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Some directions of parton shower development

� Assessing logarithmic accuracy:
Herwig [1904.11866, 2107.04051], Deductor [2011.04777], Forshaw, Holguin, Plätzer [2003.06400],
PanScales [1805.09327, 2002.11114,2205.02237,2305.08645], Alaric [2110.05964], ...

� Fixed order matching:
NLO; i.e. Frixione & Webber [0204244], Nason [0409146], PanScales[2301.09645] ... NNLO; i.e.
UNNLOPS [1407.3773], MiNNLOps [1908.06987], Vincia [2108.07133], ... NNNLO; Prestel
[2106.03206], Bertone, Prestel [2202.01082]

� Triple collinear and double soft splittings:
Dulat, Höche, Krauss, Gellersen, Prestel [1705.00982, 1705.00742, 1805.03757, 2110.05964] Li &
Skands [1611.00013], Löschner, Plätzer, Simpson Dore [2112.14454],...

� Colour and spin correlations:
Forshaw, Holguin, Plätzer, Sjödahl [1201.0260, 1808.00332, 1905.08686, 2007.09648, 2011.15087]
Deductor [0706.0017, 1401.6364, 1501.00778, 1902.02105], Herwig [1807.01955], Plätzer & Ruffa
[2012.15215] PanScales [2011.10054, 2103.16526, 2111.01161] ...

� Electroweak corrections:
Vincia [2002.09248, 2108.10786], Pythia [1401.5238], Herwig [2108.10817], ...

Not exhaustive!
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Some directions of parton shower development

Talks at the recent CERN workshop on parton showers

� Assessing logarithmic accuracy:
Herwig [1904.11866, 2107.04051], Deductor [2011.04777], Forshaw, Holguin, Plätzer [2003.06400],
PanScales [1805.09327, 2002.11114,2205.02237,2305.08645], Alaric [2110.05964], ...

� Fixed order matching:
NLO; i.e. Frixione & Webber [0204244], Nason [0409146], PanScales[2301.09645] ... NNLO; i.e.
UNNLOPS [1407.3773], MiNNLOps [1908.06987], Vincia [2108.07133], ... NNNLO; Prestel
[2106.03206], Bertone, Prestel [2202.01082]

� Triple collinear and double soft splittings:
Dulat, Höche, Krauss, Gellersen, Prestel [1705.00982, 1705.00742, 1805.03757, 2110.05964] Li &
Skands [1611.00013], Löschner, Plätzer, Simpson Dore [2112.14454],...

� Colour and spin correlations:
Forshaw, Holguin, Plätzer, Sjödahl [1201.0260, 1808.00332, 1905.08686, 2007.09648, 2011.15087]
Deductor [0706.0017, 1401.6364, 1501.00778, 1902.02105], Herwig [1807.01955], Plätzer & Ruffa
[2012.15215] PanScales [2011.10054, 2103.16526, 2111.01161] ...

� Electroweak corrections:
Vincia [2002.09248, 2108.10786], Pythia [1401.5238], Herwig [2108.10817], ...

Plus more...
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This talk

Will mainly focus on logarithmic accuracy

But will mention quite a few of the other headings in the context of log accuracy

J.Helliwell (U.O.O) Status and prospects of parton shower accuracy 2023 3 / 29



Selection of closely related topics

Also discussed at the CERN parton showers workshop
� Hadronisation:

Plätzer [2204.06956], Bierlich, Chakraborty, Gustafson, Lonnblad [1901.07447,2205.11170,2202.12783],
Gieseke, Kirchgaeßer, Plätzer, Siodmok[1808.06770], Bellm, Duncan, Gieseke, Myska [2012.02070]

� Tuning:
(Leif’s talk)
Skands, Carrazza, Rojo [1404.5630], Gieseke, Rohr,Siodmok [1206.0041], Bellm, Gellersen [1908.10811],
Krishnamoorthy, Schulz, Ju, Wang, Leyffer, Marshall, Mrenna, Müller, Kowalkowski [2103.05748]

� Shower uncertainties:
Les Houches [1803.07977], Snowmass [2203.11110], Hoche, Reichelt, Siegert [1711.03497], Hamilton,
Karlberg, Salam, Scyboz, Verheyen [2301.09645],Amoroso, Caron, Jueid, Austrie, Skands [1812.07424]

� Non-perturbative power corrections:
Luisoni, Monni, Salam [2012.00622], Caola, Ferrario-Ravasio, Limatola, Melnikov, Nason, Ozcelik
[2204.02247,2108.08897] Nason, Zanderighi [2301.03607]

� QED corrections:
(Stefano and Bennie’s talks)
Bertone, Cacciari,Frixione, Mattelaer,Stagnitto, Zaro, Zhao[2108.10261,2207.03265],Jadach,Ward,Was
[1307.4037,2303.14260], Krauss, Price, Schonherr[2203.10948.],Snowmass [2203.12557]

� ....

Plus more...
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Parton showers and logarithmic accuracy

Scale Q

µNP
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Parton showers and logarithmic accuracy

Scale Q

µNP

kt ordering (β = 0)
η

ln kt/Q
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Parton showers and logarithmic accuracy

Scale Q

µNP

Expect logs between disparate scales:

αs ln
2 Q/µNP

αs lnQ/µNP
...

Would like to re-sum these logs

→ Logarithmic accuracy:
Well defined

Systematically improvable
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Logarithmic accuracy of observables

Exponentiating observables:

ΣNkLL(λ = αsL) = ( 1︸︷︷︸
LL,NLL

+ αsc1︸︷︷︸
NNLL

+...) exp[α−1
s g1(λ)︸ ︷︷ ︸

LL

+ g2(λ)︸ ︷︷ ︸
NLL

+αsg3(λ)︸ ︷︷ ︸
NNLL

+...]

Other observables:

ΣNkDL(ξ = αsL2) = h1(ξ)︸ ︷︷ ︸
DL

+
√
αsh2(ξ)︸ ︷︷ ︸
NDL

+αsh3(ξ)︸ ︷︷ ︸
NNDL

+...
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Logarithmic accuracy of parton showers

Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
At NLL the shower should reproduce known resummations of:

� global event shapes (at NLL = αn
s Ln)

� pdf/fragmentation function evolution (at αn
s Ln)

� non-global observables (at αn
s Ln)

� (subjet) multiplicity (at NDL = αn
s L2n−1)

Matrix Element Requirement:

NLL - shower reproduces correct matrix element when emissions are well separated in the
Lund plane

NNLL - shower reproduces correct matrix element for pairs of emissions close in the Lund
plane which are well separated from other emissions/pairs
...
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Logarithmic accuracy of parton showers

Matrix Element Requirement:

� Matrix elements for well separated
emissions factorise (e.g emission 1’s matrix
element is factorised from that of emission
2)

� At NLL a shower should reproduce the
correct matrix element for the
configuration shown

→ Emissions should not be influenced by
subsequent emissions that are far away in
the Lund plane

η

ln kt/Q

1

2

1

1

2
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Logarithmic accuracy of parton showers

Matrix Element Requirement:

� An NLL shower may make a mistake for
this configuration (two emissions close in
the Lund plane)

� Would require higher order splitting
functions to correctly describe this
configuration

η

ln kt/Q

1
2

1

1

2
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Recoil

� How recoil is distributed is a key
factor in determining the logarithmic
accuracy of a parton shower

� Shower conserves momentum at each
splitting

→ Need to distribute recoil amongst
other particles

� The red leaf of the Lund plane is the
phase space associated with emissions
from gluon 1

η

ln kt/Q

1

1

1

q̄

q
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Recoil

� In line with NLL accuracy
requirement, emission of gluon 2
should not influence emission 1 (see
diagram)

� Recoil assigned to the quark

Expected assignment of recoil

η

ln kt/Q

1

2q
rec

oil
s q recoilsg
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q

2
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Recoil

� In many standard showers with dipole
local recoil, the emission of gluon 2
modifies the kinematics of emission 1

→ Kinematics of 1 are now different to
what the emission was accepted with.
Matrix element is now incorrect wrt
final momentum of 1

� Not consistent with NLL

� Solutions available with local and
global recoil schemes

Incorrect assignment of recoil

η
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Possible NLL shower solutions for e+e−

Shower Ordering NLL Validation
PanScales
[2002.11114]

10 ≤ β < 1 Fixed and all order numerical tests for a
range of observables

Alaric
[2208.06057] kt (β = 0) Analytical, numerical tests for global

event shapes
Deductor
[2011.04777]

kt,Λ (β =
0, 1) Analytical and numerical tests for thrust

Manchester-
Vienna
[2003.06400]

kt (β = 0) Analytical for thrust and multiplicity

� Differences between showers including: implementation of splitting functions,
ordering variables available, kinematic map (distribution of recoil) ...

� Also differing approaches to testing NLL accuracy

1β=0 only for Global recoil scheme
J.Helliwell (U.O.O) Status and prospects of parton shower accuracy 2023 9 / 29



Numerical tests of NLL accuracy

� PanScales and Alaric have similar approaches to all
orders tests (see right for example (y23) of NLL test
from Alaric)

� Idea is to eliminate terms beyond NLL accuracy by
taking limαs→0 while keeping αsL fixed

� Deductor tests shower operator for thrust
distribution (see below)
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FIG. 1. Plot of 〈I
[2]
2 (ν)〉, Eqs. (151) and (152), versus log(ν)

(solid red curve). For large log(ν) the graph is approximately
a straight line, corresponding to only one factor of log(ν), in-

dicating that the shower generates 〈I
[2]
2 (ν)〉 at NLL accuracy.

The dashed blue curve is d〈I
[2]
2 (ν)〉/d log(ν). The dotted red

curve shows an approximate version of 〈I
[2]
2 (ν)〉 described in

the text.

result implies that d〈I
[2]
2 (ν)〉/d log(ν) should approach a

constant for large log(ν) and the numerical result sup-
ports this conclusion.

In our analysis, we argued that τ̂ − τ = y should be a
good approximation in the second splitting for the pur-
pose of determining how many powers of log(ν) can ap-

pear in 〈I
[2]
2 (ν)〉. We tried calculating 〈I

[2]
2 (ν)〉 with

this approximation. The result is shown as the dot-
ted red line in Fig. 1. This curve is, as expected, a
straight line for large log(ν) and has the same slope as

the curve for the exact 〈I
[2]
2 (ν)〉. We were a bit surprised

to nd that 〈I
[2]
2 (ν)〉 with the exact τ̂ − τ diers by a

noticeable amount from the result with the approximate
thrust value. The dierence is in the direction of making

|〈I
[2]
2 (ν)〉| smaller. We do not have an analytical expla-

nation for this behavior.

We also calculated 〈I
[2]
3 (ν)〉 as a numerical integral.

We plot 〈I
[2]
3 (ν)〉 versus log(ν) as the solid red curve in

Fig. 2. We note rst that [αs/(2π)]
3|〈I

[2]
3 (ν)〉| is small

for log(ν) < 8 if we take αs ≈ 0.1. Our analytical results
indicate that for large ν the highest power of log(ν) in

〈I
[2]
3 (ν)〉 should be log2(ν). This implies that for large ν

the highest power of log(ν) in d〈I
[2]
3 (ν)〉/d log(ν) should

be log1(ν). The numerical result, graphed as the dashed
blue line in Fig. 2, supports this conclusion.
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FIG. 2. Plot of 〈I
[2]
3 (ν)〉, Eqs. (151) and (152), versus log(ν)

(solid red curve). The dashed blue curve is d〈I
[2]
3 (ν)〉/d log(ν).

For large log(ν) the graph of d〈I
[2]
3 (ν)〉/d log(ν) is approxi-

mately a straight line, indicating that the shower generates

〈I
[2]
3 (ν)〉 at NLL accuracy.

XIV. NUMERICAL BEHAVIOR OF THE

THRUST DISTRIBUTION

We have seen that the operator SY(µ
2; ν) directly gen-

erates the Laplace transform g̃(ν) of the thrust distri-
bution according to Eq. (134). The rst order term

S
[1]
Y
(µ2; ν) in this operator is obtained from the shower

splitting function for a rst order Λ-ordered parton
shower. We have further seen that this term generates
the known [18] summation of logarithms of τ at the NLL
level as long as the shower splitting function is suitably

dened. Furthermore, the higher order terms S
[k]
Y

(µ2; ν)
obtained from this rst order shower splitting function
generate only contributions beyond the NLL level.

According to Eq. (130), same result for g̃(ν) as in
Eq. (134) is obtained by running the Λ-ordered shower
and measuring the Laplace transform of the thrust dis-
tribution. However, we do not need to take the Laplace
transform. We can simply run the Λ-ordered shower and
measure the thrust distribution g(τ), as in Eq. (37). Will
this give the same result as the NLL analytical result
listed in Eqs. (124) and (125)?

In this section, we try this experiment. It is not use-
ful to set Q2 = M2

Z, which would be relevant for LEP
(Large Electron Positron) experiments because a parton
shower needs an infrared cuto. We can take the cut-
os on allowed shower splittings to be Λ > 1 GeV and
kT > 1 GeV, but then there is not much range between

Nagy, Soper [2011.04777]
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FIG. 4: NLL test for various event shape observables. See the main text for details.

Herren, Hoche, Krauss, Reichelt,
Schoenherr [2208.06057]
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Colour

Can also get issues with the way colour factors are assigned

Sub-leading colour issues at LL O(1/N 2
c )

η

ln kt/Q

1

CFCF
CA
2

1

Full colour (FC) at LL
basis of FC for global observables at NLL

[2011.10054]

η

ln kt/Q

1

CFCF

CA
2

1

� Both recoil and colour issues stem from how dipoles are partitioned into an emitter and
spectator
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Colour

� Work by several groups on improvements
in handling of sub-leading colour
correlations (Both Traditional parton
shower and Amplitude evolution
approaches):
Platzer,Sjodahl,Thorén[1808.00332, 1201.0260],
Forshaw, De Angelis, Holguin, Platzer,
[2007.09648, 1905.08686, 2003.06399] ,
Deductor [1202.4496],Hoche,
Reichelt[2001.11492], PanScales[2011.10054]

� Important e.g for inclusion of sub-leading
colour corrections for non-global logs (see
plot)

� Can hadronisation models make use of
more colour information if parton showers
include it, e.g colour reconnection
(Discussed at CERN workshop in talks by
Gieseke and Platzer)
Gieseke, Kirchgaeßer, Platzer,Siodmok
[1808.06770]
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Matching

� NLO matching has been available for a long time (Frixione, Webber [0204244], Nason
[0409146]). De-facto tool for particle physics simulation

� NNLO and even N3LO matching is available for certain processes
(UNNLOPS [1407.3773], MiNNLOps [1908.06987], Vincia [2108.07133], Prestel [2106.03206], Bertone,
Prestel [2202.01082])

� Can think about NLO matching in context of logarithmic accuracy Hamilton, Karlberg, Salam,
Scyboz, Verheyan[2301.09645]
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Interplay of matching with logarithmic accuracy

ΣNkLL(λ = αsL) = ( 1︸︷︷︸
LL,NLL

+ αsc1︸︷︷︸
NNLL/NNDL

+...) exp[α−1
s g1(λ)︸ ︷︷ ︸

LL

+ g2(λ)︸ ︷︷ ︸
NLL

+αsg3(λ)︸ ︷︷ ︸
NNLL

]

� c1 can be obtained through NLO matching

� Including c1 promotes global event shapes from NLL to NNDL accuracy

� Also a step towards NNLL accuracy more generally
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Interplay of matching with logarithmic accuracy

Hamilton, Karlberg, Salam, Scyboz, Verheyan[2301.09645]

� Standard NLO matching procedures do
not break NLL accuracy

� They can augment an NLL shower to
NNDL for global event shapes

� There are some subtleties with
HEG-matching (but not prohibitive)
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Towards higher log accuracy

� A NNLL shower should reproduce the
correct matrix element for configurations
where 2 emissions are close in the Lund
plane

→ Requires higher order splitting functions

� NNLL will also require new ingredients to
account for virtual corrections

η

ln kt/Q

1

2

1

2
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correct matrix element for configurations
where 2 emissions are close in the Lund
plane
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NNLL ingredients

Structure of Sudakov factor:

S = exp

[
−
∫ Q2

b2
0/b2

dq2

q2

(
A(αs

(
q2)

)
ln(Q2/q2) + B

(
αs(q2)

))]

A(αs
(
q2)

)
=

∑
n=1

(
αs(q2)

2π

)n

An B(αs
(
q2)

)
=

∑
n

(
αs(q2)

2π

)n

Bn

Collins, Soper, Sterman, 1981

NLL:
A1 = 2CF , A2 = CFKCMW

B1 = −3CF

NNLL:
need B2 and A3
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NNLL ingredients - B2(z)

B2 is observable dependent.

For quarks:

B2 = −2γ(2)
q + CFb0Xv, b0 =

11CA − 4TRnf

6

γ
(2)
q = −CF

(
3
8 − π2

2 + 6ζ(3)
)

− CA

(
17
24 + 11π2

18 − 3ζ(3)
)

+ TRnf

(
1
6 + 2π2

9

)
Xv depends on the observable

Davies and Stirling 1984; Catani, de FLorian, Grazzini, 2001; Banfi et al 2019
(Similar for gluons)

In a shower could use a differential B2(z) which depends on emission’s kinematics.

Involves triple collinear splitting functions integrated over second emission.
Combined with virtual corrections. NNLL hard collinear terms isolated.

Dasgupta, El-Menoufi [2109.07496]

J.Helliwell (U.O.O) Status and prospects of parton shower accuracy 2023 18 / 29



Towards higher log accuracy

� an NNLL shower should reproduce the
correct matrix element for configurations
where 2 emissions are close in the Lund
plane

→ Requires higher order splitting functions

� NNLL will also require new ingredients to
account for virtual corrections
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Higher order splitting kernels

Dulat, Gellersen, Hoeche, Prestel[1705.00742, 1805.03757, 2110.05964]
Method for including Double soft and triple collinear corrections in parton showers

Consider emission of a quark pair:

Double soft correction with
iterated LO removed:

2

To construct a parton shower at next-to-leading order accuracy, it is useful to discard this picture and instead recall
that the soft gluon limit has a semi-classical origin and is thus structurally different from the collinear limit. However,
the two do of course overlap in the soft-collinear region. An improved leading-order parton-shower can therefore be
constructed by working with three different radiator functions for each color dipole, one capturing the soft emission
pattern, and one each for capturing the remainder of the collinear radiators, after subtracting the overlap with the
soft function. This strategy allows to cover the complete phase space with each evolution kernel, and it furthermore
allows to choose different evolution variables in the soft and collinear regions. Representative squared diagrams for a
process with two hard partons are

F|1−loop,coll ∼ , F|1−loop,soft ∼ + . . . , (1)

where the dots stand for diagrams with permutations of the hard partons. The left figure indicates a collinear emission,
and the right indicates coherent soft gluon radiation. At second order in the strong coupling, the perturbative
fragmentation functions will contain real-virtual and double-real corrections. We will use the emission of a quark
pair as an example for the construction of a soft-collinear overlap removal in these contributions. The triple-collinear
q → qq�q̄� splitting function can be factorized into a collinear one-loop q → g times a collinear one-loop g → q splitting
in the strongly ordered limit, while the soft function for quark-pair emission cannot be factorized into lower-order soft
functions. However, it can be factorized into a product of eikonal currents times a spin-dependent collinear one-loop
g → q splitting, in fact it is given entirely in terms of their product [55]. Effective diagrams for double-real corrections
at two loops may thus be approximated by iterated branchings,

F|2−loop,coll ∼ , F|2−loop,soft ∼ + . . . . (2)

In analogy to fixed-order computations in the dipole method, the calculation of the double-real corrections to this
approximate picture proceeds by subtracting the approximate result in Eq. (2) from the complete matrix elements. In
addition, an endpoint contribution is required, which originates in the difference between the integrated subtraction
terms and the corresponding collinear mass factorization counterterms. The result is finite in four dimensions and
can therefore be computed with Monte-Carlo methods [27]. Using the double-real quark-pair emission triple-collinear
(tc) and double-soft (ds) kernels as an example, we can write, schematically

P (tc) ∼


 −


 , P (ds) ∼


 − + . . .


 , (3)

where the black blobs indicate the complete matrix elements in the triple collinear and double soft limits. Equa-
tion (3) is valid independently for both the differential and the endpoint contributions. For an appropriately defined
leading-order parton shower, this subtraction must remove all infrared singularities associated with the vanishing of
intermediate propagators. This puts stringent requirements on the leading-order shower, in particular that it must
implement spin correlations and a suitable kinematics mapping [27, 28].

The above subtraction ensures that the correct splitting probabilities are reproduced in the collinear and soft region
individually, but it is insufficient to guarantee the correct two-loop radiation pattern in multiple limits simultaneously,
because the individual two-loop splitting functions have overlapping singularities. Each triple-collinear matrix element
contains the complete double-soft result. This is reminiscent of the overlap of the double collinear and single soft
matrix elements in the leading-order case. To remove the overlap, a solution similar to the leading-order case can
be adopted: A combination of triple-collinear and double-soft corrections at leading color requires 1) removing the
endpoint-subtracted double-soft splitting function from the endpoint-subtracted triple-collinear splitting function, and
2) adding the double-soft splitting functions for all pairs of hard partons and the soft-subtracted collinear splitting
functions for all partons in order to obtain the complete radiator function for the multipole. In the case of quark pair

Triple collinear correction with iterated LO and overlap with double soft removed:
3

emission, the genuine triple collinear contributions to this combined splitting function are given by

P (tc−ds) ∼


 − − + + . . .


 . (4)

Again, this is valid independently for both the differential and the endpoint contributions. The subtraction has to be
applied for every possible occurrence of the double-soft limit in the triple-collinear splitting functions. In the following
sections, we will first discuss the individual triple collinear and double soft limits of the QCD matrix elements, and
then develop the above described procedure in detail for quark pair emission. The gluon emission case is structurally
identical but technically more involved. We postpone its discussion to a forthcoming publication.

III. PARTON EVOLUTION IN THE TRIPLE COLLINEAR AND DOUBLE SOFT LIMITS

In this section we summarize the ingredients needed for the consistent simulation of triple collinear and double
soft splittings in a dipole-like parton shower. We note that this type of parton shower is affected by the problems
discussed in [4], but the structure of our calculation is generic and can therefore be applied to any parton shower for
which the phase-space factorization and splitting functions are known in D = 4− 2ε dimensions.
In the triple collinear limit of partons 1, 2 and 3, any QCD associated matrix element with more than 3 external

partons factorizes as [55, 56]

|M1,2,3,...,k,...(p1, p2, p3, . . .)|2 123−coll−→
�
8πµ2εαs

s123

�2

T ss�
123,...(p123, . . .)P

ss�
123(p1, p2, p3) . (5)

The corresponding spin-averaged, triple-collinear splitting functions, δss�P
ss�
123/2, are given in [55, 56]. The simplest of

them are the quark to quark splitting kernels with quark pair emission. They read

Pq̄�1q
�
2q3

=
1

2
CFTR

s123
s12

�
4z3 + (z1 − z2)

2

z1 + z2
− t212,3

s12s123
+ (1− 2ε)

�
z1 + z2 −

s12
s123

��
,

Pq̄1q2q3 =
�
Pq̄�1q

�
2q3

+ Pq̄�1q
�
3q2

�
+
�
P

(id)
q̄1q2q3 + P

(id)
q̄1q3q2

�
,

(6)

where sij = 2pipj are the scalar products of the (light-like) parton momenta, s123 = s12 + s13 + s23, and where
zi = pin/p123n is the light-cone momentum fraction of particle i with respect to an arbitrary auxiliary vector n, which

must not be parallel to the collinear momentum, p123 = p1 + p2 + p3. The interference term, P
(id)
q̄1q2q3 , is given by

P
(id)
q̄1q2q3 = CF

�
CF − CA

2

��
(1− ε)

�
2s23
s12

− ε

�
− s2123

s12s13

z1
2

�
1 + z21

(1− z2)(1− z3)
− ε

�
1 + 2

1− z2
1− z3

�
− ε2

�

+
s123
s12

�
1 + z21
1− z2

− 2z2
1− z3

− ε

�
(1− z3)

2

1− z2
+ 1 + z1 −

2z2
1− z3

�
− ε2(1− z3)

��
.

(7)

Following [55], we have defined

t12,3 = 2
z1s23 − z2s13

z1 + z2
+

z1 − z2
z1 + z2

s12 . (8)

We can interpret the triple collinear branching of the combined parton (123) as two subsequent splittings, (123) →
(12)3 and (12) → 12. Integration over the final-state phase space of the second splitting, renormalization and collinear
mass factorization in the MS scheme then lead to the integrated double-collinear time-like splitting functions at NLO
accuracy [41–46]

P
(T )
qq� (z) = CFTR

�
(1 + z) log2(z)−

�
8

3
z2 + 9z + 5

�
log(z) +

56

9
z2 + 4z − 8− 20

9z

�
,

P
(T )
qq̄ (z) = P

(T )
qq� (z) + CF

�
CF − CA

2

��
2pqq(−z)S2(z) + 2(1 + z) log(z) + 4(1− z)

�
,

(9)

Note that this is not an NNLL shower as it has the recoil problem discussed earlier
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Summary

� Very quick tour of some elements of parton shower accuracy

� Lots of recent developments in parton shower accuracy

� NLL accurate showers now available from several groups

� Work ongoing for further improvements, e.g towards NNLL, sub-leading colour
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Backup
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More details on recoil issues at NLL

qg1

1

→
q

g1

1
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Dipole partitioned in
dipole center of mass

frame

Boost back to event
frame



More details on recoil issues at NLL

η

ln kt/Q

1

2q
rec

oil
s q recoilsg

recoils

1

qq̄

g1

1
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PanScales solution to recoil problem

Local kinematic Map:

� Partition dipole in event COM frame

� Choose ordering variable with angular dependence so as not to emit in wrong region
(β > 0)

qq̄

g1

1

Or Choose a global map
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PanScales tests of recoil

Not consistent with NLL
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PanScales Log Accuracy Tests

[2002.11114, 2103.16526, 2011.10054, 2111.01161, 2205.02237, 2207.09467]
Fixed order tests

check that the shower will reproduce the correct matrix element in well separated
configurations

Non-global observables

30

DGLAP evolutionMultiplicity

Fixed-order checks

[2002.11114, 2103.16526, 2011.10054, 
2111.01161, 2205.02237, 2207.09467]But there is more to test!
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PanScales Log Accuracy Tests

[2002.11114, 2103.16526, 2011.10054,2111.01161, 2205.02237, 2207.09467]
All orders tests

non-global logs
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Subtleties with HEG matching

[2301.09645]

� Contours of shower and HEG
need to match

� Solution to this already known
and applied in typical POWHEG
use.

� After HEG emission, shower
should start from max scale and
veto all emissions above the
HEG contour.

� Also need to make sure the
shower and HEG handle
partitioning of g → gg(qq) in the
same way

ln kt

η

HEG

Showerlnv
=

L

lnv
=

(1 +
β
ps )L

ln kobs
t = L

ηc =
L−lnvps

βps
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