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Observable definition
Rapidity gaps

▶ Standard gaps:
Restrict radiation in a rapidity region.

Ω

p p

out

veto×

▶ Define observable through

Σ(ET ) =
1

σ0

∫ ET

0

dET,Ω
dσ

dET,Ω
, ET,Ω =

∑
ki∈Ω

kt,i.

Ω = {|η| < ηcut ∼ O(1)} , L = ln
Q

ET
≫ 1.

▶ Well-studied non-global observables. Gives rise to additional logarithms,
non-global logarithms (NGLs) and coherence-violating logarithms (CVLs)
[aka super-leading logarithms (SLLs)]
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Observable definition
Azimuthal gaps

▶ Study the Drell-Yan (DY) process with
an azimuthal veto region

Ω = { |ϕ| < ∆ϕ/2 }, f ≡ ∆ϕ

2π
.

▶ Here, vetoed radiation can become
collinear to the beam axis.

p

∆ϕΩ

p

×

Ω
∆ϕ/2−∆ϕ/2

×

⊗

=⇒ Leads to the appearance of new logarithmic structures
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Observable definition
Why this matters

▶ In missing-ET searches at the LHC,
additional jets close in azimuth to p⃗miss

T

are vetoed.

▶ The experimental cut often has a large
rapidity acceptance.

▶ For example, in 2511.17310 [CMS], one
finds

pmiss
T > 200 GeV, pT,j > 30 GeV, |ηj | < 5.

=⇒ L = ln
200

30
≈ 1.9 < ηcut = 5.

pmiss
T

Ω
∆ϕ/2−∆ϕ/2

⊗

The study of an azimuthal veto exposes new QCD logarithmic structures, which
are already present in currently-used experimental cuts when ηcut > L.
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The global double logarithm

At O(αs), a single gluon is emitted from the initial-state dipole. The veto
constrains its azimuth but not its rapidity:

|η| ≲ ln
Q

kt
.

The leading contribution is therefore double-logarithmic,

Σ
(1)
DL = −RDL(L) = −4CF f ᾱsL

2, ᾱs ≡
αs

2π
.

The running-coupling radiator is

R(L) =
4CF f

π

∫ L

0

dℓ αs(Qe−ℓ) ℓ.

However, the naive exponentiation of −R(L) is not the full LL answer.

New logarithmic structures in transverse-energy flow observables with azimuthal vetoes 5/20



The leading non-global term

Correlated soft emission:

▶ harder gluon k1 outside the gap;

▶ softer correlated gluon k2 inside the gap;

▶ Strong energy ordering =⇒ kt,1 ≫ kt,2.

Ωk1

k2×

⊗

Σ
(2)
NG = −

∫
[dk1][dk2] Θ(kt,1 − kt,2) M̃

2(k1, k2)

×
(
Θ
(
vΩ(k1, k2)− e−L

)
−Θ

(
vΩ(k1 + k2)− e−L

))
.

The angular kernel reduces to

cosϕ12

cosh η12 − cosϕ12
,

which is localized near η12 ≈ 0.
New logarithmic structures in transverse-energy flow observables with azimuthal vetoes 6/20



Why the leading NGL is ᾱ2
sL

3

For standard gaps, the correlated pair lives
near the boundary of a fixed angular region.
Here, with η1 ≈ η2, the pair can move
together to large rapidity:∫

dv1
v1

∫
dv2
v2

∫
dη1dη2 K(η1 − η2) ∼ L2 × L.

η

ln(kt/Q)

η1 ≈ η2

k1

k2

Therefore

Σ
(2)
NG = −8

3
CFCAING(f)ᾱ

2
sL

3.

ING(f) =

∫
k1 /∈Ω

dϕ1

2π

∫
k2∈Ω

dϕ2

2π

∫ ∞

−∞
dη

cosϕ12

cosh η − cosϕ12
.
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Large-Nc LL resummation

▶ Enhanced NGLs form a full LL
tower in lnΣ.

▶ Resummed numerically in the
Veneziano / large-Nc limit using a
modified Gnole algorithm.

LL leading-Nc (global only)
LL leading-Nc (full)

0.00 0.05 0.10 0.15 0.20 0.25
-0.025

-0.020
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0.000

λ=αsL

λ
g L
L
(λ
) pp  Z, Q = MZ, ET < Q e-L

in Ω = {|ϕ| ≤
Δϕ

2
, Δϕ =

π

2
}

Key modification:
Use the physical rapidity bound for each emission, |ηi| ≤ ln(Q/kt,i).
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NDL resummation at full colour
More than a Sudakov times PDFs

At NDL, the radiator becomes

R(L) = 2CF f

∫ L

0

dℓ
αs(Qe−ℓ)

2π
(4ℓ− 3).

The Drell-Yan cumulative distribution is

ΣNDL = e−R(L)

(
1− 8

3
CFCAING(f)ᾱ

2
sL

3

)
− 2ᾱsCF f e−R(L)L

(
(P̂ (0) ⊗ h)q(x1, Q)

hq(x1, Q)
+

(P̂ (0) ⊗ h)q̄(x2, Q)

hq̄(x2, Q)

)
.

The factor f in the real hard-collinear contribution prevents a simple
reabsorption into ordinary PDF evolution.
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Coherence-violating logarithms
Quick recap

In standard central rapidity gap observables, coherence-violating logarithms
enter at N3DL level (i.e. ᾱn+3

s L2n+3).

=⇒ Resummed in 2107.01212, 2307.06359 [T. Becher, M. Neubert, D. Shao,

M. Stillger]

Soft evolution governed by

Sµ2,µ1
= exp

(
−2αs

π

∫ µ2

µ1

dkt
kt

[
ΓR + ΓI

])
,

ΓR = −1

2

∑
i<j

Ti ·Tj

∫
k∈Ω

dη
dϕ

2π
ωij , ΓI = iπT1 ·T2 + · · ·

▶ ΓR describes real/virtual soft radiation constrained by the veto;

▶ ΓI is the imaginary Coulomb/Glauber part of the anomalous dimension;[
ΓR,ΓI

]
̸= 0 =⇒ Incomplete real–virtual cancellation for soft-collinear

out-of-gap emissions
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Coherence-violating logarithms
Going beyond NDL

Could CVLs be enhanced by 1 power of L for DY with an azimuthal veto?

For our observable, the leading CVL contribution comes from:

▶ two out of gap soft-collinear emissions k3, k4 (with one, no CVLs since
colour structure is trivial);

▶ two Glauber exchanges between incoming partons;

▶ one soft emission k into the azimuthal gap that is vetoed.

To isolate leading CVLs, work in strongly-ordered limit:

Q ≫ kt,3 ≫ kt,4 ≫ kt ≫ ET

As usual, the rapidities of the out-of-gap soft-collinear emissions go up to their
kinematic boundaries, i.e. |ηi| < ηmax

i ≡ ln(Q/kt,i).

However, soft in-gap emission (vetoed) has access to a large rapidity phase
space here!
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Coherence-violating logarithms
Going beyond NDL

Master equation:

σ̂CVL =

(
−2αs

π

)5

(1− f)
2
∫ Q

ET

dkt,3
kt,3

∫ ηmax
3

−ηmax
3

dη3

∫ kt,3

ET

dkt,4
kt,4

∫ ηmax
4

−ηmax
4

dη4

∫ kt,4

ET

dkt
kt

× 1

3
ln2
(
kt,4
ET

)〈
m0

∣∣∣Dµ3 †
a3

Dµ4 †
a4

[
ΓI,
[
ΓI,ΓR

]]
Dµ4

a4
Dµ3

a3

∣∣∣m0

〉
,

▶
∣∣∣m0

〉
: Born amplitude

▶ Real emission operators:

Dµℓ
aℓ

=

n∑
i=1

T aℓ
i hµℓ

i,ℓ, hµℓ

i,ℓ =
1

2
kt,ℓ

kµℓ

i

ki · kℓ
,

q̄

k3

q

k4
×

Ωeff

G1

G2

=⇒ Generalised version (with two out-of-gap soft-collinear emissions) of
master equation in 0808.1269 [J. Forshaw, A. Kyrieleis, M. Seymour]

Crucial difference lies in the structure of ΓR
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Coherence-violating logarithms
Calculation of ΓR

ΓR = −1

2

∑
i<j

Ti ·Tj

∫
k∈Ω

dη
dϕ

2π
ωij ,

ωij ≡
1

2
k2T

pi · pj
(k · pi)(k · pj)

=
1

2

cosh(ηi − ηj)

(cosh(η − ηi)− cos(ϕ− ϕi)) (cosh(η − ηj)− cos(ϕ− ϕj))

≈ Θ(ηi − η)Θ(η − ηj) + Θ(ηj − η)Θ(η − ηi) .

Recall: Work in strongly-ordered limit

Rapidity of soft vetoed emission (η) has to be between the rapidities of
the partons (ηi,j) forming the dipole that emits it.

Obtain (neglecting subleading terms)

ΓR ≈ f

[
CF ln

(
Q

kt

)
+

{
Θ(η3 − η4)(η3 − η4)

(
CA

2
+ T1 · T3

)
+ (3 ↔ 4)

}]
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Coherence-violating logarithms
Leading CVL contribution

ΓR ≈ f

[
CF ln

(
Q

kt

)
+

{
Θ(η3 − η4)(η3 − η4)

(
CA

2
+ T1 · T3

)
+ (3 ↔ 4)

}]
ln (Q/kt) term cancels in the commutator

[
ΓI,
[
ΓI,ΓR

]]
.

=⇒ consistent with the observation that the collinear singularity of the soft
gluon in the veto region does not contribute to CVLs.

Colour trace
〈
m0

∣∣∣Dµ3 †
a3

Dµ4 †
a4

[
ΓI,
[
ΓI,ΓR

]]
Dµ4

a4
Dµ3

a3

∣∣∣m0

〉
then reduces to

π2CF
N2

c

8
f |m0|2 |η4 − η3|

Upon performing the kt and η integrals, one obtains

Σ
(5)
CVL = −π2CFN

2
c f(1− f)2

8

45
ᾱ5
sL

8

which is NNDL!
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Coherence-violating logarithms
Interpretation

η

ln(kt/Q)

k3
k4

k

The soft-collinear out-of-gap emissions k3 and k4 lie on a different “leaf” (in
azimuth) to that of the soft in-gap emission k.

Importantly, all 3 emissions can explore the full kinematically allowed reach of
kt and η.

▶ The strictly collinear CF ln(Q/kt) part of Γ
R is colour trivial and cancels.

▶ The surviving term is controlled by |η4 − η3|, which can itself grow with
the kinematic rapidity range.
=⇒ Origin of the extra logarithmic enhancement.
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Coherence-violating logarithms
NNDL resummation

For NNDL accuracy, resummation of CVLs is necessary!

ΣCVL ∼
∑
n≥5

cn ᾱ
n
sL

2n−2

Note: CVL series starts at n = 5 for DY, as it requires at least two out-of-gap
soft collinear emissions.

While the calculation of the leading contribution is rather simple, the
resummation of the leading CVL tower is complicated:

▶ Need to consider both arbitrary numbers of soft in-gap emissions, as well
as soft-collinear out-of-gap emissions.

Compare with standard rapidity-gap case: in-gap soft radiation gives only a
single logarithm.

=⇒ Permits colour-algebra simplifications in the known all-order resummation
2107.01212, 2307.06359 [T. Becher, M. Neubert, D. Shao, M. Stillger]:

Crn =
〈H2→M (Γc)

r
V G (Γc)

n−r
V G Γ⊗ 1

〉
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Enhanced CVLs in global observables

Enhanced CVLs were also discovered in 1-jettiness! [2511.11799; A. Banfi,

J. Forshaw, J. Holguin]

σCVL
1 ∼ α4

sL
6 , L ≡ ln(1/τ1) .

Note: Starts at O(α4
s), since only 1 soft-collinear emission needed.

See also talk of Dominik Schwienbacher!

The origin of the enhancement is similar to the DY case:
=⇒ phase space enhancement of the soft “vetoed” emission.

τ 1

τ1ln(   )

ln(   )τ1
_1
2

/Q)

m
in

(n
  k

, n
  k

, n
  k

)=
   

  Q

a

b

c

T

y

ln(k

collinear lim
it

=⇒ See Andrea Banfi’s talk!
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Lepton collider case

No CVLs, but logarithmic structure has other complications!

▶ Thrust axis definition: Due to recoil from soft-collinear emissions, naive
exponentiation broken at DL accuracy!

Σ
(DL)
Thrust =

(
1− 2f + exp

(
κ f2L2

)√
κ(1− 2f)2 fL

√
π
[
erf

(
−
√
κ (1− f)L

)
+ erf

(√
κ f L

)])2

(1− 2f)2
,

κ ≡ 2ᾱCF /(1− 2f).

▶ Winner-Takes-All (WTA) axis definition: No axis recoil from soft-collinear
emissions =⇒ restores exponentiation at DL accuracy.
NDL resummation achievable, after considering NGLs and axis
misalignment from hard-collinear emissions:

Σ
(NDL)
WTA = e

−R̂(L)
(
1− 8

3
CFCAING(f)ᾱ

2
L

3
)
+

1

2
CF ᾱ e

−R̂(L)
(1−f) (16 ln 2−5)

(√
π
erf(ξL)

2ξ
− L

)
,

R̂(L): NDL Sudakov radiator, ξ ≡
√
2ᾱf (CA − CF )

Checked vs Event2 =⇒ See Alex Fraley’s talk at PSR2025!
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Implications for parton showers

▶ For many standard observables, kt-ordered dipole showers with
dipole-local recoil reproduce LL terms, but can fail at NLL because recoil
is assigned incorrectly in regions with kt,1 ∼ kt,2 , |η1 − η2| ≫ 1.
[1805.09327: M. Dasgupta, F. Dreyer, K. Hamilton, P. Monni, G. Salam]

▶ For the azimuthal-gap veto, the same recoil issue is enhanced: the
observable is sensitive to large rapidities,

|η| ≲ ln
Qdip

kt
,

so an incorrect recoil can move an emission into or out of the veto strip.

▶ The resulting shower error starts already at

δΣ
(2)
shower ∼ ᾱ2

sL
3,

i.e. at LL in the usual lnΣ counting.

The azimuthal-gap observable is a sharp diagnostic of shower recoil
schemes
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Conclusions and Outlook

▶ Our observable exposes new, more singular logarithmic structures, that are
already present in currently-used experimental cuts (where ηcut > L).

▶ Both the NGLs and the CVLs are enhanced compared to those in standard
non-global observables (e.g. rapidity gap between jets)

Σ
(2)
NG ∼ ᾱ2

sL
3, Σ

(5)
CVL ∼ ᾱ5

sL
8.

This occurs because the vetoed soft radiation has access to large rapidities.

▶ Probe of factorisation breaking.

▶ Can be used as a benchmark for logarithmically accurate parton showers

Future:

▶ Resummation of the CVL tower to NNDL accuracy.

▶ Relax the hierarchy ηcut ≫ L, in an attempt to understand the general
transverse energy flow problem.

▶ Interplay of NGLs and CVLs =⇒ See talk of Josua Scholze!
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Backup

Backup
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Backup
Two useful logarithmic countings

We organise the log counting in two ways:

▶ Directly at the level of the cumulative distribution:

Σ = 1 + gDL(αsL
2) +

1

L
gNDL(αsL

2) + · · · .

▶ For observables whose logarithms exponentiate in the usual way:

lnΣ = LgLL(αsL) + gNLL(αsL) +
1

L
gNNLL(αsL) + · · · .

In standard rapidity-limited gaps, non-global logarithms are single-logarithmic.
Here, they enter already at LL in the lnΣ counting.
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Backup
The angular coefficient in the leading NGL contribution

The geometry dependence is isolated in

ING(f) =

∫
k1 /∈Ω

dϕ1

2π

∫
k2∈Ω

dϕ2

2π

∫ ∞

−∞
dη

cos(ϕ12)

cosh η − cos(ϕ12)
.

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

f

I N
G
(f
)

=⇒ Non-trivial dependence on the gap opening f .
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Backup
Lepton collider: thrust-axis DL resummation

▶ Natural axis choice for e+e− → qq̄: the thrust axis n̂.

▶ Quark recoil against the hardest soft-collinear emission tilts n̂ by
θn̂,q ∼ kt,1/Q – already a DL effect.

▶ Naive factorised veto fails already at DL:

Θ(e−L − vΩ)
naive
≈
∏
i

Θ(e−L − vΩ(ki)) ⇒ wrong at DL

Correct closed-form DL result (f < 1/2, fixed coupling):

Σ
(DL)
Thrust =

(
1− 2f + eκf

2L2√
κ(1− 2f)2 fL

√
π
[
erf(−

√
κ(1− f)L) + erf(

√
κfL)

])2

(1− 2f)2

with κ ≡ 2ᾱCF /(1− 2f).

⇒ Visibly different from naive exponentiation e−Rnaive(L).

New logarithmic structures in transverse-energy flow observables with azimuthal vetoes 4/10



Backup
Lepton collider: thrust-axis DL resummation

Σ (DL)
Thrust, naive

Σ (DL)
Thrust

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

L

Σ
(D
L)

Σ(DL)

Thrust,naive = e−Rnaive(L),

Rnaive(L) = 4CF

∫
dℓ ᾱ

∫ ℓ

−ℓ

dη

∫
dϕ

2π
Θ
(
vΩ(k)− e−L

)

New logarithmic structures in transverse-energy flow observables with azimuthal vetoes 5/10



Backup
Lepton collider: WTA-axis NDL resummation & validation

▶ WTA axis: no recoil from soft-collinear emissions ⇒ DL exponentiates

trivially, Σ
(DL)
WTA = e−4CF fᾱL2

.

▶ At NDL: the axis can swap onto a hard-collinear gluon (z > 1/2) – an
O(α2

sL
3) effect missed by naive exponentiation.

Σ
(NDL)
WTA = e−R̂(L)

(
1− 8

3
CFCAING(f)ᾱ2L3

)
+ 1

2
CF ᾱ e−R̂(L)(1−f)(16 ln 2−5)

(√
π

erf(ξL)
2ξ

−L
)

with ξ ≡
√
2ᾱf(CA − CF ).

Validation:
Expand to O(α2

s) and compare to Event2 [S. Catani, M. Seymour: hep-ph/9605323]

at f = 1/4, channel by channel:

▶ C2
F , CFCA, CFTRnf colour structures all agree at NLO.

▶ ∆(1)(L) → 0 and ∆(2)(L) ∝ L as L → ∞, as expected at NDL accuracy.
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Backup
Lepton collider: WTA-axis NDL resummation & validation

(Σ (NDL)
WTA, naive)

2

Σ (NDL)
WTA = (Σ (NDL)

WTA,hemi)
2

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

L

Σ
(N
D
L)

Σ(NDL)

WTA,hemi = Σ(NDL)

WTA,naive = S e−RW
hemi(0,L),

Non-global factor: S = 1− 8
3CFCAING(f) ᾱ

2L3

Single emission radiator:

RW

hemi(L1, L2) = 2CF f

∫ L2

L1

dℓ
αs(Qe−ℓ)

2π

∫ ℓ

0

dη z Pgq(z).
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Backup
Lepton collider: WTA-axis NDL resummation & validation

n=2, CF
2 color structure

n=2, CFCA color structure
n=2, CFTRnf color structure
n=1

2 4 6 8 10 12

-50

0

50

L

Δ
(n
) (
L)

∆(n)(L) ≡ dΣ
(NDL) (n)
WTA

dL
− dΣ

(n)
Event2

dL
,

with dΣ
dL =

∑2
m=1

αm
s

(2π)m
dΣ(m)

dL .

At NDL, in the asymptotic limit of large L one expects ∆(1)(L) → 0 and
∆(2)(L) ∝ L.
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Backup
Implications for parton showers

Kinematic origin of the shower error: two soft emissions k1, k2 with
commensurate kt but |η1 − η2| ≫ 1. A kt-ordered dipole shower with
dipole-local recoil assigns the recoil incorrectly:

kt,1 = kshower
t,1 + kt,2

This can move an emission into or out of the azimuthal veto strip Ω purely
through mis-assigned recoil.

Resulting spurious contribution to the cumulative cross section:

δΣshower =

(
2CFαs

π

)2
2

3
L3 FΩ(f)

where FΩ(f) = F in
Ω (f) + Fout

Ω (f) is an O(1) function of f .

▶ This is an O(α2
sL

3) error – i.e. LL in the usual lnΣ counting.

▶ Standard non-global observables only lose accuracy at NLL [M. Dasgupta,

F. Dreyer, K. Hamilton, P. Monni, G. Salam, 1805.09327] – the azimuthal-gap veto
is a sharper diagnostic of shower recoil.
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Backup
Implications for parton showers

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

f

ℱ
Ω
(f
)

F in

Ω =

∫
dx

x

dϕ1

2π

dϕ2

2π
Θkshower

1 ∈ΩΘk1 /∈ΩΘk2 /∈Ω.

Fout

Ω = −
∫

dx

x

dϕ1

2π

dϕ2

2π
Θkshower

1 /∈ΩΘk1∈ΩΘk2 /∈Ω.
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