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Introduction

EFTs beyond the Standard Model



Direct searches for new physics
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Lots of luminosity

LHC / HL-LHC Plan ( HiLumi’y
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nominal Lumi__2X nominal Lumi, ALICE - LHCb }—2xnominal Lumi__
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luminosity [ERURTSS
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY %3 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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Effective field theory

High-energy physics manifests as contact interactions in EFTs

e UV Physics

C
X L:SMEFT = ESM + Z Z %OD,I(
D=5 k

L L

=9
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

e UV Physics

C
L:SMEFT = ESM + Z Z %OD,I(

D=5 k

m Bottom-—up:

— EFTs allow for model-comprehensive (“model-independent”)
analyses of deviations from the SM, quantifying possible
deviations as an expansion in E/A

L L

=9
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

UV Physics
/ )

C
L:SMEFT = ESM + Z Z %OD,I(
D=5 k

m Bottom-—up:

L

— EFTs allow for model-comprehensive (“model-independent”)
analyses of deviations from the SM, quantifying possible
deviations as an expansion in E/A

m Top—down:

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

=9

— Many BSM models result in the same EFT and
calculations can be recycled: you only need to compute once
in the EFT
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BSM EFT workflow

EJ\

Q) Machacek, Vaughn '83-85

Matching i

© 2500 ops Jenkins, Manohar, Trott [130
“OUVOPS o e kine, Manohar Trott [1310
SMEFT O Alonso e ol [1312.2014]
\eS Machado et al.  [2210.09316]
vaP
0bsel
-+ Matching
—+ Jenkins, Manohar, Stoffer [1709.04486]
i Dekens, Stoffer [1908.05295]
~ 3700 ops
g Jenkins, Manohar, Stoffer [1711.05270
F LEFT

Operators interfere and mix: it's difficult to confine analyses
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BSM EFT workflow

Ea
NP o
(9]
Matching
Y
2.3
[

—+ Matching i

= 7\1 New light states?

- e DM? ALP?

S|

A lot of work must be redone when switching EFT
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The case for automation

m Proliferation of operators = proliferation of work

m Tasks are repetitive and error prone and resources are limited
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The case for automation

The (SM)EFT software project:

Upgrading from “computers” to computers
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Automating EFT calculations

A tool for every occasion




Automating EFT analysis
EJ\

Evolving SMEFT coefficients:
mode!

&_‘,& Tools

Fuentes-Martin et al. [2010.16341]

New

Aebischer et al. [1804.05033]

Matchi
atening i RGEsolver
Di No

Silvestrini [2210.06838]

Common interface format:
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Automating EFT analysis

EJ\
\
mod®
NeW z .
One-loop matching tools:
E Matching
N\ FIATCHETE ||
AETet al. [2212.04510] Carmona et al. [2112.10787]
3 One-loop dictionaries:
SMEFT ne-loop dictionaries:
O‘OSeN 3‘0\65: - Matching @
Y
+ LEFT |©
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Automating EFT analysis

EJ\

\
Sl BN

New ™

Y
(9]

B

Matching

SMEFT |©

Matching
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SMEFT in event generators:

SMEFT@NLO

Degrande et al. [2008.11743]

SMEFrrr}}

Brivio [2012.11343

SmeftFR

Dedes et al. [2302.01353

Fitting tools:

R

Staub [1810.0813: van Dyk et al. [2111.154

@ HEPJi}

Aebischer et al. [1810.07698] de Blas et al. [1910.14012]
. HighPT
S MEFIT \digreT
Ellis et al. [2012.02779] Allwicher et al. [2207.10756]

Fitmaker
Ellis et al. [2012.02779]
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SMEFT status

o oo c®
Lowerr($) = La=a(®) +)_ Y Z (167 Q;Zk/\d 05 (9)
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What EFT?

m Determine what EFT you are working with

— What are the relevant DOFs?
— What is the counting? (mass dimension, derivatives, .. .)
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What EFT?

m Determine what EFT you are working with

— What are the relevant DOFs?
— What is the counting? (mass dimension, derivatives, .. .)

m Determine an operator basis
— Number of SMEFT generators (1 gen., dim. 6):

80 (1986) —» 59 (2017)

Buchmiiller, Wyler '86 Grzadkowski et al. [1008.4884]

— Counting operator has been “solved” with Hilbert-series techniques
Lehman, Martin [1503.07537]; Henning et al. [1507.07240]
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What EFT?
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Mass dimension Figure from Henning et al. [1512.03433]
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What EFT?

m Determine what EFT you are working with

— What are the relevant DOFs?
— What is the counting? (mass dimension, derivatives, .. .)

m Determine an operator basis
— Number of SMEFT generators (1 gen., dim. 6):

80 (1986) —» 59 (2017)

— Counting operator has been “solved” with Hilbert-series techniques

9:492X%H + h.c. 9:2X%H + h.c.
Qe (en) HG, G Qiawnn (er)r! HW, B
Ql(:)G2H (l_peT)Hé;‘}y GAm l(:l)/VBH (l_Pe'r)TIHW;fVB“V
Ql(;‘)WH ([per)HW;{uWIW QI%))VBH (iPU“VeT)TI HW,,{;;B,/)
Qe (Tper HW L, W Qe (e ) H B, BH
Ql(i‘)WH 7K (ZPUWGT)TIHWJPWVKP 1(23211 (iper)HEuvBW
Q;i)cm (unT)EGﬁVGA“V Qn(;}i)CﬁH (quT)HGI—I?VGAMV
Qe (@un) HG,GA Qi (@d ) HGA, G4
QWny | aPO(GT GRG0 QB | dAPC(gTAL)HGE,GOM
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Current situation: computer packages to automate the EFT basis construction

Alultlo
EFT

Harlander, Schaad [2309.15783
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_Findabasis

Current situation: computer packages to automate the EFT basis construction

- Alulilo
T EFT

Harlander, Schaad [2309.15783

Additional complications
m Green's bases vs. on-shell basis

m Mapping between/reducing to bases (partial + upcoming routines of)

\ FATCHAETE |\

m Evanescent operators: loop calculations required for basis transformations
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Simplification and basis reduction

ANy G C c
L= 1000 - Im’¢? — 20" + 547 + 5¢°0%0 + 5 97(8,9)°
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Simplification and basis reduction

A C C C

_ _lya2 1,242 4 L6 2 1342 3,2 2
L= 14020 — 1m2g? — 6" + 100 + 56°0%6 + 24O0)
Exact simplification (linear):

IBP, Dirac algebra, group identities, commutation relations,. . .

3C, - C
2/\2 3(1)382(1)

A, C C
L=—3¢8°¢ — sm’d® — T0" + 150° +
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Simplification and basis reduction

A C C C

_ _lya2 1,242 4 L6 2 1342 3,2 2
L= 14020 — 1m2g? — 6" + 100 + 56°0%6 + 24O0)
Exact simplification (linear):

IBP, Dirac algebra, group identities, commutation relations,. . .

Ay G 3G-C
L =—190% — 1mP¢? — Zoo° + o0+ 0%

On-shell equivalence (non-linear):

3C2 - C3 3

Field redefinition: ¢ — ¢+ 302 ¢

L— —1¢0°p — Im*¢” —

24 3A? 18'A2
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Simplification and basis reduction

A C C C

_ _lya2 1,242 4 L6 2 1342 3,2 2
L= 14020 — 1m2g? — 6" + 100 + 56°0%6 + 24O0)
Exact simplification (linear):

IBP, Dirac algebra, group identities, commutation relations,. . .

Ay G 3G-C
L =—190% — 1mP¢? — Zoo° + o0+ 0%

On-shell equivalence (non-linear):

3C2 - C3 3

Field redefinition: ¢ — ¢+ 302 ¢

L— —1¢0°p — Im*¢” —

AL (3G, — 53) m? o+ 18C; — A (32Cg —Cs) r
24 3A 18A

Removal of evanescent operators: complicated but solved
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Linear simplifications (as in Matchete)

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

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

% ng? é (D,64A) % +
% 7 g? é GHVA p2GHvA i70 ng? é D,G“A D, G
ﬁ ng? ﬁ 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 (as in Matchete)

. . (@)
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
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Linear simplifications (as in Matchete)

(@)
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 (as in Matchete)

. 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 (as in Matchete)

. 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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EFT fits
’ . @ [[E3fit] SMEFIT Fitmaker 77

Oexp — O ({C) \?
2L~y ( th

obs

m Implementation of 100(0)s of observables: theory prediction + exp. results
m Handling of theoretical and experimental errors (with non-trivial correlations)

m Observables across different energy scales
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EFT fits

‘ . @ BEfi| S MEFIT Fitmaker ‘HmT

T
0.6 —— B [17 operators] EW (SL-4F Only) [4 operators] | ©-0
—e— EW & Flavour (PDD) [21 operators] —e— Flavour (PDD) [4 operators]
—e— EW & Flavour (PMD) [21 operators] —e— Flavour (PMD) [4 operators]

i

-0.4 -4.0

HLD) HL) CHL) CHLG) CHLG) CHLG) CHe CHe CHe (L CHOM) CHOW) CHOB) cHOB) CHu  cHd  CHd v Ch ET——
Y CY i P Y c® Cf Cf G Clin PPV GV PP ClFY Y cf Cff Ciiss Cifss Ciss Ciss

Figure from Alasfar et al. [
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EFT fits

*S@D

HEP[!

S MEFIT

By — pp lo
—— Ry & Rk~ 1o, 20
b— sup lo, 20

flavio

rare B decays lo, 20, 30 B

0.0

0.2

(Y

0.4

Anders Eller Thomsen (U. Bern)

T T
-20 -15 -1.0 -05 0.0 0.5 1.0

univ.

I’\r{\HrQHNV Greljo et al. [2212.10497]

Computational Tools and Methods

Fitmaker ‘@I
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SMEFT in event generators

SMEFT@NLO  MepTsfy  SmeftFR

m SMEFT Feynman rules
m Generation of models to MC event generators (e.g. MadGraph5_aMCGONLO)

m Input schemes and flavor structure

? . \Yt_ }V f, %Qi = et rf Chw, Chs, CHws
/‘r\ N ﬂs’Q\ Con IH

+Chp; Cha, C) C(l) Cpsq)v Chus Crd

T (e
X %

’/‘(‘:7 g\z\w< --- \ Coty CrHy Cun

Slide from I. Brivio @ Higgs2021
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One-Loop Matching

Automation and techniques



Matching beyond tree level

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

s — N\ — d . 5 d
Matching
—
| — "\ NA\NS—5 il 5
d W d
m In BSM models: dipoles, FCNCs, EW precision, ...
w H w H
Y i . e Matching ,',
|‘ L /’ a e e

Anders Eller Thomsen (U. Bern) Computational Tools and Methods EFTs and Beyond 2024 15



Matching weakly coupled theories

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

Ex
Off-shell matching\
NP g Euv(cbv (b) ‘CEFT(¢)
/—\
E; Matchingi
Lo (@) = Laa@ 453 Y Sh o ()
by EFT = Lg=4 o na—aVd.k
SMEFT |© S0k QOTNATE
ek double expansion
T Matchingi
Y
+ LEFT |©
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Matching weakly coupled theories

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

Ex
Off-shell matching\

Lon(®, §) Lon(9)

l 7}6\'2? lTree level only)
’ e

i Matching R

H Cw[P(0). ¢] Cerr |

NP

5y

c®
2 Lerr(d) = La=a(9) + ek 0% (9)
SMEFT |© o - 1125220;\(16 2ENS

double expansion

J Matching i Hard-region matching formula
5EFT[¢] = ruv[a\)v ¢]|hard’ [CD ¢l =0

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

5rUV|hard

5y

+ LEFT J

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

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

Ex
Off-shell matching\

Ly (®, 9) Leer(9)
\

NP

s Matching Al Mm““
H Cw[P(0). ¢]

5y

c®
2 Lerr(d) = La=a(9) + ek 0% (9)
SMEFT |© o - 1125220;\(16 2RI ek

double expansion

J Matching i Hard-region matching formula
5EFT[¢] = ruv[a\)v ¢]|hard’ [CD ¢l =0

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

5rUV|hard

5y

+ LEFT J

Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]; Fuentes-Martin, Palavri¢, AET [2311.13630]
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Separation of scales
Mixed (heavy—light) loop example:
hard: k2 > A2
/—N \a\ csw.
v D

soft: k2 <« N?
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Separation of scales

Mixed (heavy—light) loop example:
hard: k2 > A2
/_N ’
’ I’ -
;. \.\
- -

(1)
C SEFT

v D

soft: k2 <« N?

m ) ... long-distance contributions included in 1-loop matrix elements of
tree-level EFT operators
&) — T
ruv}soft - rEFT
m [ harg: Short-distance contributions going into the EFT operators

Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]
1) | — <
I_uv hard ™ SEFT
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N FIATCHETE |

Input

sym. break.
Broken phase L, : >

—)[ Define fields J

[ Define couplings ]

N\

N\

Automated matching and running

O v0.2 (current)
O v0.3 (soon)
O v? (future)

\ AN

Field redefs.

Rematching’
the ev. pieces

L

poles from hard-
region cov. STr

Standard format output

func. derivatives,
hard-region cov. STr

phys. proj.

Full, physS scheme:

EFT

Currently with @
Standard format output | __| — Y {

Anders Eller Thomsen (

Computational Tools and Me

ds.

Please get in touch!
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Example: SM + Vector-like lepton

SM Lagrangian

Infal:= ’ LSM = LoadModel["SH"] |

Define new field

DefineField[EE, Fermion, Charges - {ULY[-1]}, Mass - {Heavy, ME}] |

Inf4]:=
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

In8l:= | LUV = LSM + FreeLag [EE] + Lint;
LUV // NiceForm

0ut[9]//NiceForm=
S i 2 - i GHvA2 _ iww“ +DuHy DHT + 2 Hy H w1 (@D -y, Pr - DLdP) + i (&P -y, Pr-DueP) +
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) -
%/\F{i Hj HHI - V@' Hy (@0 - P - q®™P) - VeP Hy (@ - PL - UP) - veP" H' (T5 . Pq - ) - VAP HT (g0 - Pg - dF) -

T8 . Py - EE)

YUP" iy (qB - P - u®r) &3 - aPT I (f - P - qP) 4y - YEP By (EE - P - 17P) - yEPHT

Anders Eller Thomsen (U. Bern) Computational Tools and Methods EFTs and Beyond
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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)

Computational Tools and Methods EFTs and Beyond
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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 | L
Hy Hy WD+ yE® yE® awfz [—ACN;oZMEl‘JoZLug S H‘H‘ (a5-pu-o*®) +
| wer | WE
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
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( a o ( A
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Example: neutral triple gauge interactions

New physics in Z(v, Z)(v*, Z*)?

HT
Y
1 EH
Lu
Vi
Ly
A B
H

LHC limits from NTGCs

4m 0
1
Va '
1
3r g :l
i
215
s
VEH 8 ,l'
1t : ,’l
l Run2
— HL-LHC
0,- 4
0 200 400 600 800 1000
Vi A(GeV)

Diagram and plot from [24(

22 BSM models with dimension-8 SMEFT contributions to NTG analyzed using
Matchete by Cepedello, Esser, Hirsch, and Sanz [2402.04306]

Anders Eller Thomsen (U. Bern)

)2.04306
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Summary and outlook

m Broad range of dedicated EFT tools

Computational tools enables phenomenological EFT analyses

Software packages = new validation possibilities
m Goal: better interfaces between tools

m Goal: harder, better, faster, stronger!
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Summary and outlook

m Broad range of dedicated EFT tools

Computational tools enables phenomenological EFT analyses

Software packages = new validation possibilities
m Goal: better interfaces between tools

m Goal: harder, better, faster, stronger!

Thank you!
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