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Effective Field Theories
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The Standard Model as EFT (SMEFT)

Lagrangian

LsverT = Lsm

Operators
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The Standard Model as EFT (SMEFT)

Lagrangian

1 5) (5
Lemerr = Lsm + Z/: cPoP®

Os invariant under Lorentz and gauge symmetry

Operators

O®) = (LyH)(L*H)
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The Standard Model as EFT (SMEFT)

Lagrangian
1 1
Lsmert = Lsm + A Z C,-(s)(’),(‘r’) + a2 Z CfG)O,(-G) +...
i i
Os invariant under Lorentz and gauge symmetry
Operators

O®) = (LyH)(L*H)
0O = (H'H) G}, G, (Hir'H)yw!, B, ...

A complete set of independent operators is called a basis.
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Redundancies

1. Equations of motion: O~0O + 20"
2. Integration by parts: O~ 0 + 00"
3. Permutation symmetries: O ~ 7p 0o O’

4. Fierz identities: GwT6aT55 = 2€apbsp
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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

5 6

| | | ~
1979 1986 2010
[Weinberg] [Buchmiiller,Wyler] [Grzadkowski et al.]
2017
. . [Grzadkowski et al.]
B-violating
Qdug
B-violating
('-)w"/“
a Qg B [(@)TCul] [(g2)T Ol
a4 O afy a3 \T (1 Bk N
(3) ¢qqu ik [(a,”) q, (u)) ey
499 ; R .
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

Permutation Symmetries
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Permutation Symmetries

Warsaw Basis v17

ainT
Qlh = P epemnl(qs)) C ol i(qE™  C )
of T
Q) = (e )(Femn)l(q) Caf¥ (g™ C I

p.r,s,t=1,23 = 2.3%=162 operators
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Permutation Symmetries

Warsaw Basis v17
o af T T
Qi = D ejemnl(g’) Ca¥II(q™) C I
o of T T
Qo = P (rlej) (Temn)l(G5)) € G7¥I(Gd™) " C I
p.r,s,t=1,23 = 2.3%=162 operators
Warsaw Basis v3

af T
Qqqq = < Pepnerml() C ¥ I(qd™) C )

p,r,s,t=1,2,3 = 3*=281 operators
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Permutation Symmetries Decomposed

Warsaw Basis v1

1 1 1
Qgqq = §0[2,1] - 50[3]

(3) 1 2
Qqqq - _0[1,1,1] - 50[2,1] 3 f2,1]

= 3-(84+10)+3-(1+ 8+ 8)= 105 operators
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Permutation Symmetries Decomposed

Warsaw Basis v1

1 1 1
Qgqq = §0[2,1] - 50[3]

(3) 1 2
Qqqq - _0[1,1,1] - 50[2,1] 3 f2,1]

= 3-(84+10)+3-(1+ 8+ 8)= 105 operators
Warsaw Basis v3

1 1 1
Qqu = 50[17171] + 60[3] + goi2,1]

= 3-(1+ 10+ 8) =57 operators
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Outline

AutoEFT
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Automated Construction

Lorentz SSYTx
— Classes , Tiorentz
invariance e.0.m. &ib.p.

symmetry
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11

Comparison to Hilbert Series
SMEFT

[Henning,Lu,Melia,Murayama; 2017]
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https://arxiv.org/abs/1512.03433

Custom Models

name: SMEFT

symmetries:
sun_groups:

SU3_C:

N: 3

SU2_W:

N: 2
ul_groups:
U1_Y: {3}

fields:

GL:
representations:
Lorentz: -1
SU3_C: [2,1]
uC:
representations:
Lorentz: -1/2
Su3_c: [1,1]
Ui_y: -2/3
generations: 3
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Custom Models

name: GRSMEFT

symmetries:
sun_groups:

SU3_C:

N: 3

SU2_W:

N: 2
ul_groups:
U1_Y: {3}

fields:

GL:
representations:
Lorentz: -1
SU3_C: [2,1]
uC:
representations:
Lorentz: -1/2
Su3_c: [1,1]
Ui_y: -2/3
generations: 3

CL:
representations:
Lorentz: -2
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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

Summary

AutoEFT
e Automated EFT construction
e Custom low energy models
e Arbitrary mass dimensions d
e Validated upto d =12

Work in progress

¢ Translate operators

e Operator projection

e 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

20 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023




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

D a0 - - Doramygrim @orininy o—n, h<0

(D710 (. ar-mat _atn =
o o D o - Doo—nyar—m®@ue—nin _geem, h>0

. i
Dioc Dyt = —€apéss D70 + 5€a045[Du, D10

Diaatrs) = —€as(DY)a
D[adFLB]w = 2Ea50',’;dD‘uF}“,

r—|h| (a a’”’)_ r—|h| r+h r—nh r+h
(D q))(a Lalr— h) (D (b)a’ h 2 ' 9o
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Irreducible Representations

Integration by parts

—D¢1 p2¢3Dps = 1 Do 3D P4 + ¢p1¢2Dp3 D

Irreducible representation of SU(N)

211 112
3|4 3|4 24

—_
w
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Irreducible Representations

Integration by parts

—D¢1 p2¢3Dps = 1 Do 3D P4 + ¢p1¢2Dp3 D

Irreducible representation of SU(N)

211 1]2
34 34 214

—_
w
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Lorentz Structure as SU(N) State

Young diagrams for N = 4 fields

-5 BH

~ e o —=N=1
7-Lorentz = (€dkd,)®n(€a'a’)®n =T + +

NN —
primary total derivative
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Irreducible Representations

Gauge group: SU(3)¢ x SU(2)w x U(1)y

SU@B):  3~[ | 3~ 8 ~

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

Invariant contractions

L~ a~l] Qe~[k] a~[1]
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Irreducible Representations

Invariant contractions

L~ a~l] Qe~[k] a~[1]

-~
~.

- —— ilj ]
(1) [ -
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Irreducible Representations

Invariant contractions

L~ a~l] Qe~[k] a~[1]

-
~.

_>—> II( j‘—) k ~ eikeﬂL,'QijQ/

-

26 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023




Irreducible Representations

Invariant contractions

L~ a~l] Qe~[k] a~[1]

-

—>—> II( j‘—) K J ~ eikeﬂL,'QijQ/

-

% %{k‘%{k
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Irreducible Representations

Invariant contractions

L~ a~l] Qe~[k] a~[1]

-

—>—> II( j‘—) K J ~ eikeﬂL,'QijQ/

-

% N l k‘% I k ~ eijek’L/QijQ/

=
~
—
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Irreducible Representations

Invariant contractions

L~ a~l] Qe~[k] a~[1]

-~
~.

- g ] ~ “Laaa

-

% - } i ll ‘1~ ddLQaQ

-~

= 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

27 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023




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