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❖ Dark matter?


❖ Explanation for the fermion masses


❖ Matter-antimatter asymmetry


❖ Nature & properties of neutrinos? 


❖ Limitations of the Standard Model (SM)? 

3

Open Questions

Disclaimer: I am not a model 
builder but a phenomenologist

Snowmass 2021 US Community Study 
on the Future of Particle Physic



01 1Alan Price

❖Higgs couplings measured to a few %


❖Self coupling with 50% precision


❖Top-quark pole mass uncertainty of 500 MeV


❖Flavour physics observables improved by about 
one order of magnitude compared to today


❖ Improvement on direct Dark matter limits


❖ Possible surprises?

4

Physics Landscape at Higgs Factories 
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J. De Blas et al JHEP 12 (2019) 117

An electron-positron Higgs factory is the 
highest-priority next collider. -EUROPEAN 
STRATEGY FOR PARTICLE PHYSICS


See talks P. Janot & A. 
Blonde

https://link.springer.com/article/10.1007/JHEP12(2019)117
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Possible Colliders

J. De Blas et al JHEP 12 (2019) 117

ILC

CLIC

FCC

CEPC

https://link.springer.com/article/10.1007/JHEP12(2019)117
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❖Factor 5-200 reduction of experimental error


❖QED effects of 0.1% could be included in LEP 
error budget 


❖Future colliders will deliver full LEP Statistics in 
minutes

6

Theory Requirements

S.Jadach and M.Skrzypek, Eur. Phys. J.C 79, no.9, 756 (2019)

dσ(L, L̂) = αk
∞

∑
n

αn
∞

∑
i=0

∞

∑
j=0

̂σn,i,jLiL̂j

L = log ( Q2

m2
e )L̂ = log ( Q2

E2
γ )

Soft Logarithms Collinear Logarithms
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Perturbative Frameworks

Collinear Factorization:

dσe+e−→X = ∫ dx1dx2 fe+(x1, Q2) d ̂σe+e−→X(x1x2s) fe−(x2, Q2)

See talks Z. Nagy, R. 
Poncelet, J. 
Whitehead, M. Ubiali, 
M.Lim….

fe+/−(x, Q2) Process independent parton distribution 
function which resums collinear log

LO/LL structure function M.Skrzypek, Stanislaw Jadach Z.Phys.C 49 (1991) 577-584

NLO/NLL PDF S.Frixone et.al  JHEP 03 (2020) 

d ̂σe+e−→X(x1x2s) Short distance cross-section: LO, NLO, NNLO

Exclusive Photons: Combined with a QED shower. Non-trivial for NLO
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Perturbative Frameworks

Yenni-Frautschi-Suura Theorem:

dσe+e−→X =
∞

∑
nγ=0

eY(Ω)

nγ!
dΦQ [

nγ

∏
i=1

dΦγ
i S(ki) Θ(ki, Ω)] β̃0 +

nγ

∑
j=1

β̃1(kj)
S(kj)

+
nγ

∑
j, k = 1
j < k

β̃2(kj, kk)
S(kj)S(kk)

+ ⋯ ,

This formula is very familiar to many in the room, 
for others this may new
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Perturbative Frameworks

YFS Theorem:

dσe+e−→X =
∞

∑
nγ=0

eY(Ω)

nγ!
dΦQ [

nγ

∏
i=1

dΦγ
i S(ki) Θ(ki, Ω)] β̃0 +

nγ

∑
j=1

β̃1(kj)
S(kj)

+
nγ

∑
j, k = 1
j < k

β̃2(kj, kk)
S(kj)S(kk)

+ ⋯ ,

B(pi, pj) = −
i

8π3
ZiZjθiθj ∫

d4k
k2 ( 2piθi − k

k2 − 2(k ⋅ pi)θi
+

2pjθj + k
k2 + 2(k ⋅ pj)θj )

2

,

Y(Ω) = 2α∑
i<j

(ℛe B(pi, pj) + B̃(pi, pj, Ω)) ,

B̃(pi, pj, Ω) =
1

4π2
ZiZjθiθj ∫ d4k δ(k2)(1 − Θ(k, Ω)) ( pi

(pi ⋅ k)
−

pj

(pj ⋅ k) )
2

YFS Form-Factor:


All order resummation 
of real and virtual IR 
divergences 


Gives a MC algorithm to 
construct multi-photon 
emissions analytically 
Exclusive photons for 
free 
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Perturbative Frameworks

YFS Theorem:

dσe+e−→X =
∞

∑
nγ=0

eY(Ω)

nγ!
dΦQ [

nγ

∏
i=1

dΦγ
i S(ki) Θ(ki, Ω)] β̃0 +

nγ

∑
j=1

β̃1(kj)
S(kj)

+
nγ

∑
j, k = 1
j < k

β̃2(kj, kk)
S(kj)S(kk)

+ ⋯ ,

β̃nγ
=

∞

∑̄
nγ=0

β̃n̄γ+nγ
nγ

IR finite corrections for  virtual and  
real photon corrections


Each  is individually IR finite and can be 
defined to arbitrary precision


Essentially define an EW subtraction Scheme

n̄γ nγ

β

Sij(k) =
α

4π2
ZiZjθiθj ( pi

pi ⋅ k
−

pj

pj ⋅ k )
2
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YFS Monte-Carlo Tools

KKMC

YFSWW/KoralW

BHLUMI/BHWIDE

Process Specific:

Process Independent:

Sherpa

See talks by Andrzej, Zbigniew, and Bennie

The MC implementation of YFS has been 
championed by the Krakow group lead by 
Stanislaw

Comput.Phys.Commun. 56 (1990) 351-384
Eur.Phys.J.C 80 (2020) 6, 499
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Process Independent YFS

β̃0
0(Φn) = ℳ0

0(Φn)
2
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LO amplitudes are full 
automated within Sherpa 
using internal ME tools 

YFS is not applied to final 
state colored cartons: 
Cannot be interleaved with 
PS

SciPost Phys. 13 (2022) 2, 026, SciPost Phys. 13 (2022) 026
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YFS @NLO: Virtual Corrections

β̃1
0(Φn) = 𝒱(Φn) − ∑

ij

𝒟ij(Φij)

Full One-loop 
amplitude, including 
IR divergence 

YFS dipole subtraction 
term taken over all 
possible charged 
dipoles

Taken from one-loop 
providers e.g Recola

Calculated 
automatically in 
Sherpa
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YFS @NLO: Virtual Corrections
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IR cancellation in action

log(m2
γ ) →

Γ(1 + ϵ)
ϵ

(4πμ2)ϵ
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YFS @NLO: Real Corrections

β̃1
1 (Φn+1; k) = ℛ (Φn+1) − β̃0

0 (Φn)∑
ij

Sij(k)

Full One-Real 
amplitude, including 
IR divergence 

YFS dipole subtraction 
term taken over all 
possible charged 
dipoles

Calculated 
automatically with 
Sherpa’s ME Generators

Calculated 
automatically in 
Sherpa

Sij(k) =
α

4π2
ZiZjθiθj ( pi

pi ⋅ k
−

pj

pj ⋅ k )
2
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YFS @NLO: Real Corrections
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IR finite and numerically 
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YFS@NNLO?

Bottle neck for NNLO implementation is two-loop amplitudes


Have to take it process by process

Test Process  at 91.2GeVe+e− → μ+μ−

Born YFS LO YFS NLO YFS NNLO

2114.5 pb 1463.09 pb 1494.7(8) pb 1497.5(7) pb GRIFFIN: A C++ library for EW 
radiative corrections 2211.16272

Developed by A. Freitas and L.Chen


https://arxiv.org/abs/2211.16272
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YFS Validation
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YFS for HZ
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YFS for HZ
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YFS for the Muon Magnetic Moment

White Paper [T. Aoyama et al., Phys. Rept. 887 (2020) 1-166]

Uncertainty in SM prediction of  is 
dominated by hadronic contributions


 

aμ

ahad,LO
μ =

m2
μ

12π3 ∫ ∞
sth

ds 1
s K̂(s)σhad(s)

Can be extracted from e+e- -> hadrons 
at low energy experiments with data-
driven methods.


This method suffers from uncertainties 
coming from the experimental error as 
well a multiple hadronic resonance 
present

See talk by J.Gluza
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❖ Scattering muons on low Z fixed targets seems to 
be optimal for extracting 


❖ Purely t-channel process at LO


❖ With M2 muon beam at CERN, we have access to 
~150 GeV beam


❖ This will allow us to measure  with ∼ 0.3% 
accuracy in the range −0.153 < t < 0 GeV^2


❖ Will require accurate Monte Carlo tools

Δαhad

Δαhad

22

MUonE Experiment: μe → μe

Abbiendi et al., EPJC 77 (2017) 3, 139 
Abbiendi et al., Letter of Intent: the MUonE 
project, CERN-SPSC-2019-026, SPSC-I-252 
(2019)


dσdata(Δαhad)
dσMC(Δαhad = 0)

∼ 1 + 2Δαhad(t)
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Tools for MUonE

Fixed-order integrator NNLO QED 
framework for 2->2 leptonic 
processes [McMule 20] 


MESMER is a Monte Carlo event generator for 
high-precision simulation of muon-electron 
scattering at low energies

MESMER
JHEP 11 (2021) 098
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Tools for MUonE

Fixed-order integrator NNLO QED 
framework for 2->2 leptonic 
processes [McMule 20] 


MESMER is a Monte Carlo event generator for 
high-precision simulation of muon-electron 
scattering at low energies

MESMER
“a YFS approach allows to approximate the 

missing NNLO virtual amplitudes”
“is particularly amicable to a YFS parton 

shower”

“YFS inspired..”“within MCMULE an effort is ongoing to include a 
YFS parton shower
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YFS for MUonE Experiment

❖ New fixed target mode allowing Sherpa to calculate 
 for MUonE


❖ Excellent agreement at LO with Mesmer. Predictions 
correspond to setup 1 in


❖ YFS certainly feasible to achieve sub-permille 
precision

μ±e− → μ±e−

JHEP 11 (2020) 028
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https://link.springer.com/article/10.1007/JHEP11(2020)028
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❖ New fixed target mode allowing Sherpa to calculate 
 for MUonE


❖ At low angles the effects of soft photon become 
important


❖ The YFS corrections are comparable with state of the 
art Fixed-Order calculations

μ±e− → μ±e−

26

YFS for MUonE Experiment

Mesmer NNLO

Sherpa YFSNLO
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❖ YFS provides a robust framework for perturbative calculation at lepton colliders


❖ Can be combined with modern automated tools which gives hope for reaching precision goals of 
future Higgs factories


❖ This work would not be possible without decades of hard work from Stanislaw and Krakow group

27

Conclusion
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YFS@NNLO?

GRIFFIN=Gauge-Resonance-In-Four-Fermion-INteraction

From A.Freitas

With YFS inspired Subtraction!
GRIFFIN: A C++ library for EW 
radiative corrections 2211.16272

Developed by A. Freitas and L.Chen


https://arxiv.org/abs/2211.16272

