Parton Showers & Resummation — CERN — July 2025

Conceptual &
Technical Challenges

in the matching of parton showers
to higher-order calculations

Peter Skands
Monash University (Melbourne)

Australian Government &l WARWICK

ALLIANCE

Australian Research Council




Perturbation Theory

Calculate do with higher and higher detail ~ effective area of a shape

Difference from “exact” area x a"*!

LO

Example: Koch Snowtlake

Note: (over)simplified analogy, mainly for IR structure. More at each order than shown here.



Perturbation Theory

Calculate do with higher and higher detail ~ effective area of a shape

Difference from “exact” area x a"*!

Massless gauge theories

Scale invariance =¥ fractal substructure
LO

Can be resummed to all orders

s

Cast as (unitary) differential
evolution equations

/ Showers

Example: Koch Snowtlake
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= Parton Showers

- (+ running couplings and masses)

Note: (over)simplitied analogy, mainly for IR structure. More at each order than shown here.



Physical do « Phase-Space Integrals

Fixed Order: each phase space treated separately (e.g., VEGAS)

Born Singularities (1 unresolved) Born +1 Singularities (1 unresolved) Born +2

Singularities (2 unresolved)

Challenge: ensuring finite do; at each order < unitarity

=g 5= M1 By = | M|’
2 1=
= Vo=2Re[M)'M)] + [ B R B, = | MJ) |’
® . U Vi=2Re[M| M|+ | B>
S Wo= M, |” + 2Re[M; MJ] + [ Vi -
LLl 1—~0

Notation for amplitudes: //’ : Born + n partons @ # loops
Squared amplitudes: (B, V,, W,)) : (LO, NLO, NNLO) for n partons




Physical do « Phase-Space Integrals

Showers: higher phase spaces nested inside lower ones (cf., SUNSHINE )
[Altmann, Li, Scyboz, PS 2507.00111]

Unitary n — n + 1 evolution operator aZHan

To create (n + 1)-parton state, destroy n-parton state (+ higher-order generalisations)
= Positive correction to (n + 1) partons « Negative correction to n partons

Born —> Unitarity “trivial”

Virtpg = — JRealPS

Born +1
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automatic

Born +2

Challenges: recoil effects in n = n + m mappings; (ordered) phase-space coverage;
subleading pole structures; non-singular terms (matching?); tractable expansions.


https://inspirehep.net/literature/2940907

Multi-scale Problems

Simple example of a multi-scale observable:

Fraction of events that pass a jet veto (for arbitrary hard process O, 4 > 1 GeV)

(i.e., no additional jets resolved above Q.. ):

[0 NLO NNLO

~=

1 — &S(L2+L+F1§ + &§(L4+L3+L2+L+F2§+

L ln(Q\%eto / Ql%ard)

1
(Arise from integrals over propagators _2)
q




Fixed-Order + Resummation

Resummation (e.g., by showers) extends domain of validity of perturbative calculations

10

— NNLO
--- Beyond NNLO

0.100+
0.010+ <+ Target accuracy at NNLO

0.001 .

Parametric size of each
perturbative coefticient

Beyond NNLO

N
9
AN

A

100

Generic observable scale O
(for Ogom = 100 GeV; e.g., Drell-Yan pr)




NLO

«— "t" = some measure of

, , ® Born Inclusive Rate (NLO):
perturbative resolution ~ kr
(Soft & Collinear safe) dGO = (B() + VO) dq)O
) \ Born + 1-jet Rate (LO):
Bo,1 = \MO |

Vo =2Re[My M1 + [ B

Rapidity y

Peter Skarfds



Powheg (box) — Schematic

t:=t"" = Powheg-box k;

Fixed-Order Coefficients

Bo,1 = ‘MO ‘2

Vo =2Re[My M1 + [ B

(7o)

Born Inclusive Rate (NLO):
doy = (Bo + Vo) dO,,

Unitarity =» do, conserved

"Lund Plane”

Bi ypw . pwy 9%
dGl = dUO B_O AO (to, tl i,
] B
e e APW 1
Unitarity: A" = exp <_J1I—>OB_O>
All-orders summation — M

Rapidity y




Powheg (box) — Schematic

t:=t"" = Powheg-box k;

Fixed-Order Coefficients

Bo,1 = \MO &
Vo =2Re[M, MJ] + |

1|—>O

Subtleties:

1. tfw =+ tls «—— Some detail
Recoll effects (dDF ) ——

New processes beyond LO

Addressed
in other talks

™~ Brief
‘/mentions

nitial-state colours
= NNLO

kB~ w D

Some detail

(7o)

Born Inclusive Rate (NLO):
dGO — (B() + VO) dq)o

Unitarity =¥ do, conserved

Born + 1-jet Rate (matched):

(%5, V2)

(t39 )’3)

“Lund Plane”

do,

'I'_T B
. . 1
Unitarity: Agw = CXPp <_J1HOB_O>

All-orders summation — M

Born + n-jet Rate (do; ® shower):

Ap_ (1, 1)) d®§—1

Rapidity y

P o



1. Shower p, # Powheg p,

(I\/I/9re in talk by Karlberg)

A radiation phase space .
P P N Solution: vetoed showers [Nason 2004

Works very well for simple cases
(~ one QCD dipole in Born process)

Powheg-Box kr .
______________ But ambiguous for complex

processes (multiple emitters)

(VBF, rt, dijets, single-t, V+jets, ...)

— uncertainty purely from
matching scheme (not physical)
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https://arxiv.org/abs/hep-ph/0409146

Jager et al., 2020]

Extreme Case! VBF: qq — q’q’H Buckley et al., 2021]

[HOche et al., 2022]

q

Strong IF coherence effects ;

Multiple emitters wE z

~ several overlapping phase spaces H
Many possible pt definitions: W=, 2

p (i = jk) symmetricornotinj < k

p, with respect to the beam

p, with respect to the IF dipoles

(How) is mass treated in the scale definition(s): pi VS mi = m? +pi ?
p, (or m?) with respect to either of the final-state jets? With respect to Higgs?

Combinations of the above ...

(+ PYTHIA detines a problematic FF dipole — coherence issues)



https://arxiv.org/abs/2003.12435
https://arxiv.org/abs/2105.11399
https://arxiv.org/abs/2106.10987

Why does 1t matter?

Coherence

Both IF dipoles are highly boosted

Throwing an emission back to y ~ 0 requires a

Many possible pt definitions: highly energetic and backwards emission.

p (i — jk) symmetric or notinj < k Should count as a high-scale hard emission —
b, with respect to the beam even at relatively low prwith respect to the beam
p, with respect to the IF dipoles

2

(How) is mass treated in the scale definition(s): pi VS my = m? +pf ?

p, (or m?) with respect to either of the final-state jetS?AWith respect to Higgs?

Combinations of the above ...

(+ PYTHIA

detines a problematic FF dipole — coherence issues)A




CO n Seq u e n CeS? See also { :\éi%irlee; g’lalzogglml

[HOche et al., 2022]

Varying the POWHEG-BOX < PYTHIA/VINCIA hardness-scale ambiguity

POWHEG:pThard = O #Veto atpfj(.),iWHEG = SCALUP = scale at which POWHEG emitted this parton“Naive”’ Vet = 8.510 é

) Def > 8.311 | T
POWHEG: pThard = 41 #Vetoatmin, (pfj?l.WHEG) = smallest scale at which POWHEG could have emitted this pacle'ton :
POWHEG : pThard = 2 #Vetoatmin, ; (pEJQZ.WHEG) = smallest scale at which POWHEG could have produced this event v

[Nason, Oleari 2013]

Pseudorapidity of the Third Jet

Powheg + Pythia Default (incoherent)

Big variation with pThard choice @

Shower jet can "usurp” ME-controlled jet
- Born+1 LO accuracy destroyed A\

Ll

il

-
—

—— NLO + VinciA (POWHEG)

—— NLO + PytHIA Default (POWHEG)

NLO + PytHIA Dipole (POWHEG)

Powsipc-Box vz + PYrHIA 8.3 Powheg + Pythia Dipole (coherent)
35 — | | | | | | | | | | | | . )
3 E[Hoche et al, 2022] — Powheg + Vincia (coherent)
£ 3 Very little dependence on pThard @
a4 -
1.5 £

Born+1 LO accuracy preserved

[
¥



https://arxiv.org/abs/2106.10987
https://arxiv.org/abs/1303.3922
https://arxiv.org/abs/2003.12435
https://arxiv.org/abs/2105.11399
https://arxiv.org/abs/2106.10987

An a log y i n tf (but probably less severe)

Complex process = multiple emitters

~ several overlapping phase spaces

IF dipole

Many possible scale definitions

\)

Interplay between colour flow, d®7 |,

and pr scales (boosted dipoles)

IF flows can be either forward or backward

Coherent showers generate a pr-dependent forward-
backward asymmetry at Tevatron [PS, Webber, Winter, 2012]

POWHEG-Box generates 1st emission
= the one it jJudges to be the “hardest” according to its pr definition

P s


https://arxiv.org/abs/1205.1466
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Hadron Collisions: More Challenges oo

3. Often d significant phase
space above the scale of
the "Born” process

A Initial-Initial colour flows

FOPT:

3. Ity < t,,,, multi-scale
problem may be

unavoidable (logs)

4. Large K factors
from Initial-Initial
form factors
(log(-1)2)

[Ahrens et al., 2009]

(tmax = \/ Shadron—hadron) Eg ./ 1 3 TeV
o
(tp.yl) New phase-space region @ NLO

Jets with #; > 1,

Matching:

Not all (hard) 1-jet events come from Born ones

"Automatic” in MC@NLQ [Frixione. Webber 2002]

Done in POWHEG via "hgamp” ~ O(f,) [Nason 2004]

(break strict unitarity) = do,

NLO
< k Born

B’| dq)l

Rapidity y

a3


https://arxiv.org/abs/0808.3008
https://arxiv.org/abs/hep-ph/0409146
https://arxiv.org/abs/hep-ph/0204244

Peter Skarls

+«—— "t = some measure of

perturbative resolution ~ kr

(Soft & Collinear safe)

Fixed-Order Coefficients:

2
Bo,1.2 = ‘M(()),l,z‘

Vo=2Re[My Myl + |
Vi =2Re[M|'M}] + [

T I1|—>OV1

Wo = |M}|* + 2Re[MY*M?]

B1

B>

5. NNLO

® Born Inclusive Rate (NNLO):
doy = (Bo + Vo + Wp) dD,,

Born + 1-jet Rate (NLO):

Born + 2-jet Rate (LO):
dUz — BZ d(I)Z

-~ /. Truncation errors:

Rapidity y




El-Menoufi et al., 2024]

NNLO MECs (Vincia) Campoel ot . 2023]

Hartgring, Laenen, PS 2013]
Giele, Kosower, PS, 2011]

(=» talk later by B. EI-Menoufi) (o)

Born Inclusive Rate (NNLO):
doy = (Bo + Vo + Wp) dD,,

Nested shower cross sections:

do,
CX — (t ’ ) .
doy (1. 11) = dag Ag(to. 1)) ~ Born + 1-jet Rate (NLO)
dA, (10, 1)
do; = day —— dq)il
dr
4]
(1, ) .
dA, (1, 1)
d02 = dUl 2l dq)—sl—l (e.9.. & = qq example in Karlberg's talk
dt t & multiple Borns in arXiv:2412.14242)
2
Ay (10, ) Challenges:
+ do, » dq)iz 1. Resolution choice(s), ¢ 4. O(a?) pole structure
5 2. Sum over histories 5. Phase-space coverage
=» Expand to 2" order ano 3. up scheme and scales 6. Preserving accuracy

construct matching conditions

Rapidity y

&7



https://arxiv.org/abs/2412.14242
https://arxiv.org/abs/2412.14242
https://arxiv.org/abs/2108.07133
https://arxiv.org/abs/1611.00013
https://inspirehep.net/literature/2940907
https://arxiv.org/abs/1102.2126

o [Hamilton et al., 2012]
MINNLO PS (Monni et al., 2019]
Additional Inputs: (t,)

® Starting Point: Powheg for Born + 1
NNLL Sudakov Factor

AgNLL(tO, t,) :tamest; = 0

NNLO Normalisation: ®
dUO = (BO + VO + WO) d(I)O
Set scales as you would (1, ¥2)
in merging (MiNLO) - Unitarity™: AII)W = exp (_thq%)
Ansatz for diff. distribution of *subject to gy,

extra (NNLO) contributions

-----------------------------

1. Resolution choice(s), t | 4. O(a?) pole structure

"W vs 17> ambiguity from POWHEG

----------------------------

(but Complexity now @ Born + 1) 2. Sum over histories 5. Phase-space coverage

+ now also a further ¢ in AgNLL 3. ur scheme and scales 6. Preserving accuracy

Rapidity y

P o



https://arxiv.org/abs/1212.4504
https://arxiv.org/abs/1908.06987

Shower phase-space setups @ Born + 1

R T

\ >
]*
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A very complex process: ¢t

The new approach 1s based on the PyTHiA 8 parton-shower matching parameter pl%ard. It 1s

@) ATLAS PUB Note designed to surpass the previous method, which involved comparing two generator setups
ATL-PHYS-PUB-2023-029 to cover the uncertainty. The old method entangled all differences between the two setups

L 22nd September 2023 in a single uncertainty while the new prescription implements a focused uncertainty that

EXPERIMENT
avoids double-counting with other uncertainties on the modelling of the top processes.

Production: Top quark (and 1) pr

g =l | o | | | 3

£ - ATLAS Preliminary Vs = 13TeV, 36.1fb 1 -

N ot We” mode”ed by base|ine Powheg+PYTH|A % 10 é_lé Data [EPJC 80 (2020) 11, 1092] —+—_§

N N Pwg+Py8 —— 7

mproved @ NNLO QCD T 1L Pwg+Py8 (NNLO rw.) %

b = Pwg+Py8 MiNNLO (s1) —+— =

= take difference between nominal and T Pwg+Py8 MINNLO (s2) —+— -

. . . 10 © = Pwg+Py8 MiNNLO (s3) —+— =

reweighting to NNLO+NNLL as uncertainty = sl piT o 1, phd E

. . 102 :_ ° (82) pflref =2, pk%ard =0 — _:

Could be improved upon by MC reaching that N —
accuracy natively F

[Mazitelli et al., 2112.12135] 1072 = | | | | | | =

First steps exploring MiNNLOgs for 7 M E | E

= 1.2 :— —:

— Improvement (but still has pThard ambiguity) S 1 E ]

. S 08 =

Important testing ground 06 | | | -

@)
(o)
N
(O8]
~
Ul
V
@)\

Ne_xtrajets




Fully-differential schemes require Born-local subtraction terms?

[Campbell, Hoche, Li, Preuss, PS, 2023; EI-Menoufi, Preuss, Scyboz, PS, 2024]

V(P2)  ITHO(P2)  WV(92) | Ip(d2)  Is(Po)
B(d:)  B(®)  B(Pr)  B(dy)  B(do)

knnLo(®2) =14

I Y {R(CDQ, ®y1)  SNEO(dy,041)  RV(d2,®11) _ T(Po, ¢+1)}
1+ |
B(®2) B(®2) B(®2) B(®2)
do RR((DQ, (b_|_2) S(¢2, q)—|-2) Polarisation is not a big worry: [
T 12 B(q) ) B((b ) «——— lterated azimuthal «—— Spin-averaged subtraction terms:
2 2 averaging — 2 pairs Done with pairs of phase-space
points at Ag = 90 degrees
"2 2 Legs n 0 ‘ 2 Legs
2 ' £
B T | e
5 = (not directly tied to shower
o Qa S Q :
: S
O 8 - 9 g formalism — but must be fully
9 Y local in Born kinematics @)
9 5
O -
g<J Vp)
=

Not an immediate issue: trivial for decays; simple for colour-singlet production.

In general simple it shower kinematics preserve ®g ., variables. Or compute "“sector jet rates”?
Do matching using recent fully local subtraction schemes? E.g., [Caola, Melnikov, Réntsch, 2017]

£


https://arxiv.org/abs/2108.07133
https://arxiv.org/abs/2412.14242
https://arxiv.org/abs/0808.3008

Spending our hard-earned a, powers

Already encountered a case
(VBF) where incorrectly setting up

the shower phase space < pr
scales could lead to loss of

accuracy due to log-enhanced a?

More generally:

Spending two FO a;

powers to correct these
emissions would

obviously be a waste

Showers:

Ordering variable, t, determines
which emissions are “first”

t ~ p, = these two
(Powheg, VinciaNNLO)
® .
(See also talk by Rottoli) ~——

For thrust- orjettiness—like)
observable, it would be these two

\

Resummation: handled observable by observable

Matching: final “observable” is full event, on
which any (semi-incl) observable can be evaluated.

mportant that shower preserves accuracy

Observable-dependent weights?

£33



One last thing!

Uncertainties!



Current Standard for Scale Variations: 7-Point Variations

Strong coupling evaluated at o (xz)
PDFs evaluated at f(x, /)

Pick central values according to |
your favourite recipe

Physical Scales, Fastest Apparent Convergence,
Least Sensitivity, Maximum Conformality, ...

Factorisation scale

Vary by factor ~2 in either direction

Induces variations & In 2

Renormalisation scale @ drop anti-correlated ones « (In2)? = In4

| think many people suspect this is unsatisfactory and unreliable

Problem: little explicit guidance on what else to do ...




Multiscale Whack-a-mole

Multiscale Problems Whack-a-mole
1

Integrating propagators —

q
between two different scales g, and g,

_ﬂ_
4>

—> In

For complex processes involving multiple
scales, say a few massive particles + a few jets:

—> In o In | —

No single scale choice can absorb all the logs (best you can do is a geometric mean)
Nor can any factor-2 variation around such a scale (if the hierarchies are greater than factor-2)

At the very least, need to vary the functional form of the scale choice, for the problem at hand.

3



Further
Discussion?

NNLO matching vs NLO merging?
NNLO matching with (N)LO merging?
Matching at N3LO?

Matching with new subtraction schemes?

Efficiency & Negative weights

/
+ Apologies to Geneva-NNLO

(I'm more tamiliar with MiNNLOps and
VinciaNNLO; presume many challenges are
similar, though manifestations may differ?)

Talk by Rottoli




