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The Standard Model 
particle content is 
complete, and we can 
be justifiably proud of 
its successin explaining 
ATLAS and CMS data
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Agreement spanning ~10 orders of magnitude 
of SM cross sections
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ATLAS, Nature 607, 52-59 (2022)

And the SM 
expectations are also 
being borne out in 
current Higgs 
measurements



Lest ye forgeté
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The Standard Model cannotbe the end of the story

EXISTENTIALQUESTIONS

ÅFundamental 
nature of 
neutrinos?

ÅMatter/antimatter 
asymmetry?

ÅDark matter and 
dark energy?

For these existential questions, the Standard Model 
is a spectacular failure



Starting point for BSM

ÅThe SM has a (wide) range of 
validity, but can only be an 
effective theory of NATURE

ïGoal for discovery = probe SM 
breakdown at the edge of its 
validity
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Leads to a BSM GARDENOFBRANCHINGPATHS
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BSM Garden of Branching Paths
ÅTreat SM as SMEFT, agnostic 

about UV physics
ïCaveats: no light dofs, limited 

regime of validity, closure test on 
EFT applicability, New Physics Flavor 
Problem

ÅBuild top-down model, usually 
motivated by solving particular 
problem
ïNeutrino models, 

baryogenesis/leptogenesismodels, 
dark matter models, naturalness, 
ǎǘǊƻƴƎ /tΣ ŦƭŀǾƻǊΧ

ïAlso agnostic about theory 
motivation and instead aim to 
develop novel phenomenology
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Where is the new physics?
ÅNo guarantees, only soft guiding principles
ïNaturalness
ïMinimality
ïThus far, fundamental laws of Nature have always exhibited a 

reduction in dynamical complexity at higher energy scales
ÅMore symmetric spacetime and more minimal dofs
ÅSide remark: Supersymmetry?!

ÅDecoupling vs. non-decoupling
ïAny new physics model amenable to SMEFT description will 

smoothly decouple as ɽNPҦқ
ÅHowever, particular NPmodel classes can exhibit non-decoupling

ïE.g.chiral theories, chiral anomalies, UV-IR mixing, gravity effects

ï±ƛŀōƭŜ bt ƳƻŘŜƭǎ ǿƛƭƭ ŀƭǿŀȅǎ ōŜ άƧǳǎǘ ŀǊƻǳƴŘ ǘƘŜ ŎƻǊƴŜǊέ
ÅState of the art will always be a competition between direct probes of ɽNP

vs. indirect tests via EFT description

8BSM Theory ςFelix Yu



LHC = energy + precision

ÅIllustrate the interplay of direct and indirect tests 
via current state of Higgs physics
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ATLAS, Nature 607, 52-59 (2022) CMS [2209.07327]



Case study: SM Higgs òno-loseó theorem

ÅSM weak gauge boson scattering results in 
breakdown of perturbative unitarity if Higgs is 
absent or if Higgs mass is too heavy
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MH from perturbative unitarity

ÅSM calculation of 
longitudinal gauge boson 
scattering

ÅPartial wave expansion of 
scattering amplitude

ÅUnitarity on partial wave 
coefficients dictates MH
bound

11

Lee, Quigg, Thacker (1977)
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Reinterpret calculation for non-SM ˁ V

12

s-channel, Z+gamma

t-channel, Z+gamma

quartic

s-channel, Higgs

t-channel, Higgs
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New Physics scale from Vˁ

ÅModifying Higgs amplitudes by ʆV reintroduces 
unitarity violation

V ɽNP (TeV)

{0.8, 1.2} {2.1, 1.9}

{0.9, 1.1} {2.8, 2.7}

{0.95, 1.05} {4.0, 3.9}

{0.98,1.02} {6.2, 6.1}

{0.99,1.01} {8.8,8.7}

{0.995, 1.005} {12.4,12.3}

{0.999, 1.001} {27.6,27.6}
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CERN Yellow Report 4



Higgs ˁ -framework ðmodern twist

ÅRealization of a given non-SM ʆV has new particles 
below ɽNP

ïManifest in 2HDM models or VLQs/VLLs

ÅSame for Yukawa couplings

ïFor example, ff WO+W- scattering breaks unitarity at

15BSM Theory ςFelix Yu

Appelquist, Chanowitz, PRL 59, 2405 (1987)

ς



ʆ-matching to dim-6 SMEFT
ÅScale of unitarity violation subsumed by adopting 

dimension-6 effective operators

ïDiagonalize masses, obtain Yukawas

ïResulting Yukawa interactions are not necessarily 
diagonal or CP-conserving!

ïThis is the New Physics Flavor Problem 
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New Physics Flavor Problem and SMEFT

ÅDim-6 SMEFT has 76 (one generation) vs. 2499 
operators (three generations)
ïtǊŀŎǘƛŎŀƭ ǊŜǉǳƛǊŜƳŜƴǘΥ ǊŜŘǳŎŜ ǘƻ άǇƘȅǎƛŎŀƭ ƻōǎŜǊǾŀōƭŜǎέ

17

Grzadkowski, Iskrzynski, Misiak, Rosiek[1008.4884]

17BSM Theory ςFelix Yu



SMEFT global fit

ÅDim-6 SMEFT has 76 (one generation) vs. 2499 
operators (three generations)
ïtǊŀŎǘƛŎŀƭ ǊŜǉǳƛǊŜƳŜƴǘΥ ǊŜŘǳŎŜ ǘƻ άǇƘȅǎƛŎŀƭ ƻōǎŜǊǾŀōƭŜǎέ
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Brivio, Bruggisser, Elmer, Geoffray, Luchmann, Plehn[2208.08454]



New Physics Flavor Problem and SMEFT

ÅDim-6 SMEFT has 76 (one generation) vs. 2499 
operators (three generations)

ïSMEFT does not increase global flavor symmetry of SM!

ïGeneric choice of couplings is excluded by precision 
flavor measurements, CPV

ïTypically adopt minimal flavor violation, but still 
motivates new flavor observables and CPV centered 
around Higgs

ÅConnection to baryogenesis CPV
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CPV and baryogenesis

ÅNew sources of CPV are generic but highly 
constrained by EDMs and precision flavor probes
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Bahl, Fuchs, Heinemeyer, Katzy, Menen, 
Peters, Saimpert, Weiglein[2202.11753]



Th-Exp Connection, going differential

ÅIdentified hO ʐʐas promising 
decay mode for CPV test
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Harnik, Martin, Okui, Primulando, FY [1308.1094]

Slide from Matteo Bonanomi[CMS]

Slide from YanhuiMa [ATLAS]



SMEFT caveats

ÅAside from NP flavor problem, thinking of BSM = 
SMEFT precludes the possibility of light dofs

ÅBiggest reason for new light and hidden dof: DM

ïMET signature at LHC experiments

ïLong history for DM EFT leading to simplified models
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Goodman, et. al. [1005.1286, 1008.1783],
Bai, Fox, Harnik[1005.3797]



DM EFT caveats

ÅLHC probes of high energy tails typicallyinvalidates 
MET+X EFT treatment 
ïResolved by s-channel or t-channel mediator simplified model
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Snowmass whitepaper on DM collider constraints [2203.12035]



Reasons for hope: DM at LHC

ÅDM is colorless, EM neutral ςhow does it couple to 
SM?

ÅPortal operators ςleading marginal operators to 
new physics (mediators or DM directly)

ïScalar Higgs portal

ïNeutrino portal

ïKinetic mixing portal

ïAxion portal (dim. 5)

ÅSoft principle from quantum theory: anything not 
forbidden(by symmetry) is mandatory
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DM and Zconnection

Ås-channel simplified model for DM vector coupling 
to quarks is leptophobic vector boson

ÅNaturally realized as gauged baryon number ZB
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Illustrates non-decoupling 
chiral new physics,another 
caveat of standard SMEFT

Since baryon number is anomalous, require 
new chiral fermions ςviable only if mainly 
chiral under baryon number Higgs vev

Michaels, FY [2010.00021]



Exotic ZO Z ɾdecay

ÅUnique phenomenology: 
anomaly-induced Z-Z-ɾ
vertex

ÅSignature is exotic Z 
decay to (jj)res+ɾ

ÅZ  ǊŜǎƻƴŀƴǘ ŘŜŎŀȅ ǘƻ 
leptons signature also 
possible
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Michaels, FY [2010.00021]
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Dobrescu, FY [2112.05392]

Current status of direct and indirect constraints on baryon-ƴǳƳōŜǊ ½Ω



Wealth of models meets multitude of constraints
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EFT operators

DM simplified 
models

RPV SUSY

Extra 
spacetime 

dimensions
Compositeness

VL fermions

Leptoquarks

Z ΣW  ōƻǎƻƴǎ

Other 2-body 
resonances



Navigating model parameters for exotics

ÅMain rule of thumb: new particles charged under 
SM gauge symmetries guarantee pair-production 
cross sections: xseconly depends on mass

ïExamples: LQs, VLQs, VLLs, SUSY

ïDecays and collider signatures are model-dependent 
(fully visible, cascades, X+MET)

ÅNew vectors: new gauge coupling and mass

ïLimits depend strongly on coupling

ïMore informative to present limits in coupling vs. mass 
plane
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Z bosons as a standard candle

ÅOffer one way to 
organize future collider 
BSM sensitivity

ÅNew gauge coupling 
determines production 
rate, particle width, 
and lifetime
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Robert Harris, FY, co-convenors of 
άbŜǿ .ƻǎƻƴǎέ ǎǳōǎŜŎǘƛƻƴ ƻŦ 

Snowmass Energy Frontier BSM report
[2209.13128]



Topics not covered
ÅAnomalies in current data ςStathes Paganis

ÅNeutrino theory ςVedranBrdar

ÅLFnUςDamir Becirevic

ÅDM theory ςMarco Cirelli

Å (g-2)ʈand lattice ςLukas Varnhorst

ÅPrecisionQCDςKresimirKumericki

ÅMachine learning ςJernejKamenik

ÅGravity ςGia Dvali

ÅNew naturalness and other models
ïRelaxion

ïClockwork

ïAxionsandALPs

ÅLifetime frontier
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Highlight: new models for 
collider scale QCD axions ςKivel, 

Laux, FY [2207.08740]



Conclusions

ÅThe SM lives on, but only as an effective description of 
NATURE

ÅMotivations for new physics remain as urgent as ever

ÅBSM garden of branching paths: SMEFT and explicit new 
models

ïScales of new physics: interplay of direct and indirect searches

ïDecoupling vs. non-decoupling

ÅLHC is both precision and energy frontier machine
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The Standard Model cannotbe the end of the story ς
ultimately, precision calculations, discrepant data, and robust 

interpretations will spell the downfall of the SM
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Discovery targets for new physics

ïDark Matter and dark energy
ÅWIMPs, light and hidden

ïBaryogenesis
ÅElectroweak phase transition and triple Higgs coupling

ïNew particles, new forces
Å½Ωκ²Ωκ!Ω ōƻǎƻƴǎΣ ±[vǎΣ VLLs

ïHow is the naturalness questions resolved?
ÅSUSY, composite Higgs, extra dimensions, new models ςrelaxion, 

clockwork

ïOrigin of neutrinos ςMajorana or Dirac

ïStrong CP

ïNew Physics Flavor Problem

ïSMEFT and precision SM measurements
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Introduction and Motivation

Å½  ōƻǎƻƴǎ ŀǊŜ ŀ ǎǘŀƴŘŀǊŘ ōŜƴŎƘƳŀǊƪ ƳƻŘŜƭ ŦƻǊ 
experimental searches

ïSM precision calculations also critical for long tails of 
distributions
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CMS [2103.02708]



Kinetic mixing and mass mixing

ÅKinetic mixing operator induces non-unitary field 
transformations

ïOperator generated by charged matter content under 
both U(1) currents

ïIn EW broken phase, have separate Z and photon kinetic 
mixings and possible mass mixing with SM Z boson

ÅReal part of 2-pt. amplitude generates kinetic and mass mixing
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See, e.g.Liu, Wang, FY [1704.00730]



Kinetic mixing and mass mixing

ÅWhen calculating 2-pt. amplitude, necessarily sum 
over products of charges of fermions
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Dobrescu, FY [ 2112.05392]



Kinetic mixing and mass mixing

ÅWhen calculating 2-pt. amplitude, necessarily sum 
over products of charges of fermions

ïCan eliminate leading log divergence and universal finite 
remainder via trace orthogonality condition

ÅDistinct from anomaly cancellation condition
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Dobrescu, FY [ 2112.05392]



Finite kinetic mixing

ÅIn our canonical gauged baryon-number U(1)B
model, resulting kinetic mixing is finite and log 
growth is fixed

ïPrevious calculations decoupling anomalonsector and 
reintroduced log divergence

ÅNot physically realistic given chiral U(1)B anomalonmasses tie 
ǘƻƎŜǘƘŜǊ ½  Ƴŀǎǎ ǎŎŀƭŜ ǿƛǘƘ ƘŜŀǾȅ anomalons
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e.g.Carone, Murayama [hep-ph/9501220]



Gauged baryon model

ÅMinimal set of anomalons(SU(2), U(1)Y, U(1)B)

ïCollider phenolike SUSY EWinos

ÅIntroduce ˒ as baryon-number Higgs (QB = 3)

ÅIn this construction, tree-level Z-½  ƳƛȄƛƴƎ ǾŀƴƛǎƘŜǎ

ïReintroduced logarithmically at anomalonmass scale 
but cannot be decoupled

ïCan also have tree or loop-generated Higgs-˒mixing
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EW precision and Z pole constraints

ÅKinetic mixing with Z boson constrained by hadronic 
Z decay width and change in hadronic Z-mediated 
cross section

ïLeads to direct constraints on gB, baryon gauge coupling constant
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PDG, PTEP 2020, 8 083C01 [2020]

From hadronic Z width From hadronic Z cross section



Introduction

ÅAnd span cosmological history of the universe
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ESA Planck



Whatõs left to do?
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ESA

ÅThe Standard Model only accounts for 5% of the 
matter/energy budget of the universe



ÅNeutrino masses are unexplained

ÅOrigin of the matter/antimatter asymmetry is unexplained

ÅDark matter and dark energy

ÅQuantum theory of gravity

ÅMass gap in Yang-Mills theory (Millennium problem)

ÅAre there new dimensions of spacetime?

ÅAre there new Higgs bosons?

ÅAre there new gauge symmetries?

ÅDoes Nature realize supersymmetry?

ÅStrong CP, new physics flavor puzzle, hierarchy problem, 
ŎƻǎƳƻƭƻƎƛŎŀƭ ŎƻƴǎǘŀƴǘΧ

Whatõs left to do?
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EXISTENTIALQUESTIONS

FOUNDATIONALQUESTIONS

WHATISNATURE?

CLUESTOA NEWTHEORY?



Two concrete illustrative models

ïUse Softsusy+ SUSYHIT for spectrum generation and 
decay tables, Prospinofor NLO xsec, micrOMEGAsfor 
relic density

ïAll other SUSY particles are heavier
Model B

1̝
+/- 191 GeV

2̝
0 191 GeV

1̝
0 61.5 GeV

Br(̝ 2
0 to h 1̝

0) 79.1%

Br(̝ 2
0 to Z ̝ 1

0) 20.9%

Br(̝ 1
+ to W+

1̝
0) 100%

NLOxsec( 1̝
+/-

2̝
0) @ 8 TeV 0.917 pb

ʍh2 0.117

Model A

1̝
+/- 213 GeV

2̝
0 215 GeV

1̝
0 57.8 GeV

Br(̝ 2
0 to h 1̝

0) 66.2%

Br(̝ 2
0 to Z ̝ 1

0) 33.8%

Br(̝ 1
+ to W+

1̝
0) 100%

NLOxsec( 1̝
+/-

2̝
0) @ 8 TeV 0.184 pb

ʍh2 0.0211
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Testing for exotic production

ÅAlsoshould look at MET distributions

ÅDisentangling these shapes requires high-resolution 
final states (e.g.4l or ɔɔ)

Lƴ ŀƭƭ ŎŀǎŜǎΣ Ƙ Ҧ ɔɔ
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Exotic Z decay ðcomplete result

ÅAnomalonsdo not decouple from partial width

ïLŦ ǘƘŜȅ ƻƴƭȅ ƻōǘŀƛƴ Ƴŀǎǎ ŦǊƻƳ ½Ω ǎȅƳƳŜǘǊȅ ōǊŜŀƪƛƴƎ

ïC0 and B0 are usual three-pt., two-pt. scalar integrals

ÅTop quark effectively acts as an anomalon
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Michaels, FY [2010.00021]


