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THE SM IS SIMPLE AND PREDICTIVE

• SU(3) x SU(2) x U(1)

• Electroweak sector described in terms of 
masses and 3 inputs 

• Typically GF,  a,  MZ

• Particle couplings fixed

Only unknown parameter 
is Higgs mass
Testable model !
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LHC MEASUREMENTS LOOK “SM-LIKE”
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� = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb (data)
NLO QCD + EW (theory) 140 EPJC 83 (2023) 496

� = 0.55 ± 0.14 + 0.15 � 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

� = 0.82 ± 0.01 ± 0.08 pb (data)
NLO QCD (theory) 139 PRL 129 (2022) 061803

� = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 860 ± 40 ± 40 fb (data)
NLO + NNLL (theory) 140 arXiv:2312.04450

� = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11 (2015) 172

� = 880 ± 50 ± 70 fb (data)
NNLO QCD + NLO EW (theory) 140 JHEP 05 (2024) 131

� = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756 (2016) 228-246

� = 8.2 ± 0.6 + 3.4 � 2.8 pb (data)
NLO+NNL (theory) 140 JHEP 06 (2023) 191

� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03 (2013) 128

PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01 (2017) 099

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

� = 16.9 ± 0.7 ± 0.7 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 29.0 PLB 855 (2024) 138764

� = 19 + 1.4 � 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

� = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

� = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 PRD 87 (2013) 112001

PRL 113 (2014) 212001

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

� = 55.5 ± 3.2 + 2.4 � 2.2 pb (data)
LHC-HXSWG YR4 (theory) 139 JHEP 05 (2023) 028

� = 58.2 ± 7.5 ± 4.5 pb (data)
LHC-HXSWG YR4 (theory) 31.4 EPJC 84 (2024) 78

� = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

� = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb (data)
MCFM (NNLO) (theory) 0.3 PLB 854 (2024) 138726

� = 68 ± 2 ± 8 pb (data)
MCFM (NNLO) (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
MCFM (NNLO) (theory) 20.3 EPJC 77 (2017) 531

� = 221 ± 1 ± 13 pb (data)
MCFM (NNLO) (theory) 140 JHEP 05 (2024) 305

� = 67.5 ± 0.9 ± 2.6 pb (data)
LHC TOP WG (theory) 0.3 JHEP 06 (2023) 138

� = 182.9 ± 3.1 ± 6.4 pb (data)
LHC TOP WG (theory) 4.6 EPJC 74 (2014) 3109

� = 242.9 ± 1.7 ± 8.6 pb (data)
LHC TOP WG (theory) 20.2 EPJC 74 (2014) 3109

� = 829 ± 1 ± 15.4 pb (data)
LHC TOP WG (theory) 140 JHEP 07 (2023) 141

� = 850 ± 3 ± 27 pb (data)
LHC TOP WG (theory) 29.0 PLB 848 (2024) 138376

� = 20.11 ± 0.04 ± 0.35 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 60.18 ± 0.2 ± 1.78 nb (data)
DYTURBO + CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 59.12 ± 0.029 ± 1.6 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 29.0 PLB 854 (2024) 138725

� = 67.334 ± 0.06 ± 0.74 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

� = 190.1 ± 0.4 ± 4.2 nb (data)
DYTURBO + CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 187 ± 0.1 ± 6.5 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 29.0 PLB 854 (2024) 138725

� = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B (2014) 486

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158

� = 104.7 ± 0.22 ± 1.07 mb (data)
COMPETE HPR1R2 (theory) 34⇥10�8 EPJC 83 (2023) 441
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Standard Model Total Production Cross Section Measurements

Status: June 2024

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

Theory/experiment 
agreement over many 
orders of magnitude 
and for many different 
processes
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NO NEW PARTICLES DISCOVERED (YET?)

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Many limits exceed 1 TeV
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IS THERE 
MORE?

• How do we know if the SM 
with the Higgs is just the low 
energy manifestation of 
some more complete model 
that exists at high scales?

5



USEFUL REFERENCES

• As Scales Become Separated: Lectures on Effective Field Theory,  
Tim Cohen, 1903.03622

• Introduction to Effective Field Theories,  Aneesh Manohar, 
1804.05863

• The Standard Model as an Effective Field Theory, Ilaria Brivio and 
Michael Trott, 1706.08945

• Feynman Rules for the Standard Model Effective Field Theory 
in Rx Gauges, Dedes, Materkowska, Paraskevas, Rosiek, and Suxho, 
1704.03888
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WHAT I DON’T DO

• I assume a basic knowledge of QFT and renormalization

• There are many automated tools for EFTS that I won’t discuss

• There is tremendous progress in one-loop matching and dimension-8 effects

7



WHY EFTS?

• Electroweak (and TeV) scale physics seems to be well described by SM, 
suggesting that new physics essentially decouples

• We don’t know the source of dark matter, mases….

• EFTs can simplify things

• EFTS can help to understand large logarithms

8



HIGH SCALE DECOUPLING

• SM scattering: 

• Suppose there is a new particle  X,  with mass MX>>MW

• Contribution from X:

•  Scattering rate:

ASM ⇠ g2

M2
Z

AX ⇠ g2X
M2

X

Effects of X vanish as 1/MX
2 for weak coupling

� ⇠ �SM +
g2g2X
M2

X

! �SM

X

Z

Applequist-Carrazone decoupling theorem

What are exceptions to decoupling theorem? 9



THE HIGGS IS DIFFERENT

• Particles whose couplings are proportional to mass don’t decouple

�i
mf

v �2i
M2

V

v
gµ⌫ ✏L(pV ) ⇠

pV
MV

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

See non-decoupling effect in gg→H Longitudinal polarizations also change counting 
(growth with energy)

Suggests that Higgs and longitudinal gauge bosons 
interactions are good places to look for new physics
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INDIRECTLY DISCOVER NEW PHYSICS

• Fermi theory (µ→nne) becomes non-
perturbative at E ~ 600 GeV

• W boson saves the day

W

GFE2 → GFMW
2

• Indirectly discover new physics
• Goal is to apply this lesson to TeV scale physics

µ→nne

11



OUR FIRST EFT

• Full theory is SM:  Renormalizable, consistent dimension-4 theory

Alow energy = �GFp
2
( �µ(1� �5) )( �µ(1� �5) )

<latexit sha1_base64="AHW6c2MlsC/CWUJ8WOPmWHdtaFI="></latexit>

In the SM:

q2 << M2
W ! GFp

2
=

g2

8M2
W

<latexit sha1_base64="oxkD7zNs1ED1WfQ5xa2omEtRK8Q="></latexit>

Predict coefficients of low energy 
effective theory (GF)  in terms of 
UV physics (g, MW)

At matching scale (MW) theories must give same result

12

<latexit sha1_base64="03BWIaJ+0eBQ5PsiBFb7OvcOTDk="></latexit>

Ahigh energy =
g2

2
( �µ

(1� �5)

2
 )( �µ

(1� �5)

2
 )

✓
1

q2 �M2
W

◆

<latexit sha1_base64="VIleRziZLXfd6wXUJ27uTV2on+A="></latexit>

1

q2 �M2
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OUR SECOND EFT

• High energy SM with top quark = full  UV complete theory

• Low energy theory valid at scales << top quark (effective theory):

• For heavy chiral fermion F1/2 →- 4/3 independent of mass

h

t

Why does this show there cannot be a 4th 
generation of heavy chiral quarks?

13

Full theory:

<latexit sha1_base64="eaVgRyzDQ27WEeAIupIJtruP+vY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1FMIePEYwTwgWcPsZDYZMrO7zvQKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkQKg6777aytb2xubed28rt7+weHhaPjpolTzXiDxTLW7YAaLkXEGyhQ8naiOVWB5K1gdDPzW09cGxFH9zhOuK/oIBKhYBSt1FY9fChXq6ZXKLoldw6ySryMFCFDvVf46vZjlioeIZPUmI7nJuhPqEbBJJ/mu6nhCWUjOuAdSyOquPEn83un5NwqfRLG2laEZK7+nphQZcxYBbZTURyaZW8m/ud1Ugyv/YmIkhR5xBaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRpS3IXjLL6+SZrnkXZa8u0qxVsniyMEpnMEFeHAFNbiFOjSAgYRneIU359F5cd6dj0XrmpPNnMAfOJ8/ZImPgQ==</latexit>

m2
t >> s

<latexit sha1_base64="8Z+2cLt5SuO41RU/zAfqH55MuyY="></latexit>
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OUR SECOND EFT

• This result yields the effective Lagrangian

•  The effective Lagrangian  reproduces the full theory gg→h large mt 
result, but also contains an hhGG interaction whose strength is 
correlated with that of gg→h

• This effective Lagrangian is invariant under SU(3) x SU(2) x U(1) and 
contains only SM fields

LEFT =
↵s

12⇡v2
| � |2 GA

µ⌫G
A,µ⌫

<latexit sha1_base64="TTyI8hPgB2Ruyf88RRHZOXjoTYg="></latexit>
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<latexit sha1_base64="hxSMYIls7l7K6JhPxKiyQfFTGa8="></latexit>

�0 ! h+ vp
2

Historically, this operator used to calculate 
higher order corrections to gg→h



MOMENTUM DEPENDENCE
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• Preview of things to come:

• Momentum dependent operators change 
shapes of distributions

• Effects largest at high pT

• This operator can be generated with heavy 
colored scalars for example

Higgs + jet production at NLO

2409.05728 15

<latexit sha1_base64="2X2M17p2UNk59TQN3/5nH+qiZmY="></latexit>

LEFT =
↵scg
8⇡2v2

| � |2 GA
µ⌫G

A,µ⌫

https://arxiv.org/pdf/2409.05728


 ASSUME A HIERARCHY OF SCALES

L >> MW where complete theory exists
• Any new particles or symmetries are at this scale

•  Expect effects of heavy particles at low scales to be suppressed (decoupling!)

MW

Only SM particles in theory at low scales

This is sad scenario where there is 
no intermediate scale physics

• Learn about high scale physics by measuring interactions of 
effective low energy theory

• We don’t need to know the complete theory 
16



SMEFT: SM EFFECTIVE FIELD THEORY

• Assumptions:  New physics decouples L >> v, E

• At the weak scale:  SM SU(3) x SU(2) x U(1) symmetry and SM particles only 

• New physics described by

• New physics contributions contained in coefficients C

• Operators form a complete basis (not unique) 

• L5 and L7 are lepton number violating

LSMEFT = LSM +
L5

⇤
+

L6

⇤2
+

L7

⇤3
+

L8

⇤4

<latexit sha1_base64="d2AX0ZWtlRI3VyHN5Vlog8dmR3U=">AAACS3icdZDNS8MwGMbT6fyYX1OPXoJDEITRdnWbB0EQxcMExc0N1lnSLNNg+kGSCqP0//PixZv/hBcPingwrROs6AuBh9/zvm+Sxw0ZFVLXn7TC1HRxZnZuvrSwuLS8Ul5duxRBxDHp4IAFvOciQRj1SUdSyUgv5AR5LiNd9/Yw9bt3hAsa+G05DsnAQ9c+HVGMpEJO2W058cXp0XE72c9UshO3nF07UDPQbqk9Q5Sheg5dmR ls5GEtg808tBKnXNGre826adWhXtX1hmEaqTAbVs2ChiJpVcCkzpzyoz0McOQRX2KGhOgbeigHMeKSYkaSkh0JEiJ8i65JX0kfeUQM4iyLBG4pMoSjgKvjS5jRnxMx8oQYe67q9JC8Eb+9FP7l9SM5ag5i6oeRJD7+umgUMSgDmAYLh5QTLNlYCYQ5VW+F+AZxhKWKv6RC+P4p/F9cmlXDqu6eW5WD5iSOObABNsE2MEADHIATcAY6AIN78AxewZv2oL1o79rHV2tBm8ysg1wVip9jwbJ7</latexit>

Ln = ⌃iC
n
i O

n
i

<latexit sha1_base64="vTZN0xOEoyxUTkYNbS+pR0hi2P0=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1LGtC6HQjQvBivYB7Thk0rQNzWSGJCOUoRt/xY0LRdz6Ge78GzNtBRU9cC+Hc+4lucePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGOWkoqhhpR4KgwGek5Y9qqd+6I0LSkN+ocUTcAA047VOMlJY8c+/C42fdazoIkEdrHr3l8DLtnpm3CqeVUtEpQatgWW W7aKekWHaOHWhrJUUezFH3zPduL8RxQLjCDEnZsa1IuQkSimJGJrluLEmE8AgNSEdTjgIi3WR6wAQeaqUH+6HQxRWcqt83EhRIOQ58PRkgNZS/vVT8y+vEql9xE8qjWBGOZw/1YwZVCNM0YI8KghUba4KwoPqvEA+RQFjpzHI6hK9L4f+kWSzYTuHkyslXK/M4smAfHIAjYIMyqIJzUAcNgMEEPIAn8GzcG4/Gi/E6G80Y851d8APG2ycaEJYW</latexit>

Assume Higgs is in an 
SU(2) doublet

17

This is the big assumption



ADVANTAGES OF SMEFT APPROACH

• Quantum field theory where calculations done order by order in loop expansion and 
in 1/L expansion 

• Compute cross sections without knowing high scale (UV) physics 

• Systematically improvable

• At this level, SMEFT calculations are model independent

• Measurements interpreted in terms of SMEFT coefficients

• Can compare very different classes of measurements

Sounds good, but how does this work in practice?

And even more important, how model independent is this?
18



LEARNING FROM SMEFT

<latexit sha1_base64="efC25aVrCHQ7M/ZTXEg1FT7uCzs="></latexit>

⌃
xiC6

i

⇤2
+ ...

Precise 
experimental 
measurements

Precise SMEFT calculationsPrecise SM calculations

Want this Not this

19

Experiment = TheorySM + 



COUNTING DIMENSIONS

• Canonical dimensions in d=4

• SM is dimension 4:  Allowed interactions

• Other forms vanish after integration over d4x, or are related to these by integration by parts 

•  Only 1 dim-5 operator (for 1 generation) and it violates lepton number conservation

• Generates Majorana neutrino mass
<latexit sha1_base64="ltVXDoZ35i0jN9jPWFUtUbz1T3g=">AAACJ3icfVDLSgMxFM3UV62vqks3wSLUTZkR0a6k0I2LLir0BZ3pkMnctqGZB0lGKEP/xo2/4kZQEV36J6aPhbbigcDhnHO5uceLOZPKND+NzNr6xuZWdju3s7u3f5A/PGrJKBEUmjTikeh4RAJnITQVUxw6sQASeBza3qg69dv3ICSLwoYax+AEZBCyPqNEacnN3xRTWzHuA07teMgmk57tk8EABK65tfNeA1f/Dbj5glkyZ8CrxFqQAlqg7uZfbD+iSQChopxI2bXMWDkpEYpRDpOcnUiICR2RAXQ1DUkA0klnd07wmVZ83I+EfqHCM/XnREoCKceBp5MBUUO57E3Fv7xuovplJ2VhnCgI6XxRP+FYRXhaGvaZAKr4WBNCBdN/xXRIBKFKV5vTJVjLJ6+S1kXJuipZd5eFSnlRRxadoFNURBa6RhV0i+qoiSh6QE/oFb0Zj8az8W58zKMZYzFzjH7B+PoGK/eldg==</latexit>

(�̃†LL)
TC(�̃†LL)

<latexit sha1_base64="tlHsLZBZMg5zsS+0p0uGmZoMuaY=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkkMbV0IBTcuK9gHNCFMJpN26OTBzEQooRs3/oobF4q49R/c+TdO2goqeuDCmXPuZe49QcaokKb5oS0tr6yurVc2qptb2zu7+t5+V6Q5x6SDU5byfoAEYTQhHUklI/2MExQHjPSC8WXp924JFzRNbuQkI16MhgmNKEZSSb5+VLiSspBANxvR6QV1BR3GyLdnb1+vmcZ5s247dWgaptmwbKskdsM5c6CllBI1sEDb19/dMMV5TBKJGRJiYJmZ9ArEJcWMTKtuLkiG8BgNyUDRBMVEeMXsiik8UUoIo5SrSiScqd8nChQLMYkD1RkjORK/vVL8yxvkMmp6BU2yXJIEzz+KcgZlCstIYEg5wZJNFEGYU7UrxCPEEZYquKoK4etS+D/p2oZVN6xrp9ZqLuKogENwDE6BBRqgBa5AG3QABnfgATyBZ+1ee9RetNd565K2mDkAP6C9fQJykJiF</latexit>

�̃ = i�2�

Usually start our EFT at dimension-6

<latexit sha1_base64="66DgT8gx120GzO9y64SoPzdMlbo="></latexit>

�4, �  , Dµ�D
µ�,  i�µDµ , X2

µ⌫

<latexit sha1_base64="LR6mCwEObDp24mPUYpgeXYI2oFI="></latexit>

[ ] ⇠ 3

2
, [�] ⇠ 1, [W ] ⇠ 1, [Dµ] ⇠ 1

20

<latexit sha1_base64="fQRV+ZJJiOjsZoauZTtAi7PKk9o="></latexit>

LL =

✓
⌫L
eL

◆
� =

✓
�+

�0

◆



COUNTING IN d=4-2e DIMENSIONS

• S matrix is dimensionless

• Find scaling of fields from kinetic energy

• Couplings in Lagrangian should be dimensionless

21

<latexit sha1_base64="nRKrk/bpyFnloS66a3X45BnyLRU="></latexit>

[S] = 0 [x] = �1 [@µ] = [pµ] = [m] = 1
<latexit sha1_base64="FHH/UxGqKfKnhT/QOFTXNjwUrgk="></latexit>

[S] = [

Z
ddxL] = �d+ [L] �! [L] = d

<latexit sha1_base64="K2v64oeEjXZ0YIgR8BtU1CK9AG0="></latexit>

L =
1

2
(@µ�)

2 +  i@ + ...

<latexit sha1_base64="jNC+040NbVIPh2SZ4aqRZY7IksY="></latexit>

[�] = 1� ✏ [ ] =
3

2
� ✏

<latexit sha1_base64="EdAWlvnz80fx6MW+JNTm+eW5WvE="></latexit>

L ⇠ �µ2✏�4 +
C

⇤2
µ4✏�6 + ...



TOY MODEL

• Light fermion, , light scalar, , and heavy scalar,       , with MH >> mL

• Integrate out       using Feynman diagrams

• Expand propagator

iAUV = u(p3)u(p1)u(p4)u(p2)(�i�H)2
i

(p1 � p3)2 �M2
H

� (3 $ 4)
<latexit sha1_base64="xuESHJzCvSYbU5bffxMwf+hQjBs="></latexit>

iAUV = u(p3)u(p1)u(p4)u(p2)

✓
i
�2
H

M2
H

◆
1 +

(p1 � p3)2

M2
H

+O

✓
p4

M4
H

◆
+ ...

�
� (3 $ 4)

<latexit sha1_base64="lLmzgOrJksJkkwYl8SHIQnVkUWs="></latexit>

  !   
<latexit sha1_base64="I6vXGSHWJkmyKA5NTalDkXmIiRE=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVZnUR6e7ghuXFewD2qFk0kwbmpkMSUYpQzdu/BU3LhRx6z+482/M9AEqeuDC4Zx7ufceP+ZMacf5tHJLyyura/n1wsbm1vaOvbvXVCKRhDaI4EK2fawoZxFtaKY5bceS4tDntOWPLjO/dUulYiK60eOYeiEeRCxgBGsj9ezDbqzYtCQbDDWWUtzBhdazi07JcRyEEMwIqlw4hlSrbhm5EGWWQRHMUe/ZH92+IElII004VqqDnFh7KZaaEU4nhW6iaIzJCA9ox9AIh1R56fSLCTw2Sh8GQpqKNJyq3ydSHCo1Dn3TGWI9VL+9TPzL6yQ6cL2URXGiaURmi4KEQy1gFgnsM0mJ5mNDMJHM3ArJEEtMtAmuYEJYfAr/J81yCZ2Wzq/PijV3HkceHIAjcAIQqIAauAJ10AAE3INH8AxerAfryXq13matOWs+sw9+wHr/Ar1+mVs=</latexit>

Fermi statistics

<latexit sha1_base64="Ulovbj5jqVpILnEIxRWV+yfmrCE=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21waJIYNqzW/7i+A1klQkBoUaA2rX4ORIqmg0hKOjekHfmLDDGvLCKfzyiA1NMFkise076jEgpowW9w6RxdOGaFYaVfSooX6eyLDwpiZiFynwHZiVr1c/M/rpza+DTMmk9RSSZaL4pQjq1D+OBoxTYnlM0cw0czdisgEa0ysi6fiQghWX14nnat6cF0PHhq1ZqOIowxncA6XEMANNOEeWtAGAhN4hld484T34r17H8vWklfMnMIfeJ8/IgGOQg==</latexit>

 
<latexit sha1_base64="qEFh09maDwFN9zn8PhyY3ZK/Ffs=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXpgIbqznfaPC2vrG5lZxu7Szu7d/UD48ahmVasqaVAmlOyExTHDJmpZbwTqJZiQOBWuH45uZ335i2nAlH+wkYUFMhpJHnBLrpFYvGfH+Xb9c8areHHiV+DmpQI5Gv/zVGyiaxkxaKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm107xmVMGOFLalbR4rv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGtwrPX8YBrRq2YOEKo5u5WTEdEE2pdQCUXgr/88ippXVT9y6p/X6vUa3kcRTiBUzgHH66gDrfQgCZQeIRneIU3pNALekcfi9YCymeO4Q/Q5w9h9I72</latexit>

�L

<latexit sha1_base64="VdvQ0riWqrsGhMZ9EJn6Aw2T47o=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64STu7nfeWLacCUf7DRhQUxGkkecEuukdj8Z80FjUK54VW8BvE78nFQgR3NQ/uoPFU1jJi0VxJie7yU2yIi2nAo2K/VTwxJCJ2TEeo5KEjMTZItrZ/jCKUMcKe1KWrxQf09kJDZmGoeuMyZ2bFa9ufif10ttdBtkXCapZZIuF0WpwFbh+et4yDWjVkwdIVRzdyumY6IJtS6gkgvBX315nbSvqv511b+vVeq1PI4inME5XIIPN1CHBjShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5A1vkjvI=</latexit>

�H

<latexit sha1_base64="VdvQ0riWqrsGhMZ9EJn6Aw2T47o=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64STu7nfeWLacCUf7DRhQUxGkkecEuukdj8Z80FjUK54VW8BvE78nFQgR3NQ/uoPFU1jJi0VxJie7yU2yIi2nAo2K/VTwxJCJ2TEeo5KEjMTZItrZ/jCKUMcKe1KWrxQf09kJDZmGoeuMyZ2bFa9ufif10ttdBtkXCapZZIuF0WpwFbh+et4yDWjVkwdIVRzdyumY6IJtS6gkgvBX315nbSvqv511b+vVeq1PI4inME5XIIPN1CHBjShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5A1vkjvI=</latexit>

�H

22

<latexit sha1_base64="LMiLxAe1uHGAHINnR19CTGoeWM0="></latexit>

LUV =i @ +
1

2
(@µ�H)2 � M2

H

2
�2
H
+

1

2
(@µ�L)

2 � m2
L

2
�2
L
� �H  �H � �L  �L

*plus interactions with purely light fields that are present in 
both UV theory and low energy IR theory



TOY MODEL #2

• To LO in external momentum, low energy (IR) theory is*

• Match coefficients in UV and IR theory: 

• Next order in the momentum expansion: 

iAIR = u(p3)u(p1)u(p4)u(p2)iC � (3 $ 4)
<latexit sha1_base64="3wCkskyP6jLNRWrRSO5R5ZNXlNw="></latexit>

C =
�2
H

M2
H

<latexit sha1_base64="ncf4BaWSU0VH1zy3CMo1Db4hMf0=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnS2NaFUOimG6GCbYUmhsl02g6dPJiZCCUU3Pgrblwo4tafcOffOGkrqOiBgcM553LnHj9mVEjD+NByS8srq2v59cLG5tb2jr671xFRwjFp44hF/NpHgjAakrakkpHrmBMU+Ix0/XEj87u3hAsahVdyEhM3QMOQDihGUkmeftA4Tx2m8n3kNW8sJ1JheJHRqacXjdJZrWLZFWiUDKNqWmZGrKpdtqGplAxFsEDL09+dfoSTgIQSMyREzzRi6aaIS4oZmRacRJAY4TEakp6iIQqIcNPZDVN4rJQ+HERcvVDCmfp9IkWBEJPAV8kAyZH47WXiX14vkYOam9IwTiQJ8XzRIGFQRjArBPYpJ1iyiSIIc6r+CvEIcYSlqq2gSvi6FP5POlbJLJdOL+1ivbaoIw8OwRE4ASaogjpoghZoAwzuwAN4As/avfaovWiv82hOW8zsgx/Q3j4B+y2XFg==</latexit>

* Plus  terms….

Postulate this form

<latexit sha1_base64="oMhu9muO89nOH4PtrX+mOAfiMWc="></latexit>

L0
EFT = i @ +

C

2
(  )(  )

  !   
<latexit sha1_base64="I6vXGSHWJkmyKA5NTalDkXmIiRE=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVZnUR6e7ghuXFewD2qFk0kwbmpkMSUYpQzdu/BU3LhRx6z+482/M9AEqeuDC4Zx7ufceP+ZMacf5tHJLyyura/n1wsbm1vaOvbvXVCKRhDaI4EK2fawoZxFtaKY5bceS4tDntOWPLjO/dUulYiK60eOYeiEeRCxgBGsj9ezDbqzYtCQbDDWWUtzBhdazi07JcRyEEMwIqlw4hlSrbhm5EGWWQRHMUe/ZH92+IElII004VqqDnFh7KZaaEU4nhW6iaIzJCA9ox9AIh1R56fSLCTw2Sh8GQpqKNJyq3ydSHCo1Dn3TGWI9VL+9TPzL6yQ6cL2URXGiaURmi4KEQy1gFgnsM0mJ5mNDMJHM3ArJEEtMtAmuYEJYfAr/J81yCZ2Wzq/PijV3HkceHIAjcAIQqIAauAJ10AAE3INH8AxerAfryXq13matOWs+sw9+wHr/Ar1+mVs=</latexit>

<latexit sha1_base64="0+Jp9I2xt3O0p9hmqCdzeEtya20="></latexit>

L1
EFT

= i @ +
�2
H

2M2
H

(  )(  ) + C2(@µ @
µ )(  )

dim-6 dim-8

<latexit sha1_base64="qEFh09maDwFN9zn8PhyY3ZK/Ffs=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXpgIbqznfaPC2vrG5lZxu7Szu7d/UD48ahmVasqaVAmlOyExTHDJmpZbwTqJZiQOBWuH45uZ335i2nAlH+wkYUFMhpJHnBLrpFYvGfH+Xb9c8areHHiV+DmpQI5Gv/zVGyiaxkxaKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm107xmVMGOFLalbR4rv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGtwrPX8YBrRq2YOEKo5u5WTEdEE2pdQCUXgr/88ippXVT9y6p/X6vUa3kcRTiBUzgHH66gDrfQgCZQeIRneIU3pNALekcfi9YCymeO4Q/Q5w9h9I72</latexit>

�L 23

<latexit sha1_base64="m0zI0JmQFCtoMJTD6SAbxc+B/cM=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQlJDWxdCxY3uqpi20IYymU7aoZNJnJkUSsh3uHGhiFs/xp1/46StoKIHLvdwzr3MnePHjEplWR/G0vLK6tp6YaO4ubW9s1va22/JKBGYuDhikej4SBJGOXEVVYx0YkFQ6DPS9seXud+eECFpxO/UNCZeiIacBhQjpSXvop+6rexct+vbrF8qW+ZZvVpxqtAyLatmV+ycVGrOqQNtreQogwWa/dJ7bxDhJCRcYYak7NpWrLwUCUUxI1mxl0gSIzxGQ9LVlKOQSC+dHZ3BY60MYBAJXVzBmfp9I0WhlNPQ15MhUiP528vFv7xuooK6l1IeJ4pwPH8oSBhUEcwTgAMqCFZsqgnCgupbIR4hgbDSORV1CF8/hf+TVsW0q6Z945QbziKOAjgER+AE2KAGGuAKNIELMLgHD+AJPBsT49F4MV7no0vGYucA/IDx9gmEvJHp</latexit>

AUV = AIR



TOY MODEL, #3

• Effective Lagrangian must be valid on and off shell

• Use any convenient choice of momentum:  take pi
2=0, so amplitude depends on pi.pj 

• Term from propagator in UV theory is

• Matching UV and IR 

                       C2=-lH
2/MH

4  

�2i
�2
H

M4
H

p1 · p3
<latexit sha1_base64="LuHYN+GE6qlqC/QIrkxpnWlgPr8="></latexit>

Systematic expansion in powers of 1/MH
2

* Conservation of momenta: <latexit sha1_base64="zbxeeOGsYRSXicPLKBvZZWisYLM=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjO1qBuh4MZlBfuAdhgymUwbmklCkhHKUHDjr7hxoYhbf8Kdf2P6ELT1wIWTc+4l955IMqqN5305S8srq2vrhY3i5tb2zq67t9/UIlOYNLBgQrUjpAmjnDQMNYy0pSIojRhpRYPrsd+6J0pTwe/MUJIgRT1OE4qRsVLoHsrQh10cCwNleHYlw8rPoxq6Ja/sTQAXiT8jJTBDPXQ/u7HAWUq4wQxp3fE9aYIcKUMxI6NiN9NEIjxAPdKxlKOU6CCf3DCCJ1aJYSKULW7gRP09kaNU62Ea2c4Umb6e98bif14nM8llkFMuM0M4nn6UZAwaAceBwJgqgg0bWoKwonZXiPtIIWxsbEUbgj9/8iJpVsr+edm/rZZq1VkcBXAEjsEp8MEFqIEbUAcNgMEDeAIv4NV5dJ6dN+d92rrkzGYOwB84H9/aNZZW</latexit>p1 · p3 = p2 · p4 24

<latexit sha1_base64="2g+/2D4Ft7fV0JbmBjYkm5ih6eA="></latexit>

iA8
IR = iC2(p1 · p3 + p2 · p4)u(p3)u(p1)u(p4)u(p2)� (3 $ 4)



TOY MODEL, #4

• Now we have effective Lagrangian in terms of light fields, 

• Is this a unique prescription? Could have written:

• Integration by parts gives one relationship among coefficients

•          does not contribute on-shell, so two new operators are sufficient 

• Only one contributed at tree level

(@2  )(  ) , ( @2 )(  ) , (@µ  )( @
µ ) , (@µ @

µ )(  )
<latexit sha1_base64="BlI++30bdfh/Qmok5v16w33tfiU="></latexit>

(@2 )
<latexit sha1_base64="n7Durq5s6js+gfa6PD8ob/2ONtc=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0Wom5Cksa27ghuXFewDmlgm00k7dPJgZiLUUPwVNy4Ucet/uPNvnLQVVPTAhcM5987ce/yEUSFN80NbWl5ZXVsvbBQ3t7Z3dvW9/baIU45JC8cs5l0fCcJoRFqSSka6CSco9Bnp+OOL3O/cEi5oHF3LSUK8EA0jGlCMpJL6+mHZTRCXFLEbO8vcRNDp9LSvl0zjvF61nSo0DdOsWbaVE7vmVBxoKSVHCSzQ7Ovv7iDGaUgiiRkSomeZifSy/GHMyLTopoIkCI/RkPQUjVBIhJfNtp/CE6UMYBBzVZGEM/X7RIZCISahrzpDJEfit5eLf3m9VAZ1L6NRkkoS4flHQcqgjGEeBRxQTrBkE0UQ5lTtCvEIcYSlCqyoQvi6FP5P2rZhVYyzK6fUqC/iKIAjcAzKwAI10ACXoAlaAIM78ACewLN2rz1qL9rrvHVJW8wcgB/Q3j4B0RmVdA==</latexit>

Different basis possible: same physics

* Also 

Dimension-8 
operator

No unique prescription
<latexit sha1_base64="qEFh09maDwFN9zn8PhyY3ZK/Ffs=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXpgIbqznfaPC2vrG5lZxu7Szu7d/UD48ahmVasqaVAmlOyExTHDJmpZbwTqJZiQOBWuH45uZ335i2nAlH+wkYUFMhpJHnBLrpFYvGfH+Xb9c8areHHiV+DmpQI5Gv/zVGyiaxkxaKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm107xmVMGOFLalbR4rv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGtwrPX8YBrRq2YOEKo5u5WTEdEE2pdQCUXgr/88ippXVT9y6p/X6vUa3kcRTiBUzgHH66gDrfQgCZQeIRneIU3pNALekcfi9YCymeO4Q/Q5w9h9I72</latexit>

�L 25

<latexit sha1_base64="9KeY69Yrs+AyY33Qv95X4BROBt0="></latexit>

L1
EFT

= i @ +
�2
H

2M2
H

(  )(  )� �2
H

M4
H

(@µ @
µ )(  )



TOY MODEL, #5

• We matched coefficients at high scale, MH (H stands for “heavy” here)

• Calculate amplitude at one loop in dim-6 effective theory (no      )

• Calculate renormalization coefficients as usual

𝜓! is unrenormalized field, etc

<latexit sha1_base64="VdvQ0riWqrsGhMZ9EJn6Aw2T47o=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64STu7nfeWLacCUf7DRhQUxGkkecEuukdj8Z80FjUK54VW8BvE78nFQgR3NQ/uoPFU1jJi0VxJie7yU2yIi2nAo2K/VTwxJCJ2TEeo5KEjMTZItrZ/jCKUMcKe1KWrxQf09kJDZmGoeuMyZ2bFa9ufif10ttdBtkXCapZZIuF0WpwFbh+et4yDWjVkwdIVRzdyumY6IJtS6gkgvBX315nbSvqv511b+vVeq1PI4inME5XIIPN1CHBjShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5A1vkjvI=</latexit>

�H

See 1006.2142 details of calculation of Z’s
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<latexit sha1_base64="rKmVpSRsEDEurmJVyJxV3mcF3es="></latexit>

 0 =
p

Z  C0 = Cµ2✏Zc

<latexit sha1_base64="ww8NLgxS5TE15YwzeXngFaT37K8=">AAACfnicdVFdjxIxFO3MqovoKquPvlTJElyy2BkJ4IMJCdH4wAOb8JUwZNIpBRo6M03b2YRM5mf4x3zzt/hiC5iogZs0PT3n3Pb23khwpjRCPx334tHjJ5elp+Vnz69evKxcv5qoNJOEjknKUzmLsKKcJXSsmeZ0JiTFccTpNNr2rT59oFKxNBnpnaCLGK8TtmIEa0OFle+DMP/ydVR8rrE8SI3TXgQDoViIikBgqRnmh2Mj74 do74F+UT/lttv780r5LuCmsiUOB+c8gdiwcFAOK1XU/NRt+602RE2EOp7vWeB3Wh9b0DOMjSo4xjCs/AiWKclimmjCsVJzDwm9yG35hNOiHGSKCky2eE3nBiY4pmqR79tXwBvDLOEqlWYlGu7ZvzNyHCu1iyPjjLHeqP81S57S5pledRc5S0SmaUIOD60yDnUK7SzgkklKNN8ZgIlkplZINlhios3EbBP+/BSeBxO/6bWb3n2r2use21ECb8A7UAce6IAe+AaGYAwI+OW8dW6dhgvcmnvnfjhYXeeY8xr8E273N2ZTwWQ=</latexit>

LEFT =i 0@ 0 +
C0

2
( 0 0)( 0 0)� �L 0 0�L

https://arxiv.org/pdf/1006.2142


TOY MODEL, #6

• Bare quantities cannot depend on scale

• EFTs assume large separation of scale: mL << MH

• Always assume large logarithms

0 = µ
d

dµ
C0

<latexit sha1_base64="NRf79x0EHB2ny6drA3pPXefEC+s=">AAAB/nicdVDNSgMxGMzWv1r/quLJS7AInkq2Xdt6EAq9eKxgW6Fdlmw2bUOzmyXJCmUp+CpePCji1efw5tuYbSuo6EBgmJmP78v4MWdKI/Rh5VZW19Y38puFre2d3b3i/kFXiUQS2iGCC3nrY0U5i2hHM83pbSwpDn1Oe/6klfm9OyoVE9GNnsbUDfEoYkNGsDaSVzxCl4MwSYOBMCkYGD5recgrllD5olGrODWIygjV7YqdkUrdqTrQNkqGElii7RXfB4EgSUgjTThWqm+jWLsplpoRTmeFQaJojMkEj2jf0AiHVLnp/PwZPDVKAIdCmhdpOFe/T6Q4VGoa+iYZYj1Wv71M/MvrJ3rYcFMWxYmmEVksGiYcagGzLmDAJCWaTw3BRDJzKyRjLDHRprGCKeHrp/B/0q2U7Wr5/NopNRvLOvLgGJyAM2CDOmiCK9AGHUBACh7AE3i27q1H68V6XURz1nLmEPyA9fYJ5KaVbw==</latexit>

C(mL) = C(MH)� 3�2
L

8⇡2
C log

✓
MH

mL

◆

<latexit sha1_base64="vZRb94msttQrioy5L8Qch8i+66g="></latexit>

This example used a diagrammatic 
approach…. But there is a simpler way
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MORE TOY MODELS

• Suppose there was a very massive heavy gauge singlet scalar, fH ,  and f is 
SM-like scalar doublet

• Re-write 

 

• “Integrate out fH” using equations of motion,  ∂L/∂fH=0, assuming MH >> mh

* f potential is usual SM one

arxiv:1412.1837
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<latexit sha1_base64="nXjgsdU4rP4t/hotnMMnR/cnRzo="></latexit>
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A LOT OF PHENO 
WITH THIS MODEL

<latexit sha1_base64="snRiKcIlK4SLEGOYekeeP4KV+4U="></latexit>
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2 � M2
H

2
�2
H
�A | � |2 �H � 

2
| � |2 �2

H
� µ
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4
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+ SM HIGGS TERMS

https://arxiv.org/pdf/1412.1837.pdf


DECOUPLING TOY MODEL

• Linearized equations of motion give classical solution:

• Substitute into original Lagrangian to generate new operators

Of shifts Higgs trilinear coupling

OH =
1

2
(@µ | � |2)2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

*mh is SM Higgs doublet field
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<latexit sha1_base64="rBGRmy8J0PnNviZwNBhFnxsreOs=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2ropBTfdCBXsA9sQJtNJO3QyCTMToYT+hRsXirj1b9z5N07aCip64MLhnHu5954gYVQqy/owCmvrG5tbxe3Szu7e/kH58Kgr41Rg0sExi0U/QJIwyklHUcVIPxEERQEjvWB6lfu9eyIkjfmtmiXEi9CY05BipLR0d+23YKMBI3/ilyuWeVmvOm4VWqZl1WzHzolTcy9caGslRwWs0PbL78NRjNOIcIUZknJgW4nyMiQUxYzMS8NUkgThKRqTgaYcRUR62eLiOTzTygiGsdDFFVyo3ycyFEk5iwLdGSE1kb+9XPzLG6QqrHsZ5UmqCMfLRWHKoIph/j4cUUGwYjNNEBZU3wrxBAmElQ6ppEP4+hT+T7qOaVdN+8atNN1VHEVwAk7BObBBDTRBC7RBB2DAwQN4As+GNB6NF+N12VowVjPH4AeMt09IjI/8</latexit>

MH >> mh

<latexit sha1_base64="bme9K9GuDMRseqveQSxz+6J2738=">AAACBHicdVDLSsNAFJ34rPVVddnNYBHqJiRtaOtCKLhxZwX7gCYNk8mkHTp5MDMRSunCjb/ixoUibv0Id/6Nk7aCih64l8M59zJzj5cwKqRhfGgrq2vrG5u5rfz2zu7efuHgsCPilGPSxjGLec9DgjAakbakkpFewgkKPUa63vgi87u3hAsaRzdykhAnRMOIBhQjqSS3ULxy7WREz8tZH9g+Gg4Jz/jpoOoWSoZ+1qhVrBo0dMOomxUzI5W6VbWgqZQMJbBEyy28236M05BEEjMkRN80EulMEZcUMzLL26kgCcJjNCR9RSMUEuFM50fM4IlSfBjEXFUk4Vz9vjFFoRCT0FOTIZIj8dvLxL+8fiqDhjOlUZJKEuHFQ0HKoIxhlgj0KSdYsokiCHOq/grxCHGEpcotr0L4uhT+TzoV3azp5rVValrLOHKgCI5BGZigDprgErRAG2BwBx7AE3jW7rVH7UV7XYyuaMudI/AD2tsnHZ+Xuw==</latexit>

O� = (�†
�)3
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Just rearrangement



TOY MODEL CONTINUED

• Modification of SM quartic Higgs coupling:  

• In consistent EFT, many new effects….but suppressed by 1/MH
2

Idea is that UV model can be determined by measuring pattern of coefficients
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<latexit sha1_base64="HGCEShs9HYgkKrQbwJsqu/ipD0Q="></latexit>

�h ! �h � A2

2M2
H



TOY MODEL AT ONE-LOOP, #1

• Light and heavy scalar: 

• Calculate                 in        (ie drop poles).  (Also t- and u- channel, plus tree level)

• No choice of scale eliminates logs

31

<latexit sha1_base64="1XfYfpdDeDGUFXURyGmWnnfM6Yg="></latexit>
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<latexit sha1_base64="Gvtdo7z0PSpmMqgIdlwbhUC27ZE=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjNS1GXBjcsK9gFtKZk00wnNJENyRylDl278FTcuFHHrJ7jzb0zbQbT1wL0czrmX5J4gEdyA5305S8srq2vrhY3i5tb2zq67t98wKtWU1akSSrcCYpjgktWBg2CtRDMSB4I1g+HVxG/eMW24krcwSlg3JgPJQ04JWKnnHnWSiONZ03wQAdFa3eMfteeWvLI3BV4kfk5KKEet5352+oqmMZNABTGm7XsJdDOigVPBxsVOalhC6JAMWNtSSWJmutn0kDE+sUofh0rbkoCn6u+NjMTGjOLATsYEIjPvTcT/vHYK4WU34zJJgUk6eyhMBQaFJ6ngPteMghhZQqjm9q+YRkQTCja7og3Bnz95kTTOyv552b+plKqVPI4COkTH6BT56AJV0TWqoTqi6AE9oRf06jw6z86b8z4bXXLynQP0B87HN0AvmXI=</latexit>

�� ! ��

<latexit sha1_base64="ExydCytIAwrERDThGncsR38fEyc="></latexit>

AUV = �6�+
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<latexit sha1_base64="8rR7yxnj4GGb/s1ceB8Npo9+Tqs=">AAACIHicbVDLSgMxFM34rPU16tJNsAh1U2ZKsS4LIrisYB/QaUsmvW1Dk5kxyRTKMJ/ixl9x40IR3enXmD4W2nogcDjnXG7u8SPOlHacL2ttfWNzazuzk93d2z84tI+O6yqMJYUaDXkomz5RwFkANc00h2YkgQifQ8MfXU/9xhikYmFwrycRtAUZBKzPKNFG6trlxAuNPx1PPBGnqQcPMRtjwztFnEAn8QZECNK9SWdBnC95EbtIu3bOKTgz4FXiLkgOLVDt2p9eL6SxgEBTTpRquU6k2wmRmlEOadaLFUSEjsgAWoYGRIBqJ7MDU3xulB7uh9K8QOOZ+nsiIUKpifBNUhA9VMveVPzPa8W6f9VOWBDFGgI6X9SPOdYhnraFe0wC1XxiCKGSmb9iOiSSUG06zZoS3OWTV0m9WHAvC+5dKVcpLerIoFN0hvLIRWVUQbeoimqIokf0jF7Rm/VkvVjv1sc8umYtZk7QH1jfP+oNo/M=</latexit>

µ ⌘ µ2 e�E

(4⇡)

<latexit sha1_base64="d2HS8cdV8MAHvoIoWk/j1ytpp38=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWRoi4LbtwIFe0D2lAm00k7dDIJMxOhhnyJGxeKuPVT3Pk3TtostPXAwOGce7h3jh9zprTjfFultfWNza3ydmVnd2+/ah8cdlSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT69zv/tIpWKReNCzmHohHgsWMIK1kYZ2NR1Exs/j6e19lg3tmlN35kCrxC1IDQq0hvbXYBSRJKRCE46V6rtOrL0US80Ip1llkCgaYzLFY9o3VOCQKi+dH56hU6OMUBBJ84RGc/V3IsWhUrPQN5Mh1hO17OXif14/0cGVlzIRJ5oKslgUJBzpCOUtoBGTlGg+MwQTycytiEywxESbriqmBHf5y6ukc153L+ruXaPWbBR1lOEYTuAMXLiEJtxAC9pAIIFneIU368l6sd6tj8VoySoyR/AH1ucPaVSTiQ==</latexit>
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<latexit sha1_base64="awC980CzsfRtj8olU/6Y7MtPRKE=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9RjwkmME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+m/mtJ26s0OoBJwkPYzpUYiAYRSc1u8lI9Gq9Utmv+HOQVRLkpAw56r3SV7evWRpzhUxSazuBn2CYUYOCST4tdlPLE8rGdMg7jioacxtm82un5NwpfTLQxpVCMld/T2Q0tnYSR64zpjiyy95M/M/rpDi4DTOhkhS5YotFg1QS1GT2OukLwxnKiSOUGeFuJWxEDWXoAiq6EILll1dJ87ISXFeC+6ty1c/jKMApnMEFBHADVahBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fWrCO7g==</latexit>
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<latexit sha1_base64="awC980CzsfRtj8olU/6Y7MtPRKE=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9RjwkmME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+m/mtJ26s0OoBJwkPYzpUYiAYRSc1u8lI9Gq9Utmv+HOQVRLkpAw56r3SV7evWRpzhUxSazuBn2CYUYOCST4tdlPLE8rGdMg7jioacxtm82un5NwpfTLQxpVCMld/T2Q0tnYSR64zpjiyy95M/M/rpDi4DTOhkhS5YotFg1QS1GT2OukLwxnKiSOUGeFuJWxEDWXoAiq6EILll1dJ87ISXFeC+6ty1c/jKMApnMEFBHADVahBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fWrCO7g==</latexit>

�H

How does decoupling work?

*Integral computed at threshold



TOY MODEL AT ONE- LOOP, #2

• Now compute                in EFT 

• Note Lagrangian coefficients can be different in EFT (it’s a different theory)

• At matching scale,  L:

• At tree level:

• At one-loop:
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Matching has no logarithmic 
dependence on low scale, m
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C�4 = ��

Take L~M to fix log small
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MORE ON SCALES 

• Since matching is done at L, low energy amplitude is:

• RGE running of Cf4 from L to µL

• No large logs in EFT amplitude 
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SCALES AND THE EFT

dCi(µ)

d logµ
= ⌃j

1

16⇡2
�ijCj
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L

MW

UV Model →  C(L) Matching

Running

PrecisionEFT→  C(MW)

Assume large separation of scales

Note that gij is not 
diagonal in general
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RUNNING AND NEW PHYSICS

• Anomalous dimensions of dim-6 operators to NLO known

• Solve:

• Operator mixing can generate new effects

• Example:  CfD is T parameter (isospin violation).  Toy model generated Cf but not CfD

• Running of Cf:

35
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FINDING A BASIS

• Suppose we have a light scalar f

• Write all possible terms to dimension-6

• A basis requires that we eliminate all operators that can be removed 
by field redefinitions or equations of motion

• Only 1 non-redundant dimension-6 operator

• Same physics
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FINDING A BASIS

• Could alternatively make a field redefinition and recover the same L

• Physical predictions are independent of field redefinitions

• Or finally could do it diagrammatically 

• At linear level field redefinition and equations of motion are equivalent

• Operators that can be eliminated with equations of motion are called 
redundant operators and are not needed to compute physical 
observables
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