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what McMule can do

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

matrix elements
by us or others

−→
McMule

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

−→ physical cross section
for any physical observable:

acceptance cuts, real photon emission, . . .

we provide (and WIP) NNLO QED for

ee → ee :: ep → ep :: eC → eC

::
NNLO pointlike

NLO w simple/better TPE model
::

C

and EW NNLO+NLL for logs log
(

m2
e,s,t,...

M2
Z ,M2

W ,...

)
in ee → ee in LEFT
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challenges to overcome

• divergent phase space (PS) int
=⇒ FKSℓ subtraction

∫
dΦ2

(
+

∫
dΦγCT

)

+

∫
dΦ2

∫
dΦγ

(
− CT
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NNLO with McMule
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challenges to overcome

• divergent phase space (PS) int
=⇒ FKSℓ subtraction

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

Eγ→0−−−−→ 1

E2
γ

+
1

Eγ
(D + S) +O(E0

γ)

+ polarisation terms

[Low 58; Burnett, Kroll 67; Balsach 23;. . . ]

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
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challenges to overcome

• divergent phase space (PS) int
=⇒ FKSℓ 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)× (
√
Z(m))# legs +O(m)

iff m2 ≪ all other scales

. . . cannot recover helicities ∼ m

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
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we go LEFT
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we go LEFT



we use the `San Diego` conventions
basis definition, evanescent operators, …
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we go LEFT
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we go LEFT
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we go LEFT
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we go LEFT



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

quark loops 
excluded

NLL results generated with 

[Fuentes-Martin, Ruiz-Femenia, Vicente, Virto 21] 
[Celis, Fuentes-Martin, Vicente, Virto 17] 
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DsixTools

2-loop anomalous 
dimensions in LEFT for the 
4-fermion sector (NDR)

[SK, Moreno, DR, Signer 25] 

Sophie Kollatzsch & David Radic, 07.05.26 – p.7/20

we go LEFT
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we go LEFT

. . . running from MZ to
√
s reduces

the one-loop corrections from ∼ 40%
to ∼ 15% at LL accuracy

. . . switching from LL to NLL has a
notable impact

take-home message:

# 1 use LEFT

resummation is important
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we can do MOLLER

some examples for MOLLER
based on [SK, Moreno, DR, Signer 25]

https://arxiv.org/abs/2507.17652
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MOLLER example

√
s = 106MeV, θ = 1

2
(π − |θ3 − θ4|) , 50◦ ≤ θℓ ≤ 130◦, 90% long. pol.

McMule

1

2

3

4

5

6

7

A
L
R

×10−8

50 55 60 65 70 75 80 85 90

θ / ◦

−0.075

−0.050

−0.025

0.000

δA
re

a
l

L
R

LO :: NLO

expanded

µs = MZ

µs = 30 GeV

µs = 5 GeV

LO :: NLO

expanded

µs = MZ

µs = 30 GeV

µs = 5 GeV

ALR expanded in α & λ
accidental cancellation of IR divergences

δAreal
LR =

real+virtual− virtual

virtual

. . . can be ∼ 7.5% (or more)

# 2 use McMule

real corrections are important
and cannot be neglected
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MOLLER example

scattering angle of more-energetic electron θ̃h

McMule

1

2

3

4

5

6

7

A
L
R

×10−8

6 8 10 12 14 16 18

θ̃h /mrad

−0.05

0.00

0.05

δA
N

N
L

O
Q

E
D

L
R

LO :: NLO

full

µs = MZ

µs = 30 GeV

µs = 5 GeV

LO :: NLO

full

µs = MZ

µs = 30 GeV

µs = 5 GeV

ALR = best
best incl NNLO QED

# 3 use McMule

fully differential implementation
is required

δA
NNLO
QED
LR =

w NNLO− w/o NNLO

w/o NNLO

. . . can be ∼ 5%

# 4 use McMule

NNLO QED can be important
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adding more EW effects

higher orders within LEFT



NNLO+NLL in LEFT + matching onto the SM(EFT) at two loops
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towards EW NNLO



NNLO+NLL in LEFT + matching onto the SM(EFT) at two loops

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

compute all relevant matrix elements in LEFT up to dimension 6
• automation via in-house Mathematica routines interfacing various software packages
• analytic results for 2-loop master integrals known with full mass dependence
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… or use expanded results from <latexit sha1_base64="4Jtn9BXHFps+QUjW84Y6BufyXkI="></latexit>

AsyInt [Zhang 24] 

4-fermion sector (NDR)

full LEFT (HV)
[Naterop, Stoffer 25 (dim.-five)] 
[Naterop, Stoffer 25 (dim.-six BNV)] 
[Naterop, Stoffer 26 (dim.-six)] [Aebischer, Morell, Pesut, Virto 25] 
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DsixTools

?
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towards EW NNLO
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workflow :: . . . QGRAF → Mathematica → FORM → Kira → Reduze 2 . . .
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virtual-virtual bosonic corrections in LEFT



NNLO+NLL in LEFT + matching onto the SM(EFT) at two loops
WIP

… scheme choices?

separate evanescent sector from physical sector

renormalization beyond one loop?
treatment?<latexit sha1_base64="JZXcAfDQ3Xqcu1TfCfIu0M6v4ws="></latexit>ω5
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towards EW NNLO
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adding hadronic effects

status of ep → ep
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what we can do

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

NNLO ⊃ ✓ +

pointlike
approximation

eµ → eµ
with mµ → mp

NLO ⊃ ✓ +
two-photon-exchange (TPE)

as simple model

ongoing :: implement state-of-the-art TPE, including inelastic TPE

https://arxiv.org/abs/2307.16831
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with mµ → mp

NLO ⊃ ✓ +

/

two-photon-exchange (TPE)
as simple model

ongoing :: implement state-of-the-art TPE, including inelastic TPE

https://arxiv.org/abs/2307.16831
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how we deal with protons [Engel, Hagelstein, Rocco, Sharkovska, Signer, Ulrich 23]

NNLO ⊃ ✓ +

pointlike
approximation

eµ → eµ
with mµ → mp

NLO ⊃ ✓ +
two-photon-exchange (TPE)

as simple model

ongoing :: implement state-of-the-art TPE, including inelastic TPE

https://arxiv.org/abs/2307.16831
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what we can learn

MAGIX example :: ep → ep Ein = 105MeV, 15◦ ≤ θe ≤ 150◦, 73.5MeV ≤ pe ≤ 105MeV, Eγ ≤ 1MeV

NNLO effects can be
larger than TPE !

# 5 use McMule

similar studies needed for
EW effects for P2

McMule

σ0 σ
(1)
QED σ

(1)
VP σ

(1)
pr σ

(1)
TPE

σ(2)

10−2

10−1

100

101

102

σ
[µ
b]

e−p /µb Ebeam = 105 MeV

No photon cut

1 MeV photon cut
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outlook
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McMule’s future is (not) weak

focus on EW for ee → ee & repeat QED approach for EW ep → ep

• NLO+LL → NNLO+NLL

• heavy BSM ⊂ LEFT

• simple TPE model at NLO
we have methods to deal with dispersive input

[Fang, SK, Rocco, Signer, Ulrich, Zoller 25]

• pointlike NNLO via ee → µµ

. . . and make McMule even better

• integrator → generator ongoing, see talk by [Y. Ulrich]

• combine with parton shower / soft photon resummation

• make McMule ready for high energies → FCC-ee, . . .

to take home

# 1 use LEFT =⇒ resummation & systematic higher orders, heavy BSM for free

# 2 use McMule =⇒ real corrections, cuts, NNLO effects

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

f.l.t.r.: A.Signer (Zurich & PSI), F.Hagelstein (Mainz), M.Ronchi (Mainz), M.Rocco (Turin)
S.Kollatzsch (Zurich & PSI), Y.Ulrich (Liverpool), S.Gündogdu (Zurich & PSI),
D.Radic (Zurich & PSI), J.Wilson (Liverpool), S.Zanoli (Oxford), Y.Fang (Zurich & PSI)
not shown: P.Banerjee (Chennai), A.Coutinho (IFIC) V.Sharkovska (Zurich & PSI),
G.Billis (PSI), T.Oruç (ETHZ)

use McMule!

Interest? Get in touch!

McMule
mule-tools.gitlab.io

https://mule-tools.gitlab.io
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MAGIX :: stolen from M. Ronchi

see talk by [A. Signer]

https://indico.cfnssbu.physics.sunysb.edu/event/515/contributions/2234/attachments/1102/1735/nrec26-as.pdf
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MAMI :: stolen from M. Ronchi

see talk by [A. Signer]

https://indico.cfnssbu.physics.sunysb.edu/event/515/contributions/2234/attachments/1102/1735/nrec26-as.pdf
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ALO exp
LR =

ω

ε

dϑ
(0,1)
L→R

2 dϑ(0)

<latexit sha1_base64="+I/q7fa50iAQaSAcVzP7idzn6cE="></latexit>

ALO full
LR =

ω dε
(0,1)
L→R

2 (ϑ dε(0) + ϑ2 dε(1)) + ω dε
(0,1)
L+R

<latexit sha1_base64="cr0L1mHjnP5HlUSAF/XShU5d8Jw="></latexit>

ANLO full
LR =

ω dε
(0,1)
L→R + ϑω dε

(1,1)
L→R

2 (ϑ dε(0) + ϑ2 dε(1) + ϑ3 dε(2)) + ω dε
(0,1)
L+R + ϑω dε

(1,1)
L+R

<latexit sha1_base64="Hl2CnL/b6rknSw7SHEWehSZCtvg="></latexit>

ANLO exp
LR =

ω

ε

dϑ
(0,1)
L→R

2 dϑ(0)
+ ω

dϑ(0) dϑ
(1,1)
L→R → dϑ(1) dϑ

(0,1)
L→R

2 (dϑ(0))2

<latexit sha1_base64="o9pWssc2hfkGD9yFZJfMJhTO47s="></latexit>

dω
(j,1)
L±R → dω

(j,1)
L ± dω

(j,1)
R
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left-right asymmetry – full vs. expanded



OV,LL
ωω (ω̄Lp ε

µ ωLr)(ω̄Ls εµ ωLt) "VLL\[Nu]\[Nu]"
OV,LL

ee (ēLp ε
µ eLr)(ēLs εµ eLt) "VLLee"

OV,LL
ωe (ω̄Lp ε

µ ωLr)(ēLs εµ eLt) "VLL\[Nu]e"
OV,LL

ωu (ω̄Lp ε
µ ωLr)(ūLs εµ uLt) "VLL\[Nu]u"

OV,LL
ωd (ω̄Lp ε

µ ωLr)(d̄Ls εµ dLt) "VLL\[Nu]d"
OV,LL

eu (ēLp ε
µ eLr)(ūLs εµ uLt) "VLLeu"

OV,LL
ed (ēLp ε

µ eLr)(d̄Ls εµ dLt) "VLLed"

OV,LL
ωedu (ω̄Lp ε

µ eLr)(d̄Ls εµ uLt) + h.c. "VLL\[Nu]edu"
OV,LL

uu (ūLp ε
µ uLr)(ūLs εµ uLt) "VLLuu"

OV,LL
dd (d̄Lp ε

µ dLr)(d̄Ls εµ dLt) "VLLdd"

OV 1,LL
ud (ūLp ε

µ uLr)(d̄Ls εµ dLt) "V1LLud"

OV 8,LL
ud (ūLp ε

µ tε uLr)(d̄Ls εµ tε dLt) "V8LLud"

(L̄L)(L̄L)

OV,RR
ee (ēRp ω

µ eRr)(ēRs ωµ eRt) "VRRee"

OV,RR
eu (ēRp ω

µ eRr)(ūRs ωµ uRt) "VRReu"

OV,RR
ed (ēRp ω

µ eRr)(d̄Rs ωµ dRt) "VRRed"

OV,RR
uu (ūRp ω

µ uRr)(ūRs ωµ uRt) "VRRuu"

OV,RR
dd (d̄Rp ω

µ dRr)(d̄Rs ωµ dRt) "VRRdd"

OV 1,RR
ud (ūRp ω

µ uRr)(d̄Rs ωµ dRt) "V1RRud"

OV 8,RR
ud (ūRp ω

µ tω uRr)(d̄Rs ωµ tω dRt) "V8RRud"

(R̄R)(R̄R)

OV,LR
ωe (ω̄Lp ε

µ ωLr)(ēRs εµ eRt) "VLR\[Nu]e"
OV,LR

ee (ēLp ε
µ eLr)(ēRs εµ eRt) "VLRee"

OV,LR
ωu (ω̄Lp ε

µ ωLr)(ūRs εµ uRt) "VLR\[Nu]u"
OV,LR

ωd (ω̄Lp ε
µ ωLr)(d̄Rs εµ dRt) "VLR\[Nu]d"

OV,LR
eu (ēLp ε

µ eLr)(ūRs εµ uRt) "VLReu"

OV,LR
ed (ēLp ε

µ eLr)(d̄Rs εµ dRt) "VLRed"

OV,LR
ue (ūLp ε

µ uLr)(ēRs εµ eRt) "VLRue"

OV,LR
de (d̄Lp ε

µ dLr)(ēRs εµ eRt) "VLRde"

OV,LR
ωedu (ω̄Lp ε

µ eLr)(d̄Rs εµ uRt) + h.c. "VLR\[Nu]edu"
OV 1,LR

uu (ūLp ε
µ uLr)(ūRs εµ uRt) "V1LRuu"

OV 8,LR
uu (ūLp ε

µ tε uLr)(ūRs εµ tε uRt) "V8LRuu"

OV 1,LR
ud (ūLp ε

µ uLr)(d̄Rs εµ dRt) "V1LRud"

OV 8,LR
ud (ūLp ε

µ tε uLr)(d̄Rs εµ tε dRt) "V8LRud"

OV 1,LR
du (d̄Lp ε

µ dLr)(ūRs εµ uRt) "V1LRdu"

OV 8,LR
du (d̄Lp ε

µ tε dLr)(ūRs εµ tε uRt) "V8LRdu"

OV 1,LR
dd (d̄Lp ε

µ dLr)(d̄Rs εµ dRt) "V1LRdd"

OV 8,LR
dd (d̄Lp ε

µ tε dLr)(d̄Rs εµ tε dRt) "V8LRdd"

OV 1,LR
uddu (ūLp ε

µ dLr)(d̄Rs εµ uRt) + h.c. "V1LRuddu"

OV 8,LR
uddu (ūLp ε

µ tε dLr)(d̄Rs εµ tε uRt) + h.c. "V8LRuddu"

(L̄L)(R̄R)
OS,RR

ee (ēLp eRr)(ēLs eRt) "SRRee"

OS,RR
eu (ēLp eRr)(ūLs uRt) "SRReu"

OT,RR
eu (ēLp ω

µω eRr)(ūLs ωµω uRt) "TRReu"

OS,RR
ed (ēLp eRr)(d̄Ls dRt) "SRRed"

OT,RR
ed (ēLp ω

µω eRr)(d̄Ls ωµω dRt) "TRRed"

OS,RR
ωedu (ε̄Lp eRr)(d̄Ls uRt) "SRR\[Nu]edu"

OT,RR
ωedu (ε̄Lp ω

µω eRr)(d̄Ls ωµω uRt) "TRR\[Nu]edu"
OS1,RR

uu (ūLp uRr)(ūLs uRt) "S1RRuu"

OS8,RR
uu (ūLp tε uRr)(ūLs tε uRt) "S8RRuu"

OS1,RR
ud (ūLp uRr)(d̄Ls dRt) "S1RRud"

OS8,RR
ud (ūLp tε uRr)(d̄Ls tε dRt) "S8RRud"

OS1,RR
dd (d̄Lp dRr)(d̄Ls dRt) "S1RRdd"

OS8,RR
dd (d̄Lp tε dRr)(d̄Ls tε dRt) "S8RRdd"

OS1,RR
uddu (ūLp dRr)(d̄Ls uRt) "S1RRuddu"

OS8,RR
uddu (ūLp tε dRr)(d̄Ls tε uRt) "S8RRuddu"

(L̄R)(L̄R) + h.c.

OS,RL
eu (ēLp eRr)(ūRs uLt) "SRLeu"

OS,RL
ed (ēLp eRr)(d̄Rs dLt) "SRLed"

OS,RL
ωedu (ω̄Lp eRr)(d̄Rs uLt) "SRL\[Nu]edu"

(L̄R)(R̄L) + h.c.

Oωε (ωT
Lp C εµω ωLr) Fµω "\[Nu]\[Gamma]"

(ωω)X + h.c. Oeω (ēLp ω
µε eRr) Fµε "e\[Gamma]"

Ouω (ūLp ω
µε uRr) Fµε "u\[Gamma]"

Odω (d̄Lp ω
µε dRr) Fµε "d\[Gamma]"

OuG (ūLp ω
µεtϑ uRr) Gϑ

µε "uG"

OdG (d̄Lp ω
µεtϑ dRr) Gϑ

µε "dG"

(L̄R)X + h.c.

4-fermion (fermion-number-conserving)

OG fωεϑ Gωϖ
µ Gε ϱ

ϖ Gϑ µ
ϱ "G"

OG̃ fωεϑ G̃ωϖ
µ Gε ϱ

ϖ Gϑ µ
ϱ "Gt"

X3dipoles 3-gluon
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LEFT operators up to dimension 6



OS,LL
ωω (ωT

Lp C ωLr)(ω
T
Ls C ωLt) "SLL\[Nu]\[Nu]"

!L = 4 + h.c.

OS,LL
ddd ωabc (daT

Lp C db
Lr)(ēRs dc

Lt) "SLLddd"

OS,LR
udd ωabc (uaT

Lp C db
Lr)(ε̄Ls dc

Rt) "SLRudd"

OS,LR
ddu ωabc (daT

Lp C db
Lr)(ε̄Ls uc

Rt) "SLRddu"

OS,LR
ddd ωabc (daT

Lp C db
Lr)(ēLs dc

Rt) "SLRddd"

OS,RL
ddd ωabc (daT

Rp C db
Rr)(ēRs dc

Lt) "SRLddd"

OS,RR
udd ωabc (uaT

Rp C db
Rr)(ε̄Ls dc

Rt) "SRRudd"

OS,RR
ddd ωabc (daT

Rp C db
Rr)(ēLs dc

Rt) "SRRddd"

!B = →!L = 1 + h.c.

OS,LL
ωe (ωT

Lp C ωLr)(ēRs eLt) "SLL\[Nu]e"
OT,LL

ωe (ωT
Lp C εµω ωLr)(ēRs εµω eLt) "TLL\[Nu]e"

OS,LR
ωe (ωT

Lp C ωLr)(ēLs eRt) "SLR\[Nu]e"
OS,LL

ωu (ωT
Lp C ωLr)(ūRs uLt) "SLL\[Nu]u"

OT,LL
ωu (ωT

Lp C εµω ωLr)(ūRs εµω uLt) "TLL\[Nu]u"
OS,LR

ωu (ωT
Lp C ωLr)(ūLs uRt) "SLR\[Nu]u"

OS,LL
ωd (ωT

Lp C ωLr)(d̄Rs dLt) "SLL\[Nu]d"
OT,LL

ωd (ωT
Lp C εµω ωLr)(d̄Rs εµω dLt) "TLL\[Nu]d"

OS,LR
ωd (ωT

Lp C ωLr)(d̄Ls dRt) "SLR\[Nu]d"
OS,LL

ωedu (ωT
Lp C eLr)(d̄Rs uLt) "SLL\[Nu]edu"

OT,LL
ωedu (ωT

Lp C εµω eLr)(d̄Rs εµω uLt) "TLL\[Nu]edu"
OS,LR

ωedu (ωT
Lp C eLr)(d̄Ls uRt) "SLR\[Nu]edu"

OV,RL
ωedu (ωT

Lp C ϑµ eRr)(d̄Ls ϑµ uLt) "VRL\[Nu]edu"
OV,RR

ωedu (ωT
Lp C ϑµ eRr)(d̄Rs ϑµ uRt) "VRR\[Nu]edu"

!L = 2 + h.c.

OS,LL
udd ωabc (uaT

Lp C db
Lr)(d

cT
Ls C εLt) "SLLudd"

OS,LL
duu ωabc (daT

Lp C ub
Lr)(u

cT
Ls C eLt) "SLLduu"

OS,LR
uud ωabc (uaT

Lp C ub
Lr)(d

cT
Rs C eRt) "SLRuud"

OS,LR
duu ωabc (daT

Lp C ub
Lr)(u

cT
Rs C eRt) "SLRduu"

OS,RL
uud ωabc (uaT

Rp C ub
Rr)(d

cT
Ls C eLt) "SRLuud"

OS,RL
duu ωabc (daT

Rp C ub
Rr)(u

cT
Ls C eLt) "SRLduu"

OS,RL
dud ωabc (daT

Rp C ub
Rr)(d

cT
Ls C εLt) "SRLdud"

OS,RL
ddu ωabc (daT

Rp C db
Rr)(u

cT
Ls C εLt) "SRLddu"

OS,RR
duu ωabc (daT

Rp C ub
Rr)(u

cT
Rs C eRt) "SRRduu"

!B = !L = 1 + h.c.

4-fermion (fermion-number-violating)
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LEFT operators up to dimension 6



OωD ωT
Lp C (i/ε)2 ωLr "\[Nu]D"

(ωω)D2 + h.c.

OeD ēLp (i /D)2 eRr "eD"

OuD ūLp (i /D)2 uRr "uD"

OdD d̄Lp (i /D)2 dRr "dD"

(L̄R)D2 + h.c.

OL
ωD ω̄Lp (i/ε)3 ωLr "L\[Nu]D"

OL
eD ēLp (i /D)3 eLr "LeD"

OL
uD ūLp (i /D)3 uLr "LuD"

OL
dD d̄Lp (i /D)3 dLr "LdD"

(L̄L)D3

OR
eD ēRp (i /D)3 eRr "ReD"

OR
uD ūRp (i /D)3 uRr "RuD"

OR
dD d̄Rp (i /D)3 dRr "RdD"

(R̄R)D3

OL
Dωε (ω̄Lp i

→
/ε ϑµω ωLr) Fµω "LD\[Nu]\[Gamma]"

OL
ωDε (ω̄Lp ϑ

µωi/ε ωLr) Fµω "L\[Nu]D\[Gamma]"
OL

ωεD (ω̄Lp ϖ
µ ωLr)(ε

ωFµω) "L\[Nu]\[Gamma]D"
OL

Deε (ēLp i
→
/D ϑµω eLr) Fµω "LDe\[Gamma]"

OL
eDε (ēLp ϑ

µωi /D eLr) Fµω "LeD\[Gamma]"
OL

eεD (ēLp ϖ
µ eLr)(ε

ωFµω) "Le\[Gamma]D"
OL

Duε (ūLp i
→
/D ϑµω uLr) Fµω "LDu\[Gamma]"

OL
uDε (ūLp ϑ

µωi /D uLr) Fµω "LuD\[Gamma]"
OL

uεD (ūLp ϖ
µ uLr)(ε

ωFµω) "Lu\[Gamma]D"
OL

Ddε (d̄Lp i
→
/D ϑµω dLr) Fµω "LDd\[Gamma]"

OL
dDε (d̄Lp ϑ

µωi /D dLr) Fµω "LdD\[Gamma]"
OL

dεD (d̄Lp ϖ
µ dLr)(ε

ωFµω) "Ld\[Gamma]D"
OL

DuG (ūLp i
→
/D ϑµωtϑ uLr) Gϑ

µω "LDuG"

OL
uDG (ūLp ϑ

µωtϑi /D uLr) Gϑ
µω "LuDG"

OL
uGD (ūLp ϖ

µ tϑ uLr)(D
ωGϑ

µω) "LuGD"

OL
DdG (d̄Lp i

→
/D ϑµωtϑ dLr) Gϑ

µω "LDdG"

OL
dDG (d̄Lp ϑ

µωtϑi /D dLr) Gϑ
µω "LdDG"

OL
dGD (d̄Lp ϖ

µ tϑ dLr)(D
ωGϑ

µω) "LdGD"

(L̄L)XD

OR
Deω (ēRp i

→
/D ωµε eRr) Fµε "RDe\[Gamma]"

OR
eDω (ēRp ω

µεi /D eRr) Fµε "ReD\[Gamma]"
OR

eωD (ēRp ε
µ eRr)(ϑ

εFµε) "Re\[Gamma]D"
OR

Duω (ūRp i
→
/D ωµε uRr) Fµε "RDu\[Gamma]"

OR
uDω (ūRp ω

µεi /D uRr) Fµε "RuD\[Gamma]"
OR

uωD (ūRp ε
µ uRr)(ϑ

εFµε) "Ru\[Gamma]D"
OR

Ddω (d̄Rp i
→
/D ωµε dRr) Fµε "RDd\[Gamma]"

OR
dDω (d̄Rp ω

µεi /D dRr) Fµε "RdD\[Gamma]"
OR

dωD (d̄Rp ε
µ dRr)(ϑ

εFµε) "Rd\[Gamma]D"
OR

DuG (ūRp i
→
/D ωµεtϑ uRr) Gϑ

µε "RDuG"

OR
uDG (ūRp ω

µεtϑi /D uRr) Gϑ
µε "RuDG"

OR
uGD (ūRp ε

µ tϑ uRr)(D
εGϑ

µε) "RuGD"

OR
DdG (d̄Rp i

→
/D ωµεtϑ dRr) Gϑ

µε "RDdG"

OR
dDG (d̄Rp ω

µεtϑi /D dRr) Gϑ
µε "RdDG"

OR
dGD (d̄Rp ε

µ tϑ dRr)(D
εGϑ

µε) "RdGD"

(R̄R)XD

OωD (ωµFµε)(ωϑFϑε) "\[Gamma]D"
OGD (DµGϖ,µε)(DϑGϖ

ϑε) "GD"

X2D2

on-shell redundant
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LEFT operators up to dimension 6
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