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THE PARTICLE PHYSICS WORLD 
HAS CHANGED DRAMATICALLY 

IN THE LAST DECADE

• The triumph of the 
Standard Model
• European Strategy 

Study and Snowmass 
Study inspire us to 
think about the 
future
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A HIGGS PARTICLE PREDICTED IN 1964

Peter Higgs in the LHC tunnel in 2012
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A LONG JOURNEY
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The idea of 
symmetry still 
guides search 
for new physics



FIRST STUDY OF THE HIGGS, 
1976
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WHY IS THE HIGGS BOSON SO 
IMPORTANT?
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A well understood and well defined model

Particles that interact 
by exchanges of 
forces carried by 
gauge bosons

Model doesn’t make 
sense without Higgs 
or something like it

STANDARD MODEL



THE SM IS SIMPLE AND PREDICTIVE

• SU(3) x SU(2) x U(1)
• Gauge interactions describe forces

• 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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IN THE LAST 9 YEARS….

• 2012:  LHC discovered a Higgs boson; it appears to 
have predicted properties
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HIGGS PRODUCTION AND DECAY

• Predicted in terms of Higgs mass

• Discovery through Higgs decays to 2 photons and Higgs decays to ZZ 
(and subsequent decays of Z’s to electrons and muons)

• Small rates, but observation signals are clean
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H→ ZZ→ e+e-e+e-

H→gg



DISCOVERY TO PRECISION
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DISCOVERY TO PRECISION
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MEASUREMENTS COMPARED TO 
EXPECTATIONS

• Dominant production of Higgs boson is gluon fusion

• Rate is power series in strong coupling constant, as~.118 
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THEORY CRITICAL FOR 
INTERPRETING DATA

• Calculation of Higgs production to NNNLO required:
• New analytic techniques

• New computational techniques

• Surprisingly large corrections to gluon fusion production:
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INTERPRETING MEASUREMENTS 

• Motivates a huge theory program of calculating Standard Model  
predictions

• Good convergence of calculations at high perturbative orders in strong 
coupling 
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Total Higgs 
cross section

Bands are estimates of 
theory uncertainties

https://arxiv.org/abs/1503.06056


FROM DISCOVERY TO PRECISION 
MEASUREMENTS
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• Higgs couplings to 
fermions and gauge 
bosons fixed in SM

• Couplings proportional 
to mass

• A deviation from this 
pattern signals new 
physics! 
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THEORY UNCERTAINTIES

FUTURE
• Despite huge theory progress, the theory 

uncertainties will be significant at HL-LHC

• Corollary:  assigning new physics 
interpretations to Higgs measurements 
limited by understanding Standard Model 
predictions
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Can’t talk about new physics without understanding 
Standard Model theory and experiment

Deviation from SM prediction



IT’S NOT JUST THE HIGGS
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Theory/experimental agreement over many 
orders of magnitude and in many processes
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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

18

WW

Top, Higgs
calculable

* Infinite without Higgs boson



140 150 160 170 180 190
 [GeV]tm

80.25

80.3

80.35

80.4

80.45

80.5 [G
eV

]
W

M

68% and 95% CL contours
 measurementst and mWFit w/o M

 measurementsH and M
t

, mWFit w/o M
 measurementst and mWDirect M

σ 1± comb. WM
 0.013 GeV± = 80.379 WM

σ 1± comb. tm
 = 172.47 GeVtm

 = 0.46 GeVσ
 GeV theo 0.50⊕ = 0.46 σ

 = 125 GeV

HM = 50 GeV

HM  = 300 GeV

HM  = 600 GeV

HM
G fitter SM

M
ar ’18

THE SM WORKS AT THE QUANTUM LEVEL
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Standard Model fits data very well at the quantum level
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ALL DATA SO FAR CONSISTENT 
WITH….
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SO WHY ARE WE TALKING?

21

Beautiful 
model that 
works…. 
But…..



THE SM CAN’T BE COMPLETE

• It doesn’t explain:
• Neutrino masses

• The pattern of fermion masses
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Can’t predict masses or 
explain large hierarchy
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• It doesn’t explain the strength of the gauge interactions

• Maybe there is a unified explanation at high energy?

THE SM CAN’T BE COMPLETE

SM

23*Numbers from PDG
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WHY DOES THE UNIVERSE HAVE MORE 
BARYONS THAN ANTI-BARYONS?

• At beginning of universe • Shortly after

24
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THEORY UNHAPPINESS WITH SM
CONTINUES

• What is dark matter and dark 
energy?

• Attempt to answer this question 
has inspired countless models

A theory of everything would 
answer these questions

25



A LITTLE EXPERIMENTAL EVIDENCE

• A few experimental indications support the theory view that there 
might be physics beyond the Standard Model 
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+ other ~ 3 s indications 
from B physics

(g-2)µ
4.2s

SM

Lepton flavor 
violation at 3.1s?



TAKE SERIOUSLY THE NEED FOR 
EXTENDING THE SM

27

• How do we investigate cracks in 
the Standard Model?

• Can we get a handle on where 
new physics might be?



PREDICTIONS….. 

The future is 
unclear….

28

*In 2006 I thought we 
were going to measure 
everything possible about 
the Higgs or observe 
strongly interacting WW 
scattering



HISTORY: PREDICTING THE SCALE OF NEW PHYSICS

• Before the Standard Model,  Fermi theory explained 
the rate for                            in terms of an  
effective 4-fermion interaction

• Problem: Scattering rate becomes non-perturbative 
at Energy ~ 600 GeV   (violates unitarity)

• W boson saved the day

W

GFE2 → GFMW
2

29
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µ ! e⌫e⌫µ

W boson or 
something like it 
had to be there

s~ GFE2
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• Hints from Higgs physics

• Scattering amplitudes grow with energy without Higgs below 800 GeV

• This logic gives generic upper bounds on new physics

WHAT ENERGY HAS NEW PHYSICS?

¥
a0

Energy
30

Not allowed in 
perturbative theory

Must have a Higgs boson or something that 
plays it role for perturbative theory



THE NEW PARADIGM

• Past: Guaranteed discoveries ensured by no-lose theorems

• Beyond the Fermi theory (the W)

• Beyond the bottom quark (the top)

• Beyond the electroweak theory (the Higgs)

Future : No guarantees, need to examine many possibilities

• Scattering amplitudes grow with energy without W, 
top, Higgs….

• Knew (approximately) the scale of new physics

Look for new physics in many places
31



TWO PATHWAYS TO NEW 
PHYSICS

32

Precision measurements and 
calculations of Standard 
Model observables

Build models and search for 
evidence of new particles

Approaches are complementary:  Need both
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NO SIGN OF ANY NEW PARTICLES

• No shortage of models predicting 
more  particles

• But no evidence yet….

NEW?

RESONANCE?

SM prediction

33

What do we learn from 
precision measurements?



NEW PHYSICS FROM HIGGS COUPLINGS

• Higgs couplings fixed in Standard Model

• Deviation from Standard Model prediction would be evidence for new 
physics

• But we wouldn’t know source of new physics

• Currently know Higgs couplings to W and Z gauge bosons at 8-12%
• Higgs couplings to 3rd generation fermions (t,b,t) at 15-20% 

We are just getting to the interesting regime:  
Generically expect deviations 
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Scale of new physics

*very dependent on model



WHAT WE HOPE FOR

Scale of new physics
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a Higgs coupling  from the SM, 
can we associate it with a scale of 
new physics?
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For this to work, we have 
to understand the SM first 
(Remember precision 
measurements at LEP!)



MANY POSSIBLE TOOLS

36Higgs Factories, Granada 2019

e+e-

pp



FUTURE COLLIDERS

• Possibilities for couplings at the % 
level with future colliders 

• Motivates theory calculations at the 
% level

arxiv:1905.03764 37

• If new physics explains why top quark is heavy, maybe top –Higgs 
coupling will deviate from prediction

HL LHC

FCC-ee + FCC-hh

ILC
CLIC

FCC-eePrecision of top 
quark coupling to 
the Higgs

https://arxiv.org/pdf/1905.03764.pdf


FUTURE COLLIDERS

• Possibilities for couplings at the % 
level with future colliders 

• Motivates theory calculations at the 
% level

arxiv:1905.03764 38

• If (g-2)µ is an indication of new physics, maybe muon –Higgs 
coupling will deviate from prediction

HL LHC

FCC-ee + FCC-hh

ILC
CLIC

FCC-ee

https://arxiv.org/pdf/1905.03764.pdf


IT’S NOT JUST THE HIGGS
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• Top quark, DrellYan, di-boson production….
• Need to connect information from different 

types of measurements



Higgs

NEED CONSISTENT FRAMEWORK

40

Top

Di-boson

EWPO
ttH

ttZ

WW

• The precision 
program at the LHC 
and future colliders 
needs a theoretical 
framework to include 
multiple types of 
measurements



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

MW Only SM particles in theory at low scales

41

This is sad scenario where there is 
no intermediate scale physics

Learn about high scale physics by measuring 
coefficients of effective operators with global fits



EFFECTIVE FIELD THEORY PROVIDES FRAMEWORK

• Useful to have a model independent formulation of new physics

• SM works at the weak scale with SM-like Higgs

• Treat SU(3) x SU(2) x U(1) as good symmetry with doublet Higgs particle

• O: Higher dimension gauge invariant operators constructed from SM fields 

• All Beyond the Standard Model effects in coefficients, C

• Allows for a systematic parameterization of deviations from SM predictions 
without affecting agreement with low energy measurements

42

Expansion in powers of 1/L2
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MANY SOPHISTICATED GLOBAL FITS

• Include Higgs data,  WW,  WZ production with kinematic 
distributions, top quark data

• Include precision observables from LEP/SLD

• Compare with “best SM theory”

• Calculate to NLO QCD in the effective field theory

• Some fits include flavor observables

43

*LHC-EFT working group is spanning efforts in different areas

Precision program 
has a lot of pieces



EXAMPLE OF GLOBAL FIT
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• Precision of limits 
very different for 
different operators

• Orange and Blue are 
different approaches 
to expansion in 1/L2

2105.00006

https://arxiv.org/pdf/2105.00006.pdf


WHAT DO WE LEARN BY FITTING EFT COUPLINGS?

• In any given high scale model, 
coefficients of EFT predicted in terms 
of small number of parameters

• Different operators are generated in 
different models

• By measuring the pattern of 
coefficients, information is gleaned 
about high scale physics

-0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4

cH
c f

Dawson, Murphy, 1704.07851

Fit to Higgs data

Real scalar singlet

Complex 
scalar triplet

Real scalar 
triplet
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PATTERNS OF COEFFICIENTS

46
* These are particularly simple toy models

• Compare models with new 
scalars or new heavy 
top/bottom quarks at the high 
energy scale

• Do global fits to just the sets 
of operators generated in 
these models

• Fits can restrict high scale 
models Scale of new physics

Coupling 
strength 
(mixing angle)  
of high scale 
new physics

2007.01296

https://arxiv.org/pdf/2007.01296.pdf


THE OTHER PATH

• Build a model that explains (some) of the mysteries 
of the Standard Model

• Test model predictions experimentally

• PROS:

• Typically get quite strong limits

• CONS:

• No generally accepted preferred model

• Limits often have lots of fine print
47



MANY POSSIBILITIES FOR NEW PHYSICS

48

Models predict deviations 
from SM predictions and 
typically as yet unobserved 
heavy particles

Only experiment can tell us 
which (if any) model is correct

[Murayama]



CURRENT LIMITS IN THE 1-10 TEV RANGE

Model ℓ, γ Jets† Emiss
T
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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 1703.091278.9 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 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → ℓνqq 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 ′ → ℓℓ 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 ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

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

HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 139 gV = 3 1906.085893.8 TeVV′ mass

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

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 CERN-EP-2020-0733.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR 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 ℓℓqq 2 e, µ − − 139 η−LL CERN-EP-2020-06635.8 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 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 reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 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 Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 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 − 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 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 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR 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

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 Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2020

ATLAS Preliminary∫
L dt = (3.2 – 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).

****But we don’t really have a target mass**** 49



LOOK AT A FEW EXAMPLE MODELS

• Models with more Higgs particles

• No theoretical reason not to have more Higgs particles

• Look at model where new Higgs doesn’t interact with 
anything other than SM Higgs (this can be used to 
construct models explaining dark matter and to explain 
why there are more baryons than anti-baryons)

• And a model with a 2nd identical copy of the SM Higgs 

• Models with a heavy copy of the top quark

• Why not? (Might explain why top is heavy)
50



ADD 1 MORE HIGGS PARTICLE

• Add a Higgs that only talks to the Standard Model Higgs

• Simple and predictive

• Predictions: 

• Couplings of Standard Model Higgs to known particles reduced by 
constant factor (same for all particle)

• There is a new heavy Higgs particle that we can search for
51

New 
Higgs

All the other particles, quarks, 
leptons, gauge bosons

Dark Matter



HIGGS SELF COUPLING

• The Standard Model predicts the magnitude of the Higgs self coupling

• When you add more Higgs bosons, you change the self coupling, and introduce the 
possibility of observing a new resonant interaction/interference

52

Cartoon of double Higgs production

SM Higgs resonance

Interference with heavy Higgs

Mhh [GeV]

This class of models can enhance 
the rate for producing 2 Higgs 
bosons by up to a factor of 10

ds
/d

M
hh

[p
b/

G
eV

]
*Haven’t seen 2 Higgs production yet!



DOUBLE HIGGS PRODUCTION CAN GIVE INFORMATION 
ON ELECTROWEAK PHASE TRANSITION

• Models with scalar singlets can allow first order electroweak phase transition 
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Limits from future machines

• Motivation for high energy colliders
• Can probe region with EW phase 

transition in hh production (dots are 
parameter points where this 
happens)

Kotwal, Ramsey-Musolf, No, Winslow, 1605.06123



HOW HIGH IN SCALE CAN WE GO?

• Future e+e- colliders give increasingly 
precise measurements of Higgs couplings

• Higher energy machines can look for new 
Higgs-like particle as a resonance

• COMPLEMENTARITY OF APPROACHES
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 [TeV]Sm

4-10
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Higgs couplings:
HL-LHC
HE-LHC
LHeC

500ILC
FCC-ee or CEPC

1000ILC
FCC-ee/eh/hh

3000CLIC

Direct:
HL-LHC
HE-LHC
FCC-hh

Direct:
1500CLIC
3000CLIC

-1, 6 TeV, 5 abµµ
-1, 14 TeV, 20 abµµ

Model with heavy scalar singlet

European Strategy Report
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* 0 is SM

https://arxiv.org/pdf/1910.11775.pdf


2 HIGGS DOUBLET MODEL

• Add an exact copy of the Standard Model Higgs 

• Predicts: Couplings of Standard Model like Higgs to W’s and Z’s suppressed

• Couplings of Higgs to top, bottom, muons, other fermions can be expressed 
in terms of 2 new variables (call them a and b)

• Predicts: 5 Higgs bosons!  2 are electrically neutral, 1 is electrically neutral but 
with different CP properties from SM, 2 are electrically charged

55
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2 HIGGS DOUBLET MODELS

• These models are highly motivated because they can be part of a 
supersymmetric model which explains why Mh << Mplanck

• More than one way to couple fermions to the 2 Higgs doublets
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• Restrictions from Higgs 
coupling measurements

• White is allowed region
• cos(b-a)=0 is SM

Closing in on the SM



LOOK FOR NEW HIGGS PARTICLES AND 
NEW SIGNATURES

• This class of models has rich set of 
predictions with new signatures

• Look for H+ → tb, H+→ tn, pp→A→ ZH  
(for example)

• Charged Higgs contributions limited from 
B physics measurements B→sg, B→µµ, etc
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Two-Higgs Doublet Model, Type II

White is allowed region from B physics

Consistent picture requires input from 
many types of measurements

Gfitter, 0811.0009

https://arxiv.org/pdf/0811.0009.pdf


LAST EXAMPLE

• New physics can happen in many sectors (not just the Higgs)

• Simple example:  Add a heavy charge 2/3 fermion (heavy top)

• (This particle interacts differently with the Z boson than the usual top)

• Now we have Standard Model top quark t, and heavy T

• Such a particle occurs in many extensions of the Standard Model

• This heavy T can be produced at the LHC and then decays to Wb, Zt, or Ht

• Limits on mass consider all possible decays: MT > 1400 GeV
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OPPORTUNITIES FOR DISCOVERY ABOUND

• We are just at the cusp of where we expect to see 
deviations in couplings from Standard Model 
predictions

• Advances in precision theoretical calculations make 
this possible

• Vast possibilities for discovering new particles in 
motivated models

• Look for new signatures

• Look for new resonances
59


