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McMule feels weak —
EW corrections for MOLLER (& P2)
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what McMule can do

McMule :: Fixed-order Monte Carlo framework for lepton processes at low energies

McMule

integrator (generator WIP); phase space
generation, subtraction, stabilisation,
integration, event generation, ...

) NNLO QED for

matrix elements

by us or others

we provide (and

ee — ee ep — ep

NNLO pointlike

NLO w simple TPE model

2
me,s,t,...

and EW NNLO+/ILL for logs log (W
ARG TERE

physical cross section

for any physical observable:
acceptance cuts, real photon emission, ...

) in ee — ee in LEFT
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LO with McMule

challenges to overcome
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NLO with McMule

challenges to overcome

2 e divergent phase space (PS) int
— FKS* subtraction

/ AP, (ﬁ + / d<I>7CT>
+/d<I>2/d<I>A, (i—CT)
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NNLO with McMule
challenges to overcome

2 e divergent phase space (PS) int
— FKS* subtraction

® numerical instabilities in PS int
2 = next-to-soft stabilisation
+ OpenLoops [Buccion et al 17,19]

E,—0 1
O Lo

1
/ﬁ + = (D+8) g + O(EY)
E,
() + polarisation terms
Q% % [Low 58; Burnett, Kroll 67; Balsach 23;...]
"o
440 \ \
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https://arxiv.org/abs/1710.11452
https://arxiv.org/abs/1907.13071
https://journals.aps.org/pr/abstract/10.1103/PhysRev.110.974
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.20.86
https://arxiv.org/abs/2312.11386

NNLO with McMule
challenges to overcome

e divergent phase space (PS) int
— FKS* subtraction

® numerical instabilities in PS int
— next-to-soft stabilisation
+ OpenLoops [Buccioni et al 17,19]

® loop amplitudes with m # 0
= massification
[Penin 05; Mitov et al 06; Becher et al 07; ...]

M(m) = M(0) x (v/Z(m))* & + O(m)

...cannot recover helicities ~ m
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https://arxiv.org/abs/1710.11452
https://arxiv.org/abs/1907.13071
https://arxiv.org/abs/hep-ph/0508127
https://arxiv.org/abs/hep-ph/0612149
https://arxiv.org/abs/0704.3582
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adding EW effects

EFT framework

Sophie Kollatzsch & David Radic, 07.05.26 — p.4/20




we go LEFT
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we go LEFT

complicated Y
7Z Io% & L/ﬁ
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E flexible & fully differential!

include EW effects via low-energy
effective field theory (LEFT)
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we go LEFT

we use the *San Diego’ conventions power counting ...
— basis definition, evanescent operators, ...

[Jenkins, Manohar, Stoffer 18]
[Dekens, Stoffer 19]

dipole (dim. 5) 4-fermion (dim. 6)

LiEFT C:'L;Z\{ELP o epy) Fj +he. + PAS (

e (erpy"err)(eLsvuert)
prst

~ loop-induced & of dim. 6 when derived from the SM!

O(A™%) = only single-insertions of higher-dim. operators (naively counted as ~ a?)
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we go LEFT

we use the "San Diego’ conventions power counting ...
— basis definition, evanescent operators, ... dipole (dim. 5) 4-fermion (dim. 6)
[Jenkins, Manohar, Stoffer 18] RV V.LL ( ~
r L " epy) F, he.+ L% 2 e °Ls Y €
[Dekens, Stoffer 19] Lrerr C-‘j%,{ELpU err) Fuy +hec. + o (ELp " err)(ELs Yuert)

~ loop-induced & of dim. 6 when derived from the SM!

O(A™%) = only single-insertions of higher-dim. operators (naively counted as ~ a?)

AT T T

QED 2

A
/§ —— EW 0
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we go LEFT

we use the *San Diego’ conventions power counting ...
— basis definition, evanescent operators, ...

[Jenkins, Manohar, Stoffer 18]
[Dekens, Stoffer 19]

dipole (dim. 5) 4-fermion (dim. 6)
V,LL

KLEFT C:'LZZ {éLp ot eRr) wv + he.+ L% eet (PLp Wl E’Lr)(FLs T (’Lt)
~ loop-induced & of dim. 6 when derived from the SM!

O(A™%) = only single-insertions of higher-dim. operators (naively counted as ~ a?

[T T R [KR T

QED 2 QED 3 QED 4

R Sy

~
/§ "f EW 0 EW 1 EW 2 EW 3
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we go LEFT

scattering cross section w/ one initial-state polarisation:
left-right asymmetry

v EW
d -\ i+2 4 (1) - Aad oD L o2 A, dor—dog
UL/R—ZOZ } +Z o S (A%) LR—m
i=0 j=0 k
QED bookkeeping parameter for Alull _ {Eest} vs. AP = [?Xpa'fgfef]
est m o

insertion of higher-dim. operator

doW

JEQ 1Y

QED 2 QED 3 QED 4 do®

1T < =

z =7 R
/ - 0,1) EW 0 EW 1 EW 2 EW 3 o)

T —
doyiy L/R
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we go LEFT

[SK, Moreno, DR, Signer 25]

ALr(6) - 10° @ Vs =2 GeV

Lt () [Tev2) Leef () [Tev-2)
2.6 T T T T T
quark loops
1.6
24l excluded
...... —

.............................. wwo |

22 : -185 - LL::/ub
-2.40 — NLL

........................................ —1.90F NLLw/ b [

’ —-2.45 | ---= NLLw/o b
200 0 S8 e 10° 107 10° 0T

Hin GeV uin GeV
R 1 Lty = L0 [TV )
7 -0.4
7
16 7 J
7 -0.5
1.4F 1 2-loop anomalous
s =My dimensions in LEFT for the
1.2 —— Hs=30GeV o7 4-fermion sector (NDR)
—— Hs=5GeV 10° . ian]eV
— Hs=2GeV
1.0 1 1 T 1 1 )
60 70 80 20 100 110 120 NLL results generated with DsixTools
0/°

tree-level (light colors) and one-loop (dark colors) in RG improved
perturbation theory at LL (solid lines) and NLL (dotted lines) accuracy

[Celis, Fuentes-Martin, Vicente, Virto 17]
[Fuentes-Martin, Ruiz-Femenia, Vicente, Virto 21]
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we go LEFT

[SK, Moreno, DR, Signer 25]

Ar(6)-10° @ Vs =2GeV

2.6 T T T T T .

quark loops ...running from My to /s reduces

luded 1.6 .
R L 1 the one-loop corrections from ~ 40%
5ok /./,/‘/ .......... P A — 1 to ~ 15% at LL accuracy
. /'/ B0 T
2.0+ - . .
I s Tt I DU T ...switching from LL to NLL has a
7 - .

w8l v ] notable impact

.// — l\'\.
] R s = N
rar ] take-home message:
1.2 —— ps=30GeV

He=5GeV # 1 use LEFT
10 —— Us=2GeV B ) ) )
60 70 50 30 700 Tio 120 resummation 1s important
6/°
tree-level (light colors) and one-loop (dark colors) in RG improved
perturbation theory at LL (solid lines) and NLL (dotted lines) accuracy
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we can do MOLLER

\

some examples for MOLLER
based on [SK, Moreno, DR, Signer 25]
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https://arxiv.org/abs/2507.17652

MOLLER example

V5 =106MeV, 0 = L (7 — |03 — 64]) ,50° < 6, < 130°, 90% long. pol

o Arg expanded in o & A
74 o =My accidental cancellation of IR divergences
M, =30GeV
67 M p,=5GeV
5
5, ]
<C o
31 e real  real-virtual — virtual
2 e ™ 10 :NLO 0ATR = : |
e -+ expanded virtua
L
0.000 e ..can be ~ 7.5% (or more)
. —0.025
5
= _ J
< .| # 2 use McMule
—0.075 y . .
- - y - - - - = real corrections are important
50 55 60 65 70 75 80 85 90
0/°

and cannot be neglected
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MOLLER example

scattering angle of more-energetic electron éh ALR _ E:z; incl N N LO QED
x10~%
o =M
"] = . —socev | # 3 use McMule
6 MW i, =5GeV

fully differential implementation
is required

MNQNELDO _ w NNLO — w/o NNLO
LR w/o NNLO

— full

1
0.05

...can be ~5%

0.00 -

NNLO QED
AL R

—0.05 T T

# 4 use McMule
3, /mrad NNLO QED can be important J
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adding more EW effects

higher orders within LEFT
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towards EW NNLO

(NNLO+NLL in LEFTJ + {matching onto the SM(EFT) at two Ioops)
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towards EW NNLO

(NNLO+NLL in LEFT]
4 A

significant progress on 2-loop anomalous dimensions in the literature J
» NDR vs. HV? scheme dependencies?

9

=-=> full LEFT (HV)
» [Naterop, Stoffer 25 (dim.-five)]
4-fermion sector (NDR) — DsixTools [Naterop, Stoffer 25 (dim.-six BNV)]

[Aebischer, Morell, Pesut, Virto 25] [Naterop, Stoffer 26 (dim.-six)]

d compute all relevant matrix elements in LEFT up to dimension 6

'4( + automation via in-house Mathematica routines interfacing various software packages
+ analytic results for 2-loop master integrals known with full mass dependence

... or use expanded results from AsyInt [Zhang 24]

= no showstoppers!

Sophie Kollatzsch & David Radic, 07.05.26 - p.12/20



@ Psl

virtual-virtual bosonic corrections in LEFT

Inf4}=Inithodel ["LEFT"] (Workﬂow ... QGRAF — Mathematica — FORM — Kira — Reduze 2 ... )
Initialize model: LEFT

In[s]:= Diagrams[{"e", "e"}, {"e", "e"}, 2, Dim-> {6}, Filter » {"Single4Fermion", "nfe"}] // Paint[#, Size » {5, 13}] &

KRR X RALREARRT X
g

16] 17 18] 19 [20] 21] [22) [24] 26)
%K%XX%%?&%XX%%
[30] 31) (32 [33] 34] 35) 371 30)
WXXMM%XKXXXﬁ%
0] 42l 3] (a4) (4 (4] [47) ag) (a9] [50] (52)
Xﬁ XE A B R A K
(551 [56] 57 (58 [s9] 60] 61) (62 63]
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towards EW NNLO

WIP

{matching onto the SM(EFT) at two Ioops)

... scheme choices?

renormalization beyond one loop?
75 treatment?

separate evanescent sector from physical sector
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adding hadronic effects

status of ep — ep
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A universiat Qi
@ Psl D 27 what we can do

how we deal with protons [Engel, Hagelstein, Rocco, Sharkovska, Signer, Ulrich 23]

NNLO D v oo+
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https://arxiv.org/abs/2307.16831

A universiat Qi
@ Psl D 27 what we can do

how we deal with protons [Engel, Hagelstein, Rocco, Sharkovska, Signer, Ulrich 23]

NNLO D v oo+

|
|
®
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https://arxiv.org/abs/2307.16831

what we can do

how we deal with protons [Engel, Hagelstein, Rocco, Sharkovska, Signer, Ulrich 23]

NNLO D

pointlike
approximation

e — el
with m, — m,
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https://arxiv.org/abs/2307.16831

what we can do

Hg
/ﬁ

®

pointlike
approximation

el — efl
with m,, — m,,
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https://arxiv.org/abs/2307.16831

what we can do

@ Psl

how we deal with protons [Engel, Hagelstein, Rocco, Sharkovska, Signer, Ulrich 23]

pointlike
approximation

el — ep
v oo+ § §

NNLO D

'

with m, — m,

two-photon-exchange (TPE)

NLO D .
as simple model

ongoing :: implement state-of-the-art TPE, including inelastic TPE
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https://arxiv.org/abs/2307.16831

FEEE Rt

what we can learn

MAGIX example :: ep — e By, = 105 MeV, 15° < 0. < 150°,73.5 MeV < pe < 105 MeV, E., < 1 MeV
Y

e p /ub Eyeam = 105 MeV

[ No photon cut
A 1 MeV photon cut

NNLO effects can be
larger than TPE ! 1044

alpub]

# 5 use McMule

similar studies needed for
EW effects for P2

NANNAAANANANAAANAN
AN

AR

AN

7

Tpr

1) o
TPE

Q
2=4
ae
S

Q
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McMule's future is (not) weak

focus on EW for ee — ee & repeat QED approach for EW ¢ep — ep
¢ simple TPE model at NLO
Y N LO+LL — NNLO_'_NLL we have methods to deal with dispersive input
° heavy BSM c LEFT [Fang, SK, Rocco, Signer, Ulrich, Zoller 25]

¢ pointlike NNLO via ee — pup

...and make McMule even better

L integrator — generator ongoing, see talk by [Y. Ulrich]

® combine with parton shower / soft photon resummation

® make McMule ready for high energies — FCC-eg, ...

to take home

# ]. use LEFT —> resummation & systematic higher orders, heavy BSM for free
# 2 use MCMUIe —= real corrections, cuts, NNLO effects

— Sophie kattatzsch & David Radic, 07.05.26 - p.19/20


https://arxiv.org/abs/2512.10709
https://talks.yannickulrich.com/25-05-06-negative-weights.pdf

McMule team

use McMule!
Interest? Get in touch!

A
7

o 9% ) ! e ELEl =4 W /
f.l.t.r.: A.Signer (Zurich & PSI), F.Hagelstein (Mainz), M.Ronchi (Mainz), M.Rocco (Turin) MCMULE
S.Kollatzsch (Zurich & PSI), Y.Ulrich (Liverpool), S.Giindogdu (Zurich & PSI), le- 1 itlab.i
D.Radic (Zurich & PSI), J.Wilson (Liverpool), S.Zanoli (Oxford), Y.Fang (Zurich & PSI) mule-tools.gitlab.io

not shown: P.Banerjee (Chennai), A.Coutinho (IFIC) V.Sharkovska (Zurich & PSI),
G.Billis (PSI), T.Oru¢ (ETHZ)
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https://mule-tools.gitlab.io

wPsi D e MAGIX :: stolen from M. Ronchi

(%

see talk by [A. Signer]

plan: include state-of-the-art 1 P/ By = 105 MeV
TPE models " e EE No photon cut
10t EEE 1 MeV photon cut
e e T
g
10" / A
Z <
7 o BN
) . z |z —— B
p = ] v ? ] )
g . . 7 7 /
. v z 7 |
[Tomalak, Pasquini, Vanderhaeghen, 1708.03303] é f 2 ? ?
. Z 2| a i
10 Z A 4 7 2
a B —— B B v
, v 7 7 .
so far ‘only’ virtual part 7 Z g B Z
A Ed B B'S
QOoops, recall message # 3 102 7 7 e 7 Z i
E E OB ¢
7 s 7 7
7 7 7z 1
= work on real counterpart p o - i = m -
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https://indico.cfnssbu.physics.sunysb.edu/event/515/contributions/2234/attachments/1102/1735/nrec26-as.pdf

W» PsI

e Q\'Z MAMI :: stolen from M. Ronchi

see talk by [A. Signer]

full NLO for e"p — e py

Differential cross section (E’)

(O NNLO fore”p — e p) , —
10 e (1)
o
—)
z
= 107
E =495 MeV El
=
E
B
16406
B0 04
Z 100000
b3
o 100
E 10000 _
2 :
£ =
g 100 I}
=« Data MAMI (2013) = 107!
— Simulation H B
460 465 470 475 480 485 490 £
Electron energy £/ [MeV] = —_—
102 —
[Mihovilovic et al. 1905.11182] 7
160 165 170 ars 150 185 190 495
E'/MeV
0 . . .
10% correction in the tail
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https://indico.cfnssbu.physics.sunysb.edu/event/515/contributions/2234/attachments/1102/1735/nrec26-as.pdf

left-right asymmetry — full vs. expanded

" i1 o
ALO full Ada’éoilf)g (do.gig = do.g ) + do_g ))
b 2(ado® +a2de®) + )\dU(L(E)2
(0,1) (1,1)
ANLO full _ Aoy p+aXdo;

2(ado® +a2do® + a3 do®@) + A dU(LO_;_ll)a +aX dag_;_lgi

0,1
ALO exp _ é do’é—l)%
LR a 2do(0)
A ng)ilI){ de©® ngill){ —do® dU(LO;l]);‘C

LR " o 2do® 2 (do(0)2
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LEFT operators up to dimension 6

(LR)X +h.c. dipol
()X +hee. Ocy | (eLpa™ ery) Fuy | "e\[Gammal" ipoles 3'g|u°n
p— ; = | O | (@p o ur) B | o\ [Gamna)
[om (vE, C o viy) Fuy | "\ [Nul\ [Gamma] j Oay | (diy o™ de) | *\ [Gamal
Ouc | (@Lp ot up,) GS, g
Ouc | Grpat 2 der) Gy | 1957 4-fermion (fermion-number-conserving)
[ (LL)(LL) o (LR)(LR) + h.c. \
(0% | G ) ron) | i Dad\ma |- GADICLD) N N T e iSRee"
ovir (eLp 7" eLr)(ELs Y eLe) "VLLee" @ (71p 7" V1) (ERs Yy €Re) "VLR\ [Nule" O (eLp err) (WL ure) "SRReu"
g (7Lp 1" vLr)(@Ls Y Lt) "VLL\ [Nu] e" opER (€1p 7" er)(€rs Yu ere) "VLRee" OLRE | (er, 0" epy)(@Ls 0w ure) "TRReu"
OVEE | (Bup 7 v (@ Y uze) WWLL\ [Nu]u® (O (Zp 7" vir) (@ Yy se) "VLR\ [Nulu* @ (ep enr)(drs dre) "SRRed"
ot (717" vir) (dLs Yy die) "VLL\ [Nuld" oLt (Lp 7" vir)(drs Yye dre) "R el O™ | (E1p 0" err)(dLs 0y drr) "TRRed"
OVE | (eLp 7" err)(@Ls v uLe) "VLLeu" oste (ep " err) (WRs v ure) "VLReu" O (7rpere)(disure) | "SRR\ DNuledu"
O | (e ene)(des v die) "VLLed" ot (ELp 7" e1r)(drs Yy dre) sl Oy’ | (7rp o eny)(dLs o up) | "TRR\ [Nl edu”
Oyeiie | FLp2* ens)(drs v uee) +hic. | "VLL\ [Nuledu” ot (@Lp 7" ar) Cro Y ere) *VLRue" O | (anp ury) (ns ure) "S1RRuu"
OYLL (azp 7" urr) (@rs Y ure) "VLLuu" O%FIL'Z (dep 7" drr)(@rs Yu err) "VLRde® OSERR | (@, 1% up,)(GLs t upe) "S8RRuu"
OZJ.L (de A dp) (s Y drs) "LLAd" (oMo (ZLp " err)(dRs Y wre) + hoc. "VLR)\ [Nu] edu" Of,’[“ (Azp wre)(dLs dre) "S1RRud"
Ovt™ ™ | (ap v uir) (i vy die) "V1LLud" Oyttt (@p 7" wrr) (@Ra v ure) "VALRuu" O™ | (aLy 1 ury)(drst° dre) PR
OVPEE | (anp v 1 ury) (dLe yu t° dire) "V8LLud" 01‘{"8 L (@ 7 1 ury) (WRs 7t ) I (i (AL dry)(drs dre) M
~ <O (i wn) e dr) "ViLRua” 0% | (@ % dn)(dryt dms) | "ssRmaas
(RR)(RR) Oﬁ:“ ('ZL”,”“ t* ur,)(drs Y t* dre) "V8LRud" oSLRR (tizp dr) (e ure) e

@ (erp 7" €rr)(Crs Y €Rt) "VRRee" O}i/;f'm (dzp* dir)(drs Y wre) "ViLRdu" OSSER | (a1, dpy) (dps t* upe) "S8RRuddu"

OLFR | (enpy* enr)(@nsYuume) | "VRRew" O (L7 1 dr) (s 7, 1 re) "VeLRdu" ~ — J

O | (erp" enr)(drovudre) | "VRRea" Ot (dp* du) (A ) "ViLRAd" (LR)(RL) + h.c.

OVFR | (ampy* upe) (@R vuure) | “VRRuu" O™ | (dry 7 12 diy) (s Yt d) "V8LRAd" O | (erpen)(nsuse) | "SRLew”

OV | (dppy* dre) (drs v dre) | "VRRAA" O‘;dldﬁ (17" dir) (dre e ) + . "ViLRuddu" 057" | (erpen)drodis) | "SRLea"

OVIRR | (g, yh upy) (s v dre) | "VARRuA" \¢ i | (np 7 2 dre) (drs vt ume) + hic. | "VBLRuddu" ) 058 | (71 e ) (dRs ure) | "SRL\ [Nu] edu”

\ O™ | (@rp v 2wy ) (drs 7t dpe) | "VBRRuA"
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LEFT operators up to dimension 6

4-fermion (fermion-number-violating)

K AL=2+hec. \
AL=4+he. c F, Cvi)emers) | "Si\Dvaler )
.

s || ek 7 (VE, Co" vir) @Ra O ere) | "TLL\ [Nule" AB=AL=1+hc
[w | w8, CranWE, Cvao | s g\ j e R Y R ey pa e | A
AB=-AL=1+h (L, Cvir) (s ure) "SLL\ [Nulu" S5 | o (013 C b (T Cen) | "SLLaums®
—— = - T o u " " v
(1, C o™ vi,)(iRs oy ure) | "TLL\ [Nulu! ot | . (“Lé Orl (0 Clons) | “ermma
O | e (dif O)(Ena di) | "SLLAC" (L, Cver)(ns ue) "SLR\ [Nu]u" Ot | cae (A} C'uf,)(uff, Cepy) | "SLRAuR"
% ey | w f " " | Eabe ) (U
oz;éz cate (T Cdl, ) (Pr dSy,) | "SLRudd (vF, Cver) (e die) SLL\ (Nud O | ave (ugh Cul, )(d5 Clery) | "SRLuua"
O;é‘}ﬁn (di{(,’dz,)(m u%,) | "SLRadu" (vi,Car ”L”)(‘fﬂﬂ O dyy) | TLL\ DNula e CURT)(u,_. ] Do
O};&gm vabc( Z;Cd;ir)(eu d5,) | "stRdda" (L, Cver)(drs dre) "SLR\ [Nuld" 1 D e o S it
i | ao (Fip O ) B ) | voBLAE" W Cernldrauy) | MSLL\dedu” || GEAL | (4o O, )(ugT Cvre) | "SRLacu”
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LEFT operators up to dimension 6

on-shell redundant

~ RR)XD
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