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The rise of automation

—nergy

Much progress has been made:

New model(s)

® J[ree-level matching to the SMEFT is a solved problem

| de Blas, Criado, Pérez-Victoria, Santiago, '17 ] [ Criado '17 ]
R
ﬁSMEFT runrfiang
l ® One-loop can be the leading effect in important processes. E.q., in the SM
MW s matching s 7 C p
E<<m d d
' vg . o D ¢
RG C
ELEFT running 5 d S d

Similarly, in BSM models: dipoles, FCNCs, EW precision...
Observables \ y P P
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matching of many models

“Breaking SMEFT operators”
UV-to-SMEFT mapping

Cepedello et al. '23
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The rise of automation

—nergy Multiple mass scales
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New model(s)

A | s matching s

Present limitations

LrrT # L )
SMEFT Full automation only for simpler scenarios ( no heavy vectors yet! )

/ Some steps/approaches require prior knowledge of the target EFT
Higher-order terms in E/A (Automated) inclusion of higher-loop orders is (so far) non-trivial
New light states RG
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EFT matching

The path-integral approach in a nutshell




Functional matching
e Lagrangian: £y with fields 7 = (1 17;)" and hierarchy my > m;

e Background field method: shift all fields # — 71 + 7

1 . background fields ( satisfy the quantum EOM ) [ Tree lines in Feynman graphs |

7 : quantum fluctuations [ Loop lines in Feynman graphs |

® Quantum effective action:

Goal: Evaluate the path integra

elluvlil — j In exp (l[ d9y ZLuvn + ﬁ)) (“integrate out” the quantum fluctuations )

and isolate the EFT contribution




Functional matching

® Expanding the Lagrangian in 7:
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Functional matching

® Expanding the Lagrangian in 7:

Lot +n) = NG + 2 + L2 Loy (x) + O(n)
vl + 1) = ZLyyli) - Ny + = N,X - Np\X n
5;/]61 . 2 57][9()6 ) 5'7a(x) A
n=n n=n
® Tree-level: V) =& (A 1 (1] ))
EFT v\, e\t
— Substitute 77,7 by its EOM expanded in m[:,1 [ Simpler than computing Feynman graphs |
S i/}L 4
53UV ~‘~ ﬁH 'O'
=0 2 3 N
57]H . i' ss
H=n ¢ .




Functional matching

® Expanding the Lagrangian in 7:
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Functional matching

® Expanding the Lagrangian in #:

A

ZLyy( + 1) =ZLyvnp) 4

® Inverse quantum-field propagator:

a

0,0, %) = Que((x), D1+ D fi(x), DX) U, (x, x") 5(x — X')

J' @ab(x, )C/)
x/
0 1l
1 5* Ly
Ny + 7 1,(%) — 1,(x) + O(11°)
A 2 onp(x’) of(x) |
M= n=n
Wilson line
, New!!
| parallel transport x < x']
D*...DM U(x, x') =p (G*,D’G"™, ...)

x=x'

' Kuzenko, McArthur, 03 |

- JFM, Moreno, Palavri¢, Thomsen, w.i.p | @




Functional matching

® Expanding the Lagrangian in #:

A

ZLyy( + 1) =ZLyvnp) 4

® Inverse quantum-field propagator:

a

0,0, %) = Que((x), D1+ D fi(x), DX) U, (x, x") 5(x — X')

J' @ab(x, X/)
x/
0 1l
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2 X ong(x) |
= =%  Higher-loop orders
( more later )
Wilson line
, New!!
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Functional matching

. o Qp(X, X)
® Expanding the Lagrangian in #: -
0 i
) n 0F 1 5* Ly | .
Zyy(n + 1) =Lyl - My + = 1,(X) — n,(x") + O(°)
a | . 2 onp(X’) Of,(x) |
= =¥  Higher-loop orders
( more later )
® 1-loop effective action:
Gaussian integration .
it 7] _ - . (1) rA1 1 _ ¢
el WU =1 9nexpli| 7n,Q,n, — [N [l =—ilnSDet @™~ = 5 STrln @
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How to evaluate supertraces [In O(x, x)].,.

.J _— ——
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How to evaluate supertraces [In O(x, x)].,.

1 i j —_ o J o
I [ = S olrn@==%* EJ O =x)[n QCx, iDy) 1ap Upa(x, X7) 6(x — i)/ '

X,X
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J [In Q(x, ilﬁ’;—k)]ab U, (x,x)
x,k




How to evaluate supertraces [In O(x, x)].,.

i l o - J eik(x—x’)
) (7] ==STrin@ = + —[ 5(x — x") [In Q(x,iD*) 1, U, (x, x") 5(x — i)/ k

2 2
l
2
l' 1

In ) %
AN

=+

J [In Q(x, ilﬁ’;—k)]ab U, (x,x)
x,k

x=x'

k ’
— - -i Sl
k /\\ f




How to evaluate supertraces [In O(x, x)].,.

ik(x—x")
[ J [ ] e
A~ l l ’ . / / v[
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The EFT action (to arbitrary EFT order) is obtained directly from the hard-momentum expansion: k = miy,

| JFM, Portolés, Ruiz-Femenia, 1607.02142; Z. Zhang 1610.00/10 | @


https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/1610.00710

Going beyond ohe Ioop [ JFM, Palavri¢, Thomsen, 2311.13630 ]

A o {1 1 1
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https://arxiv.org/abs/2311.13630

Going beyond ohe Ioop [ JFM, Palavri¢, Thomsen, 2311.13630 ]

1 1

— N6 ki + —— kML kL + - ) ]
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Tree level One loop k Two loops
Every two-loop contribution is included here!



https://arxiv.org/abs/2311.13630

Two-loop functional evaluation [ JFM, Moreno, Palavri¢, Thomsen, w.i.p ]
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Two-loop functional evaluation [ JFM, Moreno, Palavri¢, Thomsen, w.i.p ]
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Every (non-factorizable) two-loop contribution is included here!




Two-loop functional evaluation [ JFM, Moreno, Palavri¢, Thomsen, w.i.p ]
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How to evaluate === ?
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Valid to all orders in the EFT expansion!




General EFT matching formula

The EFT action is given by

ol yvy D : Heavy

SEFT[¢] — 1—WUV[(IA)’ ¢] hard 5(Dhard [(IA)’ ¢] =0 ¢ : nght

oK

“hard” denotes the loop region where all loop momenta are p 2 A (incl. tree-level contributions ) (

B Explicit proof to (two-loop order and (constructive) proof to any loop order in progress
| JFM, Palavric, Thomsen, 2311.13630 | [ JEM, Moreno, Palavri¢, Thomsen, w.i.p |

B The hard region is by far the easiest to compute ( only vacuum integrals at zero external momenta )

B The method can be trivially adapted to extract ‘UV divergences

B Enables functional matching and RG running at any loop order

(*) Method of regions: Beneke, Smirnov, '97; Jantzen, '11 @


https://arxiv.org/abs/2311.13630
https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589
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To make your way through the BSM jungle



The Matchete package

Input

Automated matching

[

Define (gauge)
groups

—)[ Define fields j

e

[ Write down EUV

[ Define couplings ]

/

V

[Tree level, unsumpllfled

r/(0)

EFT

Field redefs.

-
o' '~

’

[ Full, unsimplified:

/
Leer

J

Simplifications

func. derivatives,
CDE, STr

1-loop, unsimplified:

/(1)

EFT

Full, simplified:
Leer

J

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

Matchete v0.2 now publicly available:

B One-loop matching of any model with

heavy scalars and/or fermions

B Simple and intuitive input/output

W‘\\‘ is a Mathematica package aimed at fully automating EFT matching and RG evolution

of arbitrary weakly-coupled UV theories using functional methods

B Handles all group theory ( any group and reps )

B Fully automated simplifications to EFT basis

( IBP, field redefinitions/EOMs,...

)



https://arxiv.org/abs/2212.04510

An example

SM + Vector-like lepton
E i (1, 1)_1

SM Lagrangian

In[3]:= ‘ LSM = LoadModel["SM"] ;

Define new field

In[4]:=

DefineField[EE, Fermion, Charges -» {UlY[-1]}, Mass -» {Heavy, ME}]

Define new coupling

In[5]:=

DefineCoupling[yE, EFTOrder -» 0, Indices » {Flavor}]

Write interactions

In[6]:=

Out[7]//Nic

Lint = -yE[p] “Bar@l[i, p] ** PR xx EE[]
Lint // NiceForm

H[i] // PlusHc;

eForms=

-VEPH; (EE.P_ - UP) - yePH' (T§ - Pg - EE)

In[8]:=

Out[9]//Nic

Define full UV Lagrangian

LUV = LSM + FreeLag[EE] + Lint;
LUV // NiceForm

eForms=
1 v 2 1 uvA2 1 uvI2 i 2 i . (P ap - p p
- B e W + DA D H + 2 A3 HY + 4 (dS - v, Pr-D,d®) +1i (&P -y, Pg-D,eP) +

i (EE-vy, -DLEE) -ME (EE-EE) +i (T§ -y, PL-D, 1) +i (g5 - ¥vuPL - D,q?"P) + i (U8 -y, Pg-D,uP) -

%AFH Ay HHI - VP Ry (d5 - PL-q®™P) - Ve H; (@ -PL-17P) —veP H' (T .Pg-e") - YdP H (gB; - Pr - d®") -
_VEPH; (EE.P.-1P) —yePH' (T8 . Py - EE)

Yupr H1 (qgj . PR o uar) 831 _ vapr HJ (U; . PL . qa1p) g1J




An example: SM + Vector-like lepton

Main matching routine

in[9]:= | LEFT = Match[LUV, LoopOrder -» 1, EFTOrder - 6] /. €' -» 0;

Simplification to on-shell basis

n[10]:= | LEFTONnShell = LEFT // EOMSimplify;
Lengthe%

» The Lagrangian contains terms of lower power than dimension 4. Defining effective couplings and assuming these terms to

be dimension 4. Use 'PrintEffectiveCouplings' and 'ReplaceEffectiveCouplings' to recover explicit expressions.

> Added new CG cgl with indices {Bar[SU2L[fund]], SU2L[adj], Bar[SU2L[fund]]}

Out[11]=] 66

Select Higgs-lepton current operator

In[12]:=| SelectOperatorClass[LEFTOnShell, {e, Bar@ee, H, Bar@H}, 1] // GreensSimplify // NiceForm
Out[12]//NiceForm=

1 1 4 cpr —=S tovr=tr sp .Uz S 2 .Uz pr
ﬁhM—Ez 48 gY" 6" + 5 YyE (3yE Ye~ Ye 1+6Log[M—Ez] -2yE” gY 13+6Log[M—Ez] o)

(-Duﬁi Hi (g" - Yu Pr - ep) + H; D, Hi (Er - ¥Yu Pr - ep))

QY = (H'iD,H)(8yv*e,)




What’s new since December 20227?

v0.1.0 — v0.2.0

B More robust simplification routines: flavor, symmetry-vanishing operators...

B Changed evaluation of supertraces: from Covariant Derivative Expansion (CDE) to Wilson lines

B Significant performance improvements!

Version | Match [5] EOMSimplify [S] Dimension-six one-loop matching

v0.1.0 4 231 Model: SM + S1 + S3 (LQs)
v0.2.0 19 81 CPU: Apple M3 (single core)

B Bug fixing: matching, group theory, simplifications...

The community has been a tremendous help bringing issues to our attention!




Work in progress and future plans

Input

Automated matching and running

7

[

Define (gauge)
groups

Define fields [ Define couplings j

L

7

A\l

%sym break.
[ Broken phase L erte down EUV

\

func. derivatives,
CDE, STr

—

Tree-level, unS|mpI|f|ed Field redefs. 1-loop, unsimplified:
’(0) o7 . ’(1)
Lt -’ el Lert
i '/‘ /
/ s ol
Full, unsimplified: ‘A - - Full, simplified:
Leer Simplifications Lerr

% proj.

Tree-level, evanescent:
0
&l

[ Tree-level, physical: |

LEF(?) P[EEFT] Rematching Y
the ev. pieA Full, phys. scheme:
0N
[ RG functions: ]/

B poles from self-
= matching the EFT

' '

[Standard format outputj [Standard format output]

phys. proj.

S

Upcoming!

One-loop RG computations
Handling of evanescent contributions

Interface with other EFT tools

Longer term:

B Heavy vectors and symmetry breaking

B Matching and running beyond one loop




Work in progress: Counterterm evaluation and RG equations

B A taste of what it will look like using Matchete for the SM

LSM // NiceForm
eForm=
-% BAVZ _ % GHTAZ _ %W“VI2+DMH1- D H' + 2 H;H + i (dB . v, Pr-D,d®) +i (& .y, Pg-D,eP) +i (T§-v,PL-D, 1) +i (g8 - vuPL-D,q?P) +1i (Ul -y, Pg-D,u?P) -
% AFA; i H HI - VdP" H; (A5 - PL-q™P) - V&P H; (e - PL- UP) —YeP H' (T§ - Pr-e") - Yd H' (qf; - Pr-d®) - YuP"H; (qB; - Pr- u®") €37 - VUP" W (uf - P. . q*'P) &;
UVDivergentAction[LSM, EFTOrder » 4] // NiceForm
eForm=
é - :—i ngY? B*Y? + g n gs? GHVAZ 4 ; ngl2wiz, % Au? (15gL? + 5gY? - 24 YdP" YdP" - 8 YeP" YeP" - 24 YuP" YuP™ - 24 ) H; H +
i (1% gL? - 1i6 gY* - 3YdP" Yd°F YdPt vdS" - YeP" YeS*t vePt veS" - 3 YuP" YuSt YuPt yus' - g AgY?+3YdP YdP" A+ YeP YeP"m A+ 3YuPT YuP" A+ 3% - % gl? (gv? + 15 A )
Hi 5 H' HI + A (Z (YdPS Yd*" vd®s - V@S vuPt vust) + ﬁ YdP" (-27gL?+ 192 gs? - 17 g¥2 + 216 Yd°* YdSt + 72 YeSt veS*t + 216 Yust yust) ) Hs (ds - P« g2'P) +
1i6 h (12YePS Vet ve®s + VeP™ (-3 gL?+7gY?+24Yd " vdt + 8 V&3t vest + 24 Yust vust) ) H; (e - P - U7P) -
1is h (3Ye™ gl?-7Ye™ g¥?-24Vd  vdSt Ye™ - 12VeSt ve" ' veSP - 8 Vet ve™P veSt - 24 Ye™P YuSt vust) H' (T§ - Pr - eP) +
ﬁ h (-27Yd™P gl? + 192 Yd"™ gs? - 17 Yd"P g¥? + 108 Yd°© Yd"* YdSP + 216 Vd°© Yd"P vdS* + 72 Yd"P YeS* veS* - 108 YdSP YuSt yu"t + 216 Yd"P YuSt yust) H' (gl - Pr - d®P) +
% n (-27Yu™ gl + 192 Yu™ gs? + 7 Yu™ g¥? + 216 Yd** Yd®* Yu"™P + 72 Ye5* Ye®* Yu™ - 108 Yd°F Yd"* YuP + 108 YuS* Yu"® Yu®P + 216 YuS* Yu"P YuS*) H; (gf; - Pr - u?P) €17 +
A (% YuP" (-27 gL? + 192 gs? + 7 gY% + 216 Yd°© vdSt + 72 YeSt veSt + 216 YuSt Yust) + Z Yut' (-YdPS vd®s + YuPS yu's) ) H (uf - PL - q?'P) =55

*Ghost loops are not yet included




Work in progress: Evanescent contributions

Some operator identities (like Fierz) are only valid in strictly d = 4 dimensions
Application to the SMEFT: JFM, Konig, Pages, Thomsen, Wilsch, 2211.09144

1d =P
Od — 7) Od + 57) Od
phys. part S/ N ev. part

£EFT _l_ eV H £EFT _|_ AL:

B [nitial step: automatic identification of evanescent operators!

redOp = CRqe[p, r, s, t] (Bareq[c, i, p] **e[r]) (Bar@e[s] **xq[c, i, t])
% // NiceForm

eForm=

CRqeP™s* (&% . P - q“*) (qf; - Pr-e")

GreensSimplify[redOp, Basis4D -» Evanescent] // NiceForm

‘eForms=

l o
CRqeP st ET™P" - - CRqe™*" (e° .y, Pr-€eP) (g5 - vuPL-q™"")

*Sample diagrams



https://arxiv.org/abs/2211.09144

Work in progress: Matching to a particular SMEFT basis

Compute on-shell EFT Lagrangian from UV model

LEFTOnShell = Match[LUV, LoopOrder » 1, EFTOrder » 6] // EOMSimplify // AdjustWIP;

The Lagrangian contains terms of lower power than dimension 4. Defining effective couplings and assuming these

terms to be dimension 4. Use 'PrintEffectiveCouplings' and 'ReplaceEffectiveCouplings' to recover explicit expressions.

Load generic SMEFT Lagrangian

LSMEFT = LoadModel["SMEFT"] // EOMSimplify // ShiftRenCouplings;

Equate the two, to solve for the SMEFT coefficients

MatchLagrangians[LEFTOnShell, LSMEFT] // CleanUpFlavor // TableForm // NiceForm

iceForm=

=)
ua\/—ZhYEp yEP ME2 — 2 7 X YEP yEP ME2 + 42 - 2 h YEP yEP ME2 Log[:?]
[ =
A=A

cHBox »- 1 ngy* L - S nyEPyEPgl? 1 + B nyEPyEP gv2 L - lnyEP YT yEPyET L + S nyEP yET Ve S vePs L - IngEPyEP gl L Log| Ly |+ 2

2

T Pl

o
2
cHD—>-%th4Mi2+£h)_/EpyEng2 i——%hYEp)ﬂ:'ryEpyEr 1+ 1 nyEP yE" Ye'S vePS éﬁh;ﬂ:’PyEpgvzﬁ Log[ ]+hYEpyErV€rsYeps = Log[ ]
5

E 18 ME2 g2 ME

=
m
N

2
cHaihYEpYErYESyEpyEryEsM—E17+2hYEpy7:'ryEpyESVEStYertM—;7— hﬂ:'pyErVErsVEt“Yep“Yetsg;—z—%hYEpyEp/\ngM—ST—hW:'pYEryEpyErAM—;i+hy7:"
1 P yEP gy2 _1_
cHB - = n YEP yEP g¥?
CHG - 0

cG-0

-2 PyEP L
CcHWB - thLgYYE yE =

1 1
CHW- — 1 yEP yEP gL? = )
cW-0

c:?'g- SMEFT coefficients
C o 4

cHWtB - 0

CHWt - 0
rGt N

*Example model: SM + vector-like lepton E ~ (1,1)_,

The aim is to use the SMEFT
Warsaw basis to interface
with smelli and HighPT!

Aebischer et al., 1810.0/698
Allwicher et al., 220/7.107/56



https://arxiv.org/abs/1810.07698
https://arxiv.org/abs/2207.10756

Summary and conclusions

B (Automated) EFT matching and RG evolution is crucial to BSM phenomenology

B Functional matching is ideal for automation ( also useful for pen-and-paper computations! )

B Huge progress towards complete (one-loop) automation: Lagrangian in, fully simplified EFT Lagrangian out

B The ultimate goal is a tool ( or chain of tools ) that fully automates

* Matching

| Multi-step matching
* RG evolution

e Connection to observables / fit to data

streamlining future BSM analyses

https://qitlab.com/matchete/matchete

\ FIATCHETE |\



https://gitlab.com/matchete/matchete

Thank you

Matching models is about to become easy!






More on evaluating supertraces

® Supertraces: Jddx LrpT = FS%, =—STrin @ =*—1In , !
hard 2 hard 2 * ¢
hard
l—interaction terms
® Fluctuation operator: 0, = 5,JAZ‘1 — X = A7 (5 — Alej) )
1 —(D? + M?)
propagators Ai_l _ iy*D, — M,
g"(D* + M})
- J

Expanding the logarithm and taking AX at most @(mf_]l)

d = - i —1 _i N l n
Jd xLpgr =T | = STr In A . D —STr [(AX)"]

hard 2

hard hard



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 __ (g =
T —5 G 0) Q)" = (1, C)er"e)
so that Lgpr = Ly at tree level. However,




Evanescent operators

Ind = 4, we can use the Fierz identity &, = == 0,
ZLyrpr D C ;’“ RZ” p’”“ ( e)e. )
EFT 2 — 7 Cpm me me — (f pu c)egrte,)
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

Example: Integrating out a heavy fermion in

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

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

7 2 1

2
" ng L (p,6)2.
540 M T2
) . . . (log supertrace )
2 2 2
20 " & ya2 GRS P8 MT2 D,G*"" D, G**" -
1 1 1 it
T g? = D,G*"A D,G*** + i g? - G*YA D, D,G** +
1 1 il 1
20 18 15 G706 - Zng L 6 G 6Y £
T T

L rpr = Z C.O0 €0



Linear simplifications

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

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

" ng? . (D,6")%+

540 M3

\ : i . (log supertrace )
—ng> — e p’e+ — ng® — D,G"AD, G -
40 M3 540 M2

1 g2 L opA DGR +
180 M Mz?

1 opg? 1 goAp, DGR +
40 MT?
1

i A g GuvA D D GNDA g3 i GuvA GupB vaC fABC On
40 Mz? 24 M2

O3

Lrpr = C.0.€ 0
EFT Z i O € I C O is the space of all operators identities,

such as IBP relations, yielding e.g.
(61 4‘12,653 - ()
interpreted as

O,+20,€l



Linear simplifications > le}

Example: Integrating out a heavy fermion in

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

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

7 2 1

T L (e, — >

L Mfz i ) (log supertrace )
% hg @ GuvA DZGuvA A " 7 g2 @ DpGuvA DvGupA E
i 1 A A
18@ M@z o) 26 fl g2 W GIJy DVDDGM)o +
1

1 1 1l
40 M2 24 Mz

O3

Lrpr = C.0.€ 0
EFT Z i Oi € I C O is the space of all operators identities,

. 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 f-ABC

15 M2 180 M2 @1 + 2 @3 el

interpreted as




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,) = —%(sz v, Cegrte) + EZS’ — (sz e)e.l,) + %(Zpyﬂ Z)e y'e.) — EZ” el

Representative elements are chosen so evanescent operators are retained. Afterwards, these are removed by shifting
the coefficients of physical operators

E O 8LYe
= prst L7e ~pr L
9P Ag >‘< e.g. k .y 82 eW+ | other contributions |




