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THE PARTICLE PHYS ICS  WORLD 
HAS CHANGED DRAMATIC ALLY 

IN THE LAST DEC ADE

• The triumph of the Standard Model

• European Strategy Study and 
Snowmass Study inspire us to think 
about the future

• What is missing from our knowledge 
of the Higgs?
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IN THE LAST 11 
YEARS….

2012:  LHC discovered a Higgs 
boson; it appears to have 

predicted properties
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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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SM PROCESSES APPEAR TO HAVE 
PREDICTED RATES 

R
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� = 24 ± 4 ± 5 fb (data)
NLO QCD + EW (theory) 139 JHEP 11 (2021) 118

� = 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 arXiv:2201.13045

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

� = 990 ± 50 ± 80 fb (data)
Madgraph5 + aMCNLO (theory) 139 Eur. Phys. J. C 81 (2021) 737

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

� = 870 ± 130 ± 140 fb (data)
Madgraph5 + aMCNLO (theory) 36.1 PRD 99, 072009 (2019)

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

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

PLB 735 (2014) 311

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

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

� = 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 Phys. Rev. D 87 (2013) 112001

arXiv:1408.5243

� = 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 ATLAS-CONF-2022-002

� = 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

� = 68 ± 2 ± 8 pb (data)
NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

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

� = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

� = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 EPJC 74 (2014) 3109

� = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74 (2014) 3109

� = 826.4 ± 3.6 ± 19.6 pb (data)
top++ NNLO+NNLL (theory) 36.1 EPJC 80 (2020) 528

� = 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

� = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

� = 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 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

� = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B, 486-548 (2014)

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158
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Status: February 2022

ATLAS Preliminary
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data
stat
stat � syst

LHC pp
p
s = 8 TeV

Data
stat
stat � syst

LHC pp
p
s = 7 TeV

Data
stat
stat � syst

Standard Model Total Production Cross Section Measurements

0.5 1 1.5 2
theos / expsProduction Cross Section Ratio:   

CMS PreliminaryMay 2021

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1405.7225
https://arxiv.org/abs/1405.7225gg  0.12± 0.01 ±1.06 -15.0 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), gW  0.13± 0.03 ±1.16 -15.0 fb
https://arxiv.org/abs/2102.02283
https://arxiv.org/abs/2102.02283(NLO th.), gW  0.05± 0.00 ±1.01 -1137 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), gZ  0.05± 0.01 ±0.98 -15.0 fb
https://arxiv.org/abs/1502.05664
https://arxiv.org/abs/1502.05664(NLO th.), gZ  0.05± 0.01 ±0.98 -119.5 fb
https://arxiv.org/abs/1210.7544
https://arxiv.org/abs/1210.7544WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1306.1126WW  0.09± 0.04 ±1.07 -14.9 fb
https://arxiv.org/abs/1507.03268
https://arxiv.org/abs/1507.03268WW  0.08± 0.02 ±1.00 -119.4 fb
https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2009.00119WW  0.06± 0.01 ±1.00 -135.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.06± 0.07 ±1.05 -14.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.07± 0.04 ±1.02 -119.6 fb
https://arxiv.org/abs/2110.11231
https://arxiv.org/abs/2110.11231WZ  0.03± 0.02 ±1.00 -1137 fb
https://arxiv.org/abs/1211.4890
https://arxiv.org/abs/1211.4890ZZ  0.07± 0.13 ±0.97 -14.9 fb
https://arxiv.org/abs/1406.0113
https://arxiv.org/abs/1406.0113ZZ  0.08± 0.06 ±0.97 -119.6 fb
https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/2009.01186ZZ  0.04± 0.02 ±1.04 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 



STANDARD MODEL WORKS
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Model !, γ Jets† Emiss
T
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 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 1703.091278.9 TeVMth

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

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 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 ′ → ## 2 e, µ − − 139 1903.062485.1 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 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 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 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 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 #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) 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).

New physics is heavy 1 TeV



CONSISTENCY AT THE 
QUANTUM LEVEL

• W boson mass is a prediction of the theory

• At the quantum level contributions from the top quark and the Higgs boson

7

WW

Top, Higgs
calculable

* Infinite without Higgs boson

<latexit sha1_base64="wuOxixye+3qaf6a2C3fyE9+ReTo="></latexit>

MW ⇠ 80.94 GeV + (...)
M2

t

(246 GeV )2
+ (...) log(M2

H
) + ...



AND EVERYTHING IS REASONABLY 
CONSISTENT WITH ELECTROWEAK 

PRECISION….

80.3 80.4 80.5

[GeV]WM

150

200

[G
eV

]
t

m

HEP fit

68% and 95% probability contours
H, and mt, mWFit without M

t and mWFit without M
Full Fit
Experimental measurements

De Blas,  Pierini, Reini, Silvestrini, 2204.04204

• SM works at the 
quantum level

• MW is a predicted 
quantity

https://arxiv.org/pdf/2204.04204.pdf


ALL DATA SO FAR CONSISTENT 
WITH….
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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?
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HIGH SCALE DECOUPLING

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

• SM scattering: 

• 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
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THE HIGGS IS DIFFERENT

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

• Longitudinal polarizations also change counting

12

H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

�i
mf

v
�2i

M2
V

v
gµ⌫

H H

f

f

W,Z

W,Z

This suggests that the Higgs sector is a good 
place to begin our search for new physics



REVIEW OF HIGGS COUPLINGS

• Couplings to fermions proportional to mass: 

• Couplings to massive gauge bosons proportional to (mass)2 :

• Couplings to massless gauge bosons at 1-loop:*

• Higgs self-couplings proportional to MH
2:

Only unpredicted parameter is MH

* Normalization is such that F→1 for Mt, MW→ ∞ 13

<latexit sha1_base64="OVeV6MW4mqTJtr3Mz3TwfX4tquI=">AAACB3icdVBLS8NAGNzUV62vqEdBFovgKSQ1pPVW8NJjBfuANoTNdtMu3TzY3RRKyM2Lf8WLB0W8+he8+W/ctBVUdGBhmJlvd7/xE0aFNM0PrbS2vrG5Vd6u7Ozu7R/oh0ddEacckw6OWcz7PhKE0Yh0JJWM9BNOUOgz0vOn14XfmxEuaBzdynlC3BCNIxpQjKSSPP00C71gGKsInOWwBbMFL26DQQ4DT6+axlXDqdkONA3TrFs1qyC1un1pQ0spBapghbanvw9HMU5DEknMkBADy0ykmyEuKWYkrwxTQRKEp2hMBopGKCTCzRZ75PBcKSMYxFydSMKF+n0iQ6EQ89BXyRDJifjtFeJf3iCVQcPNaJSkkkR4+VCQMihjWJQCR5QTLNlcEYQ5VX+FeII4wlJVV1ElfG0K/yfdmmE5hnVjV5vOqo4yOAFn4AJYoA6aoAXaoAMwuAMP4Ak8a/fao/aivS6jJW01cwx+QHv7BMMqmTc=</latexit>

mf

v
Hff

<latexit sha1_base64="hvG9d0uanDMB7uMKxBaLGgJpx1M="></latexit>

2M2
W

H

v
W

+
µ W

�µ +M
2
Z
H

v
ZµZ

µ

<latexit sha1_base64="LvJT30vVmZv/lxvPjzDOtETzqr0="></latexit>

F (mf )
↵s

12⇡

H

v
G

A
µ⌫G

A,µ⌫ + F (mf ,MW )
↵

8⇡

H

v
Fµ⌫F

µ⌫ + F (mf ,MW )
↵

8⇡sW

H

v
Fµ⌫Z

µ⌫

<latexit sha1_base64="dBWWss6N2ve2ig45QEk8Ntm4y2A="></latexit>

M
2
H

2
H

2 +
M

2
h

2v
H

3 +
M

2
h

8v2
H
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HIGGS PRODUCTION AT A HADRON COLLIDER

Most important processes:

H

H

H

H

Vanishes if v=0:  Fundamental test of EWSB mechanism

Depends on new 
physics in loop

Direct measurement 
of tth Yukawa

14

<latexit sha1_base64="/NCp2hOZef4tOwG2JKunT62okcA="></latexit>

gg ! H

qq ! qqH

qq ! V H

qq, gg ! ttH



TESTING HIGGS COUPLINGS: k APPROACH

• Assume no new resonances/zero width approx/no new tensor structures

• Define scaling factors k

15

H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

�i
mf

v
f �2i

M2
V

v
gµ⌫V

SM  gauge invariance requires k=1

� ·BR(ii ! H ! jj) =
�ii�jj

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

Doing this spoils unitarity cancellations, gauge invariance….



HIGGS COUPLINGS: k FRAMEWORK

( )( ) ( ) ( )
2 2

2
g

SM
H

BR gg H gg H BR H gk k
k

s gg s ggé ù× ® ® =
×

® × ® ´ë û

( ) ( )

( )

2

No BSM decays2 2 2 2

With BSM decays 2 2

 is the scale factor to the total Higgs decay width

  

                                          
1

H

H x H x SM
x x

SM
H x

BSM

BR H xx BR H xx

BR H xx
BR

k

k k k k

k k

= × ® ¾¾¾¾¾® = × ®

®
¾¾¾¾¾® = ×

-

å å

å

Example:
gg H gg® ®

Note dependence 
on total width

Fits typically done under both assumptions 
(Crucial to read the fine print!)



k RESCALING OF HIGGS COUPLINGS

• Problems:  

• Gauge invariance requires k=1

• Higgs couplings not free parameters in SM

• Not a consistent field theory → no higher order corrections

• EW corrections don’t factorize (can’t be included) 

• No kinematic information

• Higgs coupling measurements cannot be combined with other measurements

17



EFFECTIVE FIELD THEORY

• Assume all new physics is at a higher scale than current measurements

• See what we can learn by looking at corrections to SM predictions 
from unknown higher scale physics 

• Can connect data from different sectors (Higgs, top, electroweak) for 
more information

• Effective field theories are consistent theories where corrections can 
be calculated in terms of some expansion parameter 

18



FAMILIAR EXAMPLE OF EFFECTIVE THEORY

• µ decay:

• In the SM:

• Match at low q2

19

Gives very precisely measured GF~10-5 GeV-2

• 4 fermion interaction rate grows with energy ~ GF
2 (Energy)2

• Theory only makes sense for Energy < 600 GeV

Ahigh energy =
g2

2
( �µPL )( �µPL )

✓
1

q2 �M2
W

◆

<latexit sha1_base64="UCknYQOS1mSR4Oj96yNeR9dqQbw="></latexit>

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

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

q2 << M2
W ! GFp

2
=

g2

8M2
W

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

Predict coefficients of low energy effective theory in terms of UV physics



EFFECTIVE FIELD THEORY FRAMEWORK

• Assume SU(3) x SU(2) x U(1) gauge theory with no new  light particles

• Assume Higgs particle is part of SU(2) doublet (defines SMEFT)

• SM is low energy limit of effective field theory with towers of higher dimension 
operators

• Many possible operators, must choose relevant set (typically ~20-30 in current fits) 

• Power of SMEFT is that it connects top, Higgs, EW physics processes

BSM Effects SM Particles
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COUNTING DIMENSIONS

• [y]~3/2

• [f]~1

• [W]~1

• [Dµ]~1
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SM is dimension 4 
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EXAMPLE OF CONSTRUCTING OPERATORS

• Take any SM interaction, say

• Tack on 

• Generate redefinition of SM terms plus Higgs couplings from 

• First term redefines as 

22

L ⇠ �igst�
µTAtGa

µ

L ⇠

�igst�

µTAtGa
µ

�
ctg

✓
�†�

⇤2

◆

↵s ! ↵SM
s

✓
1 +

ctgv2

⇤2

◆

�†�

Change SM interactions in gauge invariant manner

�
†
� =

(H + v)2

2
<latexit sha1_base64="i6sBQe/Z6H1e5QL1GxFfUygtRV8="></latexit>

L ⇠

�igst�

µ
T

A
tG

A
µ

�
ctg

✓
v
2 + 2vH +H

2

2⇤2

◆

<latexit sha1_base64="9GN3UOASVXn+hZpa+EreZ65YVds="></latexit>

*ttGH and ttGH are correlated!



CONSTRUCT SMEFT FOR GAUGE INTERACTIONS

23

gs
g1
g2

(�†�)GA
µ⌫G

µ⌫,A

(�†�)Bµ⌫B
µ⌫

(�†�)W a
µ⌫W

µ⌫a

Take SM operators and add
Change 
definitions of 
input 
parameters �

†
� =

1

2
(H + v)2

<latexit sha1_base64="FR0I+xQJ03H46wQqk6Cx4TETjzE="></latexit>

Warsaw basis operator
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NO UNIQUE BASIS FOR OPERATORS

• Write down an operator

• Use equations of motion to generate new operator

• Need to find an independent set of operators

• Most commonly used basis is called Warsaw Basis
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Equations of motion take derivative 
operator to 4-fermion operator



WARSAW BASIS

+…..

• Start from SM Lagrangian and add (f+f) to all terms
• The interesting operators are those with derivatives
• Derivative operators introduce new structures into kinematic distributions
• Most of 2499 operators come from flavor permutations



Higgs

COMPLICATED

• Power of SMEFT is 
connection of data 
from different 
processes 

• Eventually, EIC will 
contribute to this 
picture
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SCALES AND THE EFT

dCi(µ)

d logµ
= ⌃j
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L

MW

UV Model → C(L) Matching

Running

PrecisionEFT→ C(MW)

Assume large separation of scales



ADVANTAGES OF SMEFT APPROACH

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

• 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?
28



HIGGS COUPLINGS TO GLUONS

• Largest contribution in SM is from top quarks

• (Hff coupling ~ mf/v)

• Not a direct measurement of ttH coupling since there could be new particles in loop

29

t

Contribution of b quark ~ -4%

No direct ggH , ggH couplings since Higgs couples to 
mass

H



HEAVY MASS STATES AND SM

• Most familiar example  of non-decoupling is gluon fusion with heavy 
chiral fermion:
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• For heavy chiral fermion, F1/2 →-4/3, independent of mass
• This result can be derived from the effective Lagrangian
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Question:  Why does this logic show that there can’t be a SM-like 4th generation?



GLUON FUSION IN THE SMEFT

• Changes relationship between top mass and SM Yukawa, Yt:

• Changes ttH coupling:
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WHAT DOES GLUON FUSION MEASURE?

• gg →H  cannot distinguish effective ggH coupling from 
modification to Yukawa coupling in the large mt limit

• Flat directions like this are common in SMEFT 

g

g

H
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IDENTIFY SMEFT COEFFICIENTS

• Is the ttH coupling the Standard Model coupling?

• Non-SM contributions change rate/distributions 
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HL-LHC 3000 fb-1 • Observation of gluon fusion 
production of Higgs at 
expected rate doesn’t mean 
Higgs has SM ttH coupling

• Need ttH production
• High luminosity will pin 

down coupling

Maltoni,  Vryonidou, Zhang,  Arxiv:1607.05330

Non-SM ggH coupling
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*tH production is sensitive 
to the sign of the coupling

https://arxiv.org/pdf/1607.05330.pdf


HIGGS MECHANISM IN SMEFT

• Higgs mechanism as usual, but with extra terms

• Minimize potential (keeping only terms up to 1/L2):
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of field to get canonical normalization

*This is Warsaw basis
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HIGGS MECHANISM IN SMEFT, #2

• Higgs field is not canonically normalized:

• Canonical normalization recovered:

• All Higgs interactions shifted
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Other possible purely scalar operators can be eliminated by 
integration by parts, or by use of the equations of motion 
(ok with dim-6 operators) or by field redefinitions



SMEFT GAUGE SECTOR

• Shift fields so that gauge fields have canonical forms

• Find mass eigenstates as usual:

• SM relationships among parameters altered (barred fields remind us of this)
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H→gg

• What do we learn from precision Higgs decays?

• Some operators are constrained at tree level in gg [CHB, CHW, CHWB] 
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• EFT confuses loop and tree 
expansion of SM

• Consider effects of EFT 
operators in loops (since it 
is a consistent field theory)


