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Motivation — Accurate event generators UNIVERSITY OF GRAZ
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do ~ L xdog(Q) x PS((Q) — 1) x MPI x Had(p — A) X ...
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Shower & parton branching paradigms UNIERSITY OF GRAZ

* Driven by QCD coherence

* Recoil global

* Links to analytic use of
coherent branching

* Driven by large-N dipole
pattern and colour flows
* Momentum conservation for
each emission
* Advantageous for matching &
Herwig 7 Dipole branchings order merging
in transverse momentum.

Parton branchings
order in angle.

Herwig 7, Pythia 8, Sherpa, PanScales, Deductor

Sequences of emission scales and momentum fractions as Markov process.
Restore momentum conservation per emissions or at end of evolution.
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QCD coherence & shower accuracy UNIVERSITY OF GRAZ
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QCD coherence & shower accuracy UNIVERSITY OF GRAZ

NLL with coherent branching Issues in coherent branching

NLO with matching Issues in dipole showers LL with dipole showers

Understand and decide on accuracy of (existing) parton shower algorithms,
take as a starting point for incremental improvements.

H(ag) x exp (Lgr(asL) + go(asLh) + asgs(asl) + ...)
‘Dasgupta, Dreyer, Hamilton, Monni, Salam et al. — JHEP 09 (2018) 033, ...]
‘Hoang, Platzer, Samitz — JHEP 1810 (2018) 200] a.L ~ 1 LL NNLL
[Bewick, Ferrario, Richardson, Seymour — JHEP 04 (2020) 019]
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QCD coherence & shower accuracy UNIVERSITY OF GRAZ

Pi,, " Pjn
Piy, * dn Pj, " dn

——

Pin " Pj, L -pj, 1 T-pi, 1
Din “Gn Pjn " qn L qn Dj, ~an 1T - qn Di,, * Qn

[Dasgupta, Dreyer, Hamilton, Monni, Salam —PRL 125 (2020) 5]

Dipole sh ducing coherent branching:
[Forshaw, Holguin, Plitzer — JHEP 09 (2020) 014 & EPC C81 (2021) 4] pole showers reproducing coherent branching

Understand and decide on accuracy of (existing) parton shower algorithms,
take as a starting point for incremental improvements.

H(ag) x exp (Lgr(asL) + go(asLh) + asgs(asl) + ...)
‘Dasgupta, Dreyer, Hamilton, Monni, Salam et al. — JHEP 09 (2018) 033, ...]
‘Hoang, Platzer, Samitz — JHEP 1810 (2018) 200] a L ~ 1 LL NNLL
[Bewick, Ferrario, Richardson, Seymour — JHEP 04 (2020) 019]
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Pi,, " Pjn
Piy, * dn Pj, " dn

 ———

Pin " Pj, L -pj, 1 T-pi, 1
Din “Gn Pjn " qn L qn Dj, ~an 1T - qn Di,, * Qn

[Dasgupta, Dreyer, Hamilton, Monni, Salam —PRL 125 (2020) 5]

Dipole sh ducing coherent branching:
[Forshaw, Holguin, Plitzer — JHEP 09 (2020) 014 & EPC C81 (2021) 4] pole showers reproducing coherent branching

Understand and decide on accuracy of (existing) pa Another issue is the large-N limit: asNz ~ 1
take as a starting point for incremental improvemens:.

H(ag) x exp (Lgr(asL) + go(asLh) + asgs(asl) + ...)
‘Dasgupta, Dreyer, Hamilton, Monni, Salam et al. — JHEP 09 (2018) 033, ...]
‘Hoang, Platzer, Samitz — JHEP 1810 (2018) 200] a L ~ 1 LL NNLL
[Bewick, Ferrario, Richardson, Seymour — JHEP 04 (2020) 019]
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Amplitude evolution basics UNIVERSITY OF GRAZ

(F1S1) (ST f)
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Amplitude evolution basics UNIVERSITY CF GRAZ

(FIS18)  (ilSTIf)
pio(o —oy)doy
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Amplitude evolution basics UNIVERSITY CF GRAZ

(FI1S]EYy  GlST Y MY {d fIMY

pid(0 — oy)doy

External wave functions.
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Amplltude evolution basics UNIVERSITY CF GRAZ

L SE S SE ><

(P18 GISTIFY ML Y {afIMY MM i £ )

pid(o —or)doy / /

Correlation function of field operators. Cross section density operator.

External wave functions. Measurement projector.
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Amplltude evolution basics UNIVERSITY CF GRAZ

L SE S SE ><

(FIS|Ey  (G6|STIf) ML i fIM) MHM i, fHi, f
pid(0 —oy)de; /

Cross section density operator.

External wave functions. Measurement projector.

Unless stated otherwise: |M} — | M)
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Amplitude evolution basics UNIVERSITY CF GRAZ

i W& + W% . (to\)" Q(tok)"q/ b> Sity operator.

Irement projector.

Unless stated otherwise: |M} — | M)
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Amplitude evolution basics UNIVERSITY CF GRAZ s iversitat
o e — & e ><
“ dk fk d"“/I‘(k ) + — _fk d_k/:[‘T(k/)
An(@) = [ T Pe ST FTEID (1) Ay (k) D) (k) Pe Ji
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 — JHEP 05 (2018) 044] . . .
[Forshaw, Holguin, Plitzer — JHEP 1908 (2019) 145] amplitude conjugate amplitude
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Tracking colour charge UNIVERSITY CF GRAZ
Decompose amplitudes in flow of colour charge. Ty [An] — Z A, <U‘7‘>

> 1 —>» —— ] ——

R e | s valle] M
:

—_—— 3 —_—

——<— 2 L «—= e (::|
>——> >——> >—

—— —— ——

ol

< 4 —> <«

_(_

1123) 213) 312) (123|123) (123|213) (123|312)

. . o 1 . .
(1)u(e) = T (816 - 0187 ) N3 N2 N
[Platzer — EP] C 74 (2014) 2907]
[Angeles, De Angelis, Forshaw, Platzer, Seymour — JHEP 05 (2018) 044]
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Tracking colour charge UNIVERSITY OF GRAZ
’ Gluon exchange ’
_ [k dE p(r! ©e I

. Pe fq Kk’ (k7) 0 |
] pka, ]
C T 7|0|o) = (asN)[7ITW|o) 4+ (asN)?[r|ITP|o) + ...
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: _ dipole flips — implicit suppression in |/N
Systematically expand around large-N limit

i g N
summing towers of terms enhanced by as [Plitzer — EP| C 74 (2014) 2907] — diagrams from [Ruffa, MSc thesis 2020]
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Simulations UNIVERSITY OF GRAZ
CVolver solves evolution equations in colour flow space (08 ANEES. ForSha\EﬁzltiZf ZE:JPELAZ(%?Z)Z Iz)gcl)%
0
B Au(E) = T (E)An(E) + An(E)T},(E) = 3R (B) A 1(B)REH(B)
k

singlet — gg spectrum
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amplitude conjugate amplitude

Agrees with [Hatta et al. — Nucl.Phys.B 962 (2021) | 15273] using equivalent Langevin formulation.
Much more to come ... thanks to Patrick Kirchgaesser, first and foremost.



Would subleading-N matter?
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Would subleading-N matter?
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Approach colour reconnection from colour
evolution: perturbative component!

Pe ™ Jrd Ak’ (k')

Reconnection 9

amplitude

Aro = (o]U ({p}muzv {Mz

[Gieseke, Kirchgaesser, Platzer — EP] C 78 (2018) 99]
[Gieseke, Kirchgaesser, Platzer, Siodmok — JHEP 11 (2018) 149]
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Constructing amplitude evolution UNIVERSITY OF GRAZ

Consider factorisation to a partonic cross section, supplied by a very
general measurement operator including possible projections onto
colour singlet systems. Somehow needs to happen for hadronziation,
but other observables fit, as well.

Rely on factorisation properties of

amplitudes to isolate divergent { _ M,<< N W<<

contributions.

Physical cross section finite: resort to ) W&\ - A A
RGE methodology.

[Platzer — arXiv:2204.06956]
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Constructing amplitude evolution UNIVERSITY OF GRAZ

Consider factorisation to a partonic cross section, supplied by a very / N /,
general measurement operator including pc

colour singlet systems. Somehow needs to| U as colour space operator also seen in
but other observables fit, as well. double parton distributions

U =Y / 0 T (M (Q: s

Rely on factorisation properties of ) |
amplitudes to isolate divergent Ugq(a) = exp(—ady) = 5 (
contributions.

Physical cross section finite: resort to [Diehl, Gaunt, Pichini, Pléssl — Eur.Phys.J.C 81 (2021) 11]
RGE methodology.

v o=

[Platzer — arXiv:2204.06956]
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Factorisation of amplitudes

Factorisation of virtual contributions (QiD1, s D) Un

Z/aOTr

Mg) _ V(l)Mg—l) 4 Mg—l)v(l)T

4 V(l)Mg—Z)V(l)T 4 V(Q)Mg—Q) 4 Mg—Z)V@)T 4

/. - . | | . ‘ 
0|0 00

Systematically convert loops
Factorisation of real contributions

i into phase-space type integrals.

Q.

I—1 I—1
1 Dq(ll,l)MgL_l)Dgll,O)T 1 DS’O)M;—1)D§L1’1)T

M) = DM D)

+DEOMY DOt

1=1
Coefficient Diagram Colour-factor
Q(.2.> T. - T T -T.
1] ( 1 J)( 1 J)
]
j
1
Q(Q) i T, - T,)(T; - T,
ijl ( ( (T J)
j
1
J
2
J
2
j
J

> 3

(a,b),(c,d) ik, /=1

abcd -I—(a)-l—(b)

[Plitzer, Ruffa — JHEP 06 (2021) 007]

c),t7(d),t
T Tl

[Majcen — M.Sc. thesis 2022]
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Redefinitions of “bare” operators UNIVERSITY OF GRAZ

Path to a finite cross section: renormalisation & . Z / A Tr M (@ Pty ooy ) Un(@; p1, ooy p)] (@) T (412)[dpi)d (i)

M, = Z ozf) M,,(f)
[=0
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Redefinitions of “bare” operators UNIVERSITY OF GRAZ

o Tr My (Q; p1s s Pn) Un (Qs 1 - )] dp(Q) | [ (4 [dpilo (i)
1=1

Path to a finite cross section: renormalisation &

M, = Z 046 M,,(f)
=0
o1y (47TMQ)6 = as(UR)WR Zg
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Redefinitions of “bare” operators UNIVERSITY OF GRAZ

Path to a finite cross section: renormalisation &

M, = 3ol MO

[=0 00 n-+s
Qv (47T /LQ)E — as(#R)M%%GZg U, =X!S,X, — Z o / ngs_?-];sn—l—SFrg;i)_s H wgs[dpi]d (p;)
s=1 1=n-+1
X, =1-) atXP P =3 akFEh

k>1 k>0
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Redefinitions of “bare” operators UNIVERSITY OF GRAZ w;ggmt&t

Path to a finite cross section: renormalisation &

M, =3 ah MO

[=0 n+s
oo (4mp%)" = as(pr) i Z, U, = XS, X, Z o / FyliSni oty [ #ldpild(p:)
1=n+1
X, =1-) atXP P =3 akFEh
k>1 k>0
oUll, = 3 / 0% Tr [N, | do H (2 dpil3(pi) + O(aotnetly
n>no |
UV & IR finite — upon fixed order expansion
MO = MO — S e {1\/[5{’)} and redefinition of the observable.
MO = MY = Siree M| = Stitoop _M,,({))} Systematic build-up of IR subtractions

separately for virtual and real corrections.

~ A a(2) [ x(1
M')(’LQ) — Mf,(i%g o Stree _Mfz iq_ o Sl—loop _Mg 31{} o 82—loop |:M7(’LO):|
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. . , [Platzer — arXiv:2204.06956]
We can now obtain the evolution equations we asked for:

Og = 0/0log g

9sAn =Ty sAy + A LT o — ST adRE) A, RE)

s>1
Us
9sSp = —TL S, — ST, + > af / RS SosRE L [ [dpild()
s>1 1=n-+1

Coupled system of evolution equations: For each resolution we have chosen, we get one.
Directions of evolution are different in scale and multiplicity.

as corrections to tower of logarithms present in A

:Z/Oég TT[(An+An) H:u dng )
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. . , [Platzer — arXiv:2204.06956]
We can now obtain the evolution equations we asked for:

Og = 0/01og g

9sAn =Ty sAy + AL o — ST adRE) A, RE)

s>1
Us
9sSp = —TL S, — ST, + > af / RS SosRE L [ [dpild()
s>1 1=n-+1

Choosing energy and angular cutoffs

e & ) =1-0(Q—E)(E — ps)0 (1 — 2,1+ x)
essentially gives us the

n,l,rad

[1]>

algorithms (with similar choices qul, %,md = _f‘g,gz,rad =
for real emission). R L (1 —gz?)«c.
) ~-» T, T, (“—) H(Q—MS)/ a )2 o\ (1 - a, 1+:1:)/d(2(d_3)
. us 1 1l —=x
1<)J
[Angeles, De Angelis, Forshaw, Platzer, Seymour — JHEP 05 (2018) 044] I‘g)n rad = —/5'3,0 and f‘g)n rad =0

[De Angelis, Forshaw, Platzer — PRL 126 (2021) | I] — also see Becher et al. in the large-N limit.
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EVOl Ution eq uation S UNIVERSITY CF GRAZ

. . , [Platzer — arXiv:2204.06956]
We can now obtain the evolution equations we asked for:

Og = 0/01og g

OgA, =T
Ms
n—+s -
0sS, = — [] [dpilé(ps)
1=n—+1

Choosing ene 1 =1-0(Q — E)I(E — ,ug)(g)g\ij)(l —x,1+ x)

essentially give
a|g0rithn -\ nrad _I‘g,gz,rad —
for real emission). R % L (1 —a?).
) ~-» T, T, (“—) H(Q—MS)/ a )2 o\ )(1—:17,1+:17)/dﬂ(d_3)
. us 1 1l —=x
1<)J
[Angeles, De Angelis, Forshaw, Platzer, Seymour — JHEP 05 (2018) 044] I‘g)n rad = —/5'3,0 and f‘g)n rad =0

[De Angelis, Forshaw, Platzer — PRL 126 (2021) | I] — also see Becher et al. in the large-N limit.
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. . , [Platzer — arXiv:2204.06956]
We can now obtain the evolution equations we asked for:

Og = 0/01og g

OsAn = T'nsAy Anrjz,S - Z QSSRE;,ZL n— SR(S)

s>1
Us
n-+s
8SSn — F S - FSn =+ Z O‘S/RSZLT+SSn+SR§21_|_S H [dpz]é(pz)
s>1 1=n—+1
Evolution equation for a g

hadronization model!

Features which relate to the high-
energy dynamics of the Herwig
cluster model.

[Gieseke, Kirchgaesser, Platzer, Siodmok — JHEP 11 (2018) 149]



UNIVERSITAT GRAZ =5
SLI mmary UNIVERSITY CF GRAZ % . Lvr\}lgre]mtat

Amplitude evolution:

* A theoretical framework to build parton shower and resummation algorithms.
* A numerical method in its own right to address QM interference beyond the large-N limit.

Open questions beyond state-of-the-art answered:

* How would hadronization and other infrared unsafe observables fit into this framework?
* How would we rigorously construct the evolution beyond the leading order?

Vital input for the construction of better parton shower algorithms and to put constraints on showers
and hadronization models where we have no data available, specifically SIDM models.

Much more in progress: hard-collinear contributions, first steps to electroweak evolution ...

[Forshaw, Holguin, Platzer — JHEP 1908 (2019) 145] [Platzer, Sjodahl — arXiv:2204.03258]
[Loschner, Platzer, Simpson — arXiv:2112.14454]



