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Jets & hadronization

t~ 1/Q
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Jets & hadronization

MOALIPH

tiormation ~ E/ Pt2

Chadronization =~ E R2

R~ 1| fm ..................................................._._ — R ~ | fm

Chadronization =~ Q R2
Cseparation =~ E R/ Pt

t~ 1/Q



Jets & hadronization

Flow of colour charge isolated!

Gl
t~ 1/Q



Jets & hadronization

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

Flow of colour charge isolated!

Gl
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 ~ L xdog(Q) x PS(Q — 1) x MPI x Had(p — A) X



Complexity, factorized.
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100’s of GeV
do ~ L xdog(Q) x PS(Q) — 1) x MPI x Had(p — A) x ...




Complexity, factorized.

'
—

100’s of GeV -2 GeV
do ~ L xdog(Q) x PS(Q) — 1) x MPI x Had(p — A) x ...




Complexity, factorized.

'
—

|00’s of GeV -2 GeV few 100’s MeV
do ~ L xdog(Q) x PS(Q) — 1) x MPI x Had(p — A) x ...




Complexity, factorized.

'
—

|00’s of GeV -2 GeV  |-10 GeV few 100’s MeV
do ~ L xdog(Q) x PS(Q) — 1) x MPI x Had(p — A) x ...




Building parton showers

do ~ L xdog(Q) X PS(Q) — i) x MPI x Had(p — A) x ...

- A collinear

e e -

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

amplitude conjugate amplitude



Building parton showers

do ~ L xdog(Q) X PS(Q) — i) x MPI x Had(p — A) x ...

pr— . collinear

e e -

+
~ Mb\ (P'b'”) 17"\) T T °T Ll ’u‘h (P'h-") va)

amplitude conjugate amplitude
Exploit QCD coherence: Colour correlations are simple in the collinear limit.
2__1, — ° + o ) &M LTMA:; - 3TQ_'T~\A3
C
S



Coherent branching parton showers

do ~ L xdog(Q) x PS(Q — 1) x MPI x Had(p — A) x ...

= ~. collinear

"I T

amplitude conjugate amplitude

462 Q% 4,2 All probabilistic algorithms
%s 24, q - . determine the effect of g
dsS = = ~2z dzP(z,,;)eXp (_[ q_2/ df—SP(z)> etermine the effect of gluon
q z

exchange and virtual
corrections by unitarity.

no emission probability



Accuracy of Parton Showers

Fragmentation is fine if we get
collinear physics right.



Accuracy of Parton Showers

[Catani, Trentadue, Webber, Marchesini ...

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

H(ag) X exp (Lgi(asL) 4+ go(asL) + asgs(asl) + ...)

LL — qualitative NNLL — precision a.L ~ 1

]



Accuracy of Parton Showers

[Catani, Trentadue, Webber, Marchesini ...
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Fragmentation is fine if we get Global event shapes from coherent
collinear physics right. branching — for two jets.

H (o) X exp (Lgi(asL) + go(asL) + asgs(asL) + ...)

LL — qualitative NNLL — precision a.L ~ 1

]



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? oL~ 1 asN2 ~ 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 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], ... N~

 Matching to fixed-order see Alexander’s talk
NLO; i.e. Frixione & Webber [0204244], Nason [0409140], ...
NNLQO; i.e. UNNLOPS [1407.3773], MINNLOps [1908.06987], Vincia [2108.07133], ...
NNNLO; Prestel [2106.03206], Bertone, Prestel [2202.01082]

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

inching

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

C Super-active field of research: [~ 1 v N2 ~ 1
taken from Melissa van Bleekveld’s talk at the CERN workshop on parton showers for future colliders. 1 S




Hadronization: the cluster model

do ~ L xdog(Q) x PS(Q) — 1) x MPI X Had(p — A) X ...




Hadronization: the cluster model

do ~L xdog(Q) x PS(Q) — 1) x MPI X Had(pu —+ A) X ...

Universal cluster spectrum: pre-confinement.

Primary Light Clusters

)
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[Herwig++ [.0 release — Gieseke et al.’04]



Hadronization: the cluster model

do ~ L xXdoy(Q) X x MPI X Had(p — A) X ...
Shower |Parton Splitter| Fission | Decay Universal cluster spectrum: pre-confinement.
: Primary Light Clusters
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[Figure by Patrick Kirchgaesser] [Herwig++ |.0 release — Gieseke et al. '04]



Colour Reconnection

lsnorance about colour
correlations results in
clusters which are too heavy.

proton yield

p/min INEL pp collisions &l /s = 7 'TeV in || < 0.5

—

iy I s I i ST, S S, S R
-4 _1-—1_"_5'—'_1——-

—s— ALICE Data
IHerwig 7.1 default
—— barvonic reconnection

¢ ) shsplittings
—— new model

............

g U = }
~
(J t -1 ——
g2 0.8 !
f_),(‘, :_— | tﬁ—!ﬁ_h__\ l r—[_l——'—F’_‘—H:‘;:—L:
l 1 | ! i : l ! | i ]
0.5 1 1.5 2 2.5 2

colour reconnection

———————

NG

/

Most sophisticated algorithms in the cluster
model now include baryons and non-trivial

momentum information.

[Gieseke, Kirchgaesser, Platzer — ‘18]
[Gieseke, Kirchgaesser, Platzer, Siodmok — 18]



Challenges

[CMS at Higgs working group — "21]

Integrated luminosity

Photon identification
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

uVBF

I

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

Underlying event and parton showe |

G

signal strength uncertainty 05 o1

do ~ L xXdoy(Q) X x MPI x Had(p — A) x ...
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do ~L xXdog(Q) x PS(Q — 1) x MPI x Had(p — A) x ...




Challenges

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

B » ; T Pt T
EQ- 1.14,. ATLAS Smulation Preliminary I
fg{\ 1.12 :_ Particle Flow jETS S :yﬂ.“as (\/8235:' + A4 _:

Eg lack of UnderStanding of bar)’on PrOdUCtion IS g ] Inl<o7  Herwig 7 (v7.1.6) Dipole Shower

. o o . . . . i 08:—:’_ Qo 1% Herwig 7 re-weightec Ibatynn _E
limiting the power of g/g discrimination. o o Horeig 7 rowolghtod [ and 1,
1.04;ané;~_ _ -g
1.02 0 = st =
0.98F =

Can we systematically address ] s

7 0.02Fp=r"rsromn i

and their interface taking into account i

quantum mechanical interference from the start? 00

102 210° 10° 2x10°
p [GeV]

. simulated pt
What algorithms do we need!?

[ATLAS-PUB-2022-021]

do ~ L xXdoy(Q) X x MPI x X ...



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
Coherent, NLL-accurate Colour-exact real
dipole showers emissions as far as possible
[Gustafson] [PanScales 21 ] [Platzer, Sjodahl *12,°18]
[Forshaw, Holguin, Platzer 21] [Hoche, Reichelt *20]

do ~ L x dog(Q) X x MPI x

Full amplitude evolution

Colour-exact real and
virtual corrections

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




Reminder: Building parton showers

do ~ L xdog(Q) x PS(Q — 1) x MPI x 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.



Complexity, factorized!?

/,,..

do ~ 1Ir _PS

(Q = w)dH(Q)PS'(Q — y)Had(u — A)




Amplitude evolution

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 ~ 1Ir

Colour ME corrections Full amplitude evolution
Colour-exact real Colour-exact real and
emissions as far as possible virtual corrections
[Platzer, Sjodahl "12,°18] [Forshaw, Platzer + ... 13 ...]
[Hoche, Reichelt "20] [Nagy, Soper ’12 ...]

PS(Q — p)dH(Q)PS'(Q — y)Had(n — A)




Amplitude evolution

/1 — T }
An(q) — /Q % Pe ™ qu dk—"C//I‘(/lc’) An_l(k) Pe™ qu dk—"“,’I‘T(k’)
q

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 = Tk (5%% - N(SIZ(SZ?)

> 1 —> —— ]
_«— ]

o0 = <
—— 2
_<«— 9

o0 <
—— 3
= 4 —> < 3
1123)

Suppression of interferences outside of
colour connected dipoles.

<

>

N3

312

<

iR ::]
P Z

<« < «— <

) (123]123) (123]213) (123|312)

N° N

[Platzer | 3]
[Angeles, De Angelis, Forshaw, Platzer, Seymour ' | 8]



Tracking colour

pit+k

i Gluon exchange — /
k dk’ / ¢ e lk
& Pe Jo T TK) |o e

J pka, ]
Cy T 7|0|o) = (asN)[7ITW|o) 4+ (asN)?[r|ITP|o) + ...
>—C; > > C; Cj 1 > > C;

g\njfn Ao Y A E:(:Ck Y A

/S ! Cy

C; > L > C; —& C; < < C; EEJ < < C;

1 1
1 1 | 1 I 1
7T W|o) = (rg> R >) Sor + =20 ~_

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

summing towers of terms enhanced by ag/N
& y &S [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

pitk
Gluon exchange — ’
k dk! °e I
Pe fq k! ( ) 0
— j
pj_k

> > cl l
S
) - - j

[Platzer, Ruffa — "21]

dipole flips — implicit suppression in I/N

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



Amplitude evolution — CVolver

[De Angelis, Forshaw, Platzer 21]

CVolver solves evolution equations in colour flow space (Plitzer ' 3]
atzer

Q dk / / L / ,
An(g) = / == Pe Ja ST A,_1(k) Pe—Ja T (KD
q

| | | |
| | | |
| | <
| | | |
| | 4 o
_ | ] N N
® O ! | SR Y B
| | | 2 2 1
’ . I I Ii 1 il
2 ;I | > | I;
| | | |
L) | | |
3 | | |
3 l | | |
| | | |

73) (3] D |} [m| V|T1) [ H |o1] (01| VT|o9] (09| DV|o3] (o3

N =1 Wl -

o | | | | | |
C; > > & | | | | | |

EIIC : T3 = (312) To = (21) T = (12) 01 = (21) 09 = (21) O3 = (231)
(0) 1 Y A
o -—_—
c—> > C; x

G D— amplitude conjugate amplitude




Amplitude evolution — CVolver

[De Angelis, Forshaw, Platzer 21 ]

CVolver solves evolution equations in colour flow space (Plitzer ' 3]
atzer

Q dk / ,
Au(g)= [ — PeJo T

A1 (k) PeJa W (k)
g K

singlet — gg spectrum

oo

| | | | | |
N T I I | | I I I
n<20d=0 -—-- 1 | | | | | | 1
7 n<20d=2 —— | | |1 1 | | i
R p— N R e
6 n=1 —— % ! S Y A1 Y A1 ! -1 ;
n =2 ! | | 2 2 | | |
5 L n=3 —— — ! ! 1 | | |
arXiv:2011.04154v2 —4— / e . | | | 2 2 | | .
o ? | | | | | |
< Y S : S
3 s P - : -
, [73) [m3] D |m2) [m| VIm) [l Hlo1] (01| Voo (09 DT |o3] (3]
| | | | | |
| | | | | | |
T3 = (312) To = (21) T = (12) 01 = (21) 09 = (21) O3 = (231)
0
_1 | | 11 1 |||| | | 11 1 |||| | | L1 1 111 n 7’ o N o
0.001 0.01 0.1 1 amplitude conjugate amplitude

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



Factorisation and evolution

;o Zm / / Tty [My U] At 1)

[Platzer — "22]



Factorisation and evolution

O'—Z//TrnM U] ddmt(dm)

/N

—0 O
\"/
\"/
—0 o

[Platzer — "22]



Factorisation and evolution

O—Z//Trn M., U o] ddpm e )
L35z

s
derive evolution
— — —
calculate building e constrain by data

construct model
response [Platzer —’22]

blocks



Factorisation and evolution

;o ; / / Tty [My U] At 1)

; —0® O
o— ¢ = e ey
dps . Lo® Ve

(L

S

Not limited to a hadronization model — can also re-arrange partonic observables in this way.
[e.g. resummation of NGL in SCET — Becher, Neubert et al.] [Platzer —"22]



Redefinitions of “bare” operators uN

_ RAZ

How do we consistently hadronize in light of (improved) shower algorithms? o= Z//Trn (ML, U] A (@1
How to do this at subleading N and higher order shower evolution? o

Remove UV divergencies 0o (4712)° = ()i Z, Implies eV9Iut!on eguatlons, N O
cross section invariant after redefinition. l

U, =X, [S(us), ps| — Q— — Q—

eal BEs

Re-arrange to resum IR

enhancements M. Z; = Z, [A(us), 5]

Cross section is RG invariant ~2— ~2—

o= 3ok [ Tr[An(us)S (us)] do



A plethora of activities ...

singlet — gg + 4g

UnderStand baSiS 1 ‘ Hmé‘ll, (f‘liI‘).o‘lé{s‘w B AR SR
functions beyond large- . *

N and colour flow o 0T -
. . 5 02 A AMAMN“M
importance sampling. NP ”[ +
[Holguin, Forshaw, Platzer — ’21] :0:4 1
[Loschner, Platzer, Majcen — in preparation] o001 001 01

i+ k—3

jtk—2

Understand colour multiplets for many legs.

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

Construct electroweak evolution.
Measurement projection is ubiquitous.

-/ ! I/
L -~ l A -1 /A/’
.\ ’L // o Z // _ - 1
T == / /Y / /
i AR
-~ < T T / \ T~ - ,] ' - ]
( o
- ~ '/ \\\ '/
- - _ _ ,] -~_ _ .v7 - V/]

Basis and mixing of chirality structures and
propagation of spin information.

[Platzer, Sjodahl — "21]



Constructing hadronization models

o ; / / Tty [My U] At 1) Q

SNAA— N\
d
0 — >é
diss

Construct perturbative end of hadronization.
Genuine non-perturbative effects only in initial

diti | | e.g. colour reconnection implied just as observed in
condition at low scale. [Gieseke, Kirchgaesser, Platzer -’18 ...]

—0 O
\“/
\“/
/. ‘\

=
0




Hadronization models

do ~ Tr dH(Q)
Q
N ~ ~ ~ n—+s N
9sSn = —T% Sy —SuLspn + > ag [ RN S, RS T [dpild(w:)
/ s>1 i=n-+1
Shower Parton Splitter| Fission Decay




Hadronization models

do ~ Tr dH(Q) Had(p — A)

amplitude evolution

p/min INEL pp collisions zl /s = 7 TeV in |y < (L5

8 S 0054 . — i L
S i —— Initial clusters S ¢ proton y.eld
55 " Final clusters Y e ]
. = W e hSmate s
0044 : & = il ’_:,:-#Fﬁ
: S S iats
e T
0.03 - i —— ALICE Data
IHerwig 7.1 default
Z = T bdl'_\f‘.)lli(. reconnection
¢ ) s5splittings
0.02 A new model
1 1 A I — | | | SR S| 1 | —— PN S S — —
1.4 — W™
- F [T
8 12| R
.01 - o M o~ i
A C‘L‘-\ M .
3 1
o Eh[[;: — . ] »ion Decay
= 0.8 {\ 3
0.00 , . . ' : . . 6 m W VI I e B
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 - y ] N m— B
A T 7 ° - i . '_.‘-
~ cluster size e

-1 [Gieseke, Kirchgaesser, Platzer — ‘18] m
[Gieseke, Kirchgaesser, Platzer, Siodmok — 18]
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Stepping stone: match clusters to shower

UV limit of hadronization needs to reproduce soft limit of (angular ordered) shower.

parton shower forced splitting and cluster formation cluster fission
constituent masses

)
ooy

figures by Daniel Samitz

[Hoang, Platzer, Samitz — in progress]
[Kiebacher, Platzer, Priedigkeit — in progress]



Tuning and hadronization corrections

Significantly different shapes of hadronization corrections (extracted bin by bin from Herwig)

default dynamic

C parameter parton versus hadron level

[Hoang, Platzer, Samitz — in progress]



Tuning and hadronization corrections

Significantly different shapes of hadronization corrections (extracted bin by bin from Herwig)

C parameter lati
Rapidity w.r.t. thrust axes, y (charged) Energy-energy correlation, EEC

o [ rrri | T T | |||||||||||| | T T | T T | |||||||| | | | | | | | | | | | | |
2 Data IS ore S L AL AL L B [ — 8 B | | | i
S —— S = - O > —+— Data <
o default <
Z dynamic 3 - default s
11— — s +— Data —— dynamic
= — TE default 3 = E
- — dynamic -
10 ~ £ = :
10 £ = Z
—— L _— _ B
: . 10
] 10 ° = E
R ——
1.4 E | | | | | | | | J—E | Loy Lo Loy Lo I
1.3 = E 1.4 = [ 1T T 1 T T 1 1T 1T 1 1 T 1 Tt Ié 1-4
8 1.2 = = 1.3 E- = 1.3
‘D“ 1.1 ; , —= _.g 1.2 E- ’_|—|7 —= 8 1.2
~ 1 —~—4= R T1E : —= S 11
S o8- = — S i ept S 1
o.g = — > 08 = — LEJ 08
8:5§||||||||||||||||||||||||||||||||||||||||||||—|_§ gg IE 0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 05 EL 1 1 | L1 cov e b Py 13 8g
C 0 1 2 3 4 5 6 .
Yr
C parameter rapidity wrt thrust EEC

C parameter parton versus hadron level

[Hoang, Platzer, Samitz — in progress]



Summary

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.

—@
\‘
\’
The understanding of hadronization effects and L@

models, and their interplay with parton showers will
be one of the main topics for precise simulations.

=
o

Quantum mechanical propagation of colour and
spin, and the account of interference will be crucial
and can be accounted for by amplitude
evolution algorithms.

“State” “Observable”
“Observable” “State”



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.



Seen a lot of improvements, but is this the right physics!?

X

Rather exclusive events at low |-Thrust.
BELLE @ 10.45 GeV ~ no shower evolution.
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[Kiebacher, Platzer, Priedigkeit — in progress]




Seen a lot of improvements, but is this the right physics!?

X

Differential cross section for 7w K~ (0.9 < z < 0.95)
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Thank you.




