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The Complexity of Observations

Collider experiments have established the Standard Model of Particle Physics —
which we know is incomplete.

Simple building blocks lead to complex
final states in collider reactions:
relativistic scattering.

Infer building blocks by statistical
analysis of event topologies.

Deviations need to reveal as small
fluctuations on top of the Standard e 9N
Model backsround. R Ly
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Jets are ubiquitous

At high energies ete- annihilation into hadrons reveal structure.

R ALEPH eeand LU Lol Lo 2 Run=9063  Evt=7848

Is the nature of the short-range interaction really imprinted in jets!?



Jets & QCD
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Jets & QCD

tiormation ~ E/ Pt2

Chadronization =~ E R2
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Chadronization =~ Q R2
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Jets & QCD

Flow of colour charge isolated!

G——l
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Jets & QCD

................................................... «/A,

Flow of colour charge isolated!

G——l
t~ 1/Q

[Cluster models — Gottschalk,VWebber, ...]



Jets in momentum space: coherence

Flow of colour charge is a statement at the level of scattering amplitudes.

Colour charge — SU(N) generator

<1<l

[EARWIG, HERWIG;, and all that — Catani, Doskhitzer, Marchesini, Webber, ...]



Complexity, factorized.

N

do LI doy(Q) x PS(CQ) — ) x MPIx Had(p — A) %



Complexity, factorized.
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100’s of GeV
do LI doy (Q) > PS(Q) — 1) x MPIx Had (o — /A) x ...




Complexity, factorized.

'
—

100’s of GeV -2 GeV
do LI doy (Q) > PS(Q) — 1) x MPIx Had (o — /A) x ...




Complexity, factorized.

'
—

|00’s of GeV -2 GeV few 100’s MeV
do LI doy (Q) > PS(Q) — 1) x MPIx Had (o — /A) x ...




Complexity, factorized.

'
—

|00’s of GeV -2 GeV  1-10 GeV few 100’s MeV
do LI doy (Q) > PS(Q) — 1) x MPIx Had (o — /A) x ...




Building parton showers

do LI doy(Q) > P5i0) ) x MPIx Had(p — /A)x ...
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Building parton showers

do LI doy(Q) > P5i0) ) x MPIx Had(p — /A)x ...

L 5 Ti s
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@ ‘ colour charge correlations
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amplitude conjugate amplitude

. s
collinear = uf;‘\‘m WMiimen ) T 0T My ()
= G

colour charge squared

Emission of small energy and/or collinear gluons factorize from the amplitude.
Colour correlations are simple in the collinear limit.



Building parton showers

do LI doy(Q) > P5i0) ) x MPIx Had(p — /A)x ...

- A collinear
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Building parton showers

do LI doy(Q) > P5i0) ) x MPIx Had(p — /A)x ...

- A collinear

e e -

4
~ Mb\ (P'l;-v-; 17»\) 1T c1T--7T Mh (P,,,..., P,A)

amplitude conjugate amplitude

Exploit QCD coherence:

Te, Z"zl.

P “e - Tl T Tt = QT T Tw
e




Coherent branching parton showers

do LI doy(Q) > P5i0) ) x MPIx Had(p — /A)x ...

= . collinear

e e -

T 2T
pa e - T
. — ® -+ o
S ——_— — 3 ;
amplitude conjugate amplitude &
9 T L2 o Ll (2 - All probabilistic algorithms
qs — Qg dCIi dzP (Z) exp — di +(0C) dS%P (Z) I determine the effect of gluon
T q|2 ' 72 02 2 (k2) QT exchange and virtual

corrections by unitarity.

no emission probability



Dipole parton showers

qi



Dipole parton showers
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Dipole parton showers

qi qdi :
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Dipole parton showers

qdi qgi
9 gj \
il
q; = zp; t zs--pj + k)
Advantageous for momentum T /
. o . — _ ) 1 .
conservation, azimuthal correlations, ¢ =1 =2)pi+ (L — 2)s, kL o\
ordering in transverse momentum. _ (4 i
AT 2(1 — 2)sy Ps

Bad choice! Just an example.



LHC-age Event Generators

Current release

series

Herwig 7

Pythia 8

Sherpa 2

Hard matrix

elements

Internal,
libraries,
event files

Internal,
event files

Internal,
libraries

Shower
algorithms

QTilde, Dipoles

Pt ordered,

DIRE,VINCIA

CSShower,
DIRE

Internally
automated

External

Internally
automated

NLO Matching Multijet merging

Internally
automated

Internal, ME via
event files

Internally
automated

Eikonal

Interleaved

Eikonal

Hadronization

Clusters,
(Strings)

Strings

Clusters,
Strings

Shower
variations

Yes

Yes

Yes




Accuracy of Parton Showers

Fragmentation is fine if we get
collinear physics right.



Accuracy of Parton Showers uN

[Catani, Trentadue, Webber, Marchesini ....]

Fragmentation is fine if we get Global event shapes from coherent
collinear physics right. branching — for two jets.

H(Oés) X EXP (Lgl(asL) + gZ(OésL) T 04393(045[/) + )

LL — qualitative NNLL — precision asl [T



Accuracy of Parton Showers uN

[Catani, Trentadue, Webber, Marchesini ....]

\,/

Ve

— ) i

4

Fragmentation is fine if we get Global event shapes from coherent
collinear physics right. branching — for two jets.

H(Oés) X EXP (Lgl(OésL) + gZ(OésL) T asg3(asL) T )

LL — qualitative NNLL — precision asl [T



Accuracy of Parton Showers

Fragmentation is fine if we get Global event shapes from coherent Coherence breaks down for non-
collinear physics right. branching — for two jets. global observables.

Tla,TQ_ -T\ : ]; T“"TILN

l

large-N limit



Event generator accuracy

NLL with coherent branching Issues in coherent branching

(N)NLO with matching Issues in dipole showers LL with dipole showers

Can we push this to NLLgiobal / LLnon-global in one (dipole) algorithm? asL 1 a,N°~1



Event generator accuracy

Progress in improving the PS accuracy

e 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], E

e 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], E

X Matching to fixed-order see Alexander’s talk

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

¥ Colour (and spin) correlations see Simon’s talk

Forshaw, Holguin, Platzer, Sjédahl [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]
PanScales [2011.10054, 2103.16526, 2111.01161], E

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

Super-active field of research:

taken from Melissa van Bleekveld’s talk at the CERN workshop on parton showers for future colliders.

inching
vers

|

a,N? ~ 1



Hadronization

do LI doy(Q) > PS(0) — ) x MPIx Had(py — A) X ...




Hadronization

do LI doy(Q) > PS(0) — ) x MPIx Had(py — A) X ...

Universal cluster spectrum: pre-confinement.

Primary Light Clusters

(v
S 0.9 ——rrr SN —
S —  Q=35GeV
2 08 - —— Q=0912CeV ~
e T 0.7 L ——— Q=189GeV -
: —— Q =500CeV
0.6 1 QO =1000GeV T

0.9
0.4
0.3
0.2
0.1

M/GeV

[Herwig++ [.0 release — Gieseke et al. JHEP 02 (2004) 005]



Hadronization

do LI doy(Q) % X MPI > Had(p — A) x ...
Shower |Parton Splitter| Fission | Decay Universal cluster spectrum: pre-confinement.
: Primary Light Clusters

0.9 ——rrr —— ] —

1 — Q =35GeV
) . 0.8 |- —— Q=0912GeV
\g 0.7 - | —— Q=189GeV -
ANNNNK »ﬁ: 0.6 - O =1000GeV "
g ) 0.5 F | -
000" ~ 3 04 - -
S g : 0.3 |- -
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‘e 01| _
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[Figure by Patrick Kirchgaesser] [Herwig++ |.0 release — Gieseke et al. [HEP 02 (2004) 005]



Colour Reconnection

lsnorance about colour
correlations results in

: colour reconnection
clusters which are too heavy. ur reconnectio

- >
proton yield \ \
p/ 7 in INEL pp collisions at /s = 7 TeV in |y| < 0.5,
[
+ N
& i
T_:::
o —e— ALICE Data . . . .
Herwig 7.1 default Most sophisticated algorithms in the cluster
aryonic reconnection
S —— § = s splittings model now include baryons and non-trivial
1.4 ;_I | I I | I I O | I N | | I | | | | | | momentum information.
g 1zlz;—|_|_| | |_|_,—’*‘—I_'_
g s *QZ;‘ R
= L e s =’__25 e [Gieseke, Kirchgaesser, Platzer — ‘18]
GV [Gieseke, Kirchgaesser, Platzer, Siodmok — | 8]



Challenges

[CMS at Higgs working group — "21]

Integrated luminosity

n
Photon identification wRE

Photon energy scale and smearing
Per photon energy resolution estimate
Jet energy scale and resolution
Lepton ID and reconstruction

b tagging

MET

Other experimental uncertainties
Branching fraction

ggH scales

ggH p;' modelling

ggH jet multiplicity

ggH VBF-like region

qqH scales and migrations

VH lep scales and migrations

Top associated scales and migrations
ggH in top associated categories
PDF and o, normalisation

| 1

[ o PP P MmN 1 ale o o o
e - o ST

Underlying event and parton showe |

LTI

signal strength uncertainty 008 O

do LI doy(Q) % X MPI >x Had (o — /) x ...



Challenges

[CMS at Higgs working group — "21]

deviation of reconstructed pt

Integrated luminosity [ ] uVBF
Fhetonidenkfication. i1 £, 114 ATLAS Simulation Preliminary - —
Photon energy scale and smearing [ ] & 1 12:_ Particle Flow jets ., Pyiiiad (v8.235) + Ald Z
Per photon energy resolution estimate [] *5&*- “El Iml<07 ey 7 B ——— -
Jet energy scale and resolution ——] = 115y Gluon jets ‘ H::;Z ; i:-\;/éi;ht:iote el
Lepton ID and reconstruction 1.081- s “Hehiig Fraisionisd :arvon s =
b tagging 1.06F, s kaon—;
MET 1.04F; - =
Other experimental uncertainties [ 1.025 A 00— s
Branching fraction [ z

ggH scales [ ]- -EEE
ggH p;' modelling ——]
ggH jet multiplicity /]
ggH VBF-like region [
qqH scales and migrations []
VH lep scales and migrations 1 .
Top associated scales and migrations | 10° true2><103
ggH in top associated categories Py el
PDF and o, normalisation [ simulated Pt
Underlying event and parton shower |
— [ATLAS-PUB-2022-021]

signal strength uncertainty

do LI doy(Q) % X MPI >x Had (o — /) x ...



Challenges

Perturbative precision is far from the last word: deviation of reconstructed pt

£ 15 ATAS St Py 3
E.g. lack of understanding of baryon production is "2 | LT i i o Ao
limiting the power of q/g discrimination. oo i S,

Can we systematically address
and their interface taking into account __ __
quantum mechanical interference from the start? Bl

pire (GeV]

. simulated pt
What algorithms do we need!?

[ATLAS-PUB-2022-021]

do L doy(Q) x x MPI X ...



Colour space

do LI doy(Q)) >x P50 ) x MPIx Had(p — A) X%

s e ), a)
. m<\\\( N W/g: GEGH b)

vector space of ~ histories of colour charge attachments

conservation of colour charge

ST k>= 0 2 T 2 - TeT= -Gl
C lJ



Full colour and interferences are central

Colour reconnection and hadronization is about subleading-N.
So are shower accuracy and interference terms.

Colour factor algorithms Colour ME corrections Full amplitude evolution
Coherent, NLL-accurate Colour-exact real Colour-exact real and
dipole showers emissions as far as possible virtual corrections
[Gustafson] [PanScales 21] [Plitzer, Sjodahl *12,°18] [Forshaw, Platzer + ... ’13 ...]
[Forshaw, Holguin, Platzer "21] [Hoche, Reichelt *20] [Nagy, Soper ’12 ...]

do LI doy(Q) % x MPI % X ...



Reminder: Building parton showers

do LI doy(Q) > P5i0) ) x MPIx Had(p — /A)x ...

pr— . collinear

e e -

"
~ Mb\ (P4;-'-) 17"\) 1T QT =T Mu (P’“'”’ 17"\)

amplitude conjugate amplitude

Suggests an iterative procedure to build amplitude and conjugate amplitude with many emissions.



Colour matrix element corrections

dn
Colour matrix element corrections: M., = Z Cr.or| O [Plétzer[sl?fcsz? ?j::raehnl :é}
Real emissions only amplitude evolution — a=1 | |
first implementation in a shower algorithm. M, = (cpiy s Cna, )’
‘/\/l |2 N MTS M. =Ty (S « M _/\/lT) approximation correction factor _
’ S n o \ Viw(p?, 2 ps, pr) X —1 LT TelMa L
|| | v R\ Ly <5 gy Pk T?j M, |2

(Mn| T - Tg|Mn) =Tr Spig x Tg ;JMaMETE 7

o

I\/In+1 —

! I4ﬂ-_a!s VZ],k(pu p]i pk)

D, T2
i#] ki, Pi - P 1]

T2, M,TL

17,M



Complexity, factorized!?

N

do ~ Tr | PS

(Q = wdH(Q)PS'(Q — y)Had( — A)




Subleading colour corrections

Colour reconnection and hadronization is about subleading-N.
So are shower accuracy and interference terms.

Colour factor algorithms

Coherent, NLL-accurate
dipole showers

[Gustafson] [PanScales 21]
[Forshaw, Holguin, Platzer "21]

do ~ Tr

Colour ME corrections

Colour-exact real
emissions as far as possible

[Platzer, Sjodahl "12,°18]
[Hoche, Reichelt "20]

dH(Q)

Full amplitude evolution

Colour-exact real and
virtual corrections

[Forshaw, Platzer + ... 13 ...]
[Nagy, Soper '12 ...]

Had(y — A)




Amplitude evolution

o — v »
Q / / — dk’ /
An(Q) = / dkk Pe™ Ja T An—1(k) Pe Ja W (K)
®

Markovian algorithm at the amplitude level:
Iterate gluon exchanges and

Different histories in amplitude and conjugate
amplitude needed to include interference.

[Angeles, De Angelis, Forshaw, Platzer, Seymour —*| 8] . . .
[Forshaw, Holguin, Plitzer —*19] amplitude conjugate amplitude



Tracking colour flow

. . 1
Decompose amplitudes in flow of colour charge. (t*)'x(t"))1 = Tr (5f5i - ﬁ52527>

<« < <« < «— <

- ) —— 4?4 <E<
oo @ < N |
—— 3 —— )i) )E)
1312

) (123}123) (123}213) (123}312}
N° N? N

Suppression of interferences outside of

: Platzer °13
colour connected dipoles. : :

[Angeles, De Angelis, Forshaw, Platzer, Seymour ’ | 8]



Tracking colour

pitk

i Gluon exchange — i
o0
' dk I

() ,666666 | Pe < ?':'Lf(kq (0 0) g |
j — j
/ 7|T)o) = (asN)[7[TW]o) + (asN)?[7[TP[o) + ...
P T —cli—> SR Vi T

g\”/gn Ao i Y A o Cki Y A

/ : “m

C; > L > C; —C; < < Ci EEJ < < Ci

1 1
Wigr=x (W 4 (1) | (1
[T‘F |0 (r ) 507‘ N ZO‘T \

: _ dipole flips — implicit suppression in |/N
Systematically expand around large-N limit

summing towers of terms enhanced by ag/NV
& Y 2S [Platzer — | 3] — diagrams from [Ruffa, MSc thesis 2020]



Tracking colour

Q-

Systematically expand around large-N limit
summing towers of terms enhanced by ag/V

Gluon exchange — i
o0
I_k_l k
Pe « %{Ef(kq (0 0) |
— j

7|T0) = (asN)[7|TW|0) + (asN)?[7|T?|a) + ...

¢, J

[Platzer, Ruffa — "21]

dipole flips — implicit suppression in I/N

[Platzer — | 3] — diagrams from [Ruffa, MSc thesis 2020]



Amplitude evolution — CVolver uN

[De Angelis, Forshaw, Platzer 21]

CVolver solves evolution equations in colour flow space [Plitzer ’13]
yA

Q dk / / / ,
An(q) = k Pe Ja i (K An—1(k) P Ja T (K)

| | | | | |
| | | | | |
1 | | < | | | | 1
| | | 1 11 | |
| | | 0 o | | 3
. | 1 ! ' L, /r(’ R ’
‘ ‘ 5 ! S YA Y A1 ! -1 5
l l | 2 2 | l l
‘ . l l s 1 - l l
5 I | | | | |
| | l l l l l
l l l l l l
3 | | | | |
3 l | | | | |
l l l l l l

i3U7s| D ||V [mOn | H o] @]V T o] [ah| DT |og] [

~. .

O
_‘
Y
'\
S
)
q
A A
I~ ok
<
>
)
=
~
-
|
=
Q
|
'~
9
|
~
5

Q\
A
A
L

amplitude conjugate amplitude



Amplitude evolution — CVolver

UNI

CVolver solves evolution equations in colour flow space

Q dk < dis! (!
An(q)_ k Pe f (<)

An—1(K)

singlet — gg spectrum
8 T T TT || [ [ T T TT ||
n<20,d=0 -—--
7 L n<20,d=2 ——
LCV+R X 8/9
n=0 —— y
6 n=1 ——
n = 2 e —— .~
5 n=3 ——
arXiv:2011.04154v2 —+— ,,
= 4 /
= /
- )
< / P
2
1
0 | I— L
Y(p) = do({p}))  Oulp — E)
_1 ] ] [ I || ] ] 11 111 || ] ] L1 1111 n 7/
0.001 0.01 0.1 1

Agrees with Hatta & Ueda using equivalent Langevin formulation by Weigert.

[De Angelis, Forshaw, Platzer 21 ]
[Platzer ’ | 3]

Pe fk dk/ rT(k/)

Y A

N =1 Wl -

T3]

amplitude

conjugate amplitude



Hadronization?

[Bellm, Lonnblad, Platzer, Prestel, Samitz, Siodmok, Hoang — Les Houches 201 7]

Thrust minor (Ecfis =P1.2 GeV)

’E 1
E = re-fitted
= ~  model
S 107!
- =
~ :
% _
5 1072 Data
= = H7, ¢ = 2, central y
3 — . - —_— H7, g = 2, retune
10 ]"‘/': 1]
1 i
shower
10—4 variation T
IIIIIII|lIlllIIIIIII|III':“
1.4
(4] =
-E 1:2 ” il
O @
S 0.8 o
0.6 |1|1||||||||||111|1|1||11|1| L«*’l

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5
1n(Tminor)



Factorisation and evolution

o=> / / Trn [MnUnm| d@mu(@m)

[Platzer — "22]



Factorisation and evolution

o=> / / Trn [MnUnm| d@mu(@m)

0= "¢ é .
dps fo®
Ms

[Platzer — "22]



Factorisation and evolution

0= Z//Trn MnpUnm| domu(@m)

N

S

derive evolution

—_— .
constrain by data

construct model
response [Plitzer — "22]



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms? [Platzer — "22]
How to do this at subleading N and higher order shower evolution!?

Implies evolution equations,

0 = Z / / Trn (MnUnm| d@mu(@m) cross section invariant after redefinition. Q l
n,m

l @ —s e Q—

eal BEs

0= ¢ é .
d,us ; /.\. ~2— ~2—
ol

S



Redefinitions of “bare” operators

How do we consistently hadronize in light of (improved) shower algorithms? o= Z//Trn [MnUnm] d@mu(@m)
How to do this at subleading N and higher order shower evolution? o

Remove UV divergencies ag (4mp®)" = as(ur)ps Z, Implies eV9Iut!on equatlons, . 0
cross section invariant after redefinition. l

Un = Xn [S(us), ps] &—Q——- &—Q—-

eal BEs

Re-arrange to resum IR

enhancements M,Z; = Z, [A(ns), ps]

Cross section is RG invariant ~2— ~2—

o= 3 a / Tr [An (15)Sn (Hs)] A,



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Understand basis functions beyond large-N.
O = E //Tfn MnUpm] domu(®Om) Shows how to sample colour flows.
n,m
l T Wij
0.6 - * r\AA
- A el Wij T Wik — Wik

Wil + Wkj — Wkl — Wij

E —& < 0'2 L,,,,VAAA |
O — d E | —os | W
dl’LS E /.\' " oo 0_;)1 B
lJ

S [Holguin, Forshaw, Plitzer — 211
[Loschner, Platzer, Majcen — in preparation]



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Construct electroweak evolution.

0 = Z / / Trn MaUnpm] d@mu(@m) Measurement projection is ubiquitous.
n,m

0 = d é . e
dus Lo
L

S

Factorisation and kinematics.

[Platzer, Sjodahl — "21]



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Construct electroweak evolution.

0 = Z / / Trn MaUnpm] d@mu(@m) Measurement projection is ubiquitous.
n,m

l K- pe__ AW
'R

[ |
[ |
- /. =/ / _ i/
d : < o A
- - ’ / _
o - N -—_ _ _ I- % // >y 1 ; //Y
— . j o .+ AR :
d,LL : —® Y. e D
s . Le S A
[ |

Ks

Basis and mixing of chirality structures.

[Platzer, Sjodahl — "21]



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Understand colour multiplets for many legs.

o=> / / Trn [MnUnm| d@mu(@m)

0 = d é . e
dus Lo
L

S [Alcock-Zeilinger, Keppeler, Platzer, Sjodahl —’22 & in progress]




Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Construct perturbative end of hadronization.

o=> / / Trn [MnUnm| d@mu(@m)

0= ¢ é .
dps fo®

Ks

e.g. colour reconnection implied just as observed in
[Gieseke, Kirchgaesser, Platzer -’18 ...]



Hadronization models

do LI doy(Q) % X MPI > Had(p — A) x ...
Q
0sSp, = —I‘fg,nsn — Spl'sn + Z ovg / ng‘f 2j+ssn+SR§2L_|_3 H dpi]o(pi)
s=1 1=n—+1
Shower Parton Splitter| Fission Decay

A
/
|

a

N NI ¥ =



Hadronization models

do LI doy(Q) % x MPIT > Had(p — A) % ...

amplitude evolution

p/ 7 in INEL pp collisions at /s = 7 TeV in |y| < 0.5.

8 S 0.054 = R B -
5§ — ial clusters S
S Initial clusters = [proton yie Id .
i - Final clusters o’ i —
(.04 1 r?‘—: +++++
+
Q.
10~ | —
0.03 - —e— ALICE Data
| Herwig 7.1 default
= — baryonic reconnection
: —— g — s5 splittings
0024 i :'E.‘ Herwig 7 new model
: | | L1 | | (- | (- [ I | | | | [
1.4 [
.01 - ;"2 e _jl::rﬁ— ,—|_|_,_‘_l_'_
S 1h sion Decay
S 08—
0.00 :

] | 1 L 1 | 1 (— ‘ l I
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 b
A

~ cluster siz | | Do

[Gieseke, Kirchgaesser, Platzer — ‘18] m
[Gieseke, Kirchgaesser, Platzer, Siodmok — 18]
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Algorithms & Efficiency

Sudakov-type densities central to Showers [Olsson, Platzer, Sjodahl — 20]

[Platzer, Sjodahl — ’12]
/ no emission

dSp(qlQ, z, oop
( ‘ ) 7 ) — AP(QO|Q7 Qﬁ)é(q o QO)(S(Z D ZO) lozptrial splitting scale and variables, ¢, z, are generated

dq dZ according to Sr(q|Q’, z, z), for example using Alg. 1.
if ¢ = QJp then
-+ AP (q ‘ Q, QZ‘)P(Q, 27 Qj)H(Q — Q)H(q — QO) There is no emission and the cut-off scale ()¢ is returned
while the event weight is kept at w.
else

if rnd< [fhen
The trial splitting variables q, z are accepted, and

1, PQ. x50
v RQ 2 ¥
else
The emission is rejected, and the algorithm continues
. . with
Negative P or unknown overestimate
requires weighted veto algorithm, with in we wx (1 _ quxo
° ° ° _ Q7 Z7aj
principle arbitrary proposal kernel and veto Q - q (4
probability. end if
end if

end loop




Weighted Veto Algorithms & Resampling uN

[Olsson, Platzer, Sjodahl —20]

Differential 4 — 5 jet resolution (Durham algorithm)

I B A I OO AL G LB O R B O D BED B B R ER PR BT BB B 0N DL OB A EBRLE=
| I c I | | Ul I3

ﬂllu“‘““ ~ =1 Weighted branching algorithms exhibit prohibitive
J

| FJLJ:T[* Jw \ weight distributions & convergence issues.

VY YY Y OYOYY

do/dlog,,(vss) [pb]

1%t emission

| Result without resampling

VY YYYOYOYY

o |
W - -

ratio to direct

00 00:0: H M
N NI0D - -

2" emission log1(¥ss)

Differential 4 — 5 jet resolu§ion (Durham algorithm)
|ll|||'||||||l|'l||

RN e
Resampling algorithms can compress weight 3 1l j
distributions at intermediate steps. R ;
emission 1 I X
o U
Different resampling method developed as AN A NIVS £
event generator after-burner. ol 1
2" emission °2 e T

- - -2.5 -1.5 -1
[Andersen, Gutschow, Maier, Prestel — "20] 081015



Summary

Multi-purpose event generators are working horses of collider phenomenology.
Matching & merging has been focus of last decade.

Q

—@
As we aim to use more and more of the complex
structures, shower accuracy becomes the bottleneck. \\“
Resummation and design of parton showers needs to @
go hand in hand: amplitude evolution can serve as a
theoretical tool and an algorithm in its own right.

-
V!

The understanding of hadronization effects and “State” “Observable”
models, and their interplay with parton showers will “Observable” “State”
be one of the main topics for precise simulations.



Why would we care?
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No data better no model ...

Hidden valley angular ordered shower, based More flexible cluster hadronization
on new shower interactions framework [Plitzer, Stafford]

[Masouminia]
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[Kulkarni, Masouminia, Platzer, Stafford — in progress]

Herwig package complementing Pythia’s hidden valley model.
Blindly relying on validity of coherence and quasi-collinear limit ... among many other questions.



Thank you!




Pressing questions

(Dipole) parton showers have reached NLLgiobal / LLnon-global ¥ NLO¥fixed order
Just about possible — controlled and fully differential matching to NNLO needs more.
How do we go beyond?

Some electroweak effects included using the QCD blueprint.
In light of how we understand QCD showers, we should do better.
How do we accurately include electroweak effects?

Non-perturbative phenomena can not be addressed realistically without a model.
Strong indications that some of the model is lack of perturbative accuracy.
How do we properly constrain models in building event generators?

better parton shower
algorithms



Redefinitions of “bare” operators

How do we consistently hadronize in light of (improved) shower algorithms? o= Z//Trn [MnUnm] d@mu(@m)
How to do this at subleading N and higher order shower evolution? o

Redefinitions of hard and soft factor Inverse to each other:

1 Q
S_
Zn — X—l XnEIgS)OElgS)TX;[] o FS]S)ZH—SOZ;[]_SFS]S)T L Z I:Igt)ES}S_—tt)OES]S_—tt)TFS]t)T — ()

t=1

dressing of hard process ~ parton shower

> / o'd Tr{(A, + Ay)S,1de(Q) | | uF[dpils(p:)
n 1=1

e Q —

s dorrections to tower of logarithms in A — - ~DP—
truncation error of relation of Z factors >@ @
— N




Redefinitions of “bare” operators

How do we consistently hadronize in light of (improved) shower algorithms? o= Z//Trn [MnUnm] d@mu(@m)
How to do this at subleading N and higher order shower evolution? o

Hard factor reproduces CVolver algorithm and o
predicts key features of second order evolution.

n—+s

S S < SN a7

0sSp = F:rs*n — S I‘Sn"‘ZO‘S/RSLsS SZL—FS H dp;]o(pi)
s=1 1=n—+1 A/~ B yA N
& Q — &~ Q —

—
Do = Do+ AT~ RO A, R eel ores
s>1



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms? o= Z//Trn [MnUnm] d@mu(@m)
How to do this at subleading N and higher order shower evolution? o

Hard factor reproduces CVolver algorithm and o
predicts key features of second order evolution.

Subtract iterated contribution in ordered phase space.

R(2,0) 4 R%Q,O)T _ ([5(0,2) o [S(O,Q)Tén 5 — [5(0,1)[5(0,1) oD 0,1)T[A) 0,1)T@n_1 - 1) SN\ ~UZ_—

X@( n—1 —,LLS>(S(E —,us) )/~ N\ TN
+ D2 o DODTG,, 10(E, — 1us)0(En_1 — ps)

Use full double gluon matrix element outside. ) Q ,‘ - Q—

Similar consequences for virtual corrections. >@ % >@ @



(Soft) factorisation of amplitudes

Factorisation of virtual contributions

M,Sf) = V(l)Mg—l) + Mg—l)v(l)T
+ VOMEDVvOT 4 vEOMIETD) 4 MV 4

i pi-(k+q) p;i-q
<> % - <> gk %q Handle virtual as phase-space
J

#r kv type integrals to remove
Factorisation of real contributions

divergencies with subtractions.

Q.

i D7(11,1)Mg:11)D7(11,0)T 3+ DS’O)MSZPDQ’DT

MO = D(l’O)M(l)_lD(l’O)T

+DCOMY DOt 4

Coefficient Diagram Colour-factor
Q(.2.> T. - T T -T.
1] ( 1 J)( 1 J)
J
i
|
0% | T; - T))(T; - T;
ijl ( ( (T J)
i
1
J
2
J
2
i
J

[Platzer, Ruffa — "21]

> > e TETY o T T
(a,b),(c,d) i»J,k,I=1

[Majcen — M.Sc. thesis 2022]

based on Catani & Grazzini




Cutting rules N

[Platzer, Ruffa — "21]
Algorithmic treatment of virtual corrections needed

1 1
k2 +400(T - k)? y (K0)2 — k2 + 2i0(k0)?
A |£0 A %0 N 0 o
° * . ) } Feynman tree theorem: (") = ( 2,0)
> > > 1 1
. ) — + 2140 (¢2)0(T -
[q? —i0(T" - @)|T - q] [q2 + i0(T - ¢)?] 10(¢")6(T" - q)

Advanced Feynman



Cutting rules N

[Platzer, Ruffa — "21]
Algorithmic treatment of virtual corrections needed

1 1
k2 +400(T - k)? y (K0)2 — k2 + 2i0(k0)?
A |£0 A %0 N 0 o
° * . ) } Feynman tree theorem: (") = ( 2,0)
> > > 1 1
. ) — + 2140 (¢2)0(T -
[q? —i0(T" - @)|T - q] [q2 + i0(T - ¢)?] 10(¢")6(T" - q)
Advanced Feynman Fikonal

() § . O % : <> | g : <> I§ - Extend to Eikonal and higher-power propagators:
== + +
_ j | | 1 1

] J I - — - I 2 - 5 2 7 " k
2p; - K —10(T - p;)?  2p; - kK+10(T - p;)? ™1 0(2p; - K)
(i) (2m)2H] [ dQd-2) n; - M . dQd=3) SR : 5 SR : oy = —2imO(T - q)0Kq?)
W= / M nonnen “T/ om g —i0(T - g)|T"-q|]*  lg° +i0(T - ¢)*
0 J




Cutting rules uN

[Platzer, Ruffa — "21]
Algorithmic treatment of virtual corrections needed

1 B 1
k2 400(T - k)* y (k0)2 — k2 + 2i0(k?)?
t t t K - (T%) = ( 2,0)
— i F— R +21id(¢%)8(T - q)
-1 QL0 -0E ™
Advanced <> ?_J ,—+ J-+ | ,-+ j
= 01 -0

U ‘( o SR | ipagators:




Cutting rules

[Platzer, Ruffa — "21]

pi-(k+q) pi-q pi- (k+q)| p;- (k+q)]

Ot = 0l - Qi - O

—p;-(k+q) —Pi-q

l
ya!
it - Q. Qi1 -Ul%
QiU -0l Q1O -0

p;- (k+q) 174

Ut 4




Cutting rules

[Platzer, Ruffa — "21]

pi-(k+q) pi-q pi- (k+q)| p;- (k+q)]
/NS g oatngine /N g I BEE /\'Y g
1 A% dl 1
M 2 indl2 T,k + 00 [—p; - (k + q) + i0][k2 + i0][q2 + 40][(k + q)2 + 40]
. [ d% di (21i)23(k)d(q)
i / ind/2 ind/2 | [p; - k + i0][(k + )% + i0][—p, - (k + q) + i0]
. (2m)*6(q)3(p; - k)
i (2 + i0][(k + g)? + i0][—p; - (k + q) + i0]
(2mi)28(k)8(q)

+
[pi - k + i0][(¢ — k)? + i0][—p; - ¢ + 0]

N (2m)?6(q)3(pi - k)
[k2 + i0][(q — k)% + i0][—p; - g + 0]

j B (2mi)*3(g)3 (k)
[pi - (k — @) + 0][(k — )2 + i0][—p; - k + i0]
b L @ri)%(k)d(q)3(k + g)
[pi - k + i0][—p; - (k + q) +i0]
@ L @mi)®(q)8(k + @)d(p; - k) (2mi)38(q)8(k)o(q — k)
Eikonal coupling only to hard lines! [k2 + iO0l[—p; - (k +q) +i0] ~ [p; - k +i0][—p; - g + 0]

see also [Angeles, Forshaw, Seymour —’15] L (@mi)*3(q — k)3 (9)3(pi - k) |
[k? + i0][—p, - g + i0]




Infrared subtractions UNI

o=>) / / Trn [MnUnm] d@mu(@m)

Subtractions necessitate a resolution:

what is it we call ‘unresolved’? Q l
OO N-+S
Up = XJrrlsan — ZO@ / Fgwsj)jssnjts':ﬁwsj)ts H H2R€[dpi]5(pi)
s=1 I=n-+1
(1) v (1= - l
XM = VO[Z, ] VOE= Y [ T80 pai b e k) 2 [ i
a 1=1

F10) o FALOT — DO, pAOIg, ,

0 0L



Infrared subtractions

o=>) / / Trn [MnUnm] d@mu(@m)

Subtractions necessitate a resolution:

what is it we call ‘'unresolved’? Q
OO N-+S -
Un = X;SnXn — ZO@ / nglssnjts':njts H U [dpi]o(pi)
s=1 I=Nn-+1

Continues to higher orders ...

1) — ~7(D—
X%) — V%)[:ml] 2 - e .-
X =V Ens] — VI [En ]V

F(l 0) 4 F(1 0)t _ D(1 0) 4 D(l O)T@ FiD o FHOT = DD [E,_ ]o D910,
D(l D1 1—Z,_11]° D( )T@ . D( 1) Zp_11]° D(l O)T(l — O,.1)
— VO Z,_14]DEO o pELOT | D(l Ovi . pldig, ,

F20 o FeOT — p@0 , p@dtg, , D7(11>0)D7(11_’01) o D7(11;01)T DO, 4




Infrared subtractions UNI

o=>) / / Trn [MnUnm] d@mu(@m)

Subtractions necessitate a resolution:

what is it we call ‘unresolved’? Q
00 (s) N-+S
o) .
Un = X[S0Xn — 3 a8 / FO S o F s T H&lamls(pn)
s—1 I=n+1
Enters the re-definition of observables, e.g. demanding a
use unitarity and pick equal resolutions /D,,(llJrOl)TDf,lerol)@n LS [dpn+1]5(pn+1) = —éV(l) [On.1]

Un = 1nu(pi, ..., pn)

— Qs / MQRE[dpn+1]g(pn+1)D.(ql+O1)TDSjuol On,1 [u(p1, -y Pns Pnt1) — w(pi, -, pn)] + O(ag)

Proof this to vanish or to generate a power correction.



Ingredients for evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Understand higher orders and ordering.

o=> / / Trn [MnUnm| d@mu(@m)

. . cl'i > > C
Colour mixing at two loops {0:522 \

and double emissions. Eq; > > ¢,
- < i ; < c

G

[Platzer, Ruffa — “21]
[Loschner, Platzer, Simpson — "21]

—8
\ @
—@
9

-
|

(Angular) ordering for
double emissions.

-
N

[Loschner, Platzer — in progress]




Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

°. — o e — — o 8 Understand basis functions beyond large-N.
A T e
| \ . |
o T —a® e
ci 9 0 — 9 O —/— ’ singlet - gg + 1g
) e T Wi
4 ’ |
Can extend coherence TR /\N”””A U%\ Wij + Wik — Wik
to three jets where o (A W[ {\T :
colours are still trivial. ‘H N W Wil + Wkj — Wkl — Wij

P

[Holguin, Forshaw, Platzer — "21]
[Holguin, Forshaw, Plitzer —'20]  ° . [Platzer, Majcen — in preparation]



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Construct electroweak evolution.

0 = Z / / Trn MaUnpm] d@mu(@m) Measurement projection is ubiquitous.
n,m

0 = d é . e
dus Lo
L

S

Factorisation and kinematics.

[Platzer, Sjodahl — "21]



Constructing evolution algorithms

How do we consistently hadronize in light of (improved) shower algorithms?
How to do this at subleading N and higher order shower evolution!?

Cutting indicates that subtraction terms refer

0= Z / / Trn [MnUnm| d@mu(@m) to different final states:
n,m

1 —
l l k2 — m?2 — imI sign(T - k)
1 , ml

: 22+ iml (k2 — m2)2 + m21'2 O(T k)

E 9
0 — d 5 o

dps . Le® ~
Ks

Factorisation and kinematics.

[Platzer, Sjodahl — "21]



