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Introduction to RadioMonteCarLow?2



Introduction

is a community effort aimed at
improving the description of eTe™ collisions at low energy

(Vs < few GeV).

e Phase | focused on validation and culminated in
SciPost 10.21468

e Phase Il is an ongoing improvement of MC tools,

launched in November 2024 ==
° to provide state-of-the-art predictions for
ete”™ =70 (y) and ete™ — 7h 7 (%) Radio
MonteCarLow2

e These are the most important ingredients in the
data-driven extraction of the hadronic contribution to
the muon g — 2

radiomontecarlow?2.gitlab.io


https://radiomontecarlow2.gitlab.io/
https://scipost.org/SciPostPhysCommRep.9
https://radiomontecarlow2.gitlab.io/

Motivation
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https://indico.global/event/14588/contributions/126339/

Muon g — 2: the status

e The direct experimental measurement of a, = (g, — 2)/2 is now

extremely precise thanks to the full Fermilab results
e The lattice QCD average agrees and is adopted by White Paper '25
e The data-driven approach is a puzzle

e Tensions between experimental data
e Discrepancy between consensus value and direct experimental measurement
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Figure from WP25. Uncertainty bands on green points (top 7) are not reflective of
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experimental errors (see paper for details).


https://arxiv.org/abs/2506.03069
https://arxiv.org/abs/2505.21476

How do we get the HVP from data?

v - nfﬁ,d‘( q2) by definition
o nhad-(qz) due to gauge invariance
Im {N1"% (s)} ds b lyticity and Cauchy’s th
o N P— s y analyticity and Cauchy’s theorem
Ohad.(5) itari 1
5 5 . / 5;72,5 ds by unitarity = the Optical Theorem

@

Graphic by Aidan Wright
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How do we get the HVP from data?

HVP,LO amy\2 [ K(s) , \
@™ = (%57) /m 68— i)

=0

— bedlensGll ¢ . . . .
Rhad(s) = Ziemc —hadronsill ig the photon-inclusive hadronic R-ratio®

iTra? /3s

The integration starts at the e e~ — 7%y threshold, mfro

The 1/s® dependence in the integral means low-energy experiments are

crucial
e High-precision measurements of hadronic XS needed!
— well-understood Monte Carlo generators necessary

1defined wrt the LO massless lepton XS



Not just g — 2, many other precision tests of the SM!



Monte Carlo comparison
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The comparison: setup and technicalities

e We aim to compare codes in ‘realistic’ experimental setups with basic cuts
e 5 scenarios inspired by the different types of experiments

e Energy scan
e Radiative return with (at least one) detected photon
e Radiative return identified via missing energy

LO for energy scan LO for radiative return

e Unified VP implementation (future: investigation of different choices)

e No direct comparison to data (yet), just want to understand physics
differences of codes

akil,



What does each code provide?

So far, participation from 7 codes. As of Phase I:?

e MCMULE and PHOKHARA: NLO for 2 — 3
e MCMULE also NNLO for 2 — 2 but only for lepton radiative corrections
e PHOKHARA most sophisticated by far for pions
e AFKQED and MCGPJ: (N)LO with ‘collinear structures’ similar to
structure function
e BABAYAGA: NLO+PS for 2 — 2
e QED parton shower based on collinear factorisation; forward evolution
e KKMC and SHERPA: YFS soft-photon resummation for leptons®

e KKMC has sophisticated but difficult ‘coherent exclusive exponentiation’
(CEEX)

e SHERPA has automated EEX. In Phase I, matching to NLO was not yet
complete but has been fixed now.

2Plenty of improvements recently published/in the works
3Personal advert for SHERPA NLO+PS for low-energy QED, coming soon
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What does each code provide?

e Pion treatment differs between codes, many recent improvements
e FxsQED: naive pion FF times scalar QED
e FsQED: pion poles isolated at each vertex using dispersion theory
e GVMD: generalised vector-meson dominance; photon-pion coupling
modified at each vertex by a sum of Breit-Wigner propagators

Red represents fixed-order QED, green possible QED all-orders effects, blue hadronic physics

e What if there is another photon off the pion line? Questions about how to define
the form factor in that case, no clear solution yet

'3}



Selected results
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Results: CMD-like eTe= — ptu~ at 0.7 GeV

ratio to MCGPJ

M

—— BabaYaga: NLO+PS —— McMule: NNLO
KKMC: CEEX no VP —— Phokhara: LO
~—— MCGPJ: NLO+CS —— Sherpa: EEX no VP
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Excellent consistency
among NLO+ codes

VP is coincidentally small
at this energy

LO+EEX YFS much
better than pure LO, but
can’'t compete with
NLO+resummed results
PHOKHARA ‘scan mode'
not yet fully implemented
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Results: KLOE-like eTe™ — ntmy

Small-angle photon selection: 6, < 15° or 6, > 165°

do /My,
1
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e MCMULE: IS corrections
only, no radiation off
pions. At LO, the effect is
small but is of order 2% at
NLO

e BABAYAGA parton shower

performs very well against
NLO

o CS = collinear structures

do not get M., correct
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Conclusions
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Summary and outlook

Current state-of-the-art

e Fixed-order: NNLO for 2 — 2 and NLO for 2 — 3

e Multiple radiative effects are important but seem to be dominated by first
additional photon

e The differences between the MC tools are understood

e New Key4Generators interface (Price, Zerwas '25)

Future
e More sophisticated modelling of experimental setups and pion form factor

e Higher fixed-order precision:
and ingredients for (fast) MC implementation (recent Liverpool efforts)
e Comparison and improvement of resummation effects
e YFS (EEX vs CEEX), collinear structure function, parton shower, ...
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https://inspirehep.net/literature/2973092
https://inspirehep.net/literature/2847192
https://inspirehep.net/literature/2948350

Thanks for listening!

SciPost Phys. Comm. Rep. 9 (2025)

Radiative corrections and Monte Carlo tools for low-energy
hadronic cross sections in e*e™ collisions
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Abstract

We present the results of Phase I of an ongoing review of Monte Carlo tools relevant
for low-energy hadronic cross sections. This includes a detailed comparison of Monte
Carlo codes for electron-positron scattering into a muon pair, pion pair, and electron
pair, for scan and radiative-return experiments. After discussing the various approaches
that are used and effects that are included, we show differential cross sections obtained
with AFKQED, BABAYAGA@NLO, KKMC, MCGPJ, MCMULE, PHOKHARA, and SHERPA, for
scenarios that are inspired by experiments providing input for the dispersive evaluation
of the hadronic vacuum polarisation.

Interested in joining, or have questions, feedback or suggestions?

Email Andrzej Kupsc, Adrian Signer, Yannick Ulrich or Graziano Venanzoni

radiomontecarlow?2.gitlab.io
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https://radiomontecarlow2.gitlab.io/

Backup: Recent developments and plans

e BABAYAGA soon ready for NLO+PS for radiative processes
e SHERPA YFS now matched to NLO EW as well as higher collinear approx.

e SHERPA NLO+PS published soon; will be applied to these processes in
Phase Il

e PHOKHARA GVMD implemented

e PHOKHARA CEEX (coherent resummation) in progress

e MCMULE NNLO initial-state corrections for 77~ and dispersive pion
EFT

e Soon: MCMULE full NNLO 2 — 3 for (massified) leptons

e Various pion form factor models implemented and studied

o FxsQED: naive pion FF times scalar QED

e FsQED: pion poles isolated at each vertex using dispersion theory

e GVMD: generalised vector-meson dominance; photon-pion coupling
modified at each vertex by a sum of Breit-Wigner propagators



Impact of pion treatment
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See that F(s)xsQED does not describe data but the other two agree extremely
well
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