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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
Lomerr = Lsm + Z c®o®
I

Os invariant under Lorentz and gauge symmetry

Operators

OB = (L H)(L*H)
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The Standard Model as EFT (SMEFT)

Lagrangian
1 (5) (5) , 1 (6) A (6)

Os invariant under Lorentz and gauge symmetry
Operators

0 = (L, H)(L*H)
0 — (HTH) GﬁVGAWv (HTTIH) W;iuB’”’,
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Redundancies

1. Fierz identities: g,wo—aaaﬁﬁ = 2¢capéyp

2. Equations of motion: iDy +Jdy =0

3. Integration by parts: XD,)Y~-D,XY

4. Flavour relations: (LA H)(LRH) = (L2H)(L" H)
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Brief History of SMEFT

1980 - Weinberg: d =5 & ny = 1
— 1 Operator (LLHH)

1986 -e Buchmuller-Wyler: d =6 & nf =1
— 80 Operators (22 redundant, 1 missing)

2010 -e Grzadkowski etal.: d =6 & nf =1
— 59 Operators

2020-e H.-L. Lietal: d=8,9&nf=1,3
[Li,Ren,Shu,Xiao,Yu,Zheng, 2021]
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https://arxiv.org/abs/2005.00008

Outline

Operator Basis
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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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Explicit Contraction of Lorentz Indices

Integration by parts
—D¢1 $203Dps = ¢1 D2 p3Dp4 + ¢12Dp3 Dy

Operators < Tableaux
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Explicit Contraction of Lorentz Indices

Integration by parts
—D¢1 ¢293Dp4 = ¢1Dd2 p3Dp4 + p162Dp3 Dy

Operators < Tableaux

\}
—_

- _ [z, [A]8
34| ~ 34 214

semi-standard Young tableaux

= 2 independent Lorentz invariants
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Explicit Contraction of Gauge Group Indices

Littlewood—-Richardson rule

C?,'N QkN Q/N LiN Wm1m2~
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Explicit Contraction of Gauge Group Indices

Littlewood—-Richardson rule

ij QkN Q/N LiN Wm1m2~

(71— [T K]~ [TTRT 7] — DL S ULELL] ks im0, Wi

3
3
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Explicit Contraction of Gauge Group Indices

Littlewood—-Richardson rule

Q~lj] Q~[k] Q~[I] L~[i] Wpm ~[mm]

%|j|klﬁlj|k|,‘% j klllgf {,:1,7/72 -~ ejiekm16lm20ijQlLin1m2
[~ [71K] - L. / kil //nl’(l1rrl72 ~ ™ ™2 Qe QUL Wiy my
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Explicit Contraction of Gauge Group Indices

Littlewood—-Richardson rule

Q~lj] Q~[k] Q~[I] L~[i] Wpm ~[mm]

(71— [T K]~ [TTRT 7] — DL S ULELL] ks im0, Wi

| ! I {M4|M2
2Ny /| K] JIRTT) TR kg im,
%% | - i — i ~ e e QQk QL Winym,

j—> N /] Ny lli‘—>j Ly e €™ QyQu Q1L Winy m,
k
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Explicit Contraction of Gauge Group Indices

Littlewood—-Richardson rule

ij QkN Q/N LiN Wm1m2N

(7= [T k]~ [TTRT 7] — DL S ULELLL kom0, Wi

| ! I |my|me
2Ny /| K] JIRTT) CTRTT] kg im,
%% | - i — T i ~ e e QQk QL Winym,

j—> N0 /] Y lli‘—>j AN ™ M2 Q Qe QiLi Wi, m,
k

= 3 independent SU(2) invariants
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Multiple Generations

Relations between generations
Oflyy = (L' H)(LEH) = Offy,,
= 3 independent operators for ny = 2:
Ofit Ol Ol
Higher rank tensors

Ofils — 0[3]f2f3 + 0[f12f21’]'3 + O[f1 fz]fs Of1 ffy _ b)‘ Ofihh
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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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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:
SU3_C:
N: 3
SU2_W:
N: 2
U1:
U1_Y

fields:
GL:
reprs:
Lorentz: -1
SuU3_C: [2,1]
uC:
reprs:
Lorentz: -1/2
SuU3_C: [1,1]
U1_Y: -2/3
anticommute: True
nf: 3
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Custom Models

name: GRSMEFT

symmetries:
SUN:
SU3_C:
N: 3
SU2_W:
N: 2
U1:
U1_Y

fields:
GL:
reprs:
Lorentz: -1
SuU3_C: [2,1]
uC:
reprs:
Lorentz: -1/2
SuU3_C: [1,1]
U1_Y: -2/3
anticommute: True
nf: 3
CL:
reprs:
Lorentz: -2
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Comparison to Hilbert Series
GRSMEFT

Gravity

1
C;u/pa = Ruypoe — (gp,[p'qa]y - gv[pF"a]p,) + §gp,[pga]1/R

CLaB'y(S = Cuupa O'ZE Usg € (2a0)

[Marinissen,Rahn,Waalewijn, 2020]

Dimension 5 6 7 8 9 10 12 13 14 15
One generation 2 94 30 1096 580 17797 129¢ 314650 291702 5812440 6518462
Three generations|12 3055 1542 45816 91284 2160964 3567228 79514441 182542620 2995340275 8023911776

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

o Automated EFT construction

Custom low energy models

Arbitrary mass dimensions d
d =9 SMEFT in < 1min
Validated upto d = 12

Work in progress
e Operator projection

* 1-loop matching using
BSUOLEA (symm, 2020]
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https://arxiv.org/abs/2103.02487

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 . ,
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H ‘H
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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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Hilbert Series

H(pa ¢1 ey ¢n) = /d)u‘COHf dﬂgauge Z pini;O] H PE[¢]XJ(q) «, ﬂ)]
i=1 j

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

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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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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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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Field Definitions
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