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EFTs in BSM physics

What they are and how to use them



Direct searches for new physics

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2022 [Ldt = (3.6 139) fot \5=8, 13 TeV
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T T
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Direct searches for new physics

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

us: March 2022 . .
Status: March 2022 [£dt = (36 - 139) fo* VE=8,13TeV
Model Gy Jetsi ET™ [ram] Limit Reference
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@ ADD Gk +8/q Oeqry 1-4] Yes 139 | 2102.10874
S ADD ronresonant vy 2y 367 [ms 170706147
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Lots of luminosity

ARGE HADRON COLLIDER

) LHC/HL-LHC Plan (Hitumi )

LHC HL-LHC .
] = | .. =
13 Tey A LS2 EXRCVA EYETS 13.6-14 TeV
L) Diodes — e eniergy
splice consolidation LIU Installat X
7Tev 8T8V button collimators eadion resieen inner tplet HLLHC
L —— hEroject regions Civil Eng. P1-P5 pilot beam radiation limit installation

----w'--n---mg ||||||m»
ATLAS - Ch We are here 510 7.5 x nominal Lumi

G upgrade phase ATLAS - CMS /
beam pipes

nominal Lumi 2 nominal Lumi, ALICE - LHCb 2x nominal Lumi i parade
upgrade

75% nominal Lumi

HL-LHC TECHNICAL EQUIPMENT:

luminosity [ERURTSS

DESIGN STUDY L PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. III

m Marginal increase in energy, but '~ 20x more int. luminosity!

m Rather than looking for resonances, we can look for traces of new physics
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https://arxiv.org/abs/1910.11775

Effective field theory

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

e UV Physics

C
X ESMEFT = ESM + Z Z %Od,k
d=5 k

L L

=9
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Effective field theory

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

e UV Physics

C
ESMEFT = ESM + Z Z %Od,k

d=5 k

m Bottom-—up:

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

L L

=9
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Effective field theory

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

UV Physics
/ J

C
ESMEFT = ESM + Z Z %Od,k

d=5 k

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

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 4



Top—down EFT workflow
EJ\

\
new ™ | np

5y

Matching i

o Jenkins, Manohar, Trott
€ Jenkins, Manohar, Trott
\ SMEFT Alonso et al. [1312.2014]
eS
NE
Qbse

-+ Matching
—+ i Jenkins, Manohar, Stoffer [1709.04486]

Dekens, Stoffer [1908.05295]

A Jenkins, Manohar, Stoffer [1711.05270]
(9]
LEFT
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Top—down EFT workflow
EJ\

NP

5y

Matching i

o Jenkins, Manohar, Trott
€ Jenkins, Manohar, Trott
_‘“ SMEFT Alonso et al. [1312.2014]
Q:Z’
B wilson g #*#Twﬂs
Aebischer, Kumar, Straub [1804.05033 <

Cellis

-+ Matching
—+ Jenkins, Manohar, Stoffer [1709.04486]
ellis 1704.04504
Fuentes-Martin et al. [2010.16341

Dekens, Stoffer [1908.05295]

A Jenkins, Manohar, Stoffer [1711.05270]
(9]
LEFT

The repetitive nature of EFT computations calls for automated tools!
Anders Eller Thomsen (U. Bern)
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Top—down EFT workflow

EJ\

) FATCHETE |

Carmona et al. [2112.10787
Fuentes-Martin, Konig, Pages, AET

Wilsch [2212.04510]

Matching

Jenkins, Manohar, Trott [13€

Jenkins, Manohar, Trott [13

SMEFT Alonso et al. [1312.2014]

)|

T e
S
W . R ANT)EP, W
[ wilson Fwen
Aebischer, Kumar, Straub [1804.05033 3 I  Matching Jenkins, Manohar, Stoffer [1709.04456]
Cellis 1704.0450- Dekens, Stoffer [1908.05295]
Fuentes-Martin et al. [2010.16341

Jenkins, Manohar, Stoffer [1711.05270]

X
+ LEFT |©

The repetitive nature of EFT computations calls for automated tools!
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https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510

Top—down EFT workflow

EJ\

Matching

?

RX|

-+ Matching i

I N

] t— New light states?

The repetitive nature of EFT computations calls for automated tools!
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Matching beyond tree level

1-loop matching is often the leading contribution from high-scale physics
m FCNGCs in the SM
w

S d . S d
Matching
e,
] S ] 5
d W d
m In BSM models: dipoles, FCNCs, EW precision, ...
W H W H
Y \ . e Matching ,',
|‘ L /’ a e e

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 6



Matching weakly coupled theories

Leer should reproduce the physics of L, at energies £ < A:

Eq Off-shell matching
NP - Ly(®, @) L (@)
(9]
/_\
C_i Matching i
the goal!
e @
X Lerr(@) = Lg=a(¢) + Z Z Z Wod.k
SMEFT |© S0 e
louble expansion
T Matching i
Y
F LEFT [|©

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 7


https://arxiv.org/abs/1607.02142
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https://arxiv.org/abs/2412.12270

Matching weakly coupled theories

Leer should reproduce the physics of L, at energies £ < A:

Eq Off-shell matching\
NP g ‘CUV(q)v d)) o EFT(¢)
l % l(Tree level only)
&
&

s Matching

Fow[®@), 8] =~  Terld]

)
Lerr(9) = La=a(®) + Z Z Z Wod,k

d=5¢=0 k

RX|

SMEFT

double expansion

1T  Matching i Hard-region matching formula
= 5rUV|hard

5EFT[d)] = rUV[(D' d)”hard’

Y
| LEFT Jm “hard” denotes the part without any soft loop momenta (it includes all tree-level contributions)

[®.¢] =0

Fuentes-Martin et al. [1607.02142]; Zhang[1610.00710]; Fuentes-Martin, Palavri¢, AET [2311.13630]
Fuentes-Martin, Moreno, Palavrié, AET [2412.12270)
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Matching weakly coupled theories

Leer should reproduce the physics of L, at energies £ < A:

E
T Off-shell matching\

NP ‘CUV(q)v d)) EEFT((b)

vcixo“a\
<
\ FATCHETE L]

Fo[®(0), 8]

Y
(9]

Matching

)
Lerr(9) = La=a(®) + Z Z Z Wod,k

d=5¢=0 k

RX|

SMEFT

double expansion

1T  Matching i Hard-region matching formula
= 5rUV|hard

5EFT[¢] = ruv[d)v d)”hard’ [CD ¢]=0
Y
A LEFT () “hard” denotes the part without any soft loop momenta (it includes all tree-level contributions)
- Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]; Fuentes-Martin, Palavri¢, AET [2311.13630]

ru ntes-Martin, Moreno, Palavri¢, AET [2412.12270]
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Separation of scales: hard-region matching

Mixed (heavy-light) loop example:

hard: k2 > A2
v D

soft: k2 < N2

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete
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Separation of scales: hard-region matching

Mixed (heavy-light) loop example:

hard: k2 > A2

v D

soft: k2 < N2

[ ] I_SVJLM: long-distance contributions included in 1-loop matrix elements of
tree-level EFT operators
o —TW

UV |soft EFT

m )| _ : short-distance contributions going into the EFT operators

‘hard'
(1) — <
l—UV|hard - SEFT

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025



Functional Methods

For matching and RG calculations



What are functional methods anyway?

L(n, Dn)

A
{ 1

Amplitudes Functionals

<l W]
XX i

Quantum information

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 9



Functional methods for counterterm calculations

m EFT matching—extraction of EFT couplings

UV theory Changed high-k int
1
@ T g X

EFT vertex

Functional methods ¢
Aitchison, Fraser -
Quevillon, You [1512.03003]

op order
Gaillard '86; Dittm,
uila, Kunzst, Santiago

285]; Henning, Lu, Murayamma [1412.1837], Drozd, Ellis

(and many more)
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Functional methods for counterterm calculations

m EFT matching—extraction of EFT couplings

UV theory Changed high-k int
1
@ T g X

EFT vertex

m Renormalization/RG functions—extraction of counterterms

Gives RG functions

d*k 1 d?k 1 \
>O< /(27r Y PR /(27r)d e — ey T oA

Functiona
Aitchison
Quevillon

rd '86; Dittmaier, Gorsse-Knetter [hep-ph/9501285]; Henning, Lu, Murayamma [1412.1837], Drozd, Ellis
ntiago [1602.00126]; Cohen, Lu, Zhang [2011.02484]. . . (and many mor

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025
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Functional methods for counterterm calculations

m EFT matching—extraction of EFT couplings

UV theory Changed high-k int
1
@ T g X

EFT vertex

m Renormalization/RG functions—extraction of counterterms

Gives RG functions

d4k 1 dk 1 5\)\
/ enF (k-2 ) @md (k= mER *

m Computation of the effective potential: derivative expansion

Functional metho
Aitchison, Fraser
Quevillon, You [15

5, Gaillard '86; Dittmaier, Gorsse-Knetter [hep-ph/9501285

ning, Lu, Murayamma [1412.1837], Drozd, Ellis
(and many more)
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Functional methods for counterterm calculations

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

UV theory
1
@ L (k2= M2><k+p>2 Y /<k+p>2 m2+/)'(

EFT vertex

m Renormalization/RG functions—extraction of counterterms
Gives RG functions

d4k 1 dk 1 5\)\
/ enF (k-2 ) @md (k= mER *

m Computation of the effective potential: derivative expansion

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

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 10
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Semi-classical approximation

The quantum effective action is the generating functional of 1Pl functions
iTuvlA - JUR or'[7
eTuvlAl — /Dn exp(/SUV[n + 7]+ /Jm’) , 57%1] =—J

\ Lm0
The action is expanded by legs and loop order (including counterterms)

o]
~

S+a1=5+>_ hl(n/ VO + In Vi ny+ Inmme Vi + Enmmenc Ve +- . )
=0

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 11



Semi-classical approximation

The quantum effective action is the generating functional of 1Pl functions
iTuvlA - JUR or'[7
eTuvlAl — /Dn exp(/SUV[n + 7]+ /Jm’) , 57%1] =—J

\ Lm0
The action is expanded by legs and loop order (including counterterms)

Sin+ 1] = 5+Z hl(’l’)/ 17,(“ + %’m V(e) ns+ 67]/77JT]KV,JK 247]/77J7]K’)7L ﬁl(f)KL +... )
=0

With a saddlepoint approximation

/ruv[n] — e’S/’D:n exp( n Q/Jn ) [1 + 7nannKnLvlJKL 72(

V(Ur

O 2
nmmx V)" + .. ]
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Semi-classical approximation

The loop-expansion is a polynomium of tensor contractions
STrlog Q

R ~ Tho = ih? ~ A PPN
ral=S+ *C” ( log Q)// + 5 C’/ QIJl Vﬁ}) - EQIJIQKlL V/(32<1_

</M<JNCIN Q1 G Onk VSV + O(1%)
Spin statistics: +1
or as supergraphs

-- Ko

r—5+ |Og |+
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Semi-classical approximation

The loop-expansion is a polynomium of tensor contractions
STrlog Q

R ~ R iR P PPN
Mal =S+ *C” ( log Q)// + 5 CN Q/J1 Vﬁ}) - EQIJIQKlL V/(32<1_

C/MCJNCIN 91/ On Quik ViV + O(7)
Spin statistics: +1
or as supergraphs

- - /“\
- Y N -

1 1 « \
=S+ ' '— =y e ---e w3
t3 09 +2\ - N AR T A R i

~So_7

All vertices and propagators are fully dressed with background fields
. 6%S 2 -1
Quln] = W[ﬁ] = ( Py )

VOl = ¥-e-

N
§ \
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What does this look like at one-loop order

Locality of the action ensures the form of the 2-point function
iD,

/
QIJ = Qac(X, Px)écb(xvy)

manifestly covariant
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What does this look like at one-loop order

Locality of the action ensures the form of the 2-point function
iD,

/
QIJ = Qac(X, Px)écb(xvy)

manifestly covariant

+(P2 — m?) for scalars (ghosts)
Q=A-2X, AP)=<Pc—m for fermions
—guu(P? —m?) for gauge fields

The tricky one-loop effective action

i

h
r 5 5 TrlogQ
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What does this look like at one-loop order

Locality of the action ensures the form of the 2-point function
iD,

/
QIJ = Qac(X, Px)écb(xvy)

manifestly covariant

+(P2 — m?) for scalars (ghosts)
Q=A-2X, AP)=<Pc—m for fermions
—guu(P? —m?) for gauge fields
The tricky one-loop effective action

in in
r s 2 Triog Q= —TrlogA - = Z Tr (A7) =100 + T
\ p(ﬁw)

oai =1oa()- X2 C
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A master formula for the one-loop effective action

ihe— 1 - nocc
r;()})?/ver = ) Z n/yéba(yvx) (A I(Xr PX)X(XL'DX))acé b(X,y)
n=1 2%

\ Ry
func. Tr ( )
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A master formula for the one-loop effective action

ih 1 _ n e
== 25 | 85400800 ROX(x, P 6%()
n=1 X

And in momentum space

Wilson line

h 1 ke _ n
réé)wer:—’gzﬁj [e KO 6y, x) (A7 (x, Ptk ) X (x, Perk)) " USs(x, )
n=1 xy Jk
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A master formula for the one-loop effective action

ih 1 _ N sc
Moher = =5 2~ / 8aly ) (A7 (x BOX(x, B)) 0%, )
n=1 X

And in momentum space

Wilson line

r(l) _

A\
bower = § % j [ T8y x) (K706 Ptk )X (x, Ptk )3 U6, )
Xy
h

//(A‘( k+ P X(x, k+ P))", U%(x,y)

n y=x
The master formula for the one-loop quantum effective action
m is manifestly gauge invariant, simplifying calculations
m is unwieldy and non-local in the general case

m matching (and RG) calculations care only about a local piece:
Serr = Rhadlyy (and 0S = RT)
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Evaluating the one-loop effective action

/h _
(B = Z | 8787 0 POX (. PO) 5% ()
And in momentum space

r(l) _

power —

%/ /e-"k'“—y)aba(y, %) (A7, Pt k)X (x, PetK)) " UCb(x, ¥)
x,yJk

M\m‘ N\m‘

E
Z //k( A (x, k+ P X(x k+ R, UPa(x, y)

y=x

RG calculations (with Rhaa or R*) call for expansion of the propagators:

= Typical propagator: (=5 a5 = 17 ~ (k2 = ey
m Typical X-term: Xga, D 29¢(P¥ + k*)

PO/yno

u Closed(-ish) formula P ~~~PX“mU(x,y)‘ = p(Pe, G )
y=x

Mig/
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Evaluating the one-loop effective action

/h _
(B = Z | 8787 0 POX (. PO) 5% ()
And in momentum space

r(l) _

power —

%/ /e-'“x—y)aba(y, %) (A7, Pt k)X (x, PetK)) " UCb(x, ¥)
x,yJk

M\m‘ N\m‘

E
Z //k( A (x, k+ P X(x k+ R, UPa(x, y)

y=x

RG calculations (with Rhaa or R*) call for expansion of the propagators:

. 1 1 2k - Py
| Typlcal propagator: m = ﬁ — m
m Typical X-term: Xga, D 29¢(P¥ + k*) ol
Olyno

u Closed(-ish) formula P ~~~PX“mU(x,y)‘ = p(Pe, G )
y=x

Mig/

Summary: to evaluate simply tensor-contract, expand, loop-integrate
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Two-loop formulas

2-loop contributions introduce 3- and 4-point functional tensors, e.g.,

VI(32< = Vade(X, 'Dy’ Pz)édb(X,y)éec(X, Z)/ Locality of the action

Vise(x, Py P2) = Y VEED()PEPE= S Vi i G pl i P P

m,n=0

Looks more scary than it is
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Two-loop formulas

2-loop contributions introduce 3- and 4-point functional tensors, e.g.,
V,(32< = Vige(x, Py, P2)3%(x, ¥)6%(x, 2)
Vabe(x, Py, Pz) = Z Vaé?:n ()PP

m,n=0

The remaining basic ingredients repeat beyond 1-loop order

PR _— 2-loop integral

e---a= 3 0 [ [VRReoazi. B - k- VL)

S m,n,m’,n’

x [(Pe + K)2Qu2(x, Pe+ k) (Pe+ k)™ U (x, y)]

< [(Pe+0)EQ s (x, Pa+0)(Pc+£)7U o (x, )]

y=x

The figure-8 and the counterterm topologies are (even) simpler

AET
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RGs in the bosonic SMEFT

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

- % 6% 4 (D, T6* - D, c6*) + g 6" (T - D, c6?) FYZ+ % Gt GHOY G¥PZ G FXYZ ghvoK

ctlag = CountertermLagrangian[L, EFTOrder -» 6] // EchoTiming;
ctlag // NiceForm
» Added new CG cgl with indices {SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj]}
» Added new CG cg2 with indices {SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj]}
© 13695.1 — Mathematica, single core
_u1 g% 62 51,21 g 62 _3n 1 6t g2 GHYX GPOY GORZ FXYZ chvex _
4 € 4 € €
% 2 eiz Gt g* GHYX GOV GORZ FXYZ ghvox _ % B2 g Gt g GHYX GOOY GOKE FXYZ ghvox

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

Result agrees with de Vries et al. [1907.04923]
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Two-loop SMEFT RG

New challenges in full SMEFT Born, Fuentc
m Evanescent operators (leveraging Matchete features)
m Non-trivial interplay with evanescent operators and R*-method
m Treatment of 7ys: non-cyclicity of the anti-commuting ys

Viartin, AET [2601.5000]

1 N . . 2 1 - . v 1 . y
A2 = o (297~ 243l ™) + 1553 (Y2 Tt 51l o)) + 3 (7l Cam YY)

+ XSl Cuaan Y™ + XSV ot = 1l ¥2¥ oo ¥e)™ = 10T2(ClsaCoan YY)
pr 1., 4
= M(B(ClastnCoa YY" + 242 Tatr) = 6Y2" Te [Cliyyy g YVX | + {mxm —48(V.YY,)" }UH + { PV Sy

+A( Lyi"+—gyw +uT2Y”'7—(YY'Y ”)+gy( Taym+7 yy’y)”') yy'yy'y)”+‘§yg”1‘z[x[x‘yjy“]
27QY
51 2y g 1y )77 4 g2 pr Y )7 4 g2 oy 43 Ay AAL
+ gy - 31(VY]Y,) )+gy(6sz,. +—(Y,y,.1(.) )+gb(—m + 5 iy )+—ng. +2(YYYYiY,)

R A VAT AU P OV "[Y'YYJVJ} un+{ #(Svrr vy - Drenfvy)

- 4;1/:' m[viv] - 375 oy, )”') Agyw' 3 9y 242gyw"}( Cnp + {gy( ;iyg" n[yiy] + 477‘ (yiv)"

- gi(—wf" + —(Y, 'x.)’”) ™y Equ"' - —TA/”' - ET;(Y,YJY }(‘},‘, + {A Y +).(—qu”’

=Sy nviv) - By nviv) ) + gy + By By e } +{ it (Cravr - 22 vvivy)
+ Tagvr + Sty - myyfvl"}mm +{ (e [viv] + Syl + 22 ooy - Ty nlviy] )

+ @AgLY‘" - 7g gYF — —gLYW}(,‘“ﬂ wﬁ{nﬁyg"n[y,}y“] + 1751/5'1&[1@'1@] }(‘m: +gﬁ{144i}’f”Tr[Yij]

- 147 vy, | }(’,m + {geg,( Yr vty + :V"’ T[yvjy,) %(Y.Y,YV,.)”’ + 4411’.” n[yiv])+ %g@gi_y,’"

etz St b+ an (e nfrav] - v nfin] - S nfren] )

118 . 130 81i 10& . 5urpr
R A e A e ST v }(’,,“—”+ {_q (mw - 7(yy'y) ) YT — 6AGY
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To make your way through the BSM jungle




Automated EFT matching with GO TN

Input

Automated matching and running

—_— Define fields Define couplings

T~ \

sym. break
et

A\
L AN

func. derivatives,
hard-region cov. STr

phys. proj.

Rematching
the ev. pieces g (" Full, phys. scheme:
S

— s

poles from hard-
region cov. STr

O v0.4 (current)

O v0.5 (so0n)
@ v? (future)  (Sr2ndard formatioutput Standard format output
L

J

Fuentes-Martin, Konig, Pages, AET, Wilsch [2212.04510]

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete

Matchete v0.4 is a
Mathematica package

Matching of any model with
heavy scalars/fermions

Simple and intuitive
input/output

Handles arbitrary* group
theory

Simplifies to EFT basis

Handles of evanescent
contributions
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Input
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= Matchete v0.4 is a
Mathematica package

m Matching of any model with
heavy scalars/fermions

m Simple and intuitive
input/output

m Handles arbitrary* group
theory

m Simplifies to EFT basis

m Handles of evanescent
contributions

Future plans:

m Interface with EFT tool chain
m 1-loop RG computations

m SSB and heavy vectors

= Many more...
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Example: SM + Vector-like lepton

SM Lagrangian

Infal:= ’ LSM = LoadModel["SH"] |

Define new field

inl4= | DefineField[EE, Fermion, Charges - {UlY[-1]}, Mass - {Heavy, ME}] |
Define new coupling
inis}= | DefineCoupling[yE, EFTOrder -» @, Indices - {Flavor}] |

Write interactions

inlél= | Lint = -yE[p] ~Bar@1l[i, p] «+ PR+ EE[] «H[i] // PlusHc;
Lint // NiceForm

Out[7]//NiceForm=

| ~VEP Ry (EE- P - UP) - yEP H' (T5 - Pr - EE)

Define full UV Lagrangian

infg= | LUV = LSM + FreeLag [EE] + Lint;
LUV // NiceForm
0ut[9]//NiceForm=
1 1 1 ]
== BAY2 - = A2 = W2 4 D, H DY + 2 By HY 4 i (a5 - v, Pg - D,d®P) + i (8P -y, Pg - DyeP) +
i (EE- v, - D,EE) -ME (EE-EE) +i (T§ - v P - D, U"P) + i (g8 - vu P - D.q*'P) + i (U8 - v, Pg - DuuP) -
1 A . ; ; . .
2 AHiH Hi W - V@™ Hy (d - Py - q°P) - VeP" Hi (2" - P - 1P) - veP W (T8 . Pg-e”) - vdP ' (gB; - Pr - d®") -

YUPT Ry (B - Pa - u®) €17 - VGP" MY (uf - P - q7P) £4g - YEP Hy (EE- P~ 1P) —yEP KT (TF - Py - EE)
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Example: SM 4+ Vector-like

Main matching routine

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

Simplification to on-shell basis

Inf10]:= | LEFTOnShell = LEFT // EOMSimplify;
Lengthex
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 I

Select Higgs-lepton current operator

n[12):= | SelectOperatorClass[LEFTOnShell, {e, Baree, H, Bar@eH}, 1] // GreensSimplify // NiceForm |

Oout[12)/NiceForm=

i 1 4 spr s t gotr yosp l s v2 * Pr‘]
i |48gY6 +5YE ‘3yEV§ ve [1¢6Log[ || -2 yes gy 13¢6Log[E”5 J
(-DHs H' (2" -y, P - €®) + Hy D, H' (- v, Pe - eP))

ME?

) PN B
Qll)l/e = (H'iDLH)(&"er)

Functional Methods and Matchete
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Example: SM + Vector-like lepton

LEFTOnShell // NiceForm

eeForm=

1 1
_Lgem 2 DA D, H + ‘c,‘z S PV yEPCa

LrerL
- ZngY’ Lo
SreYiLog

4 UP) 67" + i (% - ¥ P =D, @%'P) 677 43 (05 -, Pr - D, u™P) 677

i
—=
z

HE

1

[2¢,0 - 3me2 J,zmg[%]
| "

JEP |ayEr Vs vers ‘JoLag[i)”—yEp ‘—ZYE'yErLQg FEEE
{ { ME

|| bt <t (@ v Pr 0, 6) 677 45 (€ -3 Pr 0, 0P 677

[re2iog 2]

i (T v Py - D,

1 i )
e [2ert s e e 13 stog| ]| sTE a2 (5T yER ye oyEn v vert 2 yeR ) yeP gt [s 46 Log 2
T80 " er | { wez | e
Hy Hy WD+ yE® yE® awfz [—ACN;oZMEl‘JoZLug S H\H‘ (a5-pu-o*®) +
{ ME? | ME )
1 i 7 =
v Loy L oy (e -ne) o 2tal ]2y [t oot ]|l 10)
| o T e |9 (24 { 8] | <2 |4 | M b
( ., L g & 2 | S varP i r yvaSP u S yaP r yeSP " Al P
e Lyer L faner [ayevers (10 2ol 2] v ver (32 on] 2] || -26yn [averve sy ver [s2on] Z] ||| 35 pe- o)«
L 24 ME? \ e2 ") ME? ME?
( a o ( A
YA nyE yES YA -4+ 3me? [1+2tog| o ||| W (aky -pa- o) +
| 2 hVEY el L | b ]| fagi - P
( n a 2
P Zoaye e v e v 3me? [1e2t0g| ] ||| (a pe - ut) T4
\ ik ME* ME?

1 L1
Yo' . - nyE® yE® Yo 4G,z +3ME” 142 Log| \Hnj {ag - P - q?'P) 24y +
{ 12 L | e
[12xgrt + 5787 {12587 yeP (2% yer vE® + 6 yE? ¥8™t vert -ye ) 725" ve'® [veP* - vt vertvett (1 Log| 2 ||| +yePa [121r 6% [5- 6Log
{ M

[a2er - s5mryergrt [13sop] X ]| casverver

e e 75 vt (1 2vog] 1| ooy o -

F; Hy FicHY I HE o

ME?

2 101 .

TE ye? -3 ve veP* (3 2t0g] ]| || Moo
ME? !

e
2 ME? 720 we?

vervver (a7, 18 vogl Z 11111111 i vt (15

E | ve [oyerves vew . yee

—24ve™Pye™ o

6 'aa [2yemver s ayenve® [s.aLog]
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Matching to a particular EFT basis

In[2]:= | LEFT = Match@LoadModele@"E_VLL";
LTarget = LoadModel@"SMEFT";
MapEffectiveCouplings[LEFT, LTarget] // TableForm // NiceForm

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

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.

Out[4]//NiceForm=
gL~ 8L
8s 2 8s

-2
gvegwihégvzéhgvﬂog[@]
Yqil-12- 5 y,itiz _ 2 nyEP yEP Vg 2 = % h i YEP yEP Y4112 %hCHz .%2 YEP yEP Y4112 % h yEP

&

Yeit-i2- 5 -3 R YEP yETL VP12 - L LYEP yETL VP24 2 hCp % JEPyEILY P2 1 h L
vuﬂjz, %vuun _ % 7 YEP yEP vuiliz _ % 1 —E‘pyEpY i1i2 1 ﬁCHz r YEP yEP Y, i1i2

_1
2

A>-JnCpe’ 2 VEPYEP - 2a 2 Cog® O VEPYEP + 20 £ VEPYET yEPYET - 20 G2 025 VEPY
HZaCHr%hCHzVE"yEP,héCHzYE"yE’”ithZZ.ﬁzyprEp’thlyEpyEpmg[iZ]
Cum't-12- >0
Cosili2 50
Caqii-12-13-14_ q_ihgv =5 Si1i2 6434
Caeili2 50

o . )y 1 R B f . 8 $142
Can' =" -3 B Ey_EpyEpyd1 ! “ehcB ﬁﬁpyEde1 -

1y 1 TP UET yEP yET
zhmaz yEP yE" yEP yE" Y,

Cduq1l_1 2_43_14_ [}

A, dl92.93.940 g
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Simplification and basis reduction

Number of SMEFT generators (1 gen., dim. 6):

80  (1986) —> 59 (2017)

Buchmiiller

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 24


https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/hep-ph/9412375
https://arxiv.org/abs/2211.01379
https://arxiv.org/abs/2211.09144

Simplification and basis reduction

A C C G
L= 3000 —3m'0" = 20" + 150"+ 2700+ 50 (0u0)’
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https://arxiv.org/abs/hep-ph/9412375
https://arxiv.org/abs/2211.01379
https://arxiv.org/abs/2211.09144

Simplification and basis reduction

A C C C
L= 16020 — 1m*g? - Jo¢* + 500 + 5 6°0%0 + 2HOLF)°

Exact simplification (linear):
IBP, Dirac algebra, group identities, commutation relations,. . .

A - C
ﬁszym&#&fﬁw+ ¢+ ¢
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https://arxiv.org/abs/hep-ph/9412375
https://arxiv.org/abs/2211.01379
https://arxiv.org/abs/2211.09144

Simplification and basis reduction

A C C C
L= 16020 — 1m*g? - Jo¢* + 500 + 5 6°0%0 + 2HOLF)°

Exact simplification (linear):
IBP, Dirac algebra, group identities, commutation relations,. . .

A —C3
EZ*%¢32¢*%m2¢2*ﬁ¢>4+ ¢>6 0°¢
On-shell equivalence (non-linear):
Field redefinition: ¢ — ¢ + [ ¢’

3A?

L— —3¢0°¢ — Sm*¢” —

A, Ba-c)m? o+ 18C1 — A (3C2 — G3) r
24 2 2
3A 18A
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https://arxiv.org/abs/hep-ph/9412375
https://arxiv.org/abs/2211.01379
https://arxiv.org/abs/2211.09144

Simplification and basis reduction

A C C C
L= 16020 — 1m*g? - Jo¢* + 500 + 5 6°0%0 + 2HOLF)°

Exact simplification (linear):
IBP, Dirac algebra, group identities, commutation relations,. . .

A -G
7%¢82¢7%m2¢27ﬁ¢4+ ¢6 a¢
On-shell equivalence (non-linear):
Field redefinition: ¢ — ¢ + % ¢’

L— —3¢0°¢ — Sm*¢” —

(BC—Cy)m* | , 18Ci— A(3Co—GC3)
T T a2 ¢+ > ¢
3A 18A

Removal of evanescent operators: complicated but fully automated
AET
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https://arxiv.org/abs/2211.09144

Linear simplifications the Matchete way

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

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

T a

- ng? = (D,6""A)2 +
% 7 g? é GHVA p2GHvA i70 ng? é D,G“A D, G
ﬁ ng? é DGR BEH % ng? é 64" D, DG +
4% ng? é G2 DD, G - % ng é GHVA GHOB GVPC FABC
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Linear simplifications the Matchete way

(@)
Example: Integrating out heavy fermion in the A |Q
fundamental representation of SU(3)

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

i7; 51 ak A\ 2
—— ng? — (D,GY
55 48 = (@) s L,
ihgz 1 goapegova, T ng? L D,G“A D, G O
40 Mz? 540 Mz? N
1 2 1 A on, Lo 2 1 va A -
— hg® — D,6""D,6*" + = ng® — 6" D,D,6"°
Teelpe) oliall ol S e Lscat
1 a & A p_ & 3 1 CuvA cupB cvoC £ABC
— ng? — 6" D,D,G* - = ng® — ARt
40 '8 g P 2478 g
Oh
LEFT — g C[Oi 6 O O
- 3
i

Anders Eller Thomsen (U. Bern) Functional Methods and Matchete JSI 2025 25



Linear simplifications the Matchete way

(@)
Example: Integrating out heavy fermion in the A |Q
fundamental representation of SU(3)

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

7 2 1 LvA) 2

sa0 "€ g (007 L,

ihgziG“”‘ p2givA , T hgziDpG“VA D,GHOA _ O

40 Mz? 540 Mz? -~
>

1 2 1 A oA, 1 2 1 A
—— hg e (B[S W@ Ehg M—G” D,D,G** +

180 b 2
L, 2 1 g D,D, G - . = (1 GuvA GueB GYeC ABC
40 Mz 24 Mz
\\/
On
LEFT — E C,'O,‘ 6 O O
- 3
i

| C O is the space of all operator
identities, e.g., IBP relations such
as

O1+203=0

is interpreted as

O1+205 €|
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Linear simplifications the Matchete way

. L O
Example: Integrating out heavy fermion in the A O
fundamental representation of SU(3)
In[TZ]‘:| LEFT // NiceForm [E] c O//

Out[12]//NiceForm= /

i7; 51 ak A\ 2

o M oz (D67 L,

A oa b whgaawn, T - o5 o i o 1

508 = R e oz D6 DG L 91

~

1 2 1 A oA, 1 2 1 A
—— hg e (B[S W@ Ehg M—G” D,D,G** +

180 b ©?

L, 2 1 g D,D, G - . = (1 GuvA GueB GYeC ABC

40 Mz 24 Mz

\\/
On
= E GO, €O
LEFT I ! e 03
i

| C O is the space of all operator
identities, e.g., IBP relations such
as

O1+203=0

is interpreted as

O1+205 €|
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Linear simplifications the Matchete way

. L @)
Example: Integrating out heavy fermion in the A O
fundamental representation of SU(3)
In[TZ]‘:| LEFT // NiceForm L e O /
Out[12]//NiceForm= /[ ] /
i7; 51 ak A\ 2
o M oz (D67 L,
A oa b whgaawn, T - o5 o i o 7
508 = R e oz D6 DG L 91
~

1 2 1 A oA, 1 2 1 A
—— hg e (B[S W@ E1f1g M—G” D,D,G** +

180 b ©?
L, 2 1 g D,D, G - . = (1 GuvA GueB GYeC ABC
40 Mz 24 Mz
\\/
On
LEFT — E C,‘O,‘ 6 O O
- 3
i

| C O is the space of all operator

With i | the basis of / find
ith linear algebra on the basis of / we find a identities, e.g., IBP relations such

simple representative element for [Lerr] € O/1:

as
In[13]:= | LEFT // GreensSimplify // NiceForm |
out(13)//NiceForm= 01+203=0
= % ng? ﬁ b % ng? % GH¥A GHPB GYPC FABC is interpreted as
v v

S~ Green's basis Ol + 203 cl
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Summary and outlook

m (Automatic) EFT matching and running is crucial to BSM phenomenology

Functional methods provides a direct approach to automated matching and
RG calculations

m Matchete is a public code for EFT matching. It greatly simplifies the
matching task and many more features are planned for the near-future

m Keep an eye out for the 2-loop SMEFT RG-functions! e ruentes artin oo

https://gitlab.com/matchete/matchete

\ FIATCHETE |\
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Backup




Matchete SM implementation

Gauge Groups

DefineField[1, Fermion,
Indices + {SU2Le fund, Flavor),

DefineGaugeGroup[SU3c, SUe3, gs, G,
FundAlphabet - CharacterRange["a", "f"],
AdjAlphabet - CharacterRange["A", "F"]]

DefineGaugeGroup[SU2L, SUeZ, gL, W,
FundAlphabet + CharacterRange["i", "n"],
AdjAlphabet -+ CharacterRange["I", "N"]]

DefineGaugeGroup[U1Y, Uel, gV, B)

Generation index

Charges + {U1Y[-1/2]},
Chiral - LeftHanded,
Mass -+ 0]

pefineField[e, Fermion,
Indices -+ (Flavor),
Charges - {U1Y[-1]},
Chiral + RightHanded,
Mass -+ 0]

DefineFlavorIndex[Flavor, 3,

IndexAlphabet = {"p", "r", Mst, ngm nyw myny

Fermions

Higgs

DefineField[H, Scalar,
Indices » (SU2Le fund},
Charges - (U1Y[1/2]},
Mass -+ 0]

DefineField[q, Fermion,

Charges -+ {U1Y[1/6]},
Chiral - LeftHanded,
Mass » 0]
DefineField[u, Fermion,
Indices + {SU3ce fund, Flavor},
Charges -+ (U1Y[2/3]},
Chiral -+ RightHanded,
Mass » 0]
DefineField[d, Fermion,
Indices -+ {SU3ce fund, Flavor},
Charges -+ {ULY[-1/3]},
Chiral - RightHanded,
Mass -+ 0]

Anders Eller Thomsen (U. Bern)

Indices - {SU3cefund, SU2Lefund, Flavor},

Couplings

EFTorder -+ 1]
DefineCoupling[Ye,
Indices - {Flavor, Flavor}]
DefineCoupling[Yu,
Indices + {Flavor, Flavor}]
DefineCoupling[Yd,
Indices » {Flavor, Flavor}]

Functional Methods and Matchete

DefineCoupling[A, SelfConjugate + True]
DefineCoupling[u, SelfConjugate + True,




Matchete SM implementation

Lagrangian

L5M = FreelLag([] +
-u[)? BareH[i] -H[i] -
Al q 3 q q
TBareHU] H[i] <BareH[j] ~H[j] +
PlusHc [
-Yu[p, r] -CG[epse@SU2L, {i, j}]
BareHei Bareq[a, j, p] #+xufa, r]
-Yd[p, r] -Hei.Bareq[a, i, p] »xd[a, r]
-Ye[p, r] ~Hei Barel[i, p] »we[r]

1 // RelabelIndices;

Bern)

Anders Eller Thomsen (

For

£SM // NiceForm
=
Lo

4
wFHiH i (@R -y P - DLA*P) v i (8P .y, Pr - DueP) «
i (T v P DUP) 4 (@l v P - DugPP) &

1 1 1
~ :‘qu ~ wan + D,y D HT -

1
i (08 - v, Pr - DLU?P) - EAH, Fj H B -
¥d* H; (dg Pl g7?) - Ve R, (&P - 17P) -
YeP H' (T . Pp - e") - YdP H' (g . Pr- ") -
YuPr B (- Pe - u™) £ - VOPTHT (0D - P - 97P) =
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EFT from a 2HDM

Example: SM + leptophilic Higgs, ® ~ (1, 2);,,:

LD Lo+ D,dTDFO — M3 0T — (y5L 2,de, +hoc) + ...

Vg i I~ "

Below the scale Mg > vpy
Lo D CE3yQy + CELRE™

e

But the tree-level operator Rye is not part of the Warsaw basis
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Changing basis in an EFT

In d = 4 dimensions, L = EEFT, where
t t t 7 .
Lere > C25y Q2 + CEPREL RI = (Bye)(@:80)
~ t t t 7 =
Leer D CoQ% — 3C0" QU Q" = (Loyule) (87 er)

But the 1-loop EFT amplitudes disagree!

[Coel” st yE* (a7 00 PrU) g™

i(Aetisaw — Aerisaw) = 64772r2

For d # 4, there is an levanescent operator:

prst 1 ~ptsr prst prst d—4
Ree __§QZe +E€e ' Eee 0
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