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Central jet veto in Higgs production via VBF

• Energetic jets in the forward and backward 
directions


• Large rapidity separation and large invariant 
mass of two tagged jets


• Little radiation in the central-rapidity region

• Major QCD backgrounds: t-channel 
color octet exchange 


• Central jet veto can suppresses QCD 
background 


• Central jet veto: no extra jets between 
tagging jets 

Del Duca, Frizzo, Maltoni '05 

VBF signature: 



Jet veto & QCD resummation

• Due to existence of a small scale           , the fixed order calculations are unreliable


• QCD resummation is necessary, the large log should be resumed to all order


• Standard jet veto resummation for gg->H processes


• Rapidity cut independent

Banfi, Monni, Salam, Zanderighi ’12; 


Becher, Neubert, Rothen ’12, ’13; 


Stewart, Tackmann, Walsh, Zuberi ’12, ’13


NNLO gluon Beam function (Bell, Brune, Das, DYS, Wald 2311.XXXXX)


• Rapidity cut dependent 

Michel, Pietrulewicz, Tackmann ’18


• Jet veto in VBF: Superleading Logs


• Four-loop Forshaw, Kyrieleis, Seymour ’06


• Five-loop Keates, Seymour ‘09


• All-order Becher, Neubert, DYS ’21 + Stillger ‘23 Courtesy of Johannes Michel
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Dijet events with large rapidity gap at the LHC

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

2111.04605
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Central jet veto at the LHC
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leading logs:
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• Such events was originally suggested on the basis of color flow considerations in QCD Bjorken 
’93


• Global Logs resummation is first done by Oderda & Sterman ’98


• Forshaw, Kyrieleis, Seymour ’06 have analyzed the effect of Glauber phases in non-global 
observables directly in QCD


• Collinear logarithms starting at 4 loops: Super-leading logs


• Leading order resummation is unknown, process dependence is unknown, 


• At forth order there are 1,746,272 diagrams !!!


• We apply renormalization-group approach and obtain the all-order results of leading SLLs 
Becher, Neubert, DYS ’21 PRL + Stillger ‘23

Soft Logs
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An effective field theory for jet processes (e+e-)

EFT contains two modes: 

1. no collinear singularity, only single logs

2. method of region to verify at two-loop level

Hard parton described by collinear field

Perform decoupling transformation:

gauge invariant:

Evaluates the matrix element of the operator with one collinear particle

Becher, Neubert, Rothen, DYS ’16 PRL
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Factorization of jet cross sections at hadron colliders 
(Balsiger, Becher, DYS ’18, Becher, Neubert, DYS ’21 PRL)

Collinear+Soft functions
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One-loop anomalous dimension:

⇧ij = 1
<latexit sha1_base64="/I/Njm1AoMgrmRowJgu0eav2I+I="></latexit>

if both incoming 
or outgoing

In the last step, we have introduced the evolution time t ⌘ t(µh, µs). For a given µh, there

is a one-to-one correspondence of the evolution time to the low scale µs. Obviously, for

µh = µs, we have t = 0. During the evolution, t grows and goes to infinity as µs hits the

Landau pole. For µh = MZ and two-loop running with a Landau pole at ⇤ = 0.230GeV,

the choice µs = 1GeV corresponds to t = 0.08. A plot connecting t and µs for di↵erent

values of µh can be found in Figure 1 of our previous paper [15].

In [15] we implemented the RG evolution factor U({n}, µs, µh) in the large-Nc limit

using the parton shower method proposed by Dasgupta and Salam in [27]. We don’t want

to repeat the entire discussion here, but we give the algorithm in Appendix B, since we

need to extend it to compute the soft functions, as discussed below. Let us also list the

one-loop anomalous dimension, since its form will be relevant in the discussion of the jet

mass below. It is given by [8]

�(1) =

0

BBBBBB@

V2 R2 0 0 . . .

0 V3 R3 0 . . .

0 0 V4 R4 . . .

0 0 0 V5 . . .

...
...

...
...

. . .

1

CCCCCCA
. (2.4)

The entries Rm and Vm are angular functions associated with the emission of a real or

virtual soft gluon and take the form

Vm = 2
X

(ij)

(Ti,L · Tj,L + Ti,R · Tj,R)

Z
d⌦(nk)

4⇡
W

k

ij ,

Rm = �4
X

(ij)

Ti,L · Tj,R W
m+1

ij
⇥in(nm+1) , (2.5)

where the color matrices Ti,L act on the hard function from the left, i.e. on the amplitude,

while Ti,R acts on the conjugate amplitude. The sum runs over all unequal pairs (ij) of

the m hard partons. The anomalous dimension involves the dipole radiator

W
k

ij =
ni · nj

(ni · nk)(nj · nk)
, (2.6)

which is given by the product of the associated eikonal factors. In the virtual corrections,

one integrates over the direction nk of the emission. We note that individually Rm and

Vm su↵er from collinear divergences, which cancel in the cross section. In the Monte Carlo

implementation, one works with a collinear cuto↵ to regularize the divergences.

As long as we choose the µh and µs properly, the hard and soft functions will be

free of large logarithms and the large logarithmic terms are resummed in the evolution

factor. Because they are free of large logarithms, the higher-multiplicity hard functions

are suppressed by ↵s as Hl ⇠ ↵
l�2
s H2. At LL level, we thus only need to include the hard

function H2 and the soft function is given as the unit matrix in the color space Sm ⇠ 1.

At LL accuracy, the RG-improved result (2.1) simplifies to

�
LL(Q,Q0) =

1X

m=2

⌦
H2({n1, n2}, Q, µh)⌦U2m({n}, µs, µh) ⌦̂1

↵
. (2.7)

– 5 –
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One-loop anomalous dimension:

Imaginary part of the anomalous dimension:

For pp:

Matrix in color space

For e+e-:

⇧ij = 1
<latexit sha1_base64="/I/Njm1AoMgrmRowJgu0eav2I+I="></latexit>
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E.g. Consider the processes
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Super-leading logs from RG evolution

Expand the expansion kernel

4 (Super-)leading logarithms

The simplest example one can consider is the partonic process q1 q02 ! q3 q04, whose tree-

level amplitude has color structure ta↵3↵1
ta↵4↵2

from gluon exchange. The tree-level hard

function then takes the form

H4 = ta↵3↵1
ta↵4↵2

tb�1�3
tb�2�4

�0 (4.1)

where the indices �i belong to the conjugate amplitude. The Born-level cross section �0
depends on the scattering angle. The color average needed to get the tree-level cross section

from the hard function is obtained by contracting the initial and final-state color indices.

At tree level, this contraction produces tr
�
tatb

�
tr
�
tatb

�
= (N2

c � 1)/4 and we normalize

with this factor so that hH4i = �0.

To obtain the cross section, we expand the evolution factor which multiplies the hard

function as

H4U(µs, µh) = H4P exp

 Z µh

µs

dµ

µ
�
H(Q,µ)

�
(4.2)

= H4 +

Z µh

µs

dµ

µ
H4 �

H(Q,µ) +

Z µh

µs

dµ

µ

Z µh

µ

dµ0

µ0 H4 �
H(Q,µ0)�H(Q,µ) + . . .

Since the soft functions are trivial, the cross section is obtained by computing the color

trace and performing the µ integrations. To obtain the result in RG-improved perturbation

theory, one rewrites the integrations as integrals over the running coupling and expands

the integrands in the coupling. For our discussion of the leading-logarithmic terms we

set µh = Q and do not consider the running of the coupling. The µ-integrals become

simple but one needs to keep track of are powers of the anomalous dimensions V L
i and RL

i

which induce an extra power of ln(µ/Q) into the integrands. The n-fold integrals without

logarithms in the anomalous dimension produce a factor lnn(Q/µ)/n!, general expressions

for integrals with logarithms in the anomalous dimensions are derived in Appendix A.

The first non-zero contribution of the phase factors arises at 3 loops and takes the form

S(3) =
⌦
H4V

IV I(V 4 +R4)
↵ ⇣↵s

4⇡

⌘3 1

3!
ln3

✓
Q

µ

◆
= �

⇣↵s

4⇡

⌘3 16CF

3
⇡2L3

Q J1 �0 (4.3)

where LQ = ln µ2

Q2 and

J1 =

Z
d⌦(n5)

4⇡

�
�W 5

13 +W 5
14 +W 5

23 �W 5
24

�
⇥out(n5) , (4.4)

Note that this integral is finite and we can replace the subtracted dipoles with regular ones

as long as  is small enough. The expression (4.3) should be read from left to right. We

start with H4, apply the imaginary part of the anomalous dimension twice and then add

the regular piece, which includes a real emission. Note that we give the result for products

of the hard function and anomalous dimension matrices.
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LO hard function:

The first non-zero contribution of has factor arises at 3-loop order

Super-leading logs at 4-loop order:The first contributions of the logarithmic piece in the anomalous dimension arise at

four-loop order. There are two terms S(4) = S(4)
0 + S(4)

1 , which have the form

S(4)
0 =

*
H4V

I

"
4X

i=1

V L
i V I(V 4 +R4) +

4X

i=1

RL
i V

I(V 5 +R5)

#+⇣↵s

4⇡

⌘4 (�2)

5!
ln5

✓
Q

µ

◆

=
⇣↵s

4⇡

⌘4 8(N2
c � 1)

15
⇡2L5

Q J1 �0 = �

⇣↵s

4⇡

⌘ Nc

5
L2
Q S(3) , (4.5)

and

S(4)
1 =

*
H4

"
4X

i=1

V L
i V IV I(V 4 +R4) +

4X

i=1

RL
i V

IV I(V 5 +R5)

#+⇣↵s

4⇡

⌘4 (�1)

5!
ln5

✓
Q

µ

◆

=
⇣↵s

4⇡

⌘4 2

15
⇡2L5

Q

⇥
(N2

c � 1)J1 + 2(N2
c � 3)J2

⇤
�0 (4.6)

where

J2 =

Z
d⌦(n5)

4⇡
W 5

12⇥out(n5) (4.7)

Due to the extra logarithm associated with V L
i and RL

i , we end up with five logarithms at

four loops, so these last two terms are examples of super-leading logarithmic contributions.

The four-loop terms are obtained by inserting a single logarithmic anomalous dimension

�
L =

P2
i=1(V

L
i + RL

i ) into the three-loop structure. There are two such insertions: the

structure S1 is obtained from the product �I
�
L
�
I
�, while the second one corresponds to

�
L
�
I
�
I
�. All other four-loop combinations of two V I

m and one V L
m term give zero. To

perform the relevant computations, we have written a computer code which implements the

anomalous dimension and evaluates the resulting color structure using the ColorMath

code [5].

It is also easy to write down the leading super-leading logarithms at five-loop order.

The three non-zero contributions Ti arise from the products

S(5)
1 ⇠ �

I
�
�
L
�2

�
I
� , S(5)

2 ⇠ �
L
�
I
�
L
�
I
� , S(5)

3 ⇠
�
�
L
�2

�
I
�
I
� (4.8)

This pattern continues at higher orders. The leading logarithms at (n + 3)-th order are

obtained by evaluating the structures

S(n+3)
m =

⇣↵s

4⇡

⌘n+3
ln2n+3

⇣Q

µs

⌘ (�2)n (2(n�m)� 1)!!

2(n+ 1)(2n+ 3)!!

D
H4

�
�
L
�n�m

�
I
�
�
L
�m

�
I
�

E

(4.9)

for m = 0 . . . n. The prefactor involving double factorials arises from performing the

associated µ-integrals and is derived in Appendix A. The relevant matrix element is given

by

D
H4

�
�
L
�n�m

�
I
�
�
L
�m

�
I
�

E
=

�0 ⇡
2 2m+n+7Nn�1

c

⇥
J1

�
N2

c � 1
�
+ 2

�
N2

c � 2�m+n+1 + 1
�
(1� �n,m) J2

⇤
(4.10)

This form of the matrix element has been guessed from evaluating the matrix elements at

the first few orders and has been verified up to six loops.

– 7 –

(Becher, Neubert, DYS, ’21 PRL)
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All-order results of leading Super-Leading Logs

Sudakov suppression of the superleading 
logarithms is weaker than the one present 
for global observables 

<latexit sha1_base64="6SNxqNWcEOa5HOflCWLHNHdfgEU=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBC8GHaDqMegF48RzAOSNcxOepMh81hmZoWw5DO8eFDEq1/jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNoUEVV7odEQOcSWhYZjm0Ew1ERBxa0eh26reeQBum5IMdJxAKMpAsZpRYJ3XgMTvvKgEDMumVyn7FnwEvkyAnZZSj3it9dfuKpgKkpZwY0wn8xIYZ0ZZRDpNiNzWQEDoiA+g4KokAE2azkyf41Cl9HCvtSlo8U39PZEQYMxaR6xTEDs2iNxX/8zqpja/DjMkktSDpfFGccmwVnv6P+0wDtXzsCKGauVsxHRJNqHUpFV0IweLLy6RZrQSXler9Rbl2k8dRQMfoBJ2hAF2hGrpDddRAFCn0jF7Rm2e9F+/d+5i3rnj5zBH6A+/zBz3JkTw=</latexit>

e�!Global logs

<latexit sha1_base64="Y2G8LlyIVVI7urAqZIkKvDv2Pw8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRF1GXRjcsK9gFNKJPppB06jzAzUULsp7hxoYhbv8Sdf+O0zUJbD1w4nHMv994TJYxq43nfTmltfWNzq7xd2dnd2z9wq4cdLVOFSRtLJlUvQpowKkjbUMNIL1EE8YiRbjS5mfndB6I0leLeZAkJORoJGlOMjJUGbjWQnIwQDIyEARWxyQZuzat7c8BV4hekBgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoJUk0ShCdoRPqWCsSJDvP56VN4apUhjKWyJQycq78ncsS1znhkOzkyY73szcT/vH5q4qswpyJJDRF4sShOGbR/znKAQ6oINiyzBGFF7a0Qj5FC2Ni0KjYEf/nlVdJp1P2LeuPuvNa8LuIog2NwAs6ADy5BE9yCFmgDDB7BM3gFb86T8+K8Ox+L1pJTzByBP3A+fwDlWJPG</latexit>

! ! 1
<latexit sha1_base64="+GP7jdNjlOze6KDBpBHquIuP1Ac=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mKqMeiF48V7Ac0oWy2k3bp7ibsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5UcqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxENnEloGWY4dFMFREQcOtH4fu53JqA0S+STmaYQCjKULGaUGCv1XTeIFaG5P8uDRMCQzPpu1at5C+B14hekigo0++5XMEhoJkAayonWPd9LTZgTZRjlMKsEmYaU0DEZQs9SSQToMF9cPsMXVhngOFG2pMEL9fdEToTWUxHZTkHMSK96c/E/r5eZ+DbMmUwzA5IuF8UZxybB8xjwgCmghk8tIVQxeyumI2KjMDasig3BX315nbTrNf+6Vn+8qjbuijjK6Aydo0vkoxvUQA+oiVqIogl6Rq/ozcmdF+fd+Vi2lpxi5hT9gfP5A9wRk9A=</latexit>

1

!
Superleading logs

(Becher, Neubert, DYS ’21 PRL + Stillger ’23)

All-order structure: Kampe de Feriet function (a two-variable generalization of 
the generalized hypergeometric series)
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Numerical results
(Becher, Neubert, DYS, Stillger ’23)

<latexit sha1_base64="iFXNYWB7zfaxU9izwFQIj/5WBxo=">AAACEnicbZC7TsMwFIadcivh0gAji0WFxFQliNtYwcJYJHoRTRQ5jtNadeLUdpCqKG/BxgovwYZYeQHegYfAbTNAyy9Z+vSfc3SO/yBlVCrb/jIqK6tr6xvVTXNre2e3Zu3tdyTPBCZtzBkXvQBJwmhC2ooqRnqpICgOGOkGo5tpvftIhKQ8uVeTlHgxGiQ0ohgpbflWbewGSMAxdBWHA/jgW3W7Yc8El8EpoQ5KtXzr2w05zmKSKMyQlH3HTpWXI6EoZqQw3UySFOERGpC+xgTFRHr57PACHmsnhBEX+iUKztzfEzmKpZzEge6MkRrKxdrU/K/Wz1R05eU0STNFEjxfFGUM6k9OU4AhFQQrNtGAsKD6VoiHSCCsdFam6YYkgm7KMwXz1M9dEUPNRWHqeJzFMJahc9pwLhrnd2f15nUZVBUcgiNwAhxwCZrgFrRAG2CQgWfwAl6NJ+PNeDc+5q0Vo5w5AH9kfP4Av+ScTw==</latexit>

qq̄ ! gZ

<latexit sha1_base64="nk/BQ4LAHt0e5piT06jdzHD/3zA=">AAACDnicbZDLSsNAFIYn9VbjrerSzWARXJVEvG2EohuXLfQGTSiTyUk7dHJxZiKUkHdw51Zfwp249RV8Bx/CaZuFtv4w8PH/5zCH30s4k8qyvozSyura+kZ509za3tndq+wfdGScCgptGvNY9DwigbMI2oopDr1EAAk9Dl1vfDfNu48gJIujlpok4IZkGLGAUaK05TZvbJw5IsQt6OSDStWqWTPhZbALqKJCjUHl2/FjmoYQKcqJlH3bSpSbEaEY5ZCbTiohIXRMhtDXGJEQpJvNjs7xiXZ8HMRCv0jhmft7IyOhlJPQ05MhUSO5mE3N/7J+qoJrN2NRkiqI6PyjIOVYxXjaAPaZAKr4RAOhgulbMR0RQajSPZmm40OAnSROFc6SwawczXlu6nrsxTKWoXNWsy9rF83zav22KKqMjtAxOkU2ukJ1dI8aqI0oekDP6AW9Gk/Gm/FufMxHS0axc4j+yPj8Ac0Mm1g=</latexit>

Q = 1TeV

<latexit sha1_base64="nBmIUcAWJKlcq/dQmDNniw/EBjA=">AAACCXicbZC7TsMwFIYdriXcCowsFhUSU5UgbmMFC2OR6EU0UeW4TmvVsV3bQaqiPAEbK7wEG2LlKXgHHgK3zQAtv2Tp03/Okc/5I8moNp735Swtr6yurZc23M2t7Z3d8t5+U4tUYdLAggnVjpAmjHLSMNQw0paKoCRipBUNbyb11iNRmgp+b8aShAnqcxpTjIy12qN+YAQcPXTLFa/qTQUXwS+gAgrVu+XvoCdwmhBuMENad3xPmjBDylDMSO4GqSYS4SHqk45FjhKiw2y6bw6PrdODsVD2cQOn7u+JDCVaj5PIdibIDPR8bWL+V+ukJr4KM8plagjHs4/ilEF74+R42KOKYMPGFhBW1O4K8QAphI2NyHWDHolhIEVqYCa7WaASaDnPXRuPPx/GIjRPq/5F9fzurFK7LoIqgUNwBE6ADy5BDdyCOmgADBh4Bi/g1Xly3px352PWuuQUMwfgj5zPHwOdmec=</latexit>

qg ! qZ

<latexit sha1_base64="tWyCD3ipgFgefSs4tmRqjAWrS2s=">AAACC3icbZDLSsNAFIYnXmu8VV26GSyCq5KIt41Q1IXLCtZbU8pkcqJDJ5MwcyKU0Edw51Zfwp249SF8Bx/CaZuFtx8GPv5zDufMH2ZSGPS8D2dicmp6ZrYy584vLC4tV1dWL0yaaw4tnspUX4XMgBQKWihQwlWmgSWhhMuwdzysX96DNiJV59jPoJOwWyViwRla6yY4AYmMXh9ud6s1r+6NRP+CX0KNlGp2q59BlPI8AYVcMmPavpdhp2AaBZcwcIPcQMZ4j91C26JiCZhOMbp4QDetE9E41fYppCP3+0TBEmP6SWg7E4Z35ndtaP5Xa+cYH3QKobIcQfHxojiXFFM6/D6NhAaOsm+BcS3srZTfMc042pBcN4ggpkGW5kiLrFsEOqGWBwPXxuP/DuMvXGzX/b367tlOrXFUBlUh62SDbBGf7JMGOSVN0iKcKPJInsiz8+C8OK/O27h1wiln1sgPOe9fmYKaJw==</latexit>

�Y = 2
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Numerical results
(Becher, Neubert, DYS, Stillger ’23)

<latexit sha1_base64="wiXQt5fSP1hqaU1rFs85B7fkFuE=">AAACEnicbZC7TsMwFIYdriVcGmBksaiQmKoEcRsrWBiLRC9SE0WO46RWnTi1HaQqyluwscJLsCFWXoB34CFw2wzQ8kuWPv3nHJ3jP8gYlcq2v4yV1bX1jc3alrm9s7tXt/YPupLnApMO5oyLfoAkYTQlHUUVI/1MEJQEjPSC0e203nskQlKePqhJRrwExSmNKEZKW75Vj2PoKg7HboAEHEPfathNeya4DE4FDVCp7VvfbshxnpBUYYakHDh2prwCCUUxI6Xp5pJkCI9QTAYaU5QQ6RWzw0t4op0QRlzolyo4c39PFCiRcpIEujNBaigXa1Pzv9ogV9G1V9A0yxVJ8XxRlDOofzpNAYZUEKzYRAPCgupbIR4igbDSWZmmG5IIuhnPFSwyv3BFAjWXpanjcRbDWIbuWdO5bF7cnzdaN1VQNXAEjsEpcMAVaIE70AYdgEEOnsELeDWejDfj3fiYt64Y1cwh+CPj8wfUT5xc</latexit>

gg ! qq̄
<latexit sha1_base64="z84CND50RDVCzG1GkL4Jm1ZgDmE=">AAACCXicbZC7TsMwFIadcivhVmBksaiQmKoEcRsrWBiLRC9SE1WO46RWndi1HaQqyhOwscJLsCFWnoJ34CFw2wzQ8kuWPv3nHPmcPxCMKu04X1ZlZXVtfaO6aW9t7+zu1fYPOopnEpM25ozLXoAUYTQlbU01Iz0hCUoCRrrB6HZa7z4SqShPH/REED9BcUojipE2Vm8ce5rDcTyo1Z2GMxNcBreEOijVGtS+vZDjLCGpxgwp1Xcdof0cSU0xI4XtZYoIhEcoJn2DKUqI8vPZvgU8MU4IIy7NSzWcub8ncpQoNUkC05kgPVSLtan5X62f6ejaz2kqMk1SPP8oyhg0N06PhyGVBGs2MYCwpGZXiIdIIqxNRLbthSSCnuCZhrkY5J5MoOGisE087mIYy9A5a7iXjYv783rzpgyqCo7AMTgFLrgCTXAHWqANMGDgGbyAV+vJerPerY95a8UqZw7BH1mfPxijmfQ=</latexit>

qg ! qg
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Summary and outlook
• Factorization is at the heart of any quantitative prediction using pQCD 


• We investigate naive factorization violation effects using the gap fraction 
of QCD jets at hadron colliders


• The results are obtained by solving renormalization group equations order-
by-order 


• Subleading superleading logs? BFKL logs?


• Low energy theory from Glauber gluons ?


• Non-perturbative corrections?

Thank you


