEzP3RBnm9KeUiABeisWGxlaar4=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgqCURqW6EgiAuK/QFbRom00k7ZDIJMxMxhPyKGxeKuPVH3Pk3Th8LbT1w4XDOvdx7jxczKpVlfRuFldW19Y3iZmlre2d3z9wvt2WUCExaOGKR6HpIEkY5aSmqGOnGgqDQY6TjBbcTv/NIhKQRb6o0Jk6IRpz6FCOlJdcsB4NTeAMDt9k/g2SQnae5a1asqjUFXCb2nFTAHA3X/OoPI5yEhCvMkJQ924qVkyGhKGYkL/UTSWKEAzQiPU05Col0suntOTzWyhD6kdDFFZyqvycyFEqZhp7uDJEay0VvIv7n9RLlXzsZ5XGiCMezRX7CoIrgJAg4pIJgxVJNEBZU3wrxGAmElY6rpEOwF19eJu2Lql2r1h4uK/W7eRxFcAiOwAmwwRWog3vQAC2AwRN4Bq/gzciNF+Pd+Ji1Foz5zAH4A+PzB8gPkwY=</latexit>

k+ = kT e�y



W. Waalewijn SCET

Drell-Yan qT: factorization and resummation

• Natural scales: 
<latexit sha1_base64="PobwG6kCVdKgH7Ph4UWFxtD350o="></latexit>

µH = Q, µB = µS =
b0
bT

, ⌫B = Q, ⌫S = µS

41

<latexit sha1_base64="PUoGJPhdV0WsgjstPlRAywZZ3/M="></latexit>

d�

dQ2 dY d2qT

= H(Q2
, µ)

Z
d
2bT

(2⇡)2
e
ibT ·qT Bn(x1, bT , µ, ⌫)Bn̄(x2, bT , µ, ⌫)S(bT , µ, ⌫)

[Becher, Neubert; Echevarria, Idilbi, Scimemi; Chiu, Jain, Neill, Rothstein]
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W. Waalewijn SCET

Drell-Yan qT: factorization and resummation

• Natural scales: 

 

• Renormalization group equations 

• Resummation is (formally) path independent:

<latexit sha1_base64="PobwG6kCVdKgH7Ph4UWFxtD350o="></latexit>

µH = Q, µB = µS =
b0
bT

, ⌫B = Q, ⌫S = µS

42

<latexit sha1_base64="PUoGJPhdV0WsgjstPlRAywZZ3/M="></latexit>

d�

dQ2 dY d2qT

= H(Q2
, µ)

Z
d
2bT

(2⇡)2
e
ibT ·qT Bn(x1, bT , µ, ⌫)Bn̄(x2, bT , µ, ⌫)S(bT , µ, ⌫)

<latexit sha1_base64="QMp11td2PC/hcjGpYvpkCkoVQJM="></latexit>

d ln eF
d lnµ

= �F
µ ,

d ln eF
d ln ⌫

= �F
⌫

<latexit sha1_base64="dU6GdglzDo/FODY0PrS1vv8EWGo=">AAACKHicbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1YEIrLCvYBnVoymUwbmmSGPIQyzOe48VfciCjSrV9i+gC19UDgcM653NwTJIwq7bpjJ7eyura+kd8sbG3v7O4V9w+aKjYSkwaOWSzbAVKEUUEammpG2okkiAeMtILhzcRvPRKpaCzu9SghXY76gkYUI22lXvHajyTCaQj9PuIc9XxuHmpZGvpM+MJk8AouBsRPgJusVyy5ZXcKuEy8OSmBOeq94psfxthwIjRmSKmO5ya6myKpKWYkK/hGkQThIeqTjqUCcaK66fTQDJ5YJYRRLO0TGk7V3xMp4kqNeGCTHOmBWvQm4n9ex+josptSkRhNBJ4tigyDOoaT1mBIJcGajSxBWFL7V4gHyBajbbcFW4K3ePIyaZ6VvUq5cndeqtbmdeTBETgGp8ADF6AKbkEdNAAGT+AFvIMP59l5dT6d8Syac+Yzh+APnK9vZpandw==</latexit>

d�F
µ

d ln ⌫
=

d�F
⌫

d lnµ

[Becher, Neubert; Echevarria, Idilbi, Scimemi; Chiu, Jain, Neill, Rothstein]
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W. Waalewijn SCET

Joint measurements: qT and (beam) thrust

• (Beam) thrust

43

<latexit sha1_base64="kT/cX10W7+6QDzr6RcxMCkw4Im8="></latexit>

SCETI SCET+ SCETII

Regime T ⌧ qT ⇠
p
QT T ⌧ qT ⌧

p
QT T ⇠ qT ⌧ Q

n-collinear (T , Q,
p
QT ) (q2T /Q,Q, qT ) (q2T /Q,Q, qT )

n̄-collinear (Q, T ,
p
QT ) (Q, q2T /Q, qT ) (Q, q2T /Q, qT )

n-collinear-soft � (T , q2T /T , qT ) �

n̄-collinear-soft � (q2T /T , T , qT ) �

soft (T , T , T ) (T , T , T ) (qT , qT , qT )

<latexit sha1_base64="HTT0vuOevSHv5I8mLG5x7LJUFus=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKR6kYoCOKyhb6gCeVmOmmHTiZhZiLUUPwVNy4Ucet/uPNvnLRdaOuBgcM593LPnCDhTGnH+bZWVtfWNzYLW8Xtnd29ffvgsKXiVBLaJDGPZScARTkTtKmZ5rSTSApRwGk7GN3mfvuBSsVi0dDjhPoRDAQLGQFtpJ597EWghwR41pjgG+xpSHG9Z5ecsjMFXibunJTQHLWe/eX1Y5JGVGjCQamu6yTaz0BqRjidFL1U0QTICAa0a6iAiCo/m6af4DOj9HEYS/OExlP190YGkVLjKDCTeVa16OXif1431eG1nzGRpJoKMjsUphzrGOdV4D6TlGg+NgSIZCYrJkOQQLQprGhKcBe/vExaF2W3Uq7UL0vVu3kdBXSCTtE5ctEVqqJ7VENNRNAjekav6M16sl6sd+tjNrpizXeO0B9Ynz9xs5SY</latexit>
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Joint measurements: qT and (beam) thrust

• (Beam) thrust 

•  and  near phase-space boundaries
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Joint measurements: qT and (beam) thrust

• (Beam) thrust 

•  and  near phase-space boundaries, with             interpolating
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Matching with SCET+

• Matching  and  onto              gives, up to power corrections, 
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Matching with SCET+

• Matching  and  onto              gives, up to power corrections, 
 

 

• Fixed-order vs. single resummation, vs. double resummation:
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SCET: what’s next?

Selection of topics from SCET workshop 2026 

• Heavy flavor: B physics, quarkonia and top. 

• Non-global logarithms: beyond LL. 

• TMDs: beyond leading power. 

• Energy correlators: a canvas for new ideas. 

• Nonperturbative corrections. 

• Glauber exchange: Regge and diffraction.
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Philipp Aretz

Summary

Philipp Aretz - Diffraction across Colliders

• Factorisation of elastic scattering as well as Single and Double Diffraction


• Universal Beam functions between &  diffraction


• Universality in the evolution w.r.t rapidity and virtuality

ep pp

27

1 ... N 0 N ... 1

Soft

UC

Beam

2

Figure 10: Factorization of diffractive and quasi-diffractive ep scattering for � ⌧ 1. Here,
we see the convolution of a soft function describing the central jet, a beam function de-
scribing the hadronic system, and an ultrasoft-collinear (UC) function describing radiation
penetrating the gap. Red dashed lines indicate Glauber (G) modes.

Using these results, we further tidy up eq. (4.16) by defining bare beam, soft, and uc
functions containing the associated factorized matrix elements
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Here, & = x (n̄ ·p)(n ·q)/Q2 enables us to define B and S in a manner that is boost invariant
with respect to the n-n̄ axis; in the Breit frame, & = 1. More succinctly, carrying out the
k�
s and k+

n integrals,
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For later convenience, we define the shorthand notation
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In the second line we explicitly factored out (�i)N (+i)N
0 from the ⌦? perpendicular-

momentum convolution, which will be used in a discussion below. The soft function S
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Factorization for (double) diffractive pp 
[Talk by Aretz]

Ω1from Pythia

33

Ω1extraction is independent of 𝜁, as predicted by the boost symmetry

Nonperturbative from higher-point  
back-to-back energy correlators  

[Talk by Jiang]
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Conclusions

• SCET is an EFT with collinear and soft degrees of freedom: 

• Process and observable determine the modes and power counting. 

• Hard fluctuations are integrated out. 

• Field redefinitions decouple soft interactions at leading power. 

• Factorization enables resummation:  

• Evaluate each ingredient at its natural scale and use RG evolution. 

• Wide range of applications, with ongoing developments in resummation, 
evolution and factorization.
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Thank you!


