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Progress in improving the PS accuracy

Assessing the logarithmic accuracy of a shower

Herwig [1904.11866, 2107.04051], Deductor [2011.04777], Forshaw, Holguin, Platzer [2003.06400]

PanScales [1805.09327, 2002.11114], Alaric [2110.05964], ...

Triple collinear / double soft splittings

Dulat, Hoche, Krauss, Gellersen, Prestel [1705.00982, 1705.00742, 1805.03757, 2110.05964]

Li & Skands [1611.00013], Loschner, Platzer, Simpson Dore [2112.14454], ...

Matching to fixed-order see Alexander’s talk

NLO; i.e. Frixione & Webber [0204244], Nason [0409146], ...
NNLO; i.e. UNNLOPS [1407.3773], MINNLOps [1908.06987], Vincia [2108.07133], ...
NNNLO; Prestel [2106.03206], Bertone, Prestel [2202.01082]

Colour (and spin) correlations see Simon’s talk

PanScales [2011.10054, 2103.16526, 2111.01161], ...

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

~orshaw, Holguin, Platzer, Sjodahl [1201.0260, 1808.00332, 1905.08686, 2007.09648, 2011.15087]
Deductor [0706.0017, 1401.6364, 1501.00778, 1902.02105], Herwig [1807.01955], Platzer & Ruffa [2012.15215]

Disclaimer: list is not exhaustive


https://arxiv.org/abs/1401.6364
https://arxiv.org/abs/2103.16526
https://arxiv.org/abs/2111.01161
https://arxiv.org/abs/2002.09248
https://arxiv.org/abs/2108.10786

Addressing the accuracy of a parton shower

For a given observable, one may address the question of accuracy systematically
At fixed order
= chaf = Cy+ Ccia, + ...

n

At all orders using analytic resummation

1

SN =al) = exp(;gl(ﬂ) + 21 + ...) SNPL(E = a L?) = h (&) + \@hz(g&) + ...
S\/ N
O(l/ay) O(1) in resummation regime where a,.L. = O(1)

How to design showers that are NLL/NDL accurate for all observables?



Dasgupta, Dreyer, Hamilton, Monni, Salam [1805.09327]

PanScales NLL/NDL correctness requirements

Resummation
Require single-logarithmic accuracy for suitably defined observables

e global event shapes (Clsn Ln) Probe the structure of double-log Sudakov resummation in the shower

e parton distribution / fragmentation functions (@, L") Probe the hard-collinear region

e non-global observables (a, L") Probe the soft wide-angle region
e particle/jet multiplicity (a;szZn—l) Probe nested emissions in the soft and collinear regions

Test the basic underlying concept
Require correctness of effective matrix elements generated by the shower for well-
separated emissions (only thing one can do if a resummation cannot be formulated)




Testing the underlying concept

Ink,/Q

lllustrated in the Lund Plane

 QCD amplitudes factorise in soft B, Ancorason. G, Gustafson L
and collinear limits Lonnblad, U. Pettersson, 1989]

e Shower has factorised 1 — 2
splitting kinematics implemented O

 Shower must reproduce the
factorised amplitude when
emissions are ‘sufficiently’
iIndependent

This means that any T
particle emitted after
partiCIe 1 may not inﬂuence SRR AN NS R I A Sl R NS AR Sl ."- e
the kinematics of particle 1! & e
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Testing the underlying concept

Ink,/Q

* QCD amplitudes factorise in soft Require correctness

and collinear limits of shower
for this configuration

e Shower has factorised 1 — 2
splitting kinematics implemented O
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Testing the underlying concept

e QCD amplitudes factorise in soft
and collinear limits

e Shower has factorised 1 — 2
splitting kinematics implemented

 Shower must reproduce the
factorised amplitude when
emissions are ‘sufficiently’
iIndependent

Ink,/Q

Here shower may fail to
reproduce exact
amplitude
Would require higher-
order splitting
kinematics




What determines the shower accuracy?

(apart from having the correct splitting functions)

1. Evolution variable

2. Kinematic map
3. Choosing the emitter




What determines the shower accuracy? 1. Evolution variable

A parton shower orders emissions

The evolution variable v tells us which

emissions come first, and which later in the
showering process

Inv,

"""""""""""""""""""""" ln V2 < ln Vl

We use the definition v ~ ke ™1l ) Inv, < Inv,

Transverse-momentum ordered with fpq = 0

Choice for most dipole parton showers
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What determines the shower accuracy? 1. Evolution variable

A parton shower orders emissions

The evolution variable v tells us which

emissions come first, and which later in the
showering process

Inv,

Inv, <lInvy,
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Introduce some angular dependence with / > 0

Angular-ordering (e.g. as implemented in Herwig)
will not be considered here
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What determines the shower accuracy?

2. Kinematic map

Local kinematic map
p;=a;p;+bp;+fk;
a;p;+b;p;+ (1 —f)k;
Px=qp;+byp;+ k)

Mapping coefficients depend on
e Evolution variable In v

e Rapidity

S
|

Dipole: step function for f
Antenna: smooth transition for f
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What determines the shower accuracy?

2. Kinematic map

Global kinematic map

pi = a;p;
P = bp;

Px=qp;+byp;+ k)

Boost (part of) event after each
emission to restore momentum
conservation

Choice: global in some/all +/— and L components
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What determines the shower accuracy?

3. Choosing the emitter

Expected attribution of recoll
Ink,/Q

"
SI e — ]
s S =2 i - . - < ] - \g B 5 v b i - Gl 5 = B = < S
TSSOV O R PO ORI ¥ RN B PR W OR PR TS 3 R By B TR O ORI P SO I 3
YN N o
\ O )
q 0 .
° °
N\ * o
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What determines the shower accuracy?

Standard dipole showers distinguish the emitter from 3. Choosing the emitter

the spectator at # = O in the CM dipole frame

/ 8(P)

. A . 2/ LN NSNS : L S N S

Dipole frame

Recoil to g Recoil to g

3(p)

. g(l?i)y Leads to an incorrect
Boosting back to L (and quite unphysical)
the eventirame... < — T recoil picture!

8(17,' Physical attribution of
Ao recoll

15



What determines the shower accuracy?

Recoil attribution for transverse-momentum ordered 3. Choosing the emitter

local shower (choosing emitter in dipole frame)
Ink,/Q

| |
SI e — n
9 \- =2 '- - 5 v < ] - \g S . - < ] - g B 5 - b oy 5 \‘
M )
$ o
0
Y

Wrong recoill pattern!
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What determines the shower accuracy?

Recoil attribution for transverse-momentum ordered 3. Choosing the emitter

local shower (choosing emitter in event frame)
Ink,/Q

Can be fixed using a different
ordering variable, such that
large-angle emissions come

prior to small-angle ones (with

same k), or a global map

]
I - [ ]
S e L0 S S o = & a > AP S = = a = A S = = Y beatcss
o g le Qb O NP e T AT PN N R T AT Pyt SO s SR
v
° <Y
1
°
R~
°

g
17 Less wrong, but still not correct recoill pattern!
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The current status of possibly NLL-accurate dipole showers



Possible NLL dipole-shower solutions for eTe™

Ordering Kinematic map Tests
Dipole-local Global
PanScales _PanLocal -
Dipole and antenna
showers F ) different observables
[20021 11 14] for e+e_ and
pPp
PanGlobal b=p<l +, - L (colour singlet)
Alaric 50 N 0 Numerical tests for
2208.06057] B global event shapes
_ + —, 1L
Deductor p=0 Also formulation with +. — L) ° Analytical and to some
(Also formulatio +,—,1L)!
Deductor extent numerical for
2011.04777 thrust
[ | Deductor A B=1 + - L
Manchester-Vienna 5=0 N _ Analytical for thrust

[2003.06400]

and multiplicity

Showers also differ on the implementation of the splitting functions and how the global imbalance is redistributed

19

All have different approaches to assess NLL accuracy



Ded UCtOr Nagy, Soper [2011.04777]

Examine behaviour of higher-order shower operators I,,[lkzz](v) to the Laplace-space thrust

I,,[lkzz](u) may not contain L"™! / L" for an LL/NLL shower

&

n.b. this showelr IS also A ordering, DEDUCTOR
checked analytically for

A ordering, DEDUCTOR—LOCALX

thrust l l | 1 | | l - 1 1 r 1 r I 1
| Approaches a constant
o " — no L° or L* term ool | T @)
-~ (T (v)) /dlog(v)
-9 .
;/S: -
Sl
—6 |- .
— (2 (v)) :
- == TP (1)) /dlog(v) S Nl I = a S SR SR oy
_8 I S— I-[z] . . "-_d . el _
Lz (), approx A residual L? dependencexo T
| | | ] | 1 |
0 2 4 6 8 10 12 14 16 6 2 4 6 8 10 12 14 16
log(v) log(v)
20

Interesting and important to perform the all-order checks, and to see other observables...



Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
PanScales

Consider e.g. Cambridge y,3 Cam. y»3, ratio to NLL

1.00 [m------ - - - - - - - - - .-

Observable with standard resummation
at NLL of the form

O
te
Ul

S, ) = exp [—Lg(A) + g,(A)]

2mcl/Zni(as—0, A)
o
O
o

EPS(A” Q'S) L 1

O
00
U

Test lim

a,~0 2N (4, ay)

O
00
o

-06 -04 -02 0.0
= 3aslog(y23)
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Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
PanScales

2pg(4, o
Test lim L
a,—(0 ZNLL(/L OtS)

=

Cam. y>3, ratio to NLL

+ Pythia8 deviates from NLL 3§

1-00 """"""""""""""""" ;-3_-3--
-~
S 0.95
Tm
S
< 0.90
P
W
O
=
Y

O
00
U
P
LN

0.80 Dipole(Py8) == ==

-06 -04 =02 0.0
A =3aslog(y23)

22



Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
PanScales

2ps(4, a
Test lim L
a,—(0 ZNLL(/I, OtS)

=

Cam. y»3, ratio to NLL

+ Pythia8 deviates from NLL P

+ Dire looks identical to Pythia8 €

2mcl/Zni(as—0, A)

Dipole(Py8) == m=
Dipole(Direvl) m =

23



Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
PanScales

2ps(4, a
Test lim L
a,—(0 ZNLL(/I, OtS)

=

Cam. y»3, ratio to NLL

* Pythia8 deviates from NLL x 1.00

+ Dire looks identical to Pythia8 €

O
©
Ul

» PanLocal(f} = 0) softens the issue, I
but not NLL accurate

2mc/Zni(as—0, A)
o
O
o

O
00
Ul

Dipole(Py8) == m=
Dipole(Direvl) m H
PanLocal(f=0,dip.) =—-=—

-06 -04 -02 0.0
= 3aslog(y23)

24



Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
PanScales

2pg(4, o
Test lim L
a,—(0 ZNLL(/I, OtS)

=

Cam. y»3, ratio to NLL

+ Pythia8 deviates from NLL P

+ Dire looks identical to Pythia8 €

» PanLocal(f} = 0) softens the issue, I

but not NLL accurate |
Dipole(Py8) == ==

Dipole(Direvl) m =
0.85 ," PanLocal(8=0,dip.) =—-—

PanLocal(B=5,dip.) O
0.80 PanLocal(B=3,ant.) O

2mcl/Zni(as—0, A)
o

 PanLocal(0 < f < 1) works J

25



Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]
PanScales

2pg(4, o
Test lim L
a,—(0 ZNLL(/I, OtS)

=

Cam. y»3, ratio to NLL
+ Pythia8 deviates from NLL | AT

+ Dire looks identical to Pythia8 €

: Dipole(Py8) == ==
,/' Dipole(Direvl) m =
/ # PanLocal(B=0,dip.) =—-—

» PanLocal(f} = 0) softens the issue, I
but not NLL accurate

PanLocal(B=3,dip.) 0O

PanLocal(B=1,ant.) O
PanGlobal(f=0)
PanGlobal(B=3) A

2mel/Zni(as—0, A)

 PanLocal(0 < f < 1) works J

« PanGilobal(0 < f < 1) works \/

26



PanScales FC_y~$y= Y p e

194

My = max [Pu —ﬂlml]

Tests for all types of global observables performed at full colour (Cr = 4/3, C, = 3, NODS)

I€qq
aS(CMW) with 2-loop running at A = — 0.5
Dipole PanLocaI PanLocaI PanGlobal PanGlobal
Pythia8 dlp) =1 ant (B = 0) (B=3)
By | o 1 4] 41 b1 3k
BW'ﬁ _0 +i“ T ¢ ®T
T ¥ 1 ¥t 1 ${
725 SYRAE P RRRY F SRRNNE F SNNRNE RN |
Moo # -+ T T T 1
L {FRTRRE SiRRRRR oiNNNNNE SNNNNNI NRRRRRR i
B=1T Pobs =Y T T T T 18
S TRRS LMRARS {mmunt { nanuet | manuet |
Thrust | T T T T 18
SB=1_ :Bobs=1 "‘ ’-— *—— ’-_ *_%
MB=1_. L I *__ I R T +__ I R T *__ L ’__ I +_¢§”
-0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0
(L'TO [ 2ps/ 2y — 1] forA = —5
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Hamilton, Medves, Salam, Scyboz, Soyez [2011.10054]



Herren, HOche, Krauss, Reichelt, Schonherr [2208.06057]

Cambridge Yr3 (Pops = O) Thrust (B, = 1)

| 1T —TT7 1T | — T T T TT T T T T 7T T T T T
5 | | | | = g = i | i I Y
=~ -1 xgl—nkn
EIO_2 f_:ll - é '_I‘ - rii+&) =
, 1O I = E 107" a=1,b=1 &
2 1077 & R F
W =
10_‘; 0 10-2
10
a. = 0.02
10:: ; 103 a, = 0.02
10
-8
10 —4
10_9 10
—10
12_“ a. = 0.01 107
" —-12 L a; = 0.01
Tests performed at leading colour NLL — NLL
10 2 a, = 0.005 —— Alaric Alari
5 . arilc
(2C — C — 3) 10 4 ——— Dire . g = 0.005 — Dire
F A 015 &, = 0.0025 10"k 00025
AT BT 1 TR AT BRSBTS BT - e ,“1 - A T -
LI B B N L L L L B L L L L L L B L L L B LI N L L L O N L L L L O L L O B
1.02 |- - 1.02 [— _
. - ; — = a, = 0.02 - - - o a, = 0.02 -+
Testing method similar to PanScales but = 2 ¢ T B == T
-~ e N ~ 1.0 — -
fixed coupling, no K, noa, — ( Y NS B Y3 ‘\E
p g, CMW, S 7 N IR S I SRR A — 0.95 TR IRT T T ST S T U SN T S T ST SN T SN NS WU W WU U
. L — | — —r—r | | — L — — — — — —t—t
extrapolation oz [- | | | = w2 | | | BRE
q T02[ o, =001 1 o 102 a, =001 -
le C ’ E - e s
~ 1‘0 ."_ e - -~ 1.0 -.I._ ﬁaE
0 - = 4 -
0.98 .l — - _'
7 - 41 | g L 0.98 AR EE N BTN TR SN T AT AN BT AT T AN T AT A B A
R JLELELE BLEEELELE DL LA DL L = ILEN B I L L L LB B L L L L L B B L B L B
1.02 —
- = w, = 0.005 - o 102 w, = 0.005 -
Z - . - 8 = T o
~ 1.0 = S— m— - g 1.0 :_ ~
0 _ A,_,,.—H——"—’_"/ . 4 - -
0.98 — _ - 7
P — D S — — —— - 098 RN BT SR U B TN AT B AN AT AT AT RN N BN A A
L UL UL L LI LI L LN B L L L L L L L L B B L L B B B
1.02 p=- —
- . a, = 00025 - o 102 a, = 00025 -
- - - " . -
z o b — : I LSS &
0.98 — = L . -
Y AT AN AT ST AN T BT ST ST A BTSN AT AT T BTSN AR 0'98 -_'l s FETEE ETETE e T e l-_-'
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 -0.6

-0.5 -0.4 -0.3 -0.2 -0.1 0

28 —“sh‘\/— A=aIn(1-T)
+AY,, Br, I'Cy, F'Cyp, My



Tests performed at leading colour

Testing method similar to PanScales but
fixed coupling, no Keypw, No a, = 0

extrapolation
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PS / NLL PS / NLL PS / NLL

PS / NLL

1.02
1.0
0.98
1.02
1.0
0.98
1.02
1.0
0.98
1.02
1.0

0.98

Herren, HOche, Krauss, Reichelt, Schonherr [2208.06057]

Cambrldge y23 (ﬂObS — O)

LI | I L I UL I L ' UL

F=1
a=1,b=0

—

SHERPA MC
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—“sln\/‘/?j

Thrust (P = 1)

: ll'll]'l']l"lI]']II[]']I][]IU
- 1 5 - splK) — S
| rn R =
N g
10 =
.E a=1,b=1 =
= N
W 1072
L a, = 0.02
10
10 4
10 °
a, = 0.01
10°° — NLL
— Alari
«, = 0.005 Jaree
10~ Dire
ay = 0.0025 3
g = 0.02 1

Seems to converge,

but how to be sure?

¥

1.0

=
[
S
o
o
L lllll 1

Illlll'[l |

2pg(4, a
Test lim L
o~ 2NLL(/L as) 5O U

0.98 —

I
-4
e
—4—
——

S
——
-4
—

1.02

w, = 0.005

p

111[1411

N

PS / NLL

[
C
IIIIIIIIIII

-0.6 -0.5 -0.4 -0.3 -0.2

[n.b. recoil effects were also analyzed analytically]
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A=a,In(1-T)



But there i1s more to test!

Fixed-order checks

q q q g 94

2n 3
w
T 0 - +
b 2n . .
=t i) y
0 g -
=N q | & q af
‘E 2 n L L
v
g 29! é s 6 T
Q
Y 2o ! P H »
0 e i [ s
n - q g|l” & - q g
> n B '
a . .
O 20 -
=
°% 510 5 10 0 150 5 10 5 10 0
n n n n n n
(a) §d'd'a + g (b) ggg2q+g
segment NODS
) H H 1 T T T T T Y
Q. L2 =5 Nnma NUL =4 5335
PanLocal : '
(ant.8=1/2) | | + | -
Cal2 in g=qq
PanLocal | I | [ |
(dip.,B =1/2) : :
PanLocal | E il l |
(ant., =1/2) : .
PanGlobal | l i) | ]
(B=1/2)
PanGlobal | ’ :|: l |
(B=0) : ;
Pythia8 | ’ i l 1

-0.03 0.00 0.03-0.03 0.00 0.03

(Nps — NypL)/(NypL — Npi) with as—0

Z3 i H Z3 i H g-?

z 1 z 1 5

(]

T T O

Q

N

I

Tps s — Oic [}
r71.00 0.3 >
I

o

<

095 0.2 &
5

I

o

090 Ho. 9
L ! N NNN L 1 ‘D

. 0.4 0.6 0.8 . 0. 4 O 6 0 8 15

085 |lo.o 5
Wira’@w‘rhj—k mirﬁr&ﬂj—k E

U. UUU T E

0.80 -0.1 N _0 06 ~
0.008 ~0.12 2
| —\ -0.18 °
075 f§-02 K
I

3

Q

X
070 M_p3 5
0.01 [ L
0.008 a8

=

- 0 0nn T

0 0.2 04 0.6 0.8 10
Z;

Multiplicity

Dipole-k¢(local IF)

Dipole-k¢(global IF)

PanGlobal(Bps = 0)

PanGlobal(Bps = 0.5)

PanLocal(Bps = 0.5,dip.)

PanLocal(Bps = 0.5,ant.)

[2002.11114, 2103.16526, 2011.10054,
2111.01161, 2205.02237, 2207.09467]

Non-global observables

(scalar) pt in a fixed rapidity slice

1 1 I 1 1
1 . . .
Dipole-kj(local) |- P22 i Energy in a slice 2 <6 <4 - ratio to NODS
pp2H 1 13 T Y
i PanLocal(antenna, B = %)
Dipole-k¢(global) Pp2z | Lo
ipole- obal) | | -
P t\g op2H i
i 0.96 | :
pp2Z [ —
1 : B | [
PanLocal(Bps =5, dipole) pp2H :‘ = E‘ 0.92 | i
: Q
o <
pp2Z 1@ = 0.88¢ =
PanLocal =1 antenna) i T =
1 N
| 0.84 ]
0p27 w0 | T e Cr=%Ca “,
PanGlobal(Bps =0) . =:=: segment .
2H ° )
PP ﬁ, 0.8 == NODS T
0h7 '. VSIMzn=5 = full colour (Hatta-Ueda) 2.=7x%10-9 °
—l i e Yzu=0, |y|<1_ 0‘76 3 1 .
PanG|Oba|(BPS 2) pp2H * Qs =102, Npmay = 13 0.0 0.1 0.2 0.3 0.4
1 1 4r 1 1 T
—-0.002 -0.001 0.000 0.001 0.002

Yps/ZL.—1forA=—-0.5

DGLAP evolution

\/_—5 mX Vs =1000 my lo-1
| il pp_)Z __pp_)Z IF i 10—2
E pp-H | pp-H o 3
i i 10~
I o pp—Z | pp-Z b ] S Lo
| pp—H Tpp—H »
l ! 105
I o pp~Z | pp-Z a | .
d pp—~H Tpp-H » 0
| I
i i 1077
| R pp=Z | pp~Z o | _
E; pp—-H | pp—-H ’IS 1.010}
& pp~Z |pp-Z g 1.00s .
i. pp—H | pp—H .E 2 1.000} :
n E P || E | 0.995 | _ ]
i pp_’H PP—>H » - Panlocal (Bps ="0.5; antenna) ] - PanLocal (Bps = 0.5, antenna) ]
0.04 0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04 390 a0 Ve = | R end :
] [ asl=—05 j @ b= 05 f
i~ Nshower — NoL — — 107 To7 107 100 100 107 10T o
ysr_r)wo o for & = asIn?(k¢ cut/mx) =5 ) .
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Including higher-logarithmic effects



Including higher-logarithmic effects

Discussion so far Is based on the factorisation in a single unresolved limit

What about double-unresolved configurations”

Triple-collinear splitting functions Double-soft emissions

Catani, Grazzini [9810389, 9908523] Campbell, Glover [9710255]
Catani, Grazzini [9908523]

123—coll
|M1,2,3,...,k,...(Pl,pz,pg,...)|2 27K

12—sof
|M1,2,3,---,n(p1ap2ap3a"°apn)|2 _S?t
Smptea | ' 2 \2 O (4,5)
( s ) 182%,...(17123, .2) Pf283(P1,P2,P3) (47ru as) Z Iij(pl,pQ) |M3,.’..,n(P3a o
123 —

These corrections need to be included to get to NNLL/NNDL accuracy

32
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Dasgupta, EI-Menoufi [2109.074906]

Analytic ingredients - new hard collinear terms

One important and new ingredient for a fully differential shower is B,(z)

Consider the Sudakov for transverse-momentum resummation arisi, Petronzio [NPB 154 (1979) 427-440]

0’ qu 2
5(Q, b) = exp —J —- |Aay(g"))In = + B(a(g*))
p2/b? 4 q

Both obey a perturbative expansion in &,
o0 aS n o0 aS n
Ala)= ) (=) 4, Ba)=) (=) B,
2T 2T
n=1 n=1

A, B{, A, are observable independent
(they only depend on the emitting particle)


https://doi.org/10.1016/0550-3213(79)90040-3
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Dasgupta, EI-Menoufi [2109.074906]

Analytic ingredients - new hard collinear terms

One important and new ingredient for a fully differential shower is B,(z)

Consider the Sudakov for transverse-momentum resummation arisi, Petronzio [NPB 154 (1979) 427-440]

0’ qu 2
5(Q, b) = exp —J —- |Aay(g"))In = + B(a(g*))
b2 4 q
Both obey a perturbative expansion in a;
o0 o n o0 o n
A(a,) = — ] A B(a,) = — | B
) Z(%) ' ) Z(2ﬂ> )

n=1 n=1

B, is observable-dependent, i.e. for a quark emitter

q — . (2) Catani, de Florian, Grazzini
B = —r;” + CpbyX, (0008184, 0407241]

qu/g needs to be included in a differential manner — qu/g(z)


https://doi.org/10.1016/0550-3213(79)90040-3

Dasgupta, EI-Menoufi [2109.074906]

B,(z) for quark channels

1. Integrate the triple-collinear contributions over 2 energies and 1 angular variable (@, p, k., .. .)

() 7C0) Identical K C
. . , g = qV3" ¢ 1 entical quarks ~ (~ _
Non-abelian - CrCy Apelian G spliting R nterference "\ " 2
/ /r( A Y
D > v —> > S — s ey
2. Isolate the pure NNLL terms (subtract iterated LO splittings and Kqyqw contributions) + virtual corrections
Result: qu(z) differential in z, @ for all channels
o1 :
C:C C CpT id | 2 _
dz | BE) + BEH(2) + BEST() + BIY) | = — ¢ + CbyX, = By
Jo

Observable-dependence depends on the scale of the coupling through the angular variable that is fixed

To be done: get Bf(z), implement this in a shower,

35 understand cross-talk with double-soft. ..



Dulat, Gellersen, Hoche, Prestel [1705.00742, 1805.03757, 2110.05964]

Implementing higher-order splitting kernels

Consider quark-pair emissions in the triple-collinear (tc) and double-soft (ds) limits
Need to remove overlapping singularities and contributions obtained by LO iteration

Complete MEs in the tc and ds limits
(latter with a minus sign to remove the double countlng

Sy

Dlagrams obtained iterating LO splittings

Result is fully finite through introduction of integrated subtraction terms and factorization counter terms
Generate emissions using the 1 — 3 branching kernels ina 2 — 4 ‘tripole’

Note that this is not an NNLL shower, i.e. the

16 kinematic map has the issues pointed out before



Dulat, Gellersen, Hoche, Prestel [1705.00742, 1805.03757, 2110.05964]

Implementing higher-order splitting kernels

Jet resolution at parton level (Durham algorithm) [2110.05964]

Illl|lllllllllllllllllllllllllllll

: : : - 18
* Dire with soft-subtracted triple- YOF el gegmacy 10 12
collinear ¢ — gqq splittings 5 o torims o
e Y23 1 tc corrections shift the
g 1.0fF - CoL ,
. _ _ - 1 Y3 distribution wrt the
e K\ included in the coupling (not % 0g8 : O shower
in diﬁerential form) 0.96 ”_1 AENE ENEN SN AN SN AN AN SN AT AN TSN AN S AT ETAT AN AT
-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5
logo(¥23)
) ad LRERS REELE REERY LELEN ELELE RLLEN LILEENF [
= I e, [1805.08757] g
e Dire with only double-soft T oF

corrections (all channels) S NLC ;;.3.' 1 ds corrections have a
W i - b similar effect as the
soft-subtracted tc terms

on the y,4 distribution

.
----

1.4
1‘2 MO MO - ~ WETTTIRN S » v o-p’;"-.'.‘\‘qn'.’-;'\nal’/:.-.:'\n
o L """.n. i . " ... B
= 1 B SRR e e e
& §: ety
0'8 e 4 -
o i
N s e
37 " e e W N 1 L 1 1
-4 3.5 -3 2.5 2 1.5 1 0.5
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Towards phenomenology




10t

100 ¢

1/0do/dT
=
<

PanScales [preliminary]

Towards LEP phenomenology

Thrust

L 4 ALEPH data

10—2 T

ratio to data
cocococorHrrHERH
UOIOYO~NOOD OO NWPRAU

39

- —— a;=0.118, A3=0
—— a5=0.118, A3 =35

%’ PanLocal(B = 1/2) with massive cand b -
f hadronisation through Pythia(8.306), Vincia tune -

L ed TR

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

uh

L

T

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

¢98G9.LSS ¥00Z HdATV

PanLocal(f = 0.5) dipole shower
Heavy quarks (m. = 1.5 GeV, m, = 4.8 GeV)

Matching to NLO

Renormalisation-scale uncertainties included

K alx.u,.o)
o (CMW) _ as(xr//tr’o)(l | CMWM S+ 2a,(xp, )by(1 — 2)In x,,)

Enhanced coupling - a, = aS(CMW) + A3as3

Hadronisation from Pythia8 with the Vincia tune

Hadronisation region
(tuning of the shower is needed)



10t

100 ¢

1/0do/dT
|_I
<

PanScales [preliminary]

Towards LEP phenomenology

Thrust

10—2 B

ratio to data
cocococorHrrHERH
UOIOYO~NOOD OO NWPRAU

40

| —— @5=0.118, A3 =0
L —— ¢,=0.118, A3 =3.5
- + ALEPH data

PanLocal(B = 1/2) with massive c and b 1
hadronisation through Pythia(8.306), Vincia tune -

T T 2 PN

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

uh

L

0.60 0.65 O.

0.80 0.85 0.90 0.95 1.00

298G9/G5S ¥00Z HdIV

PanLocal(f = 0.5) dipole shower
Heavy quarks (m. = 1.5 GeV, m, = 4.8 GeV)

Matching to NLO

Renormalisation-scale uncertainties included

K alx.u,.o)
o (CMW) _ as(xr//tr’o)(l | CMWM S+ 2a,(xp, )by(1 — 2)In x,,)

Enhanced coupling - a, = aS(CMW) + A3as3

Hadronisation from Pythia8 with the Vincia tune

Poor description in the 4-jet region - need for 2-jet at NNLO?



Herren, HOche, Krauss, Reichelt, Schonherr [2208.06057]

Towards LEP phenomenology

Thrust (ECMS = 91.2 CEV)

% 101 Zril L ] | | I L l L | I L I LI ] TP ] | | -é%

: :

* No NLO matching, no masses I EN
¢« CMW scheme with flavour thresholds 107 E E
- }ﬁ —+— ALEPH data -
_ _ 102 E Eur.Phys.]. C35 (2004) .
« Thresholds at m, = 1.42 GeV, m;, = 4.92 GeV : Al PR ;
Hadronisation from Pythia8 with default t t o +Dl|.re| \||||\||_|§
» Hadronisation from Pythia8 with default parameters excep Ll s
Alaric: PARJ(21) = 0.3, PARJ(41) = 0.4, PARJ(42) = 0.36 4L LR
Dire: PARJ(21) = 0.3, PARJ(41) = 0.4, PARJ(42) = 0.45 g 12¢
a “1E s el
Q 09§ _
> 83 E
0.6 El I L1111 | L1 11 I | . | | | .| I L1111 I L1111 I L1111 | L1 1 1_'5

Qualitatively similar features observed as for the PanLocal shower — °2 06 o6s 07 075 08 o8 09 095

0.3

41



42

Conclusions

Parton showers will continue to play an indispensable role in any (future) particle physics
experiment

NLL showers for massless partons in e "e ™ collisions from several groups are now available
* Including massive partons is a natural next step

But what about the step to NNLL?
 We need to understand the logarithmic structure
 We need to have reference calculations, e.g.
* Next-to-leading non-global logarithms Banfi, Dreyer and Monni [2104.06416]
 NNDL multiplicity Medves, Soto-Ontoso, Soyez [2205.0286]
* NNLL groomed jet observables Anderle, Dasgupta, EI-Menoufi, Helliwell, Guzzi [2007.10355, 2211.03820]

And what about QED/EW radiation?
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Back up



Mapping between A and physical quantities

Q [GeV] as(Q) prmin [GeV] E=asl® A=asL T
91.2 0.1181 1.0 2.4 —0.53 0.27
91.2 0.118&1 3.0 1.4 —0.40 0.18
91.2 0.1181 5.0 1.0 —0.34 0.14
1000 0.0886 1.0 4.2 —0.61 0.30
1000 0.0886 3.0 3.0 —0.51 0.26
1000 0.0886 5.0 2.9 —0.47 0.22
4000 0.0777 1.0 5.3 —0.64 0.40
4000 0.0777 3.0 4.0 —0.560 0.30
4000 0.0777 5.0 3.9 —0.92 0.26
20000 0.0680 1.0 0.7 —0.67 0.45
20000 0.0680 3.0 5.3 —0.60 0.34
20000 0.0680 0.0 4.7 —0.560 0.30




van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [2205.02237]

Fixed-order checks also give powerful information

Choice of evolution variable (1) + kinematic map (2)

determine phase-space contours in the Lund plane Dipole-k¢(global)
...... —
/ / \ \
_ i / / ! \ _
16 I, II \\\ \\\
ktl = ktl(ln Vi, < O) ' I’ ,’ lstemsnatinvy;=—-=20,n1= —10 \\ \’ '
_ _ I, / ; _
O‘ 18 I[ . II / \\ - \\
= s Vel
4 / ’70 .\'. \
— Y SO Y TSSOy SRR ISR DS _
q [= 20 I, II ® \\\ \\\
/ / \ \\'
-22r .
/ \
II \\\
_24 L !. NI B R S T L L L TR S
—20 —10 0 10 20

45
van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [2205.02237]



Amplitudes factorise in the soft and collinear limits

How does a second emission affect
the first emission’s momentum??

ki, 1y > 1,

46

—16

—18

—20

In k¢/Q

—22

—24

O
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|
O
Ul

In ke 1/Ke 1

I
-
o

I
-
Ul

—2.0

van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [2205.02237]

Dipole-k:(global)

llllll II 1 1 1 LI 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I 1 1 T T 1 T T T T I T 1 1 1 T T
/ \ \
/ \ \

1 LIl AR T A TR TR TR T S NN N N | I W T N TR SR SN N 1 | I S TN NN TR SR SR N 1 | I S TN NN T S S T L1 1\\ 1
i Region not 7
- — relevant for
‘ NLL ‘
Change in k¢ 1 as a function of n;
- 20 -10 0o 10 20
N



Amplitudes factorise in the soft and collinear limits Dipole-k:(global)

llllll Ill 1 1 II' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ‘I'\I 1 1 I\II 1 1 1 1 1

How does a second emission affect ~16f [/ LU W
the first emission’s momentum?
Q —18
v
I= —20
—22
_24_1!1111 nnnnnnnnn Ly L Lo ....\..
O_O ----—---—-—-—--—-—l-"---—---'--'
& 700 NLL expectation: k, | -
& _10l should not change as
I= an effect of the k, ,
—1.5¢ recoil -
Change in k¢ 1 as a function of n;
—2 0T o0 0o 10 20
n
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van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [2205.02237]



Amplitudes factorise in the soft and collinear limits D|pole kt(global)

How does a second emission affect T S A [
5 ' ' y / \ \
the first emission’s momentum?® 07 lstemsnatinvi— —20,n= ~10 Y
o -18 :
v
I —20
—22
_94 Dipole-k, fails to meet the
fixed-order criterion!
Direct consequence of CM 0.0/~
dipole separation ~ o5 $ NOT OK T
=\ ey 7 OK ‘
8 (p l) =, / l OK
e ~ —1.0F ’ “ _
T 7(p.) —L57 :
Wrong in rap|d|ty reglon q\p;
i I i I Change in k; 1 as a function of n;
I A =) N e S B N S L L L
5<n1+ln5> <772<5<77 1115) 2.0 —20 0 10 20
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van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [2205.02237]



Such showers may introduce spurious
logarithms at higher orders, which

could get masked/come with a tiny
coefficient for some observables

49

Dipole-k:(global)

In k¢/Q
I I I
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o 00 o)
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van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [2205.02237]




Nagy, Soper [2011.04777]

Deductor

Consider the showered thrust variable in Laplace space, written as g2(v) = (1 |1(v) | py)
[(v) contains a sum of powers of Laplace-space splitting operators S for a first-order parton shower

100::}51WMg
k=1

In general, the action of § on a partonic state is complicated (includes e.g. the map)

SO yQ*)|{p, f, e, Im)

l.e. In the soft- m_m
collinear LL[TZ T} + Tk @ T)']|{c, ¢} m)
=1 k=1
approximation kAl " 2
(no change Iin the / /l—z as (AR ( —Z) Q°/a)
kinematics) o
Cor 1‘Z<1>

50 X |{p)f}'m+1) .



Nagy, Soper [2011.04777]

Deductor

Consider the showered thrust variable in Laplace space, written as g2(v) = (1 |1(v) | py)

[(v) contains a sum of powers of Laplace-space splitting operators S for a first-order parton shower

NI - na ai [k] & [a@m | k]
(V) = 2] (v) expanding the coupling gives us [*(y) = Z ; I'*(v)
T

k=1 n==k

where I'X! may contain at most L"*!

Relating this to an analytic calculation, LL and NLL contributions (a?L”“, a,L")
should be fully generated by the exponentiation of the first-order operator (I''1(2))

Higher-order expansions may not spoil this picture

—  I*22l(1)) may not contain L"*! nor L"
51



L tests for CFFE

LL accuracy tests — CFFE method

as € {0.0025,0.005,0.01}, syst=0.002%, A=18

Dipole PanlLocal PanlLocal PanGlobal PanGlobal

Pythia8 (B=3.dip.) (B=3.,ant.) (B=0) (B=3)
Vs ¢ + ¢ T+ ¢ + ¢ + *
By | ¢ 1 ¢ 1 ¢ 1 ¢ 1 ¢
By ¢ T ¢ 1 ¢ © ¢ T ¢
e ¢ 1 ¢ 1 ’ 1 ¢ 1 ‘

B=0 T T T T
Mg -0 ? T : T : T ? + :
SIS i ¢ 1 e i °
Se-if ® 1T ¢ 7 ¢ T e 17 ¢
M-y @ " * -+ ® 1+ o - ’
Thrustf e " T — e I T o T *
Sp-1f @ ¢ | T e I T e I d ¢ |
Mg=1F ® .V T .. A T S S ® ' T ® T ° !
-0.01 0.0 -0.01 0.0 -0.01 0.0 -0.01 0.0 -0.01 0.0
M agIn[Zps /Ty ] forA= —3

a.—0
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Global event shapes for pp

Spljp = Z P, e~ ]wj,ﬁ = INax [pl,i e_ﬂw]
i€fl]ets 1€jets
Dipole-k; Dipole-k; PanLocal PanLocal PanGlobal PanGlobal
_(ocallF) __ (global IF) _ (Bps=5.dip) (Bps=3ant) _ (Brs=0) _ (Bps=3)
' | - ¢- ¢- ¢-
INRRELER $ i i " ?
b S LINNNE o1 & ) 4-
T T T T
{IERIAR) ARRRDL RIS A RURRRTD RRRRID
| | ?T &l T -
sninits TR A A AARRH
, : SRRERRC S MRRRRER  RERRRALS
....... SRR S ARG S RS & S EEEEE & SRt &
-0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0
Iimo [Sps/Zn — 1] forA=asl = -2
A~

a. € {1.5625,3.125,6.25} x 1073, A=18, NODS
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Global event shapes for y, # 0

NLL accuracy tests - pp—-~Z, y>=2

as € {1.5625,3.125,6.25,12.5} x 1073

vs/Mz =1000, NODS, A

PanlLocal PanlLocal PanGlobal PanGlobal

(Bps =3,dip.) (Bps=3,ant.)  (Bps=0) (Bps =3)
snof Y
el 4 W Wb
Sp, 1 ?“ ﬁ“ +" +'
>j.3 *T T # %
AMEERREE S MENRUNE | SERURE
saf W W+
5j,1 T *.’ & $-
Mk aREEES AERES o ¢-
-0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0

M [Zps/Zn — 1] forA=asl = -3

18



0.990F 5/m,=1000,y,=0 :
E asL — 0.5 E
1073 102 101 100

--PanGlobal(Bps=0:5)

DGLAP expectation

E a5L= _0.5

--PanGlobal (Bps=0:5)

\/E/mz =.1000, yz=0

| /; %Diz’(zaasl/)fi (é

<

2 )
- 7pt,cut> (

--PanGlobal (Bps=0:5)
N \/E/mz =.1000, V7= O

E a5L= _0.5

A

— -
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Non-global observable

Dipole-k¢(local)

Dipole-k:(global)

PanLocal(Bps = 3, dipole)

PanLocal(Bes =3, antenna)

PanGlobal(Bps = 0)

PanGlobal(Bps = =)

N| =

(scalar) p¢ in a fixed rapidity slice

pp2Z
pp2H

pp2Z
pp2H

pp2Z
pp2H

pp2Z
pp2H

pp2Z
pp2H

pp2Z
pp2H

VS/Mz =5
yz,H=0,ly]<1

as=10"2, Nmax = 13

'JLL;;T"‘:ﬂ'iﬂ"'J’lj;]"':;j];T""""""""""

—0.002 -0.001 0.000 0.001 0.002

Yps/2Z —1forA= —0.5



Particle multiplicity

 VS=5Mzy VS =1000 Mz, s
Dipole-k¢(local IF) ‘@i gg;ﬁ-—gg;ﬁ g
Dipole-k¢(global IF) | g gggﬁ——gggﬁ %
panGlobal(B = 0) | N peezieizz | R
PanGlobal(B = 1/2) 'Ei gggﬁ——gggﬁ %
PanLocal(B = 1/2,dip.) F _i' Eggﬁ——gggﬁ ‘?
PanLocal(8 =1/2,ant.) i % gg;ﬁ-—gg;ﬁ E

] 1 ] 1 | 1 ] 1 1 ] 1 | 1 ] 1 ]
-0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04

lim  Nshower — NnoL _ > _
as—~0 NnpL—Npi fOI"f asln (MZ,H/kt,cut) 5




van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-Ontoso, Soyez, Verheyen [2207.09467]

T o vk T, Tay poFs
% Born: dd-Z, yz=0 _
Towards LHC phenomenology - p,,
§0.06
% 0.0a
S
V')
§0.02
. . ) 0.00
« Consider Z production at the LHC 15
H0 F‘JU“@ . PanGIobal(Bps—w(.)w)“Tlelj]w
* Toy setup (fixed underlying born)
 Toy PDFs
?
« Uncertainty estimated from iy, 5 variations 2
8
K 5
) — 5,0 14 -EN D) g (1~ D :
" =

only included for NLL showers
to compensate scale uncertainty for soft emissions

Dipole-k,(local) [LL] :

.
'
4

’ -

-

111111111111111111111111111111111111111
.
. . . .

100 12.5 15.0 175 20.
p:z (GeV]




van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-Ontoso, Soyez, Verheyen [2207.09467]

_ 0.10 "'p;),/—_1361—;v Toy,pDFs
_ l%’, 0.08 Born: dd=Z, y>=0 i
Towards LHC phenomenology - p,,
% 0.06
% 0.04
=
V')
do.
. . ) 0.00
« Consider Z production at the LHC .
* Toy setup (fixed underlying born)
 Toy PDFs
 Uncertainty estimated from p, [y variations =
Differences are relatively small except at very small p,, E
(related to the absence of azimuthal cancelations)
4 Dipole-k,(local) [LL)
>9 0%0 25 50 7.5 100 125 150 175 20.

p:z (GeV]



van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-Ontoso, Soyez, Verheyen [2207.09467]

Towards LHC phenomenology - Ay,

DY production, M, = 91.1876 GeV

0.50 - ! .
. _ PanGlobal(Bps=0) [NLL] =—
« Consider Z production at the LHC N PanGlobal(Bps=0.5) [NLL] =~ -
0.45 1 \\\ PanLocal(Bps=0.5,dip.) [NLL] —— T
o TOy Setup (ﬂxed underlying born) ‘ PanLocal (Bps=0.5,ant.) [NLL] -----
0.40 F | Dipole-k¢(global) [LL] =:--- |
o Dipole-k:(local) [LL] =---
* Toy PDFs )
§ 0.35F ]
. Jets clustered with anti-k, (R =04) 2 | = e -7
~ 030} NS _
O Set ‘Aylz‘ > 1 \ .....
0.25F 0p, VS = 13.6 TeV, Toy PDFs, anti-k«(R = 0.4) = : _.. -------- [ ]
Born: dd-Z, My =91.1876 GeV, y>=0 =
20 < piy <30 GeV, 0.3 < P/ < 0.5, Vmay = 2.5, |Ay1o] > 1.0
O'200 /4 /2 3r/4 T
Ay

Spread of NLL showers

60 (Dipole-kt global (LL) is contained)



van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-Ontoso, Soyez, Verheyen [2207.09467]

Towards LHC phenomenology - Ay,

DY production, M, = 500 GeV

0.50 | | |
_ _ PanGlobal(Bps=0) [NLL] ——
« Consider Z production at the LHC PanGlobal(Bec=0.5) [NLL] =~—-
0.45T PanLocal(Bps=0.5,dip.) [NLL] =— "
» Toy setup (fixed underlying born) - PanLocal(fes=0.5.ant.) [NLL] ==
040 L NS Dipole-k:(global) [LL] :---- |
N Dipole-k¢(local) [LL] ===
* Toy PDFs )
g 0.35 | "= re sy : gt -
o Jets clustered with anti-k, (R =04) 2 | = ..
] S —— . T _
e Set ‘Aylz‘ > 15 ”,¢” .............
0.251 pp, Vs = 13.6 TeV, Toy PDFs, anti-k¢(R = 0.4) S — ___‘_'._
Born: dd—Z, M>=0.5TeV, y>=0
20 < pp < 30 GeV, 0.3 < ppa/pi < 0.5, Ymax = 2.5, |Ay12| > 1.5
O'200 /4 /2 3n/4 T

|Ayn 2|

Dipole-kt global now falls

61 .
outside the spread



62

A standard dipole shower: dipole-k,

1. Evolution variable: transverse momentum (k)

2. Kinematic map:
a) Local pates back to Gustafson, Petterson [Nucl. Phys. B 306 (1988)], Catani, Seymour [hep-ph/9605323], many variations available

For every emission the momentum is locally conserved
This means that the e.g. the Z-boson p, almost never gets rescaled

— not in line with the NLL prediction Platzer, Gieseke [0909.5593], Nagy, Soper [0912.4534]

b) Global Platzer, Gieseke [0909.5593], Hoche, Prestel [1506.05057]  [Pythia8 & Deductor have different solutions]

The Z-boson absorbs the k, imbalance induced by the global map through a boost
Claimed to fix the Z-p, distribution

3. Attribution of recoil: dipole CM frame
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Issue for ﬁPS = ]

panglobal Bps = For |IF dipoles, momentum of first emission Is

N rescaled by b; = 1 — [ in map
o —-10¢ . S; v
S For f = 1 this equates to 1 — —— and becomes
X —15:— . — Sl] Q
£ iIndependent of 7

—-20¢

Consider change in first emitted parton:
0.0 o~ B Si Vo
| Prx1 = Pj = DjPr1 = —~ = | Pr1

& 0.5 5ij ¢
S 1.0
= —1.5
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PanLocal issue for fps = 0

panlocal Bps =0

_16l Recoll is taken from the first gluon even when
| emissions are separated in rapidity
o
¢ 20+ ' ' ' '
c 77 Separation of dipole in event CM frame is not
ool _ - enough to cure dipole-showers with local maps
I 10 FOUOROUI: FOSSUUON FUSSOOT Ot v | from locality issue, the transverse momentum

..................................................... ordering is problematic here

Only when emissions are ordered in angle
(Pps > 0) we solve this

| e Then commensurate k emissions are ordered In
Change in k¢ 1 as a function of ns angle, so they take their recoll from the hard

10 20 system (after boost)
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Colour tests

Test of the differential matrix element

Lund leaf

Here primary gg Lund plane and the new g

LC = leading colour (standard)

-C = full colour

CFFE = standard colour treatment

Segment and NO

DS two ways to improve

the colour handlir
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Colour tests
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do a9
AU, x ag | 1+ a_o cos(2A1);;)

Spin tests

Two collinear emissions
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do a9
IA; X Qg (1 + a_o COS(QAwij)>

Spin tests

One collinear, one soft emission
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Spin tests

do

X apn
dAq3
Three collinear emissions
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Super-leading logarithms

5F3(L) / L3
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toy dipole(Py8/Dire)
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L = In Mg g0 (hemisphere Vy23)

Consider Mg (,, max p, of emissions in the right

hemisphere (sensitive to super-leading logs at @(af))

Take toy-model approach with only soft primary emissions
and fixed coupling

Take difference between CEASAR result and toy shower
ol (L), n = orderin a,, where F' = Z a/F, has terms

of /L™ withm < n

Clearly a discrepancy at fixed-order for standard dipole
showers

Vanishes at all orders because it is numerically
comparable to the NNLL terms -> orange points
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Super-leading logarithms
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Discrepancy not there

for PanScales family of

showers



Transverse momentum of the Z boson

ﬂScaImg at smaII pt

The Sudakov suppression is compensated by
azimuthal cancellations at small p,

Leads to a power-law fall-off
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| Parisi, Petronzio [NPB 154 (1979) 427-440]
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