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QED Cross-section

QED cross-sections are built from towers of soft
and collinear logarithms.
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How to treat QED Corrections”

Soft Resummation Collinear Resummation
* All order resummation of soft/ % Collinear logs are resummed
soft-collinear logs with universal PDFs
4+ Universal approach for 4+ Known to NNLO/NLL

resummation e.g Sherpo
4+ Same PDFs describe all

4+ Collinear logs introduced Drocesses

order-by-order
+ Non trivial to include soft logs

2 2
L =log (%) L = log (%)
14 €
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Collinear Approach

do (pkvpl) B Z [dz+ dz_ Ly (Z+"“2>

]
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Collinear Factorisation

do (pep) = 3, [z, e Py (egei) oy (2002 0ow”) Ep (i)

]

“** Universal Electron parton distribution (PDF)

% Can be calculated using perturbative QED to
vield analytical formula

+LO/LL

* Readily available in most generators

4+ NLO/NLL

* Implemented in Madgraph k € {e+, }/} [ € {6_, }/}

4+ NNLO

i,j €{et, ey}
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https://link.springer.com/article/10.1007/BF01483573
https://link.springer.com/article/10.1007/JHEP03(2020)135
https://doi.org/10.1007/JHEP12(2025)167
https://doi.org/10.1007/JHEP11(2025)171

Collinear Factorisation

do (Pkapz) — 2 sz+ dz_I';, (Z+»/42> 51;;'—»( (Z+Pka Z—Pz»ﬂz) Fj/l (Z—aﬂz)
gl
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https://doi.org/10.1007/JHEP07(2018)185
https://doi.org/10.1140/epjc/s10052-018-5600-z

QED Shower

Currently no matched NLOgyw QED Shower like we have for QCD

QED is U(1) theory and there is no large-Nc

Main Problem equivalent. All charged dipoles contribute
equally
Collinear Emissions Determined by the charge of emitter

Sum of Eikonals with alternating signs. Leads

Soft Emissions . .
to large negative weights
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QED Shower

2
For the initial state we also need to preform o 7 fei(x/z, 0O°)
backwards evolution with corresponding SF —
]Cei(xa Q2)

However the electron structure function
is not regular in the limitx — 1

EXp (‘VE,B T %ﬁs)
I(1+p)

foux, Q) = (1= 4 By ) B, (%)
n=0
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QED Shower

Problem: Integrable singularity x — 1

o] Q=100GeV, =105 5=10"*

—— Structure function

o 10t4d ~ 77 A reweightin /y"’") ;
SO I Ut on ] e ax + b feweiihting P ?;'(/ E
f.(x) 0<x<L1-6 N
W,=3wh)f(x) 1-6<x<l1-¢ %m”
0 else §
1 1 10 E
where w(x) solves [ W (x)dx = [ Je(X)dx . o §
1-6 0 §
3
cXp (‘VE,B T Zﬁs) oo
fe i(x, Q2) — ﬂ (1 o x)ﬂ—l 4 ﬁHZ ﬂ[r—l] %n(x) , [2603.05585, L.Flower, M. Schénherr]
I(1+p) —
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https://arxiv.org/pdf/2603.05585

FS Approach

IR (¢) i . G Bk & Pk k)
do — dD do” 3(k) Ok, Q) + Ty — L7
e | 1149 X = 5(k)5(ky)

n,! 5( -
. Y . . k
n,=0 i=1 j=1 k=

ANNALS OoF pHYSICS: 13: 379-1452 (1961)

The Infrared Divergence Phenomena and High-Energy
Processes”

D. R. YeExNIET

School of Phystes, University of Minnesota, Minneapolis, Minnesota

S. C. Fravrscuif

e P o Yennie, Frautschi, and Suura showed how to reorder the

entire perturbative series such that all IR divergences are

Department of Physics, Nthon University, Tokyo, Japan

resummed leaving a finite residuals defined to all-orders

dynamics is given. The main feature of this treatment is the separation of the
infrared divergences as multiplicative factors, which are treated to all orders
of perturbation theory, and the conversion of the residual perturbation ex-
pansion into ene which has no infrared divergence, and hence no need for an
infrared cutoff. In the infrared factors, which are exponential in form, the in-
frared divergences arising from the real and virtual photons cancel out in the
usual way. These factors can then be expressed solely in terms of the momenta
of the initial and final charged particles and an integral over the region of phase
space available to the undetected photons; they do not depend upon the specific
details of the interaction. Electron scattering from a static potential is treated
in considerable detail, and several other examples are discussed briefly. As an
important byproduct of the general treatment, it is found that when the infra-
red contributions are separated in a particular way, they dominate the radi-
ative corrections at high energies and together with certain “magnetic terms”
and vacuum polarization corrections seem to give all the contributions propor-
tional to In (£/m). All of these corrections can be easily estimated (in most
cases) simply from a knowledge of the external momenta of the charged par-
ticles; this then provides a very powerful and accurate way of estimating
radiative correetions to high-energy processes.

* Supported in part by the U. S. Atomic Energy Commission, Contract AT (11-1)-50.

T Various refinements were added to the manuseript (particularly in Appendix C) during
the academic year 1960-1961 while this author was a National Science Foundation Senior
Fellow visiting the University of Paris. He is grateful to Professor M. M. Lévy for the hos-
pitality afforded by the Laboratoire de Physique Théorique et Hautes Energies at Orsay.

1 Supported by National Science Foundation Grant.

379

An Old Approach for a New Collider
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YES Approacn

“«* Multi-Photon Phasespace

+ Provides a Monte-Carlo algorithm
for the emission of multiple resolved
ohotons

“* Generalised to arbitrary decays in
HERWIG and Sherpa

* Generalised to arbitrary eTe™
OroCesses
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https://doi.org/10.1016/0010-4655(90)90020-2
https://doi.org/10.1088/1126-6708/2006/07/010
https://doi.org/10.1088/1126-6708/2008/12/018

YES Approacn

Zﬁl(k) Zy ,’vgz(k]:kk) e
S(k;) ) §(k;)S(ky)

=1

“«* Multi-Photon Phasespace
Gives us access to full
+ Provides a Monte-Carlo algorithm inclusive and differential

for the emission of multiple resolved events
ohotons

“* Generalised to arbitrary decays in No need for a QED Shower
HERWIG and Sherpa

< Generalised to arbitrary eTe™
DroCesses
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https://doi.org/10.1016/0010-4655(90)90020-2
https://doi.org/10.1088/1126-6708/2006/07/010
https://doi.org/10.1088/1126-6708/2008/12/018

YES Approacn

o ,Y(Q) ", 3 ﬁl(k ) y ﬁz(k~, k)
do = D o7 3(k) Ok, Q — 1
’ Z:B nt 0 [1} B ] ZI‘ (k) Z )k

]<k

Championed by the group of
Jadach & Ward who calculated it to
second order for LEP

Simplified notation

Z ﬁ”v"‘”R
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NLO Contriputions
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NNLO Contripbutions

- _ -=== 0 N L Constructed from
Real-Virtual P ( n+1) f/?%(q)m 2 E@ ((I)z]+1 & (Dn) ': NLO contribution
I
R ~%. .. EEETTRRRRE R :
* One-Loop amplitude : . Local Subtraction Term -
ijl) <(I)l]+1 ® (I)n> — Slj <k> ~(1) ((I)n>
3 _--. _—--------:--:---~ pmmmmm—= -~ o
Real-Real %((Dn ) @%((Dnn)‘ ‘S(kl)ﬂl ( n+1§k2> — S(kz)ﬁ% ( 1ak1) E :Sl(kﬁs(kz)ﬁo( )~
o’-" _______ e e mm == - e ==
o’ : :
e ... , e e, , e e
ree level amplitude - Single Soft Photon ; - Double Soft Photon
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NNLO Contripbutions
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NNLO Contripbutions

Double-Virtual 2
- - 1 -
ij U

N/ _// //

/S S S VAV VAV

/IS S/ /S S S S

— el

TWO x L()Qp amp ‘ |tu d ) \___ /S N_N/___ /S /S I/ ]/

version 1.0
Lisong Chen and Ayres Freitas
https://arxiv.org/abs/2211.16272

% Mostly limitedto 2 — 2

GRIFFIN v1.0: ff — f'f with NLO EW corrections and h.o. @ Z-pole

‘:‘ Recent‘y O ‘Ot Of WOI"( Oﬂ Future upgrades:
two loop calculations but » Bohabha saterng (£ = /)

e Higher-order off-resonance corrections, e.qg.

L O(aas), Heller, v.Manteuffel, Schabinger, Spiesb '20
we are far away from o T oncan o 2
fOé
O U tO m Q t | O n Phys.Rev.Lett. 132 (2024) 23 e SMEFT d=6 operator effects
JHEP 11 (2023) 148 e W production and decay (a.k.a. charged-current DY)

JHEP 11 (2023) 041 Try out the code: github.com/lisongc/GRIFFIN/releases

Phys.Rev.Lett. 130 (2023) 3 Feedback welcomel!
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https://arxiv.org/abs/2308.09479
https://inspirehep.net/literature/2152949
https://inspirehep.net/literature/2722126
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S I —— YFS i

o 12001 —— YFSuxtog |

% ~2% at NLO and ~0.2% at NNLO > _

1000~ _

* Perturbative uncertainties 300 - -

estimated from difference w.rt 600" :
lower order. Probably too o
conservative '

“*Does not include parametric

Ratio

uncertainties

Ratio

[Phys. Rev. D 113, 073008 A.P, F.Krauss]
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https://journals.aps.org/prd/abstract/10.1103/rt7d-7jf9
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https://journals.aps.org/prd/abstract/10.1103/rt7d-7jf9

Wisnlist

“* A matched QED Shower similar e.g MC@NLO or POWHEG. New approaches?

[2603.05585, L.Flower. M. Schonherr]

+ Some early progress already [Eur. Phys. J. C 86, 362 (2026), Bellon, F. et al]
4 Port electron structure functions and PDF’s to LHAPDF (*A.P, M. Schonherr)
“* YFS Approach:
4+ |deally another independent implementation
+ Two-loop amplitudes including non-zero fermion masses

4+ How to systematically include QCD Parton Shower?

+ Collinear Enhanced YFS Resummation [Phys.Lett.B 848 (2024) 138361]
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https://www.sciencedirect.com/science/article/pii/S0370269323006950?via=ihub




NLO: Real Contriputions

31 (@py1) = R (Pyy) — Z D (q)zj+1 ® (I)n)

)

The YFS theorem provides a formula
for calculating real contributions to an
arbitrary process.
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NLO: Real Contriputions
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% Calculated using
standard approaches

% Fully automated
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NLO: Real Contriputions

% Calculated using

—--n

N% ((Dn+1) _"% ( n+1 2 @lj ( ij+1 ® (I),,:‘)

»n__—

standard approaches

% Fully automated

Alan Price

®,)

“* Contributions already resummed

% Constructed automatically from LO
configuratio

2
%« Summed over all charged dipoles




NLO: Real Contriputions
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B ((I)n+1) s finite as £, — 0
All photon emissions in an event
are matched with this

efe” —ete ey

sdooquadQ+ediayg

E, [GeV]



NLO: Virtual Contriputions

ﬁ;} (®,) =7(D,) - Z QZU((I)U.)
]

The YFS theorem provides a formula
for calculating virtual contributions to
an arpitrary process.
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NLO: Virtual Contriputions

—--.

AL, ) = =7 (®,)~ ), Dy(®)
1y

.--’

% Calculated with one-loop
poroviders

“* OpenlLoops,Recola,
MadLoop,GoSam...

Eur.Phys.J.C 79 (2019) 10, 866

Comput.Phys.Commun. 214 (2017) 140-173
JHEP 05 (2011) 044 | can’t calculate one-loop amplitudes but | can interface

them

Eur.Phys.J.C 74 (2014) 8, 3001
e - Anonymous MC Author
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https://inspirehep.net/literature/1747023
https://inspirehep.net/literature/1455789
https://inspirehep.net/literature/891365
https://inspirehep.net/literature/1292822

NLO: Virtual Contriputions
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AL, ) = =7 (®,)~ Z @l,<<1>,,>

Ny m = ’
.................. f.‘..‘.T‘ ~'- - - -"'~~~t
One-Loop amplitude : Local Subtraction Term
% Calculated with one-loop < Contributions already
oroviders resummed
% OpenlLoops,Recola < Constructed automatically
MadLoop,GoSam... from LO configuration
Eur.Phys.J.C 79 (2019) 10, 866 @U (q)l] ® (I)n> B 'Bg ( ) %6 % ((I) )
Comput.Phys.Commun. 214 (2017) 140-173 2
JHEP 05 (2011) 044 | | % 9,? ((I) ) l ZZHH J d4k zple k 2]7]9 T k
p _
Eur.Phys.J.C 74 (2014) 8, 3001 Q113 l 2 — 2(k . pl)e k2 + 2(k p])g
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https://inspirehep.net/literature/1747023
https://inspirehep.net/literature/1455789
https://inspirehep.net/literature/891365
https://inspirehep.net/literature/1292822
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NNLO Contripbutions

- _ - - 0 “\~. Constructed from
Real-Virtual P ( n+1) f/?%(q)m 2 E@ ((I)z]+1 & (Dn) ': NLO contribution
44"‘ e J .-----':—
cececeetcceennaaeans X ‘ ................ :
- One-Loop amplitude : . Local Subtraction Term -
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NNLO Contripbutions

Double-Virtual

Eg(cb)_‘%%(cb) > 7, (0,0,) 5@

'.--

 Mostly limitedto 2 — 2

“** Recently a lot of work on
two loop calculations but
we are far away from
automation Phys.Rev.Lett. 132 (2024) 23

JHEP 11 (2023) 148

JHEP 11 (2023) 041

Phys.Rev.Lett. 130 (2023) 3
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https://inspirehep.net/literature/2722126
https://arxiv.org/abs/2308.09479
https://inspirehep.net/literature/2152949
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no publicly available
D Shower, but some recent

2603.05585 [L.Flower, M.Schoneherr]
2601.19530 [C. M. Carloni Calame et al]

2602.16029 [Belloni et al]

“«* With aggressive clustering of
ohotons we see that the YFS
converges to the Fixed-Order
orediction

* This will r

NLO/NLL
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https://arxiv.org/abs/2603.05585
https://arxiv.org/abs/2601.19530
https://arxiv.org/abs/2602.16029

Collinear Factorisation
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https://doi.org/10.1007/JHEP10(2022)089
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Dependency is negligible it €
chosen small enough

Alan Price


https://arxiv.org/pdf/2603.05585

Outlook

< Future ete™ will require unprecedented precision from theory

+ NNLOgwy will become mandatory and we may need to go beyond this

%« Both the PDF and YFS approaches should be pursued

+ With two independent approaches we can cross check out results

4+ Genuine differences can be used to estimate theory uncertainties
% |deally a SCET based approach were the two resummations can be combined
“ A matched QED parton shower for collinear approach

* How to combine YFS with QCD corrections?

Alan Price



We have a lot of work to do to ensure our theory calculations do not
hold back the precision of a future ¢ "¢~ collider

| can see a path for the theory community to achieve this but it
will take huge effort by the community
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But we have plenty of time!




