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Central jet veto in Higgs producAon via VBF

• EnergeAc jets in the forward and backward 
direcAons 

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

• LiRle radiaAon 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 resummaAon

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

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

• Standard jet veto resummaAon for gg->H processes 

• Rapidity cut independent 
Banfi, Monni, Salam, Zanderighi ’12;  

Becher, Neubert, Rothen ’12, ’13;  

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

• Rapidity cut dependent  
Michel, Pietrulewicz, Tackmann ’18 

• Nonfactorizable jet veto in VBF: Superleading Logs 

• Four-loop Forshaw, Kyrieleis, Seymour ’06 

• Five-loop Keates, Seymour ‘09 

• All-order Becher, Neubert, DYS ‘21
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Nonfactorizable QCD effects in Higgs producAon via VBF

• the nonfactorizable correcAon is comparable to the NNNLO QCD factorizable 
correcAons  

• appear for the first Ame at NNLO, scale dependence is large

Liu, Melnikov, Penin ‘19

nonfactorizable correcAon:

with



• Such events was originally suggested on the basis of color flow considera\ons in 
QCD Bjorken ’93 

• Global Logs resumma\on 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 

• Non-zero contribu\ons star\ng at 3 loops 

• Collinear logarithms star\ng at 4 loops: Super-leading logs
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Central jet veto at the LHC

e+e�, ep : ↵n
s lnn

✓
Q

Q0

◆

<latexit sha1_base64="kBugUguAtnCkRmtBLSmdoHJIrGg="></latexit>

pp : · · · + ↵3
s(i⇡)

2 ln3
✓

Q

Q0

◆
⇥ ↵n

s ln2n
✓

Q

Q0

◆

<latexit sha1_base64="zsCmUajNCltycLW0LBoeqSjHb2I="></latexit>

leading logs:

<latexit sha1_base64="vzIDrY8PqKUjFo1B4X31j3CCHcA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPTdfqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbuqVBuX5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gDQ/Y1/</latexit>

Q0

<latexit sha1_base64="MUBbrCMFnxl9SdCTfAY8dJWNVT4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frWeM3A==</latexit>

Q

wide angle so_ gluon emission developing a sensiAvity to emission at small angles
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Central jet veto at the LHC

y

�

Figure 4. Definition of gap region for dijet system in the rapidity and azimuthal plane. If any
jet radiating into the gray region with transverse momentum is larger than Q0, then this event is
vetoed. The two red dashed lines indicate the approximated cuts used in [13], which imposed the
veto only in the region between these two lines

in the recent paper [47] which presented a version of the BMS equation which allows for

their all-order resummation. It would be interesting to analyze this in our e↵ective field

theory framework. The corresponding e↵ective theory would involve boundary modes to

describe the emissions near the gap boundary. The problem is however challenging because

the gap fraction is suppressed by a power of �y in the limit �y ! 0.

4.2 Gaps between jets

We now perform the resummation for the gap fraction at the LHC, as measured by the

ATLAS experiment [48, 49]. The gap fraction is defined as the fraction of dijet events that

do not have an additional jet with transverse momentum greater than a given veto scale

Q0 in the rapidity interval bounded by the dijet system, and we will study it as a function

of pT , the average transverse momentum of the two leading jets. More explicitly, the gap

fraction is defined as the ratio of the cross sections with and without veto

R(pT , Q0) =
�2�jet(pT , Q0)

�2�jet(pT , Q0 = pT )
. (4.4)

Below, we will compute R(pT , Q0) for di↵erent gap sizes defined by the rapidity di↵erence

�y between the two leading jets. The precise geometry of the gap is shown in Figure 4.

The jets are reconstructed with the anti-kT jet algorithm with R = 0.6 and are required

to have rapidity |y| < 4.4.

The ATLAS paper [48] observed that MC predictions are not always consistent with

ATLAS data. For example the NLO predictions matched to PYTHIA [51] and HERWIG

[52] using POWHEG [50] are lower than data, especially in the region of large jet pT

and rapidity di↵erence �y between the jets. Specifically, for 210 GeV < pT < 240 GeV

and 4 < �y < 5, POWHEG+HERWIG underestimates the data by about 40%, and

POWHEG+PYTHIA by about 20%.

For small values of Q0, the gap fraction R(pT , Q0) involves large logarithms of the

form ↵
n
s ln

m
pT /Q0. It is interesting to perform systematic soft gluon resummations to

try to understand the di↵erence between theoretical prediction and experimental data.

The resummation of the leading logarithms has been studied in the papers [13, 53, 54].
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Simone Marzani’s slide 
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FactorizaAon for gap between jets in e+e-
(Becher, Neubert, Rothen, DYS, ’15 PRL, ’16 JHEP; Caron-Huot ’15 JHEP)

�(Q,Q⌦) ⇠
1X

m=2

mY

i=1

Z
d⌦(~ni)

4⇡
Trc [Hm({~n1, · · · ,~nm}, Q, µ)Sm({~n1, · · · ,~nm}, Q⌦, µ)]
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Integrate the angles for hard partons# of jet not fixed

Hard scale Soft scaleColor Trace
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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:

Non trivial

For e+e-:

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

if both incoming 
or outgoing
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ExtracAng the collinear singulariAes: 

The one-loop anomalous dimension is



Consider the processes

13

Super-leading logs from RG evoluAon

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 funcAon:

The first non-zero contribuAon 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)
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4⇡

⌘4 (�2)

5!
ln5

✓
Q

µ

◆

=
⇣↵s

4⇡

⌘4 8(N2
c � 1)

15
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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.
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(Becher, Neubert, DYS, ’21)

(Becher, Neubert, Rothen, DYS ’16 PRL) 
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All-order results of super-leading logs

Sudakov suppression of the superleading 
logarithms is weaker than the one present 
for global observables 
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(Becher, Neubert, DYS ‘21)
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Summary
• If the radiaAon in a high-energy scaRering process is restricted by experimental 

cuts, higher-order terms in the perturbaAve series are enhanced by large 
logarithms  

• The simple structure of these emissions o_en makes it possible to resum the 
logarithmic terms to all orders, either analyAcally or using parton-shower 
methods. 

• For exclusive jet cross secAons at hadron colliders where a veto on radiaAon is 
imposed only in certain regions, even the LLs have a complicated structure 

• We derive the all-order structure of SLLs for generic 2 → N scaRering processes at 
hadron colliders and resum them in closed form  

• Our findings indicate that SLLs could have an appreciable effect on precision 
observables, in parAcular in Higgs producAon via VBF

Thank you


