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Effective Field Theories
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Effective Field Theories

Lagrangian
1 Z 5)A5) | | Z (6) (6)
Z,EFT_ Zio—i-*/\ i Cl O’- +7/\2 : C, Oi +

Operators O

e composed out of the fields of £
e invariant under symmetries of Ly
e effective couplings C (Wilson coefficients)

Operator basis
e complete and independent set of operators
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Redundancies

1. Equations of motion: 0=0"+ %’,O” ~ O
2. Integration by parts: 0O=0"+00"~0
3. Permutation symmetries: O =mpo00 ~ O

4. Fierz/Schouten identities: gwagdagﬁ. = 2¢€ap€;
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Brief History of SMEFT

5

|
1979

[Weinberg]

Baryon- and Lepton-Nonconserving Processes

Steven Weinberg
Phys. Rev. Lett. 43, 1566 — Published 19 November 1979
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Only a single complexterm at d =5
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https://doi.org/10.1103/PhysRevLett.43.1566

Brief History of SMEFT

5 6

| |
1979 1986

[Weinberg] [Buchmiiller,Wyler]

Effective lagrangian analysis of new
interactions and flavour conservation

W. Buchmiiller, D. Wyler

The effective Lagranglan contains 1 dimension-five operator, which violates
lepton number, and 80 baryon- and leptos—number conserving dimension-six

operators.

22 terms redundant, 1 missing
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https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566

Brief History of SMEFT

5 6
| | =
1979 1986 2010

[Grzadkowski et al.]

[Weinberg] [Buchmiiller,Wyler]

B-violating

Qdug ey [(d)TCu?] [(g9) T el
Ququ e*Pe 1. [(q2)TCqP*] [(ul)TCc

o e jemn [(457)7CqP¥] (g™ Cly]

A N (rle) (7 )mn [(g57)7 Ca*] [(a7™)T ClY)
Quun T [(d)TCul] [(u)"Cey)

59 + 5terms (nf = 1)
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https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566

Brief History of SMEFT

| | | ~
1979 1986 2010
[Weinberg] [Buchmiiller,Wyler] [Grzadkowski et al.]
2017
. . [Grzadkowski et al.]
B-violating
Qdug
B-violating
Ququ
a Qg B [(@)TCul] [(g2)T Ol
a4 O afy a3 \T (1 Bk N
(3) ¢qqu ik [(a,”) q, (u)) ey
499 ; . p
O Qagq e Pejneim [(437)"Ca [(@)COL)
Quduu 1 [(do)TCull] [(u2)" Cey

59 + 4 terms (nf=1)
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https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566

Brief History of SMEFT

5 6 8

1979 1986 2010 2020

[Weinberg] [Buchmiiller,Wyler] [Grzadkowski et al.] [Lietal]

2017

By (Quuae QU D (V) . iByy (QuuuoQ15") (11 D) [Grzadkowski et al]
ou=s) By (@i @25) D (HH) . iBy (Quuir @) (WY Do)
BQQHHD ) e
By (Qpaio”Q1#9) DF (HV H;) . iBy, (Qpuio” Q1) (HI D H;
By (Qpaie"Q4) D (HVH) . iByy (Qpair” Q') (111 Dot
et G, (e (V) ulie) D () G, (g (V) ul o) (u“Bﬂu).
Cuent e | G (uo0v (\V)! ul ,)L} (#tH), i, (e (3] uf ;) (u“ﬂﬂu)
) W, ( D (HITH), W], (o™l ) (u\r'uru
W ul HHID V(. Di(HIFH), W], (u80"ul,,) (11‘ B
(1) By (w207l ) D* (HUH) | By (w80l ) (u'u"u).
Pueclil0 | B (u.sovul ) DF (HVH) . iBy, (u50"ul, ;(u"ﬂ"u)

44.807 operators (ny = 3) aiso by Murphy; 2020]
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https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566
https://arxiv.org/abs/2005.00059

Brief History of SMEFT

5 6 8 12

| | | |
1979 1986 2010 2020
[Weinberg] [Buchmiiller,Wyler] [Grzadkowski et al.] [Lietal]
2017

[Grzadkowski et al.]

|

n: 1.0.0

{L: 1, qu: 3)
x

s: {LL: 3, QL: 3}

v 2023

Lorentz

O(Lorentz,1): +eps(1_1,3_1)%eps(2.1,4_1) * LL(1_1)*QL(2_1)#QL(3_1)*QL(4_1)

0(Lorentz,2): +eps(1.1,2_1)eeps(3.1,4.1) * LL(1_1)+QL(2_1)#QL(3_1)*QL(4_1) [Harlander,Kempkens,MS]
su

3
0(SU3,1): +eps(2.1,3.1,4_1) * LL#QL(2_1)#QL(3_1)*QL(4_1
2

su:
0(SU2,1): +eps(1_1,3_1)%eps(2.1,4_1) + LL(1.1)#QL(2_1)+QL(3_1)+QL(4_1)
0(SU2,2): +eps(1_1,2_1)%eps(3_1,4_1) * LL(1_1)#QL(2_1)+QL(3_1)+QL(4_1)

permutation_symmetries

tor: Loremtz * SU3 * SU2

ery: {LL: (11, Qr: [1, 1, 1]}
1

a

75.577.476 operators (n; = 3)
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https://arxiv.org/abs/2305.06832
https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566

Outline

AutoEFT v1
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Automated Construction

Alultio
EFT

[Harlander,MS; 2023]

Lorentz
invariance

families

invariants

EoM & IbP

1011881

internal

Tinternal

symmetry algebraic

implemented in Python using SageMath & FORM
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https://arxiv.org/abs/2309.15783

Custom Models — SMEFT

name: SMEFT

symmetries:

sun_groups:

SU3:
N: 3
SU2:
N: 2
ul_groups:

Ul: {}

fields:

GL:
representations:
Lorentz: -1
SU3: [2,1]
uR:
representations:
Lorentz: 1/2
SU3: [1]
Ul: 2/3
generations: 3
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Minimal Flavor Violation

Approximate flavor symmetry of the SM

U(3)° ~ U(3)q x U(3), x U(B), x UB), x U(3),

only broken by the Yukawa couplings Yy, Yq, Ye
Field representations u(N) = su(N) x u(1)
Q ~[sua), © Tui,
u~[su@), ® luey,  d~Osua), @ Tum,

L~Dsue), @ 1umy, e~ Usue), @ 1ua),
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Custom Models — MFV

name:

symmetries:

MFV - SMEFT

sun_groups:

q3: {N:
u3d: {N:
d3: {N:
13: {N:
e3: {N:
ul_groups:
ql: {}
ul: {}
di: {}
11: {}
el: {}

fields:

QL:

representations:

uR:

representations:

dR:

representations:

LL:

representations:

eR:

representations:

{q3:
{u3:
{d3:
{13:

{e3:

(11,
(11,
(11,
(11,

(11,

ql:
ul:
di:
11:

el:

1}

1}

1}

1}

1}
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Outline

Basis Transformations
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EFT Phenomenology

Energy scale

Very heavy UV theory

Absu Matching

BSM theory (BSM RGE) ° |00p calculations introduce
A Matching ) ¢ {OI}
SMEFT
my N (5 — ZI a/OI
verT
« different bases are more
LEFT' (without b quark) Convenient at each step

: s — Ci= Ej b,'/'Cj

Aqcp Non-perturbative matching

Chiral perturbation theory

[Isidori,Wilsch,Wyler; 2023]

insiutefor
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https://arxiv.org/abs/2303.16922

Repeated Fields

Warsaw basis v1

N
Qg = P exemnl(gs)) Ca (@™ C Y
aix T
Qg‘g)q = eaﬁW(TIEjk)(Tlemn)[(qu) quﬁk][(qzm)TC/t”]

AutoEFT basis { O, Opp.1, Opi14 }

@ 1 1
Qqgq = §0[2,1] - 50[3]

@ 1 2
Qagg = ~Opr.1,1 — 3011 — 30R4)
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Repeated Fields

Basis change

1, 3
Qqqq = —*(Qc(yq)q + Qéq)q)

2
1 1 1
= 50[1’1’1] + 60[3] + gOEZJ]
- 1 1 3
Qagq = —5(Qly — Obdh)
1 1 1
— —50[171,1] + 60[3] - 5(0[271] + OE271])

Permutation Symmetry

Qqaq = (12) © Qqqq
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Summary

AuUutoEFT v1

e automated basis construction

e custom low energy models

e arbitrary mass dimensions d

Futur work
e operator projection, including:
— field redefinitions
— evanescent operators

o full basis transformation
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Backup



New Physics in Effective Field Theories

Fermi Theory (EFT) Standard Model

/

possible realisations

/

(no FCNC' in SM)

1 Yy

< mw
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New Physics in Effective Field Theories

SMEFT High Energy Theory ?

\
N
~
’
7
7
T

L 711
7
possible realisations

L “WH . ,
\\ \ \ 7
H ‘H
A

L L
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Redundancies

Fierz identities

gHVaaa 55 - zeaﬁgdﬁ.
P + P59 4 98 =0

5 +6575a+€7a(5 =0

Field strength tensor

(D Do) = —iFy
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Redundancies

Equations of motion

D2¢+J¢=0
ilDiﬁ—l—Jq/}:O
D F™ 4 J5 =0

Integration by parts

D.(XY)~0 = XD,Y ~—D,XY
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Building Blocks

Lorentz group: SL(2,C) ~ SU(2), x SU(2),

¢ €(0,0)
Vo €(1/2,0) %€ (0,1/2)

i v af i v =Gf
Fios = 5Fuwolf € (1,0) ﬁﬁ:—gmajemj)

DS = Do € (1/2,1/2)

Gauge group: SU(3)¢c x SU(2)w x U(1)y

Gabe = 6f:-zcd()‘A)ijG/L‘ Vvij = €jk(7-l)f'( w'
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Operator Structure

Explicit index notation

¢ (L Q) (Qup Qb) = e L1, Q% 0, QL

abc _ik jl o

= 0 K copens 17 QL QYL Qe

~ — —— ————
Tsu@) Tsu) Tiorentz [T, %n

operators of same type only differ in choice of T
e.g.: TSU(Q) =elek

= Tsy), Tsu@) & TLorentz gOvern the symmetry
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SMEFT Operators

General operator

N
_ 7igr iy I} i,
O = T3 Tsu(z) Tlorentz < L1 (D" ®0) gy 1.3

i=1
Invariant tensors

fABC7 dABC, 5AB’ ()\A) abc>

7-SU(S) € ( 27 €abc) €
TSU(2) € <€IJK7 6“7 (Tl)lh €ijs €U>

L —paa af
ad,U , €

i

Tiorentz € (0%75@;, g 7€o'z,6">
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SMEFT Operators

General operator

N
_ 7igr iy I} i,
O = T3 Tsu(z) Tlorentz < L1 (D" ®0) gy 1.3

i=1
Invariant tensors

fABC7 dABC, 5AB’ ()\A) abc>

b
a» €abey €

Tsu(s) € (
TSU(2) € <€IJK7 6“? (Tl)lh €ijs €U>

1z B o—pao off =
acr @€ 8 )

uy o —puv
Tiorentz € <0a57gdﬁ'va
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Irreducible Representations

Lorentz group: SL(2,C) ~ SU(2), x SU(2),
¢€(070) ¢L€(1/270) FL€(170)
Equations of motion
9*¢ € (0,0)&(1,0)& (0, 1) (1,1)
~e ~F
oY, € (0,1/2)@(1,1/2)
~r

0F, € (1/2,1/2)®(3/2,1/2)
~A
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Irreducible Representations

Lorentz group: SL(2,C) ~ SU(2), x SU(2),
¢€(070) ¢L€(1/270) FL€(170)
Equations of motion
9%¢ € (0,0)®(1,0) & (0,1) & (1.1)
~e ~F
O € (0,1/2)®(1,1/2)
~r

0F, €(1/2,1/2)®(3/2,1/2)
~A

= only keep symmetric combinations
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Equations of Motion

|| ~ Dawae - Dy gram @ giesniny  q—n , <0
(D7) ) atr—ma) . alren =
Da(1)d(1) e Da(l’fh)d(rfh) ¢d(f*h+1)“‘d(!+h) 3 h>0

- i
DiaaDpypd = —capissD?6 + EeaﬁUSB[Dm D.]¢

Diastbp) = —€ap(DV)a
D[adFLB]w - 2Ea50',’;dD‘uF}“,

. alrth r+h r—h r+h
o)y = o eyt e (S5 1)

23 Magnus Schaaf | EFT Bases | CRC TRR 257 Annual Meeting 2024




Irreducible Representations

Integration by parts

—Do¢1 po¢3Dps = $1Dpo p3Dp4 + d1¢2Dp3 Doy

Irreducible representation of SU(N)

2|1 112

—_
w
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Irreducible Representations

Integration by parts

—Do¢1 po¢3Dps = $1Dpo p3Dp4 + d1¢2Dp3 Doy

Irreducible representation of SU(N)

271 12
— @34 = — 34 T [z

-
w
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Lorentz Structure as SU(N) State

Young diagrams for N = 4 fields

- = v —n=1
Tiorentz = (Edkd,)®n(€a’a])®n = + +

g .
primary total derivative
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Irreducible Representations

Gauge group: SU(3)c x SU(2)w x U(1)y

SU(3) : 3~[]§~H 8 ~

sU@): 2~[] 3~[T]
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Irreducible Representations

Invariant contractions

L~ Q@Q~[0 Q~FK Q~[
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Irreducible Representations

Invariant contractions

L~ Q@Q~[0 Q~FK Q~[

T 7]
ubgunbgyisigin

27 Magnus Schaaf | EFT Bases | CRC TRR 257 Annual Meeting 2024




Irreducible Representations

Invariant contractions

L~ Q@Q~[0 Q~FK Q~[

— ilj il ik _jl
[ 00— D = ] ~ ILaaa
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Irreducible Representations

Invariant contractions

L~ Q@Q~[0 Q~FK Q~[

— ilj il ik _jl
[ 00— D = ] ~ ILaaa

O-F -~
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Irreducible Representations

Invariant contractions

L~ Q@Q~[0 Q~FK Q~[

— ilj il ik _jl
[ 00— D = ] ~ ILaaa

i k ik ij Kkl
E]—) —>—> ~ €le LiQiQkQ
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Irreducible Representations

Invariant contractions

L~ Q@Q~[0 Q~FK Q~[

o otk
0 -0 g = ] ~ “dLaaa

i k ik ij Kkl
E]—) —>—> ~ e LiQiQkQ

= tensors according to Littlewood-Richardson rule
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Permutation Symmetries

LG®
2 Lorentz x 2 SU(2) invariant contractions:

04 = Ol{orentz ® (’)1SU(2) Oy = Ol{orentz ® OSU(Q)

O3 = Olz_orentz ® O1SU(2) O4 = Oléorentz ® O;U(Z)

Change of basis

Opg 2 -1 -1 2\ /0
Opui| _|-1 2 2 —1||0
Op.112 1 -1 -1 2| |0
Ot 1.1 0 -1 1 0) \o4
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Permutation Symmetries

Adding flavor: LQ" Q2 Q"%

fi o f- fi o f- fi o f- N fi o f- fi o f- fi o f-
rgl O+ (R + A3 OR T + RO i

ity nfilfs fifofs fifofs filhs (o f2f3
RMEB (O + OR3Ty + O = of

Single independent term remains

OLO3 =014+ 203+ Oy

— 3-(10 4 8 + 1) = 57 independent components of «/1%2%
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Field Definitions
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Hilbert Series

H(p, ¢1, ... ¢n) = / dptcont. dpgauge > P'Xfio) | [ PE[ixi(9: o B)]
i=1 j

[Henning,Lu,Melia,Murayama; 2017]

10000000000 7557369962
2795173575

1000000000

100000000

10000000|

1000000

100000

10000

No. of independent ops

1000)

Mass dimension

insiutefor
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https://arxiv.org/abs/1512.03433

Comparison to Hilbert Series
GRSMEFT

Gravity

’
Cuvpo = Ruvpe = (GuipRoty — GulpPotu) + ggu[pgcf]vR

CLapys = Cuvpo 05 0l5 € (2,0)

[Marinissen,Rahn,Waalewijn; 2020]

Dimension 5 6 7 8 9 10 11 12 13 14 15
2 94 30 1096 580 17797 12936 314650 291702 5812440 6518462

One generation
12 3055 1542 45816 91284 2160964 3567228 79514441 182542620 2995340275 8023911776

Three generations

TABLE III. Number of operators in the GRSMEFT of a given dimension with 1 or 3 generations.

insiutefor
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https://arxiv.org/abs/2004.09521
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