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Effective Field Theory
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[ 1960s point of view: renormalisability of a finite number of parameters is essential ]

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries
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Effective Field Theory

Suppressed
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Effective Field Theory

Naturalness?
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Effective Field Theory

e.g. QED as an EFT includes Fermi theory (at operator mass dimension 6) and Euler-
Heisenberg (at dimension 8)
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Effective Field Theory

e.g. QED as an EFT includes Fermi theory (at operator mass dimension 6) and Euler-
Heisenberg (at dimension 8)
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[Wilson coefficients generated by UV physics ]
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

SUB). [ SU@). [ UMy
Q.| 3 2 %
dr | 3 1 3
0 | 3 1 3
L| 1 2 —1
lr | 1 1 —1
6 | 1 2 I

Loy =L+ Lo+ Ln+L,

L. = Qrin*D QL + qriv*Dfqr + Liiv*D5Ly, + lgiv* Dily
1 L 1 @ apins 1 a ajLv

Lo=—BuB” — JWaW™ — Ga,G"

Ly = (Dy;¢)'(D*¢) — V(¢)

Ly = yaQrdqy + 1Qré°qh + yrLrglp + he.

Up to mass dimension 4, this is what we typically call “The Standard Model”.
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.
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Loy =L+ Lo+ Ln+L,

L. = Qrin*D QL + qriv*Dfqr + Liiv*D5Ly, + lgiv* Dily
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Lo = —3BuB" — JWL, W™ — 1 Gi, G —g 2~

Ly = (Dy;¢)'(D*¢) — V(¢)

Ly = deLﬁﬁQ'fz + yuQLgﬁcq}’é +yrLrolp + h.c. :
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“Everything not forbidden is compulsory”

G éa,u,u ?

Up to mass dimension 4, this is what we typically call “The Standard Model”.
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Strong-CP
problem
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries - including operators of
mass dimension > 4.

Lont = Lom+ L, +£h+£[+ 200 + FO o“ \40(3% ]

L., = Qriv*D;Qr + qriv*Dyiqr + Liiv* DL Ly + lgiv* D1y
]' e ]‘ L apLLs a ajv a ajv

Lo =~ BuB"™ = JWLW™ — 1Go,G" 9% a0

Ly = (D) (D*¢) — V(¢)

Ly = yiQrdqy + vuQrod°ay + yrLrdle +he.

“Everything not forbidden is compulsory”

This is the “Standard Model Effective Field Theory” (SMEFT). See e.g. 1706.08945, 2303.16922 for reviews
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries - including operators of
mass dimension > 4.
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This is the “Standard Model Effective Field Theory” (SMEFT). See e.g. 1706.08945, 2303.16922 for reviews



Given particle content, write down all terms allowed by symmetries -
mass dimension > 4.

The Standard Model as an Effective Field Theory

including operators of

EFT

Losy=Lyn+Ly+Ly+L

[Jr(’)/%/((f
/

69 Lvﬁ'ﬂ‘é _
4. kermion )

L
1L

Lo Yw¥y
N

dim-

e %mf‘@ﬁ""
)

diea-8 c Y prv
wy - (FF )

‘|‘ .ELE"}"

— iGiu(
6 /
— | =
 LrolR A
4

o

'E’//,i«mwﬂ)
L G
— 'E\’\\ l

\"WT'Yﬁ

This is the “Standard Model Effective Field Theory” (SMEFT).

Seee.g. 1706.08945, 2303.16922 for reviews
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The Standard Model as an Effective Field Theory

The SMEFT is the Fermi theory of the 21st century.

Lot = L+ L, +£h+£[+ 206) 4 %o o“ \40(8% ]

= Quiv*DLQr + qriv"D,lqr + Lriv* Dy Ly + lgiv* Dl
]' L ]‘ /) apers a apuy a ajLv
Lo =~ BuB"™ = JWLW™ — 1Go,G" 9% a0
Ly = (D;¢)'(D*¢) —V(9)
Ly = yaQroqs + yuQré°qr +yrLlrdlr +he.

This does not exclude the possibility of light new physics; just add
Explore heavy BSM physics in this framework those fields in as part of the EFT if desired or discovered.

Non-linear chiral electroweak lagrangian + singlet scalar is a more
general EFT framework (known as HEFT).
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The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM:

SMEXIT
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The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM.

- What are the experimental constraints
on the energy scale of new physics, A ?

ENERG Y
N\ - What are the experimental constraints
on their interaction strengths, c; ?
Lyyv ="
Cx 5 Cg 6 Cr 7 Cg 8

Loy =L+ Lo+ La+ L, + 70+ 509 + 200 + 200+

Ly, = Qrin*DiQy + qriv*Diiqr + Liin* Dy Ly + lgiv* Dflg
1 1
Lg=—BuB" — ~Wo,W*
® S
Ly = (D;¢) (D) -V (9)
© @ Ly = yaQroqp + mQré’qh + yrLrdlp + he.

Structure of UV determined through IR precision measurements.
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The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM.

- What are the experimental constraints

: i 2
e.g. leptoquarks or Z on the energy scale of new physics, A “
ENRGY
A\ T N, 4" - Whatare the experimental constraints
L9 on their interaction strengths, c; ?

Lsy=Ln+ L+ L+ Ly, + % (l—;l)hflt ]r) ((}s ﬁf“ Qt) e

L = Qriv*DiQr + qriv*Diqr + Liiv* DL Ly, + lpin* D[y

1 1
_ _ = w - a apy
® Co= P — LW
Ly = (Di¢) (D™ ¢) — V()
@ @ Ly = yiQréqs + y.Qré°qh + yrLrdlr + h.c. \

Structure of UV determined through IR precision measurements.



The Standard Model as an Effective Field Theory

59 operators of mass dimension 6 (conserving baryon number):

Cs
Lspg=Lm+Ly+Ln+L, + K‘O“”J

Ly = Quiv*DiQL + qriv*Diiqr + Lyiv* DLy + lriv* Dily
1 L/ 1 [ QL

Ly = (Dyo) (D"¢) — V(¢)
Ly = ‘dequ)qu + yuQLfi’CQ?é +yrLrdlr +h.c. ,

2499 including flavour structure.

Reduced through flavour symmetry assumptions.
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The Standard Model as an Effective Field Theory
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The Standard Model as an Effective Field Theory
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SMEFT global fit

Experimental constraints on SMEFT from LEP electroweak observables and LHC measurements:

0.05
2012.02779 Ellis, Madigan, Mimasu, Sanz, TY
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See also other recent global fits, e.g.
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SMEFT global fit
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Experimental constraints on SMEFT from LEP electroweak observables and LHC measurements:
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Marginalised (all operators allowed to vary simultaneously) 95% CL bounds.

2012.02779 Ellis, Madigan, Mimasu, Sanz, TY

See also other recent global fits, e.g.
2311.00020 Allwicher, Cornella, Isidori,
Stefanek

2311.04963 Bartocci, Biekotter, Hurth
2404.12809 SMEFIT collaboration
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Linear SM extensions in SMEFT

Individual and marginalised constraints are unrealistic but give the optimistic and conservative
range of allowed parameter space.

Simplified models are another way of mapping the parameter space of SMEFT phenomenology.

e.g. BSM that couple linearly to the SM form a finite set: 1711.10391 de Blas, Criado, Perez-Victoria, Santiago

Name N E Al Ag b El

Name S Si S, @ = = 0 05 Irrep (1: 1)0 (1: 1)71 (1: 2)7% (1: 2)7% (1= 3)0 (1a 3)71

I 1,1 1,1 1,1 1,2), (1,3 1,3 1,4),  (1,4)3

rrep ( ] )U ( b] )1 ( )2 ( )2 ( )U ( )1 ( )2 ( )2 Name U D Ql Q5 Q7 T]_ T2
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IName 6911 6 ?2 6914 6T3 sq; Nome b B W 4 g @ " o

rep - (6,1)y  (6,1)_  (6,1)g (6,3); (82) mep (L), (L1, (L3), (L3, (1), 1), (&3), 12,
Name £3 U2 Ms Ql Qs X yl y5
Irrep (1: 2)7% (3: 1)% (3: 1)% (3: 2)% (3: 2)7% (3: 3)% (6: 2)% (6: 2)7%




Tree-level structure and current LEP+LHC constraints:

Linear SM extensions in SMEFT

Model ” CHD‘ Ch ‘

1
CrH L

Cun | Crr | Ci | Cour | Mass limits (in TeV)
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2012.02779 Ellis, Madigan, Mimasu, Sanz, TY
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One-loop structure and Tera-Z constraints (see John Gargalionis talk):

Linear SM extensions in SMEFT
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Mass 95% CL sensitivity at FCC-ee Z pole

e.g. Fermions:
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Linear SM extensions in SMEFT

Linear SM extensions extensively probed by Z-pole at FCC-ee — a quantum leap in sensitivity.

“Tera-Z is argued to provide an almost inescapable probe of heavy new physics”
2408.03992 Allwicher, McCullough, Renner
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2311.00020 Allwicher, Cornella, Isidori, Stefanek
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SMEFT at FCC-ee
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Powerful indirect exploration of the multi-TeV scale @ FCC-ee

Even for TeV-scale new physics coupling only to third generation!
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Figure 1. Next-to-leading log running of four-quark operators into Crp.

Naturalness a major motivation for fully exploring 3 gen @ TeV

See also 2407.09593 Stefanek
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Neutral triple-gauge couplings not in SM or dim 6, first arises at dim 8.
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Future lepton colliders sensitive to TeV scale.

Dimension 8 operators in SMEFT

1308.6323 Degrande
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Vs 250 GeV 500 GeV 1 TeV 3 TeV 5 TeV

AQG”+ 1.4 |16 25 | 2.7 | 43 | 47 | 9.8 | 11.0 || 14.2 | 15.9
AEC’;“+ 1.1 | 1.2 2022 | 34|37 78| 86 | 11.3 |12.7
AQG“_ 1.0 | 1.1 1.5 | 1.7 || 22 | 24 || 3.8 | 4.2 4.9 5.5
Ai’f_ 0811089 1.2 | 1.3 || 1.7 | 19 || 3.0 | 3.3 3.9 4.4
AQG 1.2 | 1.3 1.7 1 1.9 || 23 | 26 || 4.1 | 4.5 2.3 2.9
Ag‘;/ 094 1.0 1.3 (14 19|21 32| 3.6 4.2 | 4.7
Agv(f'_ 14 |16 20 | 22 | 26 | 29 || 4.8 | 5.2 6.1 6.8
Ag‘j_ 1.1 | 1.2 1.5 | 1.7 || 22 | 24 || 3.7 | 4.1 4.9 5.5

2009.14298 Ellis, He, Xiao
2404.15937 Liu et al

Positivity bounds place a theoretical prior on the dimension 8 parameter space that could be probed at

future colliders.

e.g. 1908.09845 Remmen, Rodd
2308.06226 Davighi, Melville, Mimasu, TY
2204.13121 Li et al,

2011.03055 Gu, Wang, Zhang
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Radically new BSM?

Direct exploration by FCC-hh

E<A

S ® 4 oW1 SBp6) L L oo 4 Tom L B o)
Lig=AN+4+AN0O%+mO"Y +0O —I—AO +A2O —|-A3(j) +A4O + ...

Indirect exploration by FCC-ee
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Radically new BSM?

Direct exploration by FCC-hh

C/X e.g. Consider

’r‘ indirect sensitivity
to UV theory at
dimension 8

E<A

AL A20(2) (3) ) . D6 L B e L T | B aE)
Lig=MAN+AN0O0%+mOY+0O —f—AO +A2O —I—A30

Indirect exploration by FCC-ee
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Radically new BSM?

[ —— b n~ Direct exploration by FCC-hh
Zl
LQ
EUV =7 5yt >\A< +

5 L

Matching explicit

UV models
= X populates a
subspace of
/ —>C3 SMEFT coefficient
space

E<A

= A+ A20@) B L oW1 Brne) L % e, T | B ne)

Indirect exploration by FCC-ee
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Radically new BSM?

Loy =7 | Unitarity || Locality Causality

Indirect exploration by FCC-ee

= A+ A20@) B L oW1 Brne) L % e, T | B ne)
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Direct exploration by FCC-hh

Positivity bounds
forbid negative signs
of dim-8 SMEFT
coefficients assuming
only general
fundamental
principles in the UV

/Measu ring the “wrong”
sign experimentally woul
have truly revolutionary
consequences for the
\underlyingtheory!
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Radically new BSM?

Energy May not even have a

Lagrangian/QFT description Direct exploration by FCC-hh

13;_,.-\/:?] Unitarity || Locality Causality

Positivity bounds
forbid negative signs
of dim-8 SMEFT
coefficients assuming
only general
fundamental
principles in the UV

Lin = A+ A20@ 4 3m0® £ oW L So6) 4 56 0o L T o /Measuring the “wrong”
- 2 3 4 o o
A A A A sign experimentally woul

have truly revolutionary
Indirect exploration by FCC-ee consequences for the

\underlyingtheory!

E<A
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Radically new BSM?

Sometimes an anomaly in indirect precision measurement = something missing:

Anomaly in orbit of Uranus Discovery of Neptune

Explained by General
Relativity



https://www.google.co.uk/imgres?imgurl=https%3A%2F%2Fs2.r29static.com%2Fbin%2Fentry%2Fa69%2F720x864%2C85%2F2204602%2Fimage.webp&imgrefurl=https%3A%2F%2Fwww.refinery29.com%2Fen-gb%2F2019%2F06%2F235926%2Fneptune-retrograde-2019-pisces-astrology-meaning-2019&docid=XjlTvNbByi0QaM&tbnid=ZzT6h5tUjaWKQM%3A&vet=10ahUKEwiGvqr47vzmAhXKgVwKHfU8AB8QMwh-KAMwAw..i&w=720&h=864&bih=1278&biw=1530&q=Neptune&ved=0ahUKEwiGvqr47vzmAhXKgVwKHfU8AB8QMwh-KAMwAw&iact=mrc&uact=8
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Conclusion

The Standard Model Effective Field Theory is our Theory of Everything until experiment shows
otherwise.

Exploration of Zeptoscale is charted by space of higher-dimensional operator coefficients.

Indirect precision measurements of fundamental importance, complementary to direct searches.

Indirect evidence preceded direct discovery for nearly all SM particles - same may be true of BSM.
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