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SM Effective Field Theory

High-energy BSM physics manifests as contact interactions in the SMEFT
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SM Effective Field Theory

High-energy BSM physics manifests as contact interactions in the SMEFT

UV Physics
/ J

ESMEFT ESM + Z Z Cd . Od k

d=5 k \NP scale

m Bottom-—up:

(L

— EFTs allow for a model-comprehensive
(“model-independent™) analysis of deviations from the SM,
quantifying possible deviations as an expansion in £/A

m Top—down:

Precision calculations necessitates the use of EFTs to separate
the large BSM energy scales

=9

— Many BSM models results in the same EFT, ensuring that
computation are reusable: you only need to compute once in
the EFT
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SMEFT as a double expansion
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Why higher-order effects matter

The dimension-six operators change with the renormalization scale:

loop level
dinp Vi)

7ij is non-diagonal (operator mixing): leading effects, not only precision
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Why higher-order effects matter

The dimension-six operators change with the renormalization scale:

dc loop level
i

—~/C.
ding Vi)

7ij is non-diagonal (operator mixing): leading effects, not only precision

Hard to access at LHC Constrained by EWPOs
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NLO LO

Stter, Pecjak [2503.07724]; Born, Fuentes-Martin, AET [2601.19974]
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2-Loop SMEFT RGEs

/w Lukas Born and Javier Fuentes-Martin [arXiv:2601.19974]
(B part by Banik et al. [arXiv:2510.08682])


https://arxiv.org/abs/2601.19974
https://arxiv.org/abs/2510.08682

Why functional methods? The master formula

One-loop matching is the classical use-case of functional methods
Henning et al. [1412.1837]; Drozd et al. [1512.03003]; Fuentes-Martin et al. [1607.02142]
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Why functional methods? The master formula

One-loop matching is the classical use-case of functional methods

v
recipe 2
Ly — H----- S
3
¥ Q
- /h recipe 3
— —STI’ |Og Q —_— ELEFT ;§
) P79
1-loop &

m Bookkeeping: organization by topology/internal propagators
m Manifest covariance: There is no need to separate out
D,=08,—iA,

m Recycling: the methods recycle known loop-integral techniques
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Matching and RG

m EFT matching—extraction of EFT couplings

UV field Changed high-k int
1
@ (k2= M2>(k+p>2 m? " M /<k+p — /)'(

local EFT vertex
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Matching and RG

m EFT matching—extraction of EFT couplings
UV field Changed high-k int
—

I’ 1 1 :1:/ 1 4%).(
=) (v p — 2~ W Tk e = e

local EFT vertex

m Renormalization/RG functions—extraction of counterterms

d*k 1 d9k 1
>©< ~fami o= — om0

local UV counterterm
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Matching and RG

m EFT matching—extraction of EFT couplings

UV field Changed high-k int
1
GGl e D

local EFT vertex

m Renormalization/RG functions—extraction of counterterms

d*k 1 d9k 1 (5)\
~ / @m)t (k2 —M2)E | (omyd (k2= MR)E

local UV counterterm

m Amplitudes? Why not?!
But there might be little point... and some trouble « non-local
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Semi-classical approximation

The loop-expansion is a polynomlum of tensor contractlons
entes-M

rtin, Palavri¢, AET [2311.13630]; Fuentes-Martin, Moreno-Sanchez, Palavri¢, AET [2412.12270]

STrlog Q

~ h —— =
il = S+ 5 G (109 Q) ,

or as supergraphs

I——S+;|ogO

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 6


https://arxiv.org/abs/2311.13630
https://arxiv.org/abs/2412.12270

Semi-classical approximation

The loop-expansion is a polynomlum of tensor contractlons

entes-Martin, Palavri AET‘ 311.13 ‘ Fu s-Ma Moreno-Sanchez, Palavri¢, AET [2412 \W\",‘
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Spin statistics: +1
or as supergraphs

_o ! i _1 1 3
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Semi-classical approximation

The loop-expansion is a polynomium of tensor contractions
AET AET

STrlog Q
o R R ey BP A A
ral=S+ *CII ( log Q)// + 5 C’/ Q/J1 VS}) - gQ/JIQKlL VI(SZ(L

C/MCJNC/N Q1 Oy, ONk VOV + Or?)

Spin statistics: +1
or as supergraphs

o 1 I 1 1 3
r=st 2'OQO+2® 8@* 12@*0(“

All vertices and propagators are fully dressed with background fields

. §525(0) . _
QIJ[”] - 6n/6nj[n] = ( /// \) '

VKl = \é
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Sunset formula

k+t

SAVAY

D(x, P+ k) = (-1)™ (P + k)2Q b(x P+ k)(Pc+ k)Y

Sunset master formula: N cov. devs. from vertices

122 | [ £870. B — k- O UEER VSR )

x [EC2)(x, P+ KU, Y) o [E) (x, P+ )UK, y)]ccf‘
Wilson line: reinstates gauge-invariance

Grassmanian factor: CJJ’ CDD’CCC/CJ/)CJCCJ’DCJ’CCDC’CJ’D’CJ’C’ =+1

y=x
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Two-loop counterterms

An application of functional methods at multi-loop order
Born, Fuentes-Martin, Kvedaraité, AET [2410.07320]

e 1 5«30 A-143-1 1 5« 3(00 A-1 A-1 A-1 3(0
657 = SKR'T[V(, 0] 0., | - (s KR T[Vk0;) 050 0 Vi |

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 8


https://arxiv.org/abs/2410.07320
https://arxiv.org/abs/1703.03776

Two-loop counterterms

An application of functional methods at multi-loop order
AET

a2 1 =[50 A-1A-1 1 5[ 3000 A-1 A-1 A-1 300
65@ = gKR T[V/(J;)q Q QKL] - EKR T[V/(JE(Q/L QJMQKNVEI&IN]

Evaluation recipe:
i) Construct gauge-invariant graphs w/ full background field dependence

i) Expand in the hard loop-momentum region

iii) Subtract subdivergences w/ a local version of R*-operation
)

iv) Evaluate single-scale tadpole loop diagrams
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Two-loop counterterms

An application of functional methods at multi-loop order
AET

a2 1 =[50 A-1A-1 1 5[ 3000 A-1 A-1 A-1 300
65@ = gKR T[V/(J;)q Q QKL] - EKR T[V/(JE(Q/L QJMQKNVEI&IN]

Evaluation recipe:
i) Construct gauge-invariant graphs w/ full background field dependence

i) Expand in the hard loop-momentum region

iii) Subtract subdivergences w/ a local version of R*-operation
)

iv) Evaluate single-scale tadpole loop diagrams

R v vz@+‘+ ‘

,,,,,,,,,
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Keeping track of the operator basis

Scehme d-dimensional MS
d
Op. basis {0}
Examples (£v,£)(ev*e)
(Le) (L)
Cts. {69}
Anders Eller Thomsen (U. Bern) SMEFT at NLO

CEFT 2026 9



Keeping track of the operator basis

Scehme d-dimensional MS
d

Op. basis {0}

Examples (£v,£)(ev*e)

(Le) (L)

Cts. {69}

1 - _ 1 - _
~ E(Mﬂnpﬁ)(evﬂﬂ“e) ~ E(Mmue)(hﬂ“e)

R* counterterm insertions not in the “correct” operator basis!
AET
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Keeping track of the operator basis

Scehme d-dimensional MS phys./ev. MS
d P
Op. basis {0} {Qa Ea}
Examples | (£y.8)(ev e) (vu8)(evte)
(Le)(et) (yu8)(eye) + 5 (Le)(ee)
Cts. {59/} e {5>\av 677(1}
(1-loop)?
1 - _ 1 - _
~ E(Mﬂnpé)(emﬂ“e) ~ E(Mmue)(hﬂ“e)
_____ Y S N
! Yas ! ! Yas !
i 4 [ . 4 .
A 1 ! A 4 !
QA% 3 SEEEEEEEREt
> I 4 » 4

R* counterterm insertions not in the “correct” operator basis!
AET

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 9


https://arxiv.org/abs/2412.13251
https://arxiv.org/abs/2601.19974

Keeping track of the operator basis

Scehme d-dimensional MS phys./ev. MS finitely compensated (MS)
d P Ps

Op. basis {0} {Qa Ea} {Qa, Eo}
Examples | (£y.0)(27"e) _ (@ud(erte) _ @uh(erie)

(Le)(et) (Byu)(@vte) + 5(Le)(el)  (Evul)(ey*e) + 5(Le)(eL)
Cts. {6gi} o {6Xa, 0Ma} 3 {0Xa + AX,, 0na}

Posch (1-loop)?
-scheme Q\_\\\%e

o

Q\‘\\ie’ ’ go

0

Pr-scheme

Ev. couplings
Mo

r

7
Inp
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Computation

Input Lagrangian

i3 ¥ipipi3ig

Two-loop counterterms
. - s(2)
in % basis: 6373)‘f

One-loop counterterms
. - <(1)
in %8 basis: 6575)\,'

Physical Evanescent Physical Evanescent
counterterms: counterterms: counterterms: counterterms:
W W T hifs @, i @, i
P(éHﬁX,O’) s(agﬁx,o') 7’(6575%,0’) £(6J¢x,o’)
I
Inserting evanescent oper-
ators into one-loop graphs Physical counterterm Lagrangian
in an off-shell Zp basis:
2
Evanescent shifts to the 573921 )Qa

Pg-scheme

Field redefinitions to go on-shell Field redefinitions to go on-shell

Finitely-compensated, physical,

on-shell B-functions: B(})
P

Finitely-compensated, physical,

on-shell B-functions: [3_(}52)
i
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Fully automated counterterm calculation

L = FreeLag[] + cGt[] Gtilde;
L // NiceForm

- % G2, (D, T6* - D, c6*) + g G (ce* - D, cg?) FYZ + % Gt GHPY GYPZ GORX FXYZ ghvox

ctlag = CountertermLagrangian[L, EFTOrder » 6] // EchoTiming;

ctlag // NiceForm
» Added new CG cgl with dindices {SU3c[adj], SU3c[adj], SU3c[adj], SU3c[ad]j]}
» Added new CG cg2 with dindices {SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj]}
© 13695.1 — Mathematica, single core

_ % al g2 GH2 _ 571 2l g 62 _3p 1 Gt g2 GHYX GPOY GORE XY koK _
€ € €

21 n? iz Gt g4 GHYX GPOY GOKZ £XYZ GHVOK _ 425 n? 1 Gt g4 GHYX GPOY GOKZ f£XYZ uvoK
2 € 24 €
Born, Fuentes-Martin, Kvedaraité, AET [2410.07320]
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vs-ambiguities and the limits of NDR
NDR assumptions: (d =4 —2¢)
(Y ¥} =20, {W.¥}=0 B =1
TV ¥oYo¥s] —> —4iEpvpo.

Reading point ambiguity /loss of cyclicity (for ys-odd traces):
Tr VoMV YoYoY*¥s ] = 4(4%2€) i€ oo é
= Tr[ Y Vo Vu Vo Vo Vo V5] = 4(452€) iEpvpo

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 12



vs-ambiguities and the limits of NDR

NDR assumptions: (d =4 —2¢)
o W} =200, {W.}=0, =1
TV ¥oYo¥s] —> —4iEpvpo.
Reading point ambiguity /loss of cyclicity (for ys-odd traces):
Tr[YaVu Yo Yo Yo Y Y5 | = 4(442€) i€ uupo
= Tr[ Y Vo Vu Vo Vo Vo V5] = 4(452€) iEpvpo é

Operator class I Problematic diagrams ‘ Affected B-functions
Reading point at the dimension-six vertex
Scalar 4 — —
Vector * — —
Y2H?D — —
P2 H3 1 CP-odd X2H?
W2XH 11 Y2 XH, CP-odd X?H?, and CP-odd X3
Averaging over vertex reading points
Scalar * 1 CP-odd X2H?
Y2 XH 1 Y2 XH
H?X? 1 P2 H?
X3 and H*D? — —
Weinberg operator — —_
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Example: how some ambiguities can resolved

The reading-point for almost all four-fermion operators can be
verified through Fierzing to another operator basis

Strategy devised for the LEFT: Buras et al. [hep-ph/9211304]; Aebischer et al. [2501.08384]

(Byue) (dvud) (8vud)(dyue)

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 13


https://arxiv.org/abs/hep-ph/9211304
https://arxiv.org/abs/2501.08384

Example: how some ambiguities can resolved

The reading-point for almost all four-fermion operators can be
verified through Fierzing to another operator basis

@
(Byue) (dvud) (8vud)(dyue)

Fierzing tensor-current operators involves an ambiguous evanescent contribution
causing the trick to fail: ‘'we abandon the Warsaw basis
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The “Mainz” basis

(LL)(RR) (RR)(RR)

oFst | (2P, ) (e et) omt | (uen) (e et)

oprst (€73 ) (@° v+ o) onst (@Pyuum) (@ y* ub)

OFst | (8P 5, r) (d° 4+ dY) ot (P d7) (d* v+ dt)

ort | (Pvd) (@@ e) OBt | (@ yue) (@ v ut)
ORP*! | (@ yuq") (85 ) ot | (@yuer) (@ d)
0™ | (@ d) (@' u™) | | O™ | (@) (&1 d)
OMPt | (@ yuq") (&) 07" | (@) (d 7+ d™)
05 ™™ | (@ g™ (@5 d*)

(LR)(RL) and (LR)(LR) (LL)(LL)

OZZ (&7 ) (@ gb) oy (P by (252 2t)
onnt | (@u)eV (g d) ORT* | (@) (@7 d)
O™ | (@i u)e¥ (g5, 4*) oG | (@ v a") (T 6)

Oftme (£ €")e (g5 u') o | (B we) (@ e

O | () (g3 e) O " | (B wutn) (357" a")

See also
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The “Mainz” basis

(LL)(RR) (RR)(RR)
op* | () (@ye) Ou* | (@yue) (@)
opt | @ae)@r) | | omr | @)@
o5 | (PPyutr) (@ d) ot | (@ d) (@ v d)
ot | (@) (Ere) O | (e (@ o)
OR™™ | (@ wa) (@ u') O | (e (d )
QLOPTSt | (P v, g (g oM uet) owrrst | (wPry, ur) (d°A*dh)

Avoiding uncontrolled <y5 traces from tensor currents:

Qéequ -

(Z_,-a#,,e)s’j(c‘]ja“”u)

—  Oguge = (Liu)e” (gje)

(CRJ(RL) and (CR)(LER) CT)(LL)

o | @e@q || opr [ @aeyere
omE | (@ w)e (g d) ORT | (@rud) (@1 a)
0Ll | (@b ur)e (gy; dt) 0P | (@7 d™) (@ 7 6)
O | @) | |0 | @) )
ot | @) | [op | @nenwre)

See also
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The “Mainz” basis

X3 HAD? and H® $2H3

Ow | gif"KwivwlewS | | On (H'H)? or, (H'H) (EPe" H)

0c | grmecrapecst | o, | wimmuinm) || o | i@

Oy | iKWl w/rw,* | | 0%} | HfHI D, H;D*H o5y (H'H) (@d"H)

Og g3 fABC éﬁlu GE» Gg“

X2H? Y2 XH $2H2D

Ona | GHH)GA™ G, vy | gu(@rorerdmwl, | | oW | i(HiD,H) @)
Oua G(HTH)GAw G4, Oy | gy(Po"e"H)By, 0597 | i(Hr D) ( £r e gim)
Omw | sprmwiews, || O |a@er rwies | | 0F, | (HD,H)Eqre)
Oy | GR(HH)WIw WL, om | gu(@omurt BYWL, || O | i(HIDH) (@ ¢)
Ons g2 (H'H)B* B, o™ | gv(@o™w H)B,, oY i(H;*B,‘Hj) (@ q™)
Ous | SHHBWE, | | 0% | 0@ TATH)GY, | | OF, | i(HIDH) (@)
Onws | gvon(HWH) B WL, | | OF, | gu(@om art )WL, | | O, | i(HIDH)(dydr)
Oyiwp | gvo(H' H)B» W], O | gv(@Po* d"H)By, Oy | i(H'DH) (@~ d")
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The “Mainz” basis

X3 H*D? and H® Y2 H3

ow | dfEwirwlrwEr || ox (18)’ on, | (aE)@Een)

0o | strcapalecs | O | (Mm@t | | oty | () (@ei)

Oy | iKWl w/rw,* | | 0%} | HfHI D, H;D*H o (H'H)(@d H)

Og g3 fABC éﬁlu GE» Gg“

| | | |
Remove derivatives acting on multiple fields

Onc Py e
0,6 | Qun = (H'H)O(H'H)  —  Ofj, = (H'H)(DuH'D*H) o uer)
Onw \—r ; — P Pyt e”)
Oy | GR(HH)WIw WL, om | gu(@omurt BYWL, || O | i(HIDH) (@ ¢)
Ous | GUHH) B B 0% | ov@orwi)B. | o i B @y e
Ous @ (HIH)B* B, o, | gs(@ o™ TACH)GA, or. | i(HIDH) (@)
Onws | gvgr(Ht'H)B* W], Oy | gn(@ o dtt HYW, o, i(HfBM H)(dPy+d)
Oyiwp | gvo(H' H)B» W], Oh. | gy(qPo" d"H)By, ‘ 0% . | i(H'D,H) (@ d)
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The “Mainz” basis

X3 HAD? and H® $2H3

Ow | gif"KwivwlewS | | On (H'H)? or, (H'H) (EPe" H)

0c | grmecrapecst | o, | wimmuinm) || o | i@

Oy | iKWl w/rw,* | | 0%} | HfHI D, H;D*H o5y (H'H) (@d"H)

Og g3 fABC éﬁlu GE» Gg“

X2H? Y2 XH $2H2D

Ona | GHH)GA™ G, vy | gu(@rorerdmwl, | | oW | i(HiD,H) @)
Oua G(HTH)GAw G4, Oy | gy(Po"e"H)By, 0597 | i(Hr D) ( £r e gim)
Omw | sprmwiews, || O |a@er rwies | | 0F, | (HD,H)Eqre)
Oy | GR(HH)WIw WL, om | gu(@omurt BYWL, || O | i(HIDH) (@ ¢)
Ons g2 (H'H)B* B, o™ | gv(@o™w H)B,, oY i(H;*B,‘Hj) (@ q™)
Ous | SHHBWE, | | 0% | 0@ TATH)GY, | | OF, | i(HIDH) (@)
Onws | gvon(HWH) B WL, | | OF, | gu(@om art )WL, | | O, | i(HIDH)(dydr)
Oyiwp | gvo(H' H)B» W], O | gv(@Po* d"H)By, Oy | i(H'DH) (@~ d")
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The “Mainz” basis

X3 HAD? and H® $2H3

Ow | @GS wWlw/ewyit | | ox (HtH)® oy (H'H) (e H)

0c | gsrecapraieasr | [og, | mimwaiom) | | on | (i@

Oy | iKWl w/rw,* | | 0%} | HfHI D, H;D*H o5y (H'H) (@d"H)

Og g3 fABC éﬁu GE» Gg“

X272 | ‘ 262 X F ‘ | a2 H20D

Onc Canonical gauge coupling normalization: o)
Ona Xuw — IxXpuw R
Onw | GHHTW ™ W, U |0 T o ]G, | | Ope | W DLHJ(Er " €")
Oy | GR(HH)WIw WL, om | gu(@omurt BYWL, || O | i(HIDH) (@ ¢)
Onsp g (H'H) B* B Oy | oy (@0 wH)B, ‘ O™ | i(H; D) (¢4 4")
0wz | G3(HIH)B™E,, o | g(@om TATE)GS, | | O, | i(HIDLH) (@)
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Results: interactive notebook

ADM columns

Rl version
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Display only the one-loop running:
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Modified Top-Yukawa

/w Born and Greljo: [arXiv:2604.26817]


https://arxiv.org/abs/2604.26817

Top-Yukawa feeding into EWPO @ 2 loops
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Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 17



Top-Yukawa feeding into EWPO @ 2 loops
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Top-philic 2HDM

UV realization of the Cipy — C;fD effect:
L=Low+ LS — [Aq)(d)TH)(HTH) + yeGsPtr + Hec. ] o

Integrating the heavy Higgs ® out in the decoupling limit:
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Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 18



EWPOs in the top-philic 2HDM

NLO matching of 2HDM

A
- _\/ Greljo, Stefanek, Valenti [2507.03073]

' \

Kt Ry (x) !

[ —— N b : CH% |

1

1 1 !
! CtH : 1 T PN 3,
1 ) 1 ! [ 1 I
N C - (n 1 (x) !
H Chg, > CHD |
c) N ;| | !

1 ’ h
1 N e e e - - 7z
1 CH : _______ ’
! I mw, Ae

N — - o

R3 HD
Ciw (B)
Tree-level One-loop Two-loop
Our analysis uses op runn (no resummation) of Born, Fuentes-Martin, AET {"OUW 1&]&],'.’”\
1-loop matching with Matc and 1-loop determination of EWPOs Biekétter, Pecjak [2503.07724]
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parameter space for the top-philic 2HDM

_— fixes Ao
Topphilic 2HDM with dk; = 0.02

[ Unitarity

10*

Mcp [GeV]

Born, Greljo, AET [2604.26817]
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parameter space for the top-philic 2HDM

_— fixes Ao
Topphilic 2HDM with dk; = 0.02

I Unitarity gt
s H - hh H* = tb

1071

10° 104
Mcp [GeV]

Born, Greljo, AET [2604.26817]
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parameter space for the top-philic 2HDM

_— fixes Ao
Topphilic 2HDM with dx; = 0.02

L H* = tb
B Unitarity I R
B H - hh N oy
N

1071

10° 104

Born, Greljo, AET [2604.26817]
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parameter space for the top-philic 2HDM

_— fixes Ao
Topphilic 2HDM with dx; = 0.02

K3 mw
Unitarity - k3 QHL-LHC + FCC-ee
H° — hh - R, QFCC-ee
HO = tt = my QFCC-ee
Ht - tb - A, QFCC-ee
Ry
-1
1 10° 10

Born, Greljo, AET [2604.26817]
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parameter space for the top-philic 2HDM

_— fixes Ao
Topphilic 2HDM with dx; = 0.02

- w3 QHL-LHC + FCC-ee

Unitarity - R, QFCC-ee
H = hh - my QFCC-ee
H® — tt - A, QFCC-ee
H* > tb < my w/o NLO RG
Ry A, w/o NLO RG
mw
-1
10 0 10*

Born, Greljo, AET [2604.26817]
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parameter space for the top-philic 2HDM

— fixes Ao
Topphilic 2HDM with §x; = —0.01

- k3 QHL-LHC + FCC-ee
Unitarity - R, QFCC-ee
H = hh - my QFCC-ee
H® —tt - A, QFCC-ee
H* > tb - mw w/o NLO RG
Ry - A, w/o NLO RG

mw

10*

Born, Greljo, AET [2604.26817]
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Summary and outlook

m Functional methods provide a strong basis for automated multi-loop
calculations of RGEs and matching quantities.

m Results can be adapted to the Warsaw basis at the price of an extra ambiguity

m Remaining ambiguities in the 2-loop SMEFT (such as they are) would have
to be resolved in the BMHV scheme: we hope to integrate the code with a
BMHV-scheme implementation

m Full use of the results will require implementation into SMEFT running codes

m NLO contributions to EWPO can be the best probes of some operators, e.g.,
Ctt‘ and CtH
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Summary and outlook

m Functional methods provide a strong basis for automated multi-loop
calculations of RGEs and matching quantities.

m Results can be adapted to the Warsaw basis at the price of an extra ambiguity

m Remaining ambiguities in the 2-loop SMEFT (such as they are) would have
to be resolved in the BMHV scheme: we hope to integrate the code with a
BMHV-scheme implementation

m Full use of the results will require implementation into SMEFT running codes

m NLO contributions to EWPO can be the best probes of some operators, e.g.,
Ctt‘ and CtH

Thank youl!
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The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl[1703.03776]

finite = A\G +RG=AG+ ) Au(S)xA(S)*G/S\S
counterterm op. SeWyy(G)

S'eEWRr(G)
SNS'=P
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The R-star operation

Any ‘diagram’ G satisfies

finite = A\G +RG=AG+ ) Au(S)xA(S)*G/S\S

counterterm op. ‘E’GWV\E{V((E))
S
SNS'=0

finite = A + A(@ *

N @@

It is an extension of the R operation, which is used to prove perturbative renormalization
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The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl[1703.03776]

finite = A\G +RG=AG+ ) Au(S)xA(S)*G/S\S
counterterm op. SeWyy(G)
S'eEWRr(G)

SNS'=0
e-pole operator

AG=-KR'G
The counterterm is polynomial (local)
Taylor expansion
AG = -KR'TY“)G
{Piymf}
IR rearrangement: counterterms are insensitive to momentum routing and masses

AG=AG, for w(G)=0, G ~G
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The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl[1703.03776]

finite = A\G +RG=AG+ ) Au(S)xA(S)*G/S\S
counterterm op. SeWyy(G)
S'eEWRr(G)
SNS'=0

The counterterm operator A applied to [ yields

Counterterm master formula

1 =, 0) A-1A-1 1 =, 0) A-1 -1 ~-1 ~(0
55@ = gKR T[’DU(L Q) QKL] - EKR T[CI(J2<Q/L QJMQKNCEI\)AN]

Born, Fuentes-Martin, Kvedaraité, AET: [2410.07320]

m Includes a truncating hard region-like expansion (1)
m No need to explicitly calculate counterterm topologies

m No need to include EOM-vanishing or gauge-violating counterterms!
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R-star in practice

Scaleless integrals do not vanish under the R-star operation

Hard—region\expansion

1. mxN2g? . 11 1
- —KR'T KR - —
BRI () " KR | G

With auxiliary mass IR rearrangement, all IR subdivergences are removed

S - 1 1 1
- ¢ KR*/ 4 2 2
4 xokt—al’—a (k+1)%-a
KRTO® ///e

242 42 /
7m>\¢K(/ 41 21 12 +/41 AI 1 1
4 wekt—alt—a(k+0)2—a Jik*—a J2—a(k+40)?—a

All dependence on the auxiliary mass vanishes from the counterterm:

m2\2¢? ( 1 1)

(2) - _ =
05 D 5

e €
Each diagram/graph/integral gives a local counterterm!
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