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Outline

• Brief review on the construction of Soft-Collinear Effective Theory


• Applications to transverse momentum distribution of vector boson


• Power corrections in SCET


• Glauber gluon and factorization violation
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Soft-Collinear EFT (SCET)
SCET is an EFT for hard QCD process which contains collinear and soft particles

Bauer, Pirjol, Stewart, Fleming, Luke
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Panorama view of SCET
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Top down v.s. bottom up EFT

SCET the Standard Model
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E E
QCD ???

integrated out

“hard modes” integrated out


“heavy particle”

Add higher dim. 
composite 
operators 

Lagrangian consists of local 
composite operator, ordered by 

dim, restricted by symmetry

Lagrangian consists of non-local 
operators build out from collinear 

and soft fields
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⇤QCD EW

Planck



SCET modes
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dijet production in e+e-



SCET modes
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Lightcone decomposition
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n2
1 = n̄2

1 = 0

n1 · n̄1 = 2
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pµ = n̄1 · p
nµ
1

2
+ n1 · p

n̄µ
1

2
+ pµ?
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pµ = (p+, p�, p?)

hard mode:
coll. mode:

anti-coll. mode:

soft mode:

ultra-soft mode:
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p2 = p+p� + p2?
relevant for jet broadening

relevant for jet mass



From QCD fields to SCET fields
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For illustration, consider decomposing full quark field into collinear and usoft quark field

<latexit sha1_base64="hj9Mv0ASoQG4hyGlqj6eIb8o95M="></latexit>

 c(x) = P+ c + P� c = ⇠ + ⌘

Projection operator:
<latexit sha1_base64="Vg26qzloXkOo2mStRkM43G/aMLw="></latexit>

P+ =
6n 6 n̄
4

, P� =
6 n̄ 6n
4

<latexit sha1_base64="m93BBZwR1SXGLTx5f6D8SKzFD6U="></latexit>

P 2
+ = P+ , P 2

� = P� , P+ + P= = 1

Note that:
<latexit sha1_base64="3BCU3pEEUGXsLCsuUvqzbRsg+/0="></latexit>

6n⇠ = 0 , 6 n̄⌘ = 0

<latexit sha1_base64="8Y3su3kVoWWGOPnUd5VtSHlunvQ="></latexit>

 (x) )  c(x) +  s(x)
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Fermion propagator:

This completely determine the scaling of different component
<latexit sha1_base64="fYJ/OrBMOJ3oQG+pthMBHat2IzQ="></latexit>

⇠(x) ⇠ �

⌘(x) ⇠ �2

 s(x) ⇠ �3/2



Summary of field power counting 
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Collinear Lagrangian
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<latexit sha1_base64="5GzCfL56E3sHP63lRu2jgwK160I="></latexit>

L =  ̄i 6D = (⇠̄ + ⌘̄ +  ̄s)i 6D(⇠ + ⌘ +  s)

= (⇠̄ + ⌘̄)


6 n̄
2
in̄ ·D +

6n
2
in ·D + i 6D?

�
(⇠ + ⌘)

= ⇠̄
6 n̄
2
in ·D⇠ + ⇠̄i 6D?⌘ + ⌘̄i 6D?⇠ + ⌘̄

6n
2
in̄ ·D⌘

subleading power or factor out

<latexit sha1_base64="Rk/qkMjDGq5N6oKXD4n9R3PlmJk="></latexit>

pµ = n̄1 · p
nµ
1

2
+ n1 · p

n̄µ
1

2
+ pµ?

<latexit sha1_base64="3BCU3pEEUGXsLCsuUvqzbRsg+/0="></latexit>

6n⇠ = 0 , 6 n̄⌘ = 0

homogeneous in power counting

 can be completely integrated out suing EOMη
<latexit sha1_base64="W03tXRqUNlTev1tBkprcecwQVX8="></latexit>

⌘ =
1

in̄ ·Di 6D?
6 n̄
2
⇠



Hard-collinear factorization
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p2

p1

1
(p2 + q1)2

∼
1

Qn̄ ⋅ q1

 is . Can add any number of collinear gluonn̄ ⋅ An 𝒪(λ0)
n

n̄

Sum into collinear Wilson line:
mom. space

position space

Collinear building block: χn = W†
nξn χ̄n = ξ̄nWn

<latexit sha1_base64="0GdvqlrB26cjqyLTpRq3jtrI6GY="></latexit>

Bµ
n? =

1

g
[W †

niD
µ
?Wn]



(U)Soft-collinear factorization
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Multi-pole expansion of collinear lagraigian:
<latexit sha1_base64="RVlnHU2gfIKdNPqkCvX9TRMVAMg="></latexit>

Lc = ⇠̄


n · iDus + gn ·An + i 6Dc

?
1

in̄ ·Dc
i 6Dc

?

�
6 n̄
2
⇠

eikonal Feynman rule:

(u)soft-collinear interaction remove by BPS field redefinition
<latexit sha1_base64="TjXXQeHViRhQO53nKT8wyzyP0T4="></latexit>

⇠ ! Yn⇠
(0) , Ac ! YnA

(0)
c Y †

n
<latexit sha1_base64="b3WLj6d6CyriCPcVZbg29hY1ULw="></latexit>

Yn(x) = P exp

✓
ig

Z 0

�1
ds n ·Aus(x+ ns)

◆
<latexit sha1_base64="ejTLRsOU0b5cf3KOTH4TZRlgv1c="></latexit>

n ·DusYn = 0 , Y †
nYn = 1

<latexit sha1_base64="Glh17ltq6S8PKzQgKFQE7kU/o9Q="></latexit>

Lc ! L(0)
c = ⇠̄(0)


n · iDc + i 6Dc?

1

in̄ ·Dc
i 6Dc?

�
6 n̄
2
⇠(0)

complete decoupling between collinear and soft sector



SCET Feynman rules
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In reality, collinear sector of SCET can be considered as boosted version 
of QCD. Since amplitudes are Lorentz invariant, it is more convenient to 
use QCD Feynman rule for calculation



Factorized SCET Lagrangian
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At leading power in expansion parameter, 
only need

Glauber “usually” cancel out, but not 
always!

hard operator build out from

χn = W†
nξn χ̄n = ξ̄nWn

<latexit sha1_base64="0GdvqlrB26cjqyLTpRq3jtrI6GY="></latexit>

Bµ
n? =

1

g
[W †

niD
µ
?Wn]

Wilson coefficient obtained from matching to full QCD



Schematic matching and evolving in SCET 
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Consider the jets production in hadronic collision

step 1: match from QCD to SCET hard 
operators 

H = |C |2hard function:

step 2: compute collinear matrix 
element; evolving from hard scale to 
collinear scale

Beam and jet function: Ba,b, Ji

step 3: compute soft matrix element; 
evolving from jet scale to soft scale

large logs: log(μ2
H /μ2

J )

Soft function: S = |⟨YaYbY1Y2Y3⟩ |2

large logs: log(μ2
H /μ2

S), log(μ2
J /μ2

S)

step 4: match onto non-perturbative matrix 
element: Parton Distribution Functions and 
Fragmentation Functions



Loop, log, and power expansion
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loop expansion

power expansion

log expansion

Fixed-Order 
accuracy

SCET Log 

accuracy

Monster here

Monst
er 

he
re*

 



Application to Drell-Yan (Higgs) pT distribution
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Importance of pT distribution
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CDF measurement of W mass ATLAS measurement of strong coupling



Large logs
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y is the Fourier conjugate of qT

Re
su

m
m

at
io

n

Tr
an

si
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n

Fixed-order

non-perturbative



Counting of logarithmic accuracy
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Davies, Webber, Stirling, 1985

Y. Li, HXZ, 2016

4-loopNNNLO
Moult, Y.J. Zhu, HXZ, 2022

Duhr, Mistlberger, Vita, 2022
M.X. Luo, T.Z. Yang, Y.J. Zhu, HXZ, 2019

Ebert, Mistlberger, Vita, 2020



Naive qT factorization in SCET
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d� ⇠
Z

d4xe�iq·xhN1N2|Jµ†(x)Jµ(0)|N1N2i
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Jµ =  ̄�µ 
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Jµ ! CV (�q2)�̄n̄Y
†
n̄�

µYn�n
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d� ⇠
Z

d4xe�iq·x|CV (�q2)|2h0|Tr[T (Y †
n (x?)Yn̄(x?))T (Y

†
n̄ (0)Yn(0))]|0i

⇥hN1|�̄n(x+ + x?)
6 n̄
2
�n(0)|N1ihN2|�̄n̄(x� + x?)

6n
2
�n̄(0)|N2i
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�i(q+x�/2+q�x+/2+q?·x?)
H(q2)S(x?)B1(x+, x?)B2(x�, x?)
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dH(q2, µ)

d logµ
=


�cusp(↵s) log

�q
2

µ2
+ 2�q(↵s)

�
H(q2, µ)

Match on SCET operator



Degeneracy of soft and (anti) collinear modes
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hard

increasing virtuality
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Lightcone/rapidity divergence

24
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S(x?) = h0|Tr[T (Y †
n (x?)Yn̄(x?))T (Y

†
n̄ (0)Yn(0))]|0i
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Yn(x) = P exp

✓
ig

Z 0

�1
ds n ·Aus(x+ ns)

◆

naive soft function x⊥

The configuration is invariant under Lorentz boost in z

Exponential regulated soft function
Y. Li, Neill, HXZ, 2016 x⊥
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S(x?) = h0|Tr[T (Y †
n (x0 + x?)Yn̄(x0 + x?))T (Y

†
n̄ (0)Yn(0))]|0i

Three-loop TMD soft function

Three-loop TMD beam function

Y. Li, HXZ, 2016

M.X. Luo, T.Z. Yang, Y.J. Zhu, HXZ, 2019
Ebert, Mistlberger, Vita, 2020



Conformal symmetry of Collins-Soper kernel
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d logS(x?, µ, ⌫)

d log ⌫2
=

"Z x2
?

µ2

dµ̄2

µ̄2
�cusp[↵s(µ̄)] + �r[↵s(x

�1
? )]

#
S(x?, µ, ⌫)

Y. Li, HXZ, 2016

Proved by conformal transformation connection the two configuration Vladimirov, 2017

Proved using EEC in the back-to-back limit Moult, Y.J. Zhu, HXZ, 2022
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d↵s(µ)

d logµ2
= �2✏+ 2�(↵s) perturbative QCD is conformal in  ϵ* = β(α)

γr(α, ϵ*) = γs(α) Four-loop rapidity Collines-Soper Kernel
Moult, Y.J. Zhu, HXZ, 2022

Ebert, Mistlberger, Vita, 2020



N4LL uncertainties

26 Duhr, Mistlberger, Vita, 2022

Carmarda, Cieri, Ferrera, 2023
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M.H. Chu, et al., LPC, 2306.06488

Shanahan, Wagman, Y. Zhao, 2021

Lattice/exp. extraction of Collins-Soper kernel



Drell-Yan production at N3LO
qT subtraction Catani, Grazzini, 2002

approximated by

X. Chen, Gehrmann, Glover, Huss,T.Z. Yang, HXZ, 2021,2022



Application to power corrections
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loop expansion

power expansion

log expansion

Fixed-Order 
accuracy

SCET Log 
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Why power corrections?
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No natural matching scheme in the 
transition region, due to mismatch in the 

order of coupling constant expansion



Higgs production with light-quark loop
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+ + · · ·

Mh

mb
mb ! Mh

L R

� ⇠ mb

Mh
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L = ln
�M2

h

m2
b

Bishara, Haisch, Monni, Re, 2016

pT spectrum sensitive to light 
particle in the loops

⇠ ybmb
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L2

2
� 2
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+

CF↵s

4⇡
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�
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� L3 + · · ·
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+O(↵2
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End point singularity
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lim
z!0

H2(z)
<latexit sha1_base64="1oz0SuskJoyUNzMf/wsGygSSvRo=">AAACJXicbVDNS8MwHE3n15xfU49egkOYIKMdgnoQhl52nODcoC0lzdItLGlLkgpb6V/jxX/Fi4cpgif/FbMv0c0Hgcd775f88vyYUalM89PIrayurW/kNwtb2zu7e8X9gwcZJQKTJo5YJNo+koTRkDQVVYy0Y0EQ9xlp+f3bsd96JELSKLxXg5i4HHVDGlCMlJa84rXDKPfSoaMiaGapM7nRFl3fTc2KOcHZD7FmJIN1r1oenmZesTQ34TKZx0tghoZXHDmdCCechAozJKVtmbFyUyQUxYxkBSeRJEa4j7rE1jREnEg3nSyVwROtdGAQCX1CBSfq74kUcSkH3NdJjlRPLnpj8T/PTlRw6aY0jBNFQjx9KEgY1J2MO4MdKghWbKAJwoLqXSHuIYGw0s0WdAnW4peXSbNauapYd+el2s2sjTw4AsegDCxwAWqgDhqgCTB4Ai9gBN6MZ+PVeDc+ptGcMZs5BH9gfH0DUn6g1A==</latexit><latexit sha1_base64="1oz0SuskJoyUNzMf/wsGygSSvRo=">AAACJXicbVDNS8MwHE3n15xfU49egkOYIKMdgnoQhl52nODcoC0lzdItLGlLkgpb6V/jxX/Fi4cpgif/FbMv0c0Hgcd775f88vyYUalM89PIrayurW/kNwtb2zu7e8X9gwcZJQKTJo5YJNo+koTRkDQVVYy0Y0EQ9xlp+f3bsd96JELSKLxXg5i4HHVDGlCMlJa84rXDKPfSoaMiaGapM7nRFl3fTc2KOcHZD7FmJIN1r1oenmZesTQ34TKZx0tghoZXHDmdCCechAozJKVtmbFyUyQUxYxkBSeRJEa4j7rE1jREnEg3nSyVwROtdGAQCX1CBSfq74kUcSkH3NdJjlRPLnpj8T/PTlRw6aY0jBNFQjx9KEgY1J2MO4MdKghWbKAJwoLqXSHuIYGw0s0WdAnW4peXSbNauapYd+el2s2sjTw4AsegDCxwAWqgDhqgCTB4Ai9gBN6MZ+PVeDc+ptGcMZs5BH9gfH0DUn6g1A==</latexit><latexit sha1_base64="1oz0SuskJoyUNzMf/wsGygSSvRo=">AAACJXicbVDNS8MwHE3n15xfU49egkOYIKMdgnoQhl52nODcoC0lzdItLGlLkgpb6V/jxX/Fi4cpgif/FbMv0c0Hgcd775f88vyYUalM89PIrayurW/kNwtb2zu7e8X9gwcZJQKTJo5YJNo+koTRkDQVVYy0Y0EQ9xlp+f3bsd96JELSKLxXg5i4HHVDGlCMlJa84rXDKPfSoaMiaGapM7nRFl3fTc2KOcHZD7FmJIN1r1oenmZesTQ34TKZx0tghoZXHDmdCCechAozJKVtmbFyUyQUxYxkBSeRJEa4j7rE1jREnEg3nSyVwROtdGAQCX1CBSfq74kUcSkH3NdJjlRPLnpj8T/PTlRw6aY0jBNFQjx9KEgY1J2MO4MdKghWbKAJwoLqXSHuIYGw0s0WdAnW4peXSbNauapYd+el2s2sjTw4AsegDCxwAWqgDhqgCTB4Ai9gBN6MZ+PVeDc+ptGcMZs5BH9gfH0DUn6g1A==</latexit><latexit sha1_base64="1oz0SuskJoyUNzMf/wsGygSSvRo=">AAACJXicbVDNS8MwHE3n15xfU49egkOYIKMdgnoQhl52nODcoC0lzdItLGlLkgpb6V/jxX/Fi4cpgif/FbMv0c0Hgcd775f88vyYUalM89PIrayurW/kNwtb2zu7e8X9gwcZJQKTJo5YJNo+koTRkDQVVYy0Y0EQ9xlp+f3bsd96JELSKLxXg5i4HHVDGlCMlJa84rXDKPfSoaMiaGapM7nRFl3fTc2KOcHZD7FmJIN1r1oenmZesTQ34TKZx0tghoZXHDmdCCechAozJKVtmbFyUyQUxYxkBSeRJEa4j7rE1jREnEg3nSyVwROtdGAQCX1CBSfq74kUcSkH3NdJjlRPLnpj8T/PTlRw6aY0jBNFQjx9KEgY1J2MO4MdKghWbKAJwoLqXSHuIYGw0s0WdAnW4peXSbNauapYd+el2s2sjTw4AsegDCxwAWqgDhqgCTB4Ai9gBN6MZ+PVeDc+ptGcMZs5BH9gfH0DUn6g1A==</latexit>

O(↵s)
<latexit sha1_base64="rrU5FvbxjlzZHcUgpmAZyezQnd4=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCvZREBPVW9OLNCsYWmhAm2027dPPB7kYsIX/FiwcVr/4Sb/4bt20O2vpg4PHeDDPzgpQzqSzr26isrK6tb1Q3a1vbO7t75n79QSaZINQhCU9ELwBJOYupo5jitJcKClHAaTcYX0/97iMVkiXxvZqk1ItgGLOQEVBa8s167hLg+LZousDTEfjyxDcbVsuaAS8TuyQNVKLjm1/uICFZRGNFOEjZt61UeTkIxQinRc3NJE2BjGFI+5rGEFHp5bPbC3yslQEOE6ErVnim/p7IIZJyEgW6MwI1koveVPzP62cqvPByFqeZojGZLwozjlWCp0HgAROUKD7RBIhg+lZMRiCAKB1XTYdgL768TJzT1mXLvjtrtK/KNKroEB2hJrLROWqjG9RBDiLoCT2jV/RmFMaL8W58zFsrRjlzgP7A+PwBi02Tqw==</latexit><latexit sha1_base64="rrU5FvbxjlzZHcUgpmAZyezQnd4=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCvZREBPVW9OLNCsYWmhAm2027dPPB7kYsIX/FiwcVr/4Sb/4bt20O2vpg4PHeDDPzgpQzqSzr26isrK6tb1Q3a1vbO7t75n79QSaZINQhCU9ELwBJOYupo5jitJcKClHAaTcYX0/97iMVkiXxvZqk1ItgGLOQEVBa8s167hLg+LZousDTEfjyxDcbVsuaAS8TuyQNVKLjm1/uICFZRGNFOEjZt61UeTkIxQinRc3NJE2BjGFI+5rGEFHp5bPbC3yslQEOE6ErVnim/p7IIZJyEgW6MwI1koveVPzP62cqvPByFqeZojGZLwozjlWCp0HgAROUKD7RBIhg+lZMRiCAKB1XTYdgL768TJzT1mXLvjtrtK/KNKroEB2hJrLROWqjG9RBDiLoCT2jV/RmFMaL8W58zFsrRjlzgP7A+PwBi02Tqw==</latexit><latexit sha1_base64="rrU5FvbxjlzZHcUgpmAZyezQnd4=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCvZREBPVW9OLNCsYWmhAm2027dPPB7kYsIX/FiwcVr/4Sb/4bt20O2vpg4PHeDDPzgpQzqSzr26isrK6tb1Q3a1vbO7t75n79QSaZINQhCU9ELwBJOYupo5jitJcKClHAaTcYX0/97iMVkiXxvZqk1ItgGLOQEVBa8s167hLg+LZousDTEfjyxDcbVsuaAS8TuyQNVKLjm1/uICFZRGNFOEjZt61UeTkIxQinRc3NJE2BjGFI+5rGEFHp5bPbC3yslQEOE6ErVnim/p7IIZJyEgW6MwI1koveVPzP62cqvPByFqeZojGZLwozjlWCp0HgAROUKD7RBIhg+lZMRiCAKB1XTYdgL768TJzT1mXLvjtrtK/KNKroEB2hJrLROWqjG9RBDiLoCT2jV/RmFMaL8W58zFsrRjlzgP7A+PwBi02Tqw==</latexit><latexit sha1_base64="rrU5FvbxjlzZHcUgpmAZyezQnd4=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCvZREBPVW9OLNCsYWmhAm2027dPPB7kYsIX/FiwcVr/4Sb/4bt20O2vpg4PHeDDPzgpQzqSzr26isrK6tb1Q3a1vbO7t75n79QSaZINQhCU9ELwBJOYupo5jitJcKClHAaTcYX0/97iMVkiXxvZqk1ItgGLOQEVBa8s167hLg+LZousDTEfjyxDcbVsuaAS8TuyQNVKLjm1/uICFZRGNFOEjZt61UeTkIxQinRc3NJE2BjGFI+5rGEFHp5bPbC3yslQEOE6ErVnim/p7IIZJyEgW6MwI1koveVPzP62cqvPByFqeZojGZLwozjlWCp0HgAROUKD7RBIhg+lZMRiCAKB1XTYdgL768TJzT1mXLvjtrtK/KNKroEB2hJrLROWqjG9RBDiLoCT2jV/RmFMaL8W58zFsrRjlzgP7A+PwBi02Tqw==</latexit>

LO

NLO

NNLO

lim
z!0

O2(z)
<latexit sha1_base64="/4DK1IwC13Ud45YQxoZ/UPLS/K0=">AAACJXicbVBJS8NAGJ3UrdYt6tHLYBEqSEmKWw9C0Ys3K1hbSEKYTKft0MnCzERoQ36NF/+KFw9VBE/+FadpC9r6YODx3rfN8yJGhTSMLy23tLyyupZfL2xsbm3v6Lt7jyKMOSYNHLKQtzwkCKMBaUgqGWlFnCDfY6Tp9W/GfvOJcEHD4EEOIuL4qBvQDsVIKsnVr2xGfTcZ2jKERprY2USLdz0nMctGhhOjfGaY1XNTkYmSwju3Uhoep65enGlwkcwGFMEUdVcf2e0Qxz4JJGZICMs0IukkiEuKGUkLdixIhHAfdYmlaIB8IpwkOyqFR0ppw07I1QskzNTfHQnyhRj4nqr0keyJeW8s/udZsexcOgkNoliSAE8WdWIGVSbjzGCbcoIlGyiCMKfqVoh7iCMsVbIFFYI5/+VF0qiUq2Xz/rRYu56mkQcH4BCUgAkuQA3cgjpoAAyewSsYgXftRXvTPrTPSWlOm/bsgz/Qvn8AgFGg8Q==</latexit><latexit sha1_base64="/4DK1IwC13Ud45YQxoZ/UPLS/K0=">AAACJXicbVBJS8NAGJ3UrdYt6tHLYBEqSEmKWw9C0Ys3K1hbSEKYTKft0MnCzERoQ36NF/+KFw9VBE/+FadpC9r6YODx3rfN8yJGhTSMLy23tLyyupZfL2xsbm3v6Lt7jyKMOSYNHLKQtzwkCKMBaUgqGWlFnCDfY6Tp9W/GfvOJcEHD4EEOIuL4qBvQDsVIKsnVr2xGfTcZ2jKERprY2USLdz0nMctGhhOjfGaY1XNTkYmSwju3Uhoep65enGlwkcwGFMEUdVcf2e0Qxz4JJGZICMs0IukkiEuKGUkLdixIhHAfdYmlaIB8IpwkOyqFR0ppw07I1QskzNTfHQnyhRj4nqr0keyJeW8s/udZsexcOgkNoliSAE8WdWIGVSbjzGCbcoIlGyiCMKfqVoh7iCMsVbIFFYI5/+VF0qiUq2Xz/rRYu56mkQcH4BCUgAkuQA3cgjpoAAyewSsYgXftRXvTPrTPSWlOm/bsgz/Qvn8AgFGg8Q==</latexit><latexit sha1_base64="/4DK1IwC13Ud45YQxoZ/UPLS/K0=">AAACJXicbVBJS8NAGJ3UrdYt6tHLYBEqSEmKWw9C0Ys3K1hbSEKYTKft0MnCzERoQ36NF/+KFw9VBE/+FadpC9r6YODx3rfN8yJGhTSMLy23tLyyupZfL2xsbm3v6Lt7jyKMOSYNHLKQtzwkCKMBaUgqGWlFnCDfY6Tp9W/GfvOJcEHD4EEOIuL4qBvQDsVIKsnVr2xGfTcZ2jKERprY2USLdz0nMctGhhOjfGaY1XNTkYmSwju3Uhoep65enGlwkcwGFMEUdVcf2e0Qxz4JJGZICMs0IukkiEuKGUkLdixIhHAfdYmlaIB8IpwkOyqFR0ppw07I1QskzNTfHQnyhRj4nqr0keyJeW8s/udZsexcOgkNoliSAE8WdWIGVSbjzGCbcoIlGyiCMKfqVoh7iCMsVbIFFYI5/+VF0qiUq2Xz/rRYu56mkQcH4BCUgAkuQA3cgjpoAAyewSsYgXftRXvTPrTPSWlOm/bsgz/Qvn8AgFGg8Q==</latexit><latexit sha1_base64="/4DK1IwC13Ud45YQxoZ/UPLS/K0=">AAACJXicbVBJS8NAGJ3UrdYt6tHLYBEqSEmKWw9C0Ys3K1hbSEKYTKft0MnCzERoQ36NF/+KFw9VBE/+FadpC9r6YODx3rfN8yJGhTSMLy23tLyyupZfL2xsbm3v6Lt7jyKMOSYNHLKQtzwkCKMBaUgqGWlFnCDfY6Tp9W/GfvOJcEHD4EEOIuL4qBvQDsVIKsnVr2xGfTcZ2jKERprY2USLdz0nMctGhhOjfGaY1XNTkYmSwju3Uhoep65enGlwkcwGFMEUdVcf2e0Qxz4JJGZICMs0IukkiEuKGUkLdixIhHAfdYmlaIB8IpwkOyqFR0ppw07I1QskzNTfHQnyhRj4nqr0keyJeW8s/udZsexcOgkNoliSAE8WdWIGVSbjzGCbcoIlGyiCMKfqVoh7iCMsVbIFFYI5/+VF0qiUq2Xz/rRYu56mkQcH4BCUgAkuQA3cgjpoAAyewSsYgXftRXvTPrTPSWlOm/bsgz/Qvn8AgFGg8Q==</latexit>

1

z
<latexit sha1_base64="HXmElIEGx03ATFADYM2mcIVa0bs=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMFYwttKJvtpl262YTdiVBDfoYXDype/Tfe/DduPxBtfTDweG+GmXlhKoVB1/1ylpZXVtfWSxvlza3tnd3K3v69STLNuM8SmehWSA2XQnEfBUreSjWncSh5Mxxej/3mA9dGJOoORykPYtpXIhKMopXanUhTlntF/lh0K1W35k5Afog3T6owQ6Nb+ez0EpbFXCGT1Ji256YY5FSjYJIX5U5meErZkPZ521JFY26CfHJyQY6t0iNRom0pJBP190ROY2NGcWg7Y4oDM++Nxf+8dobRRZALlWbIFZsuijJJMCHj/0lPaM5QjiyhTAt7K2EDalNAm1LZhrDw8iLxT2uXNe/2rFq/mqVRgkM4ghPw4BzqcAMN8IFBAk/wAq8OOs/Om/M+bV1yZjMH8AfOxzcSVpFQ</latexit><latexit sha1_base64="HXmElIEGx03ATFADYM2mcIVa0bs=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMFYwttKJvtpl262YTdiVBDfoYXDype/Tfe/DduPxBtfTDweG+GmXlhKoVB1/1ylpZXVtfWSxvlza3tnd3K3v69STLNuM8SmehWSA2XQnEfBUreSjWncSh5Mxxej/3mA9dGJOoORykPYtpXIhKMopXanUhTlntF/lh0K1W35k5Afog3T6owQ6Nb+ez0EpbFXCGT1Ji256YY5FSjYJIX5U5meErZkPZ521JFY26CfHJyQY6t0iNRom0pJBP190ROY2NGcWg7Y4oDM++Nxf+8dobRRZALlWbIFZsuijJJMCHj/0lPaM5QjiyhTAt7K2EDalNAm1LZhrDw8iLxT2uXNe/2rFq/mqVRgkM4ghPw4BzqcAMN8IFBAk/wAq8OOs/Om/M+bV1yZjMH8AfOxzcSVpFQ</latexit><latexit sha1_base64="HXmElIEGx03ATFADYM2mcIVa0bs=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMFYwttKJvtpl262YTdiVBDfoYXDype/Tfe/DduPxBtfTDweG+GmXlhKoVB1/1ylpZXVtfWSxvlza3tnd3K3v69STLNuM8SmehWSA2XQnEfBUreSjWncSh5Mxxej/3mA9dGJOoORykPYtpXIhKMopXanUhTlntF/lh0K1W35k5Afog3T6owQ6Nb+ez0EpbFXCGT1Ji256YY5FSjYJIX5U5meErZkPZ521JFY26CfHJyQY6t0iNRom0pJBP190ROY2NGcWg7Y4oDM++Nxf+8dobRRZALlWbIFZsuijJJMCHj/0lPaM5QjiyhTAt7K2EDalNAm1LZhrDw8iLxT2uXNe/2rFq/mqVRgkM4ghPw4BzqcAMN8IFBAk/wAq8OOs/Om/M+bV1yZjMH8AfOxzcSVpFQ</latexit><latexit sha1_base64="HXmElIEGx03ATFADYM2mcIVa0bs=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMFYwttKJvtpl262YTdiVBDfoYXDype/Tfe/DduPxBtfTDweG+GmXlhKoVB1/1ylpZXVtfWSxvlza3tnd3K3v69STLNuM8SmehWSA2XQnEfBUreSjWncSh5Mxxej/3mA9dGJOoORykPYtpXIhKMopXanUhTlntF/lh0K1W35k5Afog3T6owQ6Nb+ez0EpbFXCGT1Ji256YY5FSjYJIX5U5meErZkPZ521JFY26CfHJyQY6t0iNRom0pJBP190ROY2NGcWg7Y4oDM++Nxf+8dobRRZALlWbIFZsuijJJMCHj/0lPaM5QjiyhTAt7K2EDalNAm1LZhrDw8iLxT2uXNe/2rFq/mqVRgkM4ghPw4BzqcAMN8IFBAk/wAq8OOs/Om/M+bV1yZjMH8AfOxzcSVpFQ</latexit>

c0
z

+
c1

z1+✏
<latexit sha1_base64="ZcOBlw1Fzg9PY3V7K5Na4mxcN5s=">AAACEHicbVDLSgMxFM3UV62vUZdugkUoFMqMCOqu6MZlBccWOnXIpJk2NJMMSUaow/yCG3/FjQsVty7d+TemD0VbDwTOPedebu4JE0aVdpxPq7CwuLS8Ulwtra1vbG7Z2zvXSqQSEw8LJmQrRIowyomnqWaklUiC4pCRZjg4H/nNWyIVFfxKDxPSiVGP04hipI0U2BU/kghnOHDy7C6vfleuqW4yt+qTRFEmeJ4HdtmpOWPAH+LOkjKYohHYH35X4DQmXGOGlGq7TqI7GZKaYkbykp8qkiA8QD3SNpSjmKhONr4ohwdG6cJISPO4hmP190SGYqWGcWg6Y6T7atYbif957VRHJ52M8iTVhOPJoihlUAs4igd2qSRYs6EhCEtq/gpxH5lQtAmxZEKYO3meeIe105p7eVSun03TKII9sA8qwAXHoA4uQAN4AIN78AiewYv1YD1Zr9bbpLVgTWd2wR9Y71/suJ3s</latexit><latexit sha1_base64="ZcOBlw1Fzg9PY3V7K5Na4mxcN5s=">AAACEHicbVDLSgMxFM3UV62vUZdugkUoFMqMCOqu6MZlBccWOnXIpJk2NJMMSUaow/yCG3/FjQsVty7d+TemD0VbDwTOPedebu4JE0aVdpxPq7CwuLS8Ulwtra1vbG7Z2zvXSqQSEw8LJmQrRIowyomnqWaklUiC4pCRZjg4H/nNWyIVFfxKDxPSiVGP04hipI0U2BU/kghnOHDy7C6vfleuqW4yt+qTRFEmeJ4HdtmpOWPAH+LOkjKYohHYH35X4DQmXGOGlGq7TqI7GZKaYkbykp8qkiA8QD3SNpSjmKhONr4ohwdG6cJISPO4hmP190SGYqWGcWg6Y6T7atYbif957VRHJ52M8iTVhOPJoihlUAs4igd2qSRYs6EhCEtq/gpxH5lQtAmxZEKYO3meeIe105p7eVSun03TKII9sA8qwAXHoA4uQAN4AIN78AiewYv1YD1Zr9bbpLVgTWd2wR9Y71/suJ3s</latexit><latexit sha1_base64="ZcOBlw1Fzg9PY3V7K5Na4mxcN5s=">AAACEHicbVDLSgMxFM3UV62vUZdugkUoFMqMCOqu6MZlBccWOnXIpJk2NJMMSUaow/yCG3/FjQsVty7d+TemD0VbDwTOPedebu4JE0aVdpxPq7CwuLS8Ulwtra1vbG7Z2zvXSqQSEw8LJmQrRIowyomnqWaklUiC4pCRZjg4H/nNWyIVFfxKDxPSiVGP04hipI0U2BU/kghnOHDy7C6vfleuqW4yt+qTRFEmeJ4HdtmpOWPAH+LOkjKYohHYH35X4DQmXGOGlGq7TqI7GZKaYkbykp8qkiA8QD3SNpSjmKhONr4ohwdG6cJISPO4hmP190SGYqWGcWg6Y6T7atYbif957VRHJ52M8iTVhOPJoihlUAs4igd2qSRYs6EhCEtq/gpxH5lQtAmxZEKYO3meeIe105p7eVSun03TKII9sA8qwAXHoA4uQAN4AIN78AiewYv1YD1Zr9bbpLVgTWd2wR9Y71/suJ3s</latexit><latexit sha1_base64="ZcOBlw1Fzg9PY3V7K5Na4mxcN5s=">AAACEHicbVDLSgMxFM3UV62vUZdugkUoFMqMCOqu6MZlBccWOnXIpJk2NJMMSUaow/yCG3/FjQsVty7d+TemD0VbDwTOPedebu4JE0aVdpxPq7CwuLS8Ulwtra1vbG7Z2zvXSqQSEw8LJmQrRIowyomnqWaklUiC4pCRZjg4H/nNWyIVFfxKDxPSiVGP04hipI0U2BU/kghnOHDy7C6vfleuqW4yt+qTRFEmeJ4HdtmpOWPAH+LOkjKYohHYH35X4DQmXGOGlGq7TqI7GZKaYkbykp8qkiA8QD3SNpSjmKhONr4ohwdG6cJISPO4hmP190SGYqWGcWg6Y6T7atYbif957VRHJ52M8iTVhOPJoihlUAs4igd2qSRYs6EhCEtq/gpxH5lQtAmxZEKYO3meeIe105p7eVSun03TKII9sA8qwAXHoA4uQAN4AIN78AiewYv1YD1Zr9bbpLVgTWd2wR9Y71/suJ3s</latexit>

c00
z

+
c01

z1+✏
+

c02
z1+2✏

<latexit sha1_base64="gGg5XxGDaXVPwwJI8QlzOX9fjkg=">AAACL3icbVDLSsNAFJ3UV62vqEs3wSIKhZIUQd0VXeiygrGFJobJdNIOnUzCzESoIZ/kxk/RjYKKW//CaRtqbT0wcO4593LnHj+mREjTfNMKC4tLyyvF1dLa+sbmlr69cyuihCNso4hGvOVDgSlh2JZEUtyKOYahT3HT718M/eY95oJE7EYOYuyGsMtIQBCUSvL0SyfgEKXo0DOz9CGrTEpLlXepVXFwLAiNWDbl1XKv9mt6etmsmiMYE2LNkjLI0fD0Z6cToSTETCIKhWhbZizdFHJJEMVZyUkEjiHqwy5uK8pgiIWbjg7OjAOldIwg4uoxaYzU6YkUhkIMQl91hlD2xKw3FP/z2okMTt2UsDiRmKHxoiChhoyMYXpGh3CMJB0oAhEn6q8G6kEVi1QZl1QIcyfPE7tWPata18fl+nmeRhHsgX1wBCxwAurgCjSADRB4BC/gHXxoT9qr9ql9jVsLWj6zC/5A+/4B2VuqUg==</latexit><latexit sha1_base64="gGg5XxGDaXVPwwJI8QlzOX9fjkg=">AAACL3icbVDLSsNAFJ3UV62vqEs3wSIKhZIUQd0VXeiygrGFJobJdNIOnUzCzESoIZ/kxk/RjYKKW//CaRtqbT0wcO4593LnHj+mREjTfNMKC4tLyyvF1dLa+sbmlr69cyuihCNso4hGvOVDgSlh2JZEUtyKOYahT3HT718M/eY95oJE7EYOYuyGsMtIQBCUSvL0SyfgEKXo0DOz9CGrTEpLlXepVXFwLAiNWDbl1XKv9mt6etmsmiMYE2LNkjLI0fD0Z6cToSTETCIKhWhbZizdFHJJEMVZyUkEjiHqwy5uK8pgiIWbjg7OjAOldIwg4uoxaYzU6YkUhkIMQl91hlD2xKw3FP/z2okMTt2UsDiRmKHxoiChhoyMYXpGh3CMJB0oAhEn6q8G6kEVi1QZl1QIcyfPE7tWPata18fl+nmeRhHsgX1wBCxwAurgCjSADRB4BC/gHXxoT9qr9ql9jVsLWj6zC/5A+/4B2VuqUg==</latexit><latexit sha1_base64="gGg5XxGDaXVPwwJI8QlzOX9fjkg=">AAACL3icbVDLSsNAFJ3UV62vqEs3wSIKhZIUQd0VXeiygrGFJobJdNIOnUzCzESoIZ/kxk/RjYKKW//CaRtqbT0wcO4593LnHj+mREjTfNMKC4tLyyvF1dLa+sbmlr69cyuihCNso4hGvOVDgSlh2JZEUtyKOYahT3HT718M/eY95oJE7EYOYuyGsMtIQBCUSvL0SyfgEKXo0DOz9CGrTEpLlXepVXFwLAiNWDbl1XKv9mt6etmsmiMYE2LNkjLI0fD0Z6cToSTETCIKhWhbZizdFHJJEMVZyUkEjiHqwy5uK8pgiIWbjg7OjAOldIwg4uoxaYzU6YkUhkIMQl91hlD2xKw3FP/z2okMTt2UsDiRmKHxoiChhoyMYXpGh3CMJB0oAhEn6q8G6kEVi1QZl1QIcyfPE7tWPata18fl+nmeRhHsgX1wBCxwAurgCjSADRB4BC/gHXxoT9qr9ql9jVsLWj6zC/5A+/4B2VuqUg==</latexit><latexit sha1_base64="gGg5XxGDaXVPwwJI8QlzOX9fjkg=">AAACL3icbVDLSsNAFJ3UV62vqEs3wSIKhZIUQd0VXeiygrGFJobJdNIOnUzCzESoIZ/kxk/RjYKKW//CaRtqbT0wcO4593LnHj+mREjTfNMKC4tLyyvF1dLa+sbmlr69cyuihCNso4hGvOVDgSlh2JZEUtyKOYahT3HT718M/eY95oJE7EYOYuyGsMtIQBCUSvL0SyfgEKXo0DOz9CGrTEpLlXepVXFwLAiNWDbl1XKv9mt6etmsmiMYE2LNkjLI0fD0Z6cToSTETCIKhWhbZizdFHJJEMVZyUkEjiHqwy5uK8pgiIWbjg7OjAOldIwg4uoxaYzU6YkUhkIMQl91hlD2xKw3FP/z2okMTt2UsDiRmKHxoiChhoyMYXpGh3CMJB0oAhEn6q8G6kEVi1QZl1QIcyfPE7tWPata18fl+nmeRhHsgX1wBCxwAurgCjSADRB4BC/gHXxoT9qr9ql9jVsLWj6zC/5A+/4B2VuqUg==</latexit>

1

✏
� Lm

<latexit sha1_base64="tc1nPQ+laJUshWCTyjMkq1+XXg8=">AAAB/nicdZBLS8NAFIUnPmt9RQU3boJFcGNIxFd3RTcuXFQwttCEMJlO2qEzkzAzEUrMwr/ixoWKW3+HO/+N0zZCFT0wcDjnXubyRSklUjnOpzEzOze/sFhZqi6vrK6tmxubtzLJBMIeSmgi2hGUmBKOPUUUxe1UYMgiilvR4GLUt+6wkCThN2qY4oDBHicxQVDpKDS3/VhAlLtF7uNUEprw4uAqZKFZc21nLMuxjx23fuJqUybfVQ2Uaobmh99NUMYwV4hCKTuuk6ogh0IRRHFR9TOJU4gGsIc72nLIsAzy8f2FtaeTrhUnQj+urHE6vZFDJuWQRXqSQdWXv7tR+FfXyVR8FuSEp5nCHE0+ijNqqcQawbC6RGCk6FAbiATRt1qoDzUQpZFVpyH8b7xDu26710e1xnlJowJ2wC7YBy44BQ1wCZrAAwjcg0fwDF6MB+PJeDXeJqMzRrmzBX7IeP8CxrWWJg==</latexit><latexit sha1_base64="tc1nPQ+laJUshWCTyjMkq1+XXg8=">AAAB/nicdZBLS8NAFIUnPmt9RQU3boJFcGNIxFd3RTcuXFQwttCEMJlO2qEzkzAzEUrMwr/ixoWKW3+HO/+N0zZCFT0wcDjnXubyRSklUjnOpzEzOze/sFhZqi6vrK6tmxubtzLJBMIeSmgi2hGUmBKOPUUUxe1UYMgiilvR4GLUt+6wkCThN2qY4oDBHicxQVDpKDS3/VhAlLtF7uNUEprw4uAqZKFZc21nLMuxjx23fuJqUybfVQ2Uaobmh99NUMYwV4hCKTuuk6ogh0IRRHFR9TOJU4gGsIc72nLIsAzy8f2FtaeTrhUnQj+urHE6vZFDJuWQRXqSQdWXv7tR+FfXyVR8FuSEp5nCHE0+ijNqqcQawbC6RGCk6FAbiATRt1qoDzUQpZFVpyH8b7xDu26710e1xnlJowJ2wC7YBy44BQ1wCZrAAwjcg0fwDF6MB+PJeDXeJqMzRrmzBX7IeP8CxrWWJg==</latexit><latexit sha1_base64="tc1nPQ+laJUshWCTyjMkq1+XXg8=">AAAB/nicdZBLS8NAFIUnPmt9RQU3boJFcGNIxFd3RTcuXFQwttCEMJlO2qEzkzAzEUrMwr/ixoWKW3+HO/+N0zZCFT0wcDjnXubyRSklUjnOpzEzOze/sFhZqi6vrK6tmxubtzLJBMIeSmgi2hGUmBKOPUUUxe1UYMgiilvR4GLUt+6wkCThN2qY4oDBHicxQVDpKDS3/VhAlLtF7uNUEprw4uAqZKFZc21nLMuxjx23fuJqUybfVQ2Uaobmh99NUMYwV4hCKTuuk6ogh0IRRHFR9TOJU4gGsIc72nLIsAzy8f2FtaeTrhUnQj+urHE6vZFDJuWQRXqSQdWXv7tR+FfXyVR8FuSEp5nCHE0+ijNqqcQawbC6RGCk6FAbiATRt1qoDzUQpZFVpyH8b7xDu26710e1xnlJowJ2wC7YBy44BQ1wCZrAAwjcg0fwDF6MB+PJeDXeJqMzRrmzBX7IeP8CxrWWJg==</latexit><latexit sha1_base64="tc1nPQ+laJUshWCTyjMkq1+XXg8=">AAAB/nicdZBLS8NAFIUnPmt9RQU3boJFcGNIxFd3RTcuXFQwttCEMJlO2qEzkzAzEUrMwr/ixoWKW3+HO/+N0zZCFT0wcDjnXubyRSklUjnOpzEzOze/sFhZqi6vrK6tmxubtzLJBMIeSmgi2hGUmBKOPUUUxe1UYMgiilvR4GLUt+6wkCThN2qY4oDBHicxQVDpKDS3/VhAlLtF7uNUEprw4uAqZKFZc21nLMuxjx23fuJqUybfVQ2Uaobmh99NUMYwV4hCKTuuk6ogh0IRRHFR9TOJU4gGsIc72nLIsAzy8f2FtaeTrhUnQj+urHE6vZFDJuWQRXqSQdWXv7tR+FfXyVR8FuSEp5nCHE0+ijNqqcQawbC6RGCk6FAbiATRt1qoDzUQpZFVpyH8b7xDu26710e1xnlJowJ2wC7YBy44BQ1wCZrAAwjcg0fwDF6MB+PJeDXeJqMzRrmzBX7IeP8CxrWWJg==</latexit>

a0 + a1z
✏
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Z.L. Liu, Neubert, 2019



A subtraction scheme based on refactorization condition
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gg to H with light quark loop
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Z.L. Liu, Neubert, Schnubel, X. Wang, 2019



A different angle on power corrections
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factorization operator product expansion

collinear gluon/quark twist operator expansion

soft gluon large spin limit

leading power: local factorization leading power: leading twist and spin

subleading power: non-local factorization

end-point singularity

subleading power: large spin expansion

higher twist



Application to factorization violation
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Glauber operator
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Glauber Lagrangian spoils 
factorization by coupling 
different sectors in SCET

Often its effects exponentiate 
into overall phase, or sum to 
zero for sufficient inclusive 

observables



Strict collinear factorization
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Scattering amplitudes obey factorization in two-particle collinear limit

Strict collinear fact.: splitting amplitude ONLY depends of color and 
kinematics of the collinear pair



Violation of strict collinear factorization by Glauber
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Color entangled with non-collinear color flow

Cancelled after adding conjugate diagram


Also cancel if particle 1 is in final state using color conservation

At least at NNLO in cross section, we don’t need to worry about them!

Schwartz, K. Yan, HXZ, 2017



Glauber at observable level
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None of the DGLAP-based Monte Carlo 
generators using LO or NLO calculations 
can provide a complete description of all 
measured cross sections and their ratios



Super leading logarithms
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leading logs:

Gap-between-jet observable first proposed by Bjorken in 1993

Normal leading logarithms first analyzed by Oderda, Sterman, 1998

super leading

Super leading log first appear at four loops: Forshaw, Kyrieleis, Seymour, 2008

No all-order resummation formula available for a long time



Non-global evolution
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Becher, Neubert, D.Y. Shao, 2021



Origin of super leading logs
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Glauber gluon

Sudakov logs: e−αsL2

Super leading logs: 
log(αsL2)

αsL2

Becher, Neubert, D.Y. Shao, Stillger, 2023



Question: when will we first see factorization 
breaking in jet cross section?
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NNNLO? NNNNLO?



Summary
• SCET is indispensable for precision collider physics


• A few examples:


• Transverse momentum distribution of W/Z/H


• Power corrections to Higgs amplitudes


• Super leading logarithms in gap cross section


• Only a small facet of SCET. For a list of active topics:
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https://indico.physics.lbl.gov/event/2384/SCET 2023 workshop
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A central theme in physics is to understand the renormalization group flow QFTs

SCET provides a toolbox in exploring the varied and rich RG flows of QCD

Sudakov problem

Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi equation

Balitsky-Fadin-Kuraev 
-Lipatov equation

Balitsky-Kovchegov 
equation

Banfi-Marchesini-Syme 
equation

Thank you for your attention!


