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The EFT approach

—nergy
Main motivation
New model(s)
| The vast landscape of BSM models and the repetitive nature
A B Matching I of EFT computations call for automated solutions

RG
running

l

My, | mmmmmm matching

RG
running

»CSMEFT

»CLEFT

Observables \




The EFT approach: The rise of automation

Wim Klein, CERN “human computer”




The EFT approach: The rise of automation

CERN first electronic computer

The (SM)EFT software project:

Upgrading from “human computers” to computers




The EFT approach: The rise of automation
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Building from “human computed”
one-loop results:

SMEFT running: Jenkins et al. '13, '14;
Alonso et al. '14

LEFT basis: Jenkins et al. '18

SMEFT-LEFT matching: Dekens, Stoffer '19

LEFT running: Jenkins et al. '18

Very recent developments in the LEFT:

LEFT 2-loop RGEs:

Aebischer, Morell, Pesut, Virto, 2501.08384
Naterop, Stoffer, 2412.13251, 2507.08926



https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2501.08384
https://arxiv.org/abs/2412.13251
https://arxiv.org/abs/2507.08926

The EFT approach: The rise of automation
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https://arxiv.org/abs/2112.10787

The EFT approach: The rise of automation
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Going beyond the state-of-the-art

—nergy Multiple mass scales

~_

New model(s)

/A | s matching Present limitations & ongoing efforts

Full automation only for simpler scenarios ( no heavy vectors yet! )

r r (d<6) | L
EFT # SMEFT Implementation of many observables at one loop Is still needed

/ Multiple efforts to extend this program beyond dimension 6

Higher-order terms in E/A (Automated) inclusion of (higher-loop orders in RG and matching

New light states RG calculations has recently started

running

Observables




The Matchete package

W= NN is a Mathematica package aimed at fully automating EFT matching and running

of arbitrary weakly-coupled UV theories using functional methods

[ DEHnENRaliEe) —)[ Define fields j [ Define couplings ]
groups
e
-
Q.
[ Write down EUV
A\ )
,
o0 func. derivatives,
£ EOMs CDE, STr
i =
o
©
= Tree-level, unsumpllfled Field redefs. 1-loop, unsimplified:
U @0 T v, /1
8 E(FT) " \ E(FT)
z 4 ‘./
= } P et
Qo / " ’
5 Full, unsimplified: ‘N P Full, simplified:
< Lirr Simplifications Lerr
e _J

[ JFM, Konig, Pages, Thomsen, Wilsch, 2212.04510 |

K_/ See Anders talk

First public version of Matchete

B One-loop matching of any model with
heavy scalars and/or fermions

) B Simple and intuitive input/output

B Automated handling of group theory

B Automated simplifications to EFT basis

- Field redefinitions/EOMSs

- Linear simplifications (IBP, group theory,..
Not including Fierz ( evanescent contributions )

)



https://arxiv.org/abs/2212.04510

Linear simplifications

Example: Integrating out a heavy fermion in

the fundamental representation of SU(3) A%V @Mv

In[12]:=| LEFT // NiceForm
Out[12]//NiceForm=
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Linear simplifications

Example: Integrating out a heavy fermion in
the fundamental representation of SU(3)

In[12]:=

LEFT // NiceForm

Out[12]//NiceForm=

L pg? = (D,6"")2+
540 M T2
1 1 7 1
25 " g? = VA D2GHA & T g? oz Do D,G*"* D, GH°* -
Ny Ny
1 1 1 1
ﬁ 7 g2 M — D GMVA D GIJDA E g2 - GuvA D D G,upA
QD
% hg’ o G*"* DD, 6" - 2i4 hg’ Ml GHYA GHPB GVPC FABC
QD QU

L rpr = Z C.O0 €0

(log supertrace )

O

O3

[ C O is the space of all operators identities,

such as IBP relations, yielding e.g.

interpreted as

O,+20,€l




Linear simplifications > le}

Example: Integrating out a heavy fermion in

the fundamental representation of SU(3) L @W /[ﬁ] c O/l

in[12]:=| LEFT // NiceForm
Out[12]//NiceForm=

7 2 1

T ngr L (p,60h)2. >
540~ ° Mz? *° i 1 (log supertrace )
2
40 M2 540 Mz?
1l

uvA LPA
180 M@z o) 4@ h g M_Qz G DVD,OG °F
1

D,G*"* D, GH°* -

i 1 1
i gz e GuvA DpDvGupA B 7 g3 B GuvA GupB vaC fABC On
40 MT? 24 MT?

O3

. T , such as IBP relations, yielding e.g.
By gaussian elimination, we can (choose a representative element

for [ Lgrr] € O/1 10 get an EFT basis O,+20,=0

in[13]:=| LEFT // GreensSimplify // NiceForm
Out[13]//NiceForm=

1 1 1 1
e —1 g2 L DVGUVA DDGIJDA . A g3 T GuvA GupB vaC fABC

15 M2 180 M2 @1 + 2 @3 el

interpreted as

[ C O is the space of all operators identities,




Evanescent operators

Ind = 4, we can use the Fierz identity R,, = —% Q.
[ [ [ 0 -
Lerr D C, 7 RY” RU™ = (€, e)(e0)
/ 1 f f prst __ (7 =
err 2 ~5 G Op A Y ADICR S
so that Lgpr = Ly at tree level. However,




Evanescent operators

Ind = 4, we can use the Fierz identity &, = == 0,
[ [
Lepr D CU R RI™ = = (¢, e)(e,7)
],EFT 5 —— Cprst Qprst Qprst — (fp yﬂ ft)(és y,u er)
so that Lgpr = Ly at tree level. However,

Ind =4 — 2e, there is an evanescent operator that also contributes to the amplitude

A
Rprst 1 Qprst 4+ Eprst Eprst e — 0 0 EPrst , EL Ve

Le 2o Lo 12872 eW + [ many other contributions |




Linear simplifications with evanescent operators

Evanescent operators appear from a special type of linear simplification ( valid only for d = 4 )

—Id— P
O0,=90,+ 0, 9P = Projection to the physical (d = 4 ) basis
Physical part _ — Evanescent part
Eg Fierz identities / rank(d . 4)

(sz e)e.l,) = —%(z/zp v, Cegrte) + EZ” — (sz e)e.l,) + %(Zpyﬂ Z)e y'e.) — EZSZ el

Representative elements are chosen so evanescent operators are retained. Afterwards, these are removed by shifting
the coefficients of physical operators ( evanescence-free scheme )

E LS
P = Ag >2< e.g. E" — SLe P+ [other contributions |

12872




New Matchete workflow

[ . ) v0.2 — v0.3 changes

Define (gauge) )( Define fields [ Define couplings J
groups

\ \ / B Handling of evanescent contributions
'

Input

B More stable & faster

Write down EUV J

. y B Partial documentation
func. derivatives,
EOM hard-region cov. STr
Tree-level, unsimplified: Field redefs. 1-loop, unsimplified:
/o e ')
EFT " Legr

\L <« \ .

Full, unsimplified: ‘o L’ > Full, simplified:
L Simplifications (d # 4) Lot

% proj.

Tree-level, evanescent: H ,
phys. proj.
e[
Tree-level, phyS|caI |
S(0) _ (0) :
Liet! = PLe] Rematchlng\ Y
the ev. pieces Full, phys. scheme:
S
— LEer

Automated matching and running

O v0.3 (current)




Let’'s see how It works!

An example of Matchete in action



Example: neutral triple-gauge interactions

New physics in Z(v, Z)(v*, Z7)?
LHC limits from NTGCs

7t AL T A 2
Vv -
! a R .
3. Zi ol &
Y E B O
H > Cl :'," §
T e !l
Ly g 151 /s
= Fa
Vi S | i
_ Ny
Ly i
T Ty [ ;';' . Run2
A H Oj ,;; | —— HL-LHC
l .'L 1 1 1 1 ‘ 1 1 1 1 1 1 ‘
. 0 200 400 600 800 1000
A(GeV)

- L)iagran1 and plot frorn [240204306]

22 BSM models with dimension-8 SMEFT contributions to NTG analyzed using

Matchete by Cepedello, Esser, Hirsch, and Sanz [2402.04306]




Work in progress and future plans

Input

Automated matching and running

[ Define (gauge) Define fields Define couplings J
groups
f sym break.
[ Broken phase LUV Write down EUV
N V.
~ \
func. derivatives,
hard-region cov. STr
Tree-level, unS|mpI|f|ed Field redefs. 1-loop, unsimplified:
/(0) T . ’(1)
Leer Re N Legr
/‘\ l'
Full, unsimplified: ‘o L’ > Full, simplified:
Leer Simplifications (d # 4) Leer
%proj.
Tree-level, evanescent: 1 ,
5[£§(2 phys. proj.
Tree-level, phyS|caI |
S(0) (0) .
Liet! = PLe] Rematchlng\ Y
the ev. pieces Full, phys. scheme:
S
/ LEFT
[ RG %nctlons: ] poles from hard-
sl region cov. STr
O v0.3 (current) i Y
O v0.4 (soon) (o dard Standard f
O v? (future) [ tandard tormat output] [ tandard tormat output]

v0.2 — v0.3 changes

B Handling of evanescent contributions
B More stable & faster

B Partial documentation

Coming next

Interface with other EFT tools

Automated one-loop f functions

Symmetry breaking and heavy vectors

Longer term

B RG and matching beyond one loop

— 2-loop RG in the bosonic SMEFT
| Born, JFM, Kvedaraité, Thomsen, 2410.07320 |

— 2-loop RG in the complete SMEFT
| Born, JFM, Thomsen, w.i.p |



https://arxiv.org/abs/2410.07320

Two-loop RGEs in the bosonic SMEFT (bSMEFT)

We have implemented functional methods at 2-loops into a custom version ( still private ) of GZa YKo 777NN

k See Anders talk | Born, JFM, Kvedaraité, Thomsen, 2410.0/320 |

First application: 2-loop RGEs in the bosonic SMEFT (bSMEFT) :

X?H? X3
Cun HTH BH By Cw fI‘]K W/‘L’V W,}IPW;{“
: Lot _ L camwga Cuw | HIHW™W/, | | Co | 459G GJP Gt
7L = —-—B*"B, ——WH"W ——-G"'"G —~

bSMEFT 4 |24 4 |24 4 HU CHG HTH GA v G;ly CW fIJK W/{V W,}]’O Wg(ﬂ

v D _ ABC ~Av B C
+D/,¢HTD”H + u*HH — i(HTH)2 T Cus H'H B" By, Cg | F77m GGGy

. C,w | HIHWIWWL H*D? and H®
HG pv CH (H H)

Cuws | (H'o!H)B* W], Cuo (H'H)O (HTH)

Coip | (He!H)B*W!, | | Cyp | (H'D,H)" (H'D*H)



https://arxiv.org/abs/2410.07320

Some results in the bSMEFT at NLL

dcC, po P

dlny  (1622) (16722

O 5 20 5 45 299 41
O _ (2,2 _ .2 02 <2>=[,1—2 2): g 22——4—36/12](3
'BCHD (28144‘6/1 gy)CHD+ 3 gYCH 'BCHD 281/ ) 81 21681/ ) 3%-93 8 HD
70 2277 136
=<27g§ 5 8y8&1 3 /185>CH
(1) 12,14242c 520
Chg ( a EgY B gL) HL BgY HD +(32813/8L 6881/813, - 96/18Y8L)CHWB

Enlarged mixing: Most operators mix at NLL +2881%gl%CHW T 268%82CW




Some results in the bSMEFT at NLL

dCl- ﬁi(l) ﬁi(Z)
diny  (1672) (16722

4
C;; does not mix into any other bSMEFT operator, even at two loops H \\ 4’; /,’H

-—P This is no longer the case in the complete SMEFT //\ : : ~
This result was already anticipated using amplitude methods [ Top-Yukawa correction ]

| Bern, Parra-Martinez, Sawyer, 2005.12917 |



https://arxiv.org/abs/2005.12917

Two-loop SMEFT RGEs: new challenges with fermions

| Born, JFM, Thomsen, coming soon |

® Extension of the functional evaluation to fermions ( e.g. Grassmanian signs )
® Impact of evanescence-free scheme into f functions

® Treatment of subdivergences: R™ operation in presence of fermions and evanescent operators

Global renormalization: Substract subdivergence adding

all one-loop counterterms ( cumbersome )

>“""”< Local renormalization: Substract subdivergence directly
at the graph level ( R* operation )




75 schemes in dimensional regularization

e Naive Dimensional Regularization (NDR) scheme:

° — 2 ° V) — 09 2 I o
Wotod =280 o1s) & ry Py Ty 'y ys| = 4i(4 — d) e

—
tr [7/47’1/7,07’075] d_4) — 4ig,, )0 tr []/p o 5 L ;/5;/0‘] = —4i(4 —d) e"r°




Two-loop SMEFT RGEs: reading-point ambiguities in NDR

Start at dimension-six operator “Unclear” prescription

A

Unambiguous in the “open basis” ( Fierz + evanescent )




75 schemes in dimensional regularization

e Naive Dimensional Regularization (NDR) scheme:

b — 2 Vi 9 — (), 2 — I .
W uh = 26 T s) & ry Py Ty 'y ys| = 4i(4 — d) e
tr [}/,u}/yypya}/S] d_—>4) o 418/41/,00 tr []/p}/a}/a}/ﬂ}/y}/S}/a] = — 41(4 — d) ghvpo

® Breitenlohner-Maison-'t Hooft-Veltman (BMHV) scheme:

4 dim d — 4 dim

N7 : _
T =Yg TV var' =0 (v, 7"} =0
i 1 7 N 2 1 —
Ys = — = EussV VY'Y’ ye=1 [75, 741 =0

41




Fermion Lagrangian in the BMHV scheme

Kinetic term must be promoted to d dimensions: %)

/ Evanescent (singlet) fermion

oczg%r — ”//7/ PLD l//_l' “//evyﬂPRa Wev (il/_/?’”PR() 1Wev

h.c)

® Explicit breaking of gauge ( and BRST ) invariance ( /ocal, as the offending term is evanescent )

® (Gauge symmetry can and must be restored via counterterms

® Determining the counterterms requires ( inverse ) gauge variations of the effective action

(*)

N.B.: This extension is not unique, see e.qg. | Ebert, Kuhler Stockinger WeilBwange, 2411.02543 |



https://arxiv.org/abs/2411.02543

Spurious gauge invariance in the BMHV scheme [ Olgoso, Vecchi, 2406.17013 ]

Formally restore gauge invariance introducing a spurion field £2:
Fer _ —_ i1 . 7 . 7
<L (j)r = 1PyFPLDy + i W y* PRrOW,, + (l W Qy Proy,, +h.c. )
which transforms as yr and is taken unitary (‘analogously to chiral fields )

Gauge-symmetry restoring counterterms obtained directly from the spurious-dependent effective action

ASC(f ) = — lim Fg )
Q-1

The spurion-dependent effective action | g ) can be easily determined using functional methods

| JEM, Moreno-Sanchez, Thomsen, 2507.19589 |



https://arxiv.org/abs/2406.17013
https://arxiv.org/abs/2507.19589

Summary and outlook

B [he EFT program has entered an , considerably simplifying BSM analyses

B Functional methods play a crucial role in EFT matching and running calculations, especially when
combined with computer tools

— Compact, systematic, and manifestly gauge invariant at all steps
B First results towards the 2-loop SMEFT RGE already available, the complete result is coming soon!

B The ultimate goal is a code ( or chain of codes ) that fully automates

\ FIATCHETE |\

* Matching

| Multi-step matching
* RG evolution

e Connection to observables / fit to data

streamlining future BSM analyses




Thank you

BSM phenomenology is about to become easy!



https://gitlab.com/matchete/matchete

Reducing the EFT Lagrangian to its basis

3=§<6ﬂ¢>2—%m2¢2 L g L4 2 g3y -

C3 20a 42
417 2T A2 a2

A2

Exact simplifications ( linear ): IBP, Dirac and group identities, commutation relations...

3C, - C

A 4 Cl 3 4332
| 0
a0

4!¢ A2

P°

Lo s,
3—2((3ﬂ¢) 2mgb

On-shell equivalence ( non-linear ): Field redefinitions ( sometimes equivalent to using of EOMs )

3C, - C,
3 A2

¢ — ¢ ¢’ [az¢=—m2¢ 3/1! ¢° + O(A™?)

P m2(3C2—C3)>¢4= 18C, — 1 (3C, — C,) 25

L - : (0 ¢)2—lm2¢2— |
2 7 2 4! 3 A2 18 A2

Removal of evanescent operators: Solved for SMEF | JFM, Konig, Pages, Thomsen, Wilsch, 2211.09144 |



https://arxiv.org/abs/2211.09144

