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Parton Showers € h

PS dresses hard process with soft and collinear gluons/quarks;
Probabilities given by soft/collinear splitting kernels:

DiDk 2 P, (2)
|Myggl” = 2——=——| M| My, |2 o —E g 12
L 1 (pipj)(pjp) ™ Mg 2(pz-pj)| ol p
4 ]
Momentum conservation must be

enforced! Need on-shell momentum
mapping from n+1 to n parton

\conﬁguratlons

(
Interfacing to (N)NLO calculation needs PS matching to
remove double counting — See Talks by Emmanuele Re
and Marius Wiesemann

\

to what order?

[PS resums large logarithms, but J
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[Many developments, but the basics are still the same! ]




Algorithms used in Practice

We have a good selection of Parton Showers for LHC simulations,
allowing for cross-checks and some uncertainty estimates

Project Evolution variable Coherence References

io++ i _ i i [Marchesini, Webber Nucl. Phys. B (1988). 461]
Herwig Angle or Dipole-k Angular Ordering / Dipole [Carcoll ot al. arkichonh OVTI363

i i - i [Sjostrand, Skands hep-ph/0408302]
Pythla (DIpOlB )kJ- DIpOIE [Hoche, Prestel 1506.05057] (Dire)

i - i [Schumann, Krauss 0709.1021]
Sherpa (DI[JO'B )kJ- DIpOlB [Hoche, Prestel 1506.05057] (Dire)
Vlnma Dlpole_k (Sector) Antenna [Giele, Kosower, Skands 0707.3652, 1102.2126]
1

The agreement between Vincia’s antenna shower and the more

standard dipole showers validates the dipole approximation
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Where would we like to be in 10
years from now?

other is not a good way to estimate
uncertainties

(Comparing different parton showers to each N

. . . :
\- We need (parametric) uncertainty bands! )

We need to make use of the plethora of
fixed-order calculations

— Matching!
(" Parton Showers naively only capture the )
leading soft and collinear behaviour correctly
— We need to study next-to-leading power
\_corrections! Y




Where would we like to be in 10
years from now?

fComparing different parton showers to each )
other is not a good way to estimate
uncertainties

. . . :
- We need (parametric) uncertainty bands! )

We need to make use of the plethora of
fixed-order calculations

— Matching!

(" Parton Showers naively only capture the )
leading soft and collinear behaviour correctly

— We need to study next-to-leading power

—)

The way to go is to construct parton showers at
NLO and (N)NLL

— Lot’s of recent developments

People are working towards NNLO matching
and even N3LO!

— Lot’s of recent developments

fSystematic studies of subleading power effects )
in different kinematics mappings need to be
conducted

\_corrections! Y

\ — Sadly, not much progress )
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" (N)NNLO Matching Updates



Matching Updates
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@neva uses known resummation in\

jettiness/qT and matches to NNLO
[Aioli, Broggio, Gavardi, Kallweit, Lim, Nagar,
Napoletano, Rottoli 2102.08390]

Allows choice of resolution variable
and assessment of shower scheme
uncertainty

Qae Davide Napoletano’s Talk at HPy
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Matching Updates
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New results on di-photon production
at NNLO [Galvari, Oleari, Re 2204.12602]

and WZ production at NNLO QCD/NLO
EW using the MiNNLOPS

Method [Lindert, Lombardi, Wiesemann,
Zanderighi, Zanoli 2208.12660]

/
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https://arxiv.org/abs/2204.12602
https://arxiv.org/abs/2208.12660

Matching Updates

/Work towards fully differential \

matching at NNLO in Vincia
[Campbell, Hoche, Li, Preuss, Skands 2108.07133]

Shower matches NNLO singularity
structure, “POWHEG @NNLO”

Qee Christian Preuss’ Talk at HP2 j
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https://arxiv.org/abs/2108.07133
https://conference.ippp.dur.ac.uk/event/1100/contributions/5798/

Matching Updates —~T

(& )

irst N3LO parton shower matching:
prs e~

[Prestel 2106.03206], [Bertone, Prestel 2202.01082]

- Matching to inclusive results L

\ - Extension of UN2LOPS j
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https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2202.01082

NLL Parton Showers
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NLL Showers

Where do the logarithms come from?

(see also [Banfi, Salam, Zanderighi hep-ph/0407286])

7

\

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

Criteria for NLL accuracy at leading color outlined in: J

.

4 )

Shower needs to reproduce
results of analytic resummation
of rIRC observables

[ Depends on logarithmic variables of emission pairs: ‘ \. /
’ Ink, /Q
Energies/Angles Distinctly different Comparable
Distinctly different LL NLL o
Comparable NLL NNLL
[ Shower needs to reproduce the correct tree-level ME ] .

squared in these regions



https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/hep-ph/0407286

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

g
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| A ~ R
Where do the logarithms come from?
(see also [Banfi, Salam, Zanderighi hep-ph/0407286]) Shower needs to_ reproduce _
y results of analytic resummation
of rIRC observables
[ Depends on logarithmic variables of emission pairs: \. /
/ In kJ_/Q
Energies/Angles Distinctly different Comparable
Distinctly different LL
Comparable NLL NNLL

Shower needs to reproduce the correct tree-level ME
squared in these regions
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Ll

NLL Showers k=2zp,+2 ket~ ke
22p - p-

Project Ordering Recoil L Tests Refs.

Herwig Angle Global Local Analytical for global observables, [N“Sé‘{ crt'ﬁjlmé\?%bsbse{
Phase space not covered in non-global case 461 ’

PanLocal 0<p<1 Local Local Numerical tests in e+ e-, pp (colour singlet), DIS | Deseuntc e a]'-

PanGlobal 0<p<] Local Global for a variety of global and non-global .

antioba $B< 0cd 0ha observables

Deductor B=1 Global Local Analytical and numerical for thrust %ﬁ‘_’bﬁ;’;’ﬁ

FHP =0 Global Global Analytical and numerical for thrust, multiplicity Lﬁ;’[ﬁ?ﬁ%ﬂ%’%%‘%m

Alaric =0 Global Global General, analytical proof for any global rIRC [Herren et al.

safe observable; Numerical tests for LEP event
shapes and y..,

2208.06057]
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Thrust (Ecpms = 91.2 GeV)
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Massive Improvements

ALARIC has been extended to handle massive
quarks as emitters [Assi, Hiche 2307.00728]

ﬁumber of important technical \

steps:
e Matching massive Eikonal to
quasi-collinear limit
o Demonstrate NLL safety of
momentum mappings
e  Computation of all
counterterms for MC@NLO

anortant for phenomenology:

\ matching /

\conceptually clear

e Processes with top quarks
o h-jets
e b-hadron decays in Sherpa

Initial state evolution requires
matching to PDFs and still WIP, but

~

J
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 Towards NLO/NNLL Parton Showers



NLO Status

correctly, avoiding any double counting:
lterated LO splittings
Virtual corrections to splittings
Genuine triple collinear splittings
\_ Genuine double soft emissions

(At NLO, various effects have to be included )

J

DS (2,) = —

DP (z,) = —

%Pj(?)(z) N M /E}

1 (0) (0)
N [ LD @R/

(B0 )/ o

Bo pO () +

(1)
P ()+42 Ji
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NLO Status

correctly, avoiding any double counting:
lterated LO splittings
Virtual corrections to splittings
Genuine triple collinear splittings
\_ Genuine double soft emissions

(At NLO, various effects have to be included )

J

Should go hand in hand with fully differential
NNLO matching (“Parton Shower as NNLO

subtraction scheme”)

— Integrated counterterms need to be
computed

DS (2,) = —

D (2, 1) =

%Pj(?)(z) N M / 2}

1 (0) (0)
- o [ LD @R/

(B o )/ o

Bo pO () +

(1)
P ()+42 Ji
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NLO Status

(At NLO, various effects have to be included
correctly, avoiding any double counting:
lterated LO splittings
Virtual corrections to splittings
Genuine triple collinear splittings
\_ Genuine double soft emissions

~

J

Should go hand in hand with fully differential
NNLO matching (“Parton Shower as NNLO
subtraction scheme”)

— Integrated counterterms need to be
computed

1
DJ(,Zl_)(z,u) =— —Pj(f)(z) “ M / D— 1
E ! ] z ,

DP (z,4) =

1 [td
P0G+ LG + o [ EPD@PD /)

42 I* 2e2

For double soft/triple collinear we need to
learn from NNLO subtraction schemes

For ALARIC the work on the MC@NLO
counterterms for massive particles allows for
easy computation of NNLO counterterms in
iterated limits [Assi, Hiche 2307.00728]

(B¢ 0 )/ o
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NLO Status
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Studies of triple collinear and double soft

effects in Dire:

[Hoche, Prestel 1705.00742]
[Dulat, Hoche, Prestel 1805.03757]
[Gellersen, Hache, Prestel 2110.05964]
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NLO Status poporel L

8s Uy,
P Sij zi /2n-p; (KL"!(’\‘?) V2np;’
P AD—[EE]—DP
D—U Js Zi(Zi + ZJ') Uy, U\,
: - : ) P = QS_U % V2npi Tt \/2np; kL€
Work on higher order splittings on amplitude
level: [Loschner, Platzer, Simpson-Dore 2112.14454] P -
§  =rga gt (e o) Jea
NNLL studies to go beyond CMW coupling: for P o " e
[Dasgupta, El-Menoufi 2109.07496] P
j & 29_5 ZeMPr U5, (1’5 TR ) Ux,
[I—DPD%—D— p  Sik zinpi V2nopp \TK LI e) onpy,
d-r S-0 r-v
. 2 {2 62 d%o 62 d?c
q.(ab.) s 0_ 4 st a & )
el (00 d:d92) (00 d:d92) + (00 d:d02) \10)
= (CFQS) (1+ ( 31nz+2Liy ( 1) —2InzIn(1 —:)) —1+Hﬁ"'(:)) .
2T 11—z z
(3.47)
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Conclusions

ﬁere have been a lot of exciting developmh

on parton showers in recent years!

- We are getting close to fully differential
NNLO matching

- We are on a good way to understand
Parton Showers at NLL

However, a lot of work remains:

- Showers at NLO are not quite there yet

- Massive quarks need to be included
consistently, velocity logarithms,
Quarkonia?

- NLP corrections might be necessary

- Gan we do MC@NNLO?

- Most importantly: Implementation and
Validation for use by experiments
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Soft Radiation in Alaric

Factorisation in the soft limit:

n(L-nll )y = —8mas Y o1l )

i,k#j

50 c ,TLIT@'Tk Wik, 5

1,...,j,...,n>n_1

(Multiplicative matching of singularities:\
Wij = Wi + W;fw

1 — cos 0y,

Wi i = Wik
ikj 2 — cos B — cos Oy,

QCatani, Seymour] hep-ph/9605323

anlement radi?tor Qiﬁerentially\

1 1 s
[QPZM (i7)i(2) oD (i3)i(2)+0(y E?

color spectator! N.b.: only leading color

J

( Z)] } [Splitting functions depend on direction of
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Recoil in Alaric Main ldea: \

maintain directions of hard particles exactly

Pi = 2P L pin
Color Spectator =D +pin
/p Pk = Pk (i + pj) )

__________________________________________________

Hard system / L_pp K
Emitter ik 2pi K

Recoil distributed to remaining momenta

pj = (1—2)pi+v ( K— (1—2+ 2&)@) k. throughborentz Transformajion:
- o 1%
K=K—v(K-(1-z+2)p) -k Py — MK, K)p;




—s e+ e-, pp, DIS, ... all treated on same footing

H - Momentum mapping works for initial and final state emitters/spectator
Recoil in Alaric [ A : J

__________________________________

1""1, — n ’- . i
kT\ / "

pi n - B
K —kr |

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

i n .
K kr

()
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NLL Proof for Alaric ( Define R
Xt =pi— (1= 2)p;

Recoil distributed to remaining momenta = ~
through Lorentz Transformation: \ — U(KM o (1 —ZT 25) pﬁt) + kﬁ y
i — MK, K)pf
- . . R
Suppressed by Aﬂy(Ka K) — 95 + K*A, + X"B,
O(kL/K) e [u% ~Xy (K-X/2'] L. (K-X/2)
(K —X)? (K- X/2? (K - X/2)

l .

K,X,
[Ag ~ gh o+~ T + O(k)
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Ink,/Q

[Banfi, Salam, Zanderighi] hep-ph/0407286

NLL Proof for Alaric

ﬁr one emission kinematic variables in\

the Lund plane scale like:

keg — kiy = /gt7lp(1—€z)/a+€z/(a+b)

Inp
—n=n—
m—=m="n &a+b
i
fl_nl,max

@ere a=1and b = 0 for Alaric /

In k,/Q

n

generalised
rescaling

P

P~ p

P~ p

\fgrp—>0

nV(]rking in the rest frame of the color\
dipole, the other momenta scale like:

1,2
pp ~p

1-¢

1-¢

.._’/
o1
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NLL Proof for Alaric

Ink,/Q

[Banfi, Salam, Zanderighi] hep-ph/0407286

4 )

Scaling under an additional emission is determined by
the Lorentz transformation in the limit p — 0:

n

generalised
rescaling
—_—
P)

In k,/Q

(Scaling becomes:

Ap? ~ pl_leO—|—p2_£l_max(£%§])Ko—l—pl_&Xo ~J p2_€l_max(€i7€j)

Ap?’ N p1—§ZX3 -~ p2—§z—max(§z',€j)
\ [

P~ p

1-¢

.._’/
o1
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