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Outline

Part I:

- Higgs

- Precision SM

- Naturalness

Part II:

- Neutrinos

- Flavour

Part III:

- Dark matter

- Hidden sectors

- Baryogenesis

Summary

Many of these topics are inti-

mately interlinked.

The continual interplay between

theory and experiment is vital

for progress.

We are living in an increasingly

data-rich era, in which informa-

tion from multiple experimental

approaches is being combined to

learn more about the Universe.
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Understanding the Higgs sector

Key questions:

- Is the Higgs we’ve discovered the only source

of electroweak symmetry breaking?

→ Extended Higgs sector with new scalars? Strong dynamics?

- What solves the naturalness problem?

→ SUSY? Top partners? Compositeness? Something else?

- Can Higgs dynamics explain the baryon excess of the Universe?

→ Electroweak baryogenesis facilitated by an extended Higgs sector?

- Is the Higgs a “portal” to a hidden sector?

→ Higgs portal to dark matter? Twin Higgs hidden valley? Rare decays?

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory

3



Measure couplings of 125 GeV state: LHC, ILC

- probe for extended Higgs sector: mixing effects

- probe for new physics in loops: may be related to naturalness

- rare exotic decays: Higgs-portal hidden sector, light SUSY3.4 The Higgs Boson 11
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Figure 3-1. Expected measurement precision on Higgs boson couplings at different colliders. The couplings
considered are: (top row) κγ , κW , (bottom row) κb, κt. Blue bars correspond to stages of LHC, with the
white band showing a range between pessimistic and optimistic scenarios. Red bars correspond to stages of
ILC, including the projections for TDR luminosity samples and proposed luminosity upgrades. Green and
purple bars corresponds to TLEP and CLIC. There is no TLEP entry in the κt plot.

The report [23] compares the abilities of experiments at the LHC and at a variety of lepton colliders to extract
the values of the Higgs boson couplings. At the LHC, the total number of Higgs bosons produced is very high,
over 170 million per experiment for integrated luminosity of 3000 fb−1. However, Higgs boson production
at the LHC is accompanied by very high backgrounds. The discrimination of signal from background brings
in substantial systematic uncertainties. The extraction of couplings from cross sections is complicated by
significant QCD uncertainties in the calculation of cross sections, currently about 12% for gluon fusion and
3% for vector boson fusion.

At electron colliders, the Higgs boson is produced in the relatively background-free processes �+�− → Zh
and �+�− → νν̄h (vector boson fusion). The systematic errors in the extraction of Higgs couplings are small.
The main uncertainties come from limited statistics. The Zh reaction offers tagged Higgs bosons, giving
the possibility of observing decay modes not accessible at the LHC (such as decay to cc̄), and invisible and
exotic modes of Higgs decay. The total cross sections for the two e+e− reactions are directly proportional
to Γ(h → ZZ∗) and Γ(h → WW ∗), respectively, without dependence on ΓT (h). This allows lepton collider
measurements to determine ΓT (h) and all individual partial decay widths by fitting of Higgs boson rates
without any model assumptions.

Figure 3-1 compares the projected uncertainties in the measurement of Higgs boson couplings for a variety of
pp and lepton collider programs. The first three figures show the uncertainties in the couplings to γγ, WW ,
and bb̄ from a 6-parameter fit appropriate to the analysis of LHC results, described in [23]. Although the

Community Planning Study: Snowmass 2013

Snowmass
Energy Frontier report,
arXiv:1401.6081
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Search for additional Higgs particles: LHC, ILC

- a direct probe for a neutral or charged extended Higgs sector
and the best way to learn its nature

VBF prod’n of H±5 in Georgi-Machacek model
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Role of theory:

- model-building: extended Higgs sectors, models for natural-

ness, hidden-sector models

- pheno: indirect constraints from B-physics, etc.

- calculation: precision calcs of cross sections and backgrounds

- tools: MadGraph files, benchmark points, cross-section tables

Many Canadian theorists heavily involved in Higgs physics:

Frank, Grégoire, Godfrey, Holdom, Logan, Morrissey, Ng, Yavin, . . .

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Precision measurements of Standard Model physics (electroweak)

(QCD and hadronic physics ⇒ Randy Lewis’ talk)

Key questions:

- Are there deviations in vector boson scattering at high energies?

→ Composite Higgs? Exotic scalars? Complementary window to EWSB

LHC (especially high lumi)

- Are there any diboson resonances?

→ W ′/Z ′? Exotic scalars?

LHC, ILC (including below resonance)

- Are there deviations in top quark couplings to W/Z/h?

→ Partially composite top ↔ warped extra dimensions?

LHC, ILC
√
s ≥ 350 GeV

- Are there deviations from precision SM at lower energies?

→ Light hidden states? Higher-dim. operators from new heavy states?

(g−2)µ, PIENU, ALPHA, ILC, QWeak/Møller, ...

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Role of theory:

- model-building: little Higgs, left-right sym. models, RS, . . .

- pheno: indirect constraints on model parameters

- calculation: precision determinations of observables

Canadian theorists involved in precision, diboson, or top physics:

Aleksejevs, Barkanova, Czarnecki, Frank, Grégoire, Godfrey, Logan, Ng, Penin

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Naturalness

Key question: is naturalness a good guide for theories of Nature?

Suppose the SM is valid up to energies E = Λ� v = 174 GeV:

t
Higgs Higgs

⇒∆v2 ' 3 y2
t

16π2 Λ2

Puzzle: ∆v2 � v2 unless Λ . 1000 GeV.

Solutions: 1. Loop cancellations from new particles.
e.g. Supersymmetry, Little Higgs, Twin Higgs

2. Something radical happens at E = Λ.
e.g. Extra Dimensions (R = Λ−1), Composite-Higgs

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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With SUSY:

∆v2 '
y2
t

16π2
m2
t̃

ln

(
Λ

mt

)
.

m
t̃

is the mass of the scalar top (stop) superpartners.

Stop searches: LHC, ILC
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“Something radical” at E = Λ ⇒ new states with mass m ∼ Λ.

Naturalness suggests Λ . 1000 GeV.

Model ℓ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high
∑

pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH Preliminary5.8 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 Preliminary2.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e,µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677700 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 ATLAS-CONF-2015-0092.2 TeVgKK mass
2UED / RPP 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 Preliminary960 GeVKK mass

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e,µ 2 b Yes 20.3 gV = 1 Preliminary1.47 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 Preliminary12.0 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 Preliminary4.35 TeVΛ

EFT D5 operator (Dirac) 0 e,µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

VLQ TT → Ht + X ,Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 20.3 isospin singlet ATLAS-CONF-2015-012785 GeVT mass
VLQ TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet 1409.5500735 GeVT mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ BB →Wt + X 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 isospin singlet Preliminary640 GeVB mass
T5/3 →Wt 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 Preliminary840 GeVT5/3 mass
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Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e, µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 20.3 DY production, BR(H±±

L
→ ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e, µ, τ − − 20.3 DY production, BR(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 Preliminary785 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass
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Snowmass New Particles WG report, 1311.0299

Upcoming searches will strongly test naturalness! LHC, ILC
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Why haven’t we already seen new states for naturalness?

“Neutral Naturalness”: new states do not have SU(3)c charge.

e.g. Twin Higgs, Folded SUSY, Quirky Little Higgs

Neutral partner states usually arise as (super-) copies of the SM.

SM-like Higgs acts as a connector.

→ deviations in Higgs rates from SM LHC, ILC

→ complicated hidden states connected to the Higgs LHC, ILC

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Role of theory:

- model-building: new models of naturalness (or alternatives)

- pheno: predicting signals of models, recasting existing searches,

connecting bounds from different experiments

- calculations: constraints from electroweak precision data, loop

processes, lattice techniques for strongly-coupled models

- tools: MadGraph files, benchmark points, cross-section tables

Many Canadian theorists involved with naturalness models:

Arvanitaki, Burgess, Campbell, Cline, Frank, Grégoire, Lewis, Logan, Morris-

sey, Ng, Schuster, Toro, ...

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Neutrinos

e µ !
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Key questions:

- Where do the masses and mixings come from?
→ singlet neutrinos, seesaw types I,II,II, . . .

T2K, SNO+, EXO, IceCube. . .

- What are the absolute neutrino masses?
→ normal vs. inverted hierarchy, cosmological effects

EXO, SNO+, T2K,. . .

- Do neutrinos give new CP or L violation?
→ δCP 6= 0, π, Majorana or Dirac

T2K, EXO, SNO+,. . .

- Are there new light neutrinos or exotic neutrino interactions?
→ light steriles, new U(1) forces,. . .

IceCube, . . .

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Is neutrino mixing a new source of CP violation? T2K

Compare P (να → νβ) to P (ν̄α → ν̄β):
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Are neutrino masses a source of L violation? EXO, SNO+

Test by looking for 0νββ decay:EXO Sensitivity to〈mββ〉
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Role of theory:

- models: new mass mechanisms, investigate new ν forces

- pheno: compare results from different experiments, relate to

cosmology (DM and baryogenesis), connect with LHC searches

- calculation: improve neutrino-nucleus cross-sections

Canadian theorists involved in neutrino physics:

Burgess, Ng, Pospelov, Ritz, Yavin, nuclear theorists

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory

17



Flavour physics

Key questions:

- What sets the fermion masses and CKM mixing angles?

→ Froggatt-Nielsen mechanism? Radiatively-induced masses?

- Are there any new particles that distinguish among flavours?

→ Squarks/sleptons? Leptoquarks? A second Higgs doublet?

- Is there new flavour physics in charged leptons?

→ (g − 2)`, e/µ/τ universality violation, µ→ e flavour violation

- Are there new sources of CP violation?

→ neutron and electron electric dipole moments

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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General Theme: flavor tests vs. flavor-mixing new physics.

If naturalness means Λ . 1 TeV, why haven’t we seen deviations
from the SM in charged flavor?

→ Minimal flavour violation? Alignment?

No new physics below generic flavour scale Λ & 100 TeV (split SUSY??)?

Current

Projected

SUSY with large flavour mixing and CP violation, Altmannshofer et al. arXiv:1308.3653

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Precision tests of the CKM paradigm: Belle II, LHC, ILC, NA62
indirect search for new flavour-distinguishing particles

- Compare tree-level and loop-induced probes of CKM parame-
ters: can have New Physics in loops

- Next generation of sensitivity at Belle II aims to probe MFV
squarks at TeV scale ⇒ complementarity with direct searches

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Search for new flavour-distinguishing int’s of charged leptons

- Charged lepton universality violation: e/µ/τ ratios

PIENU, Belle II, LHC, ILC

- Charged lepton flavour violation: µ→ eγ, τ → µγ, etc.

MEG, Mu2e; Belle II

- Assorted new physics coupled to leptons?

JPARC (g − 2)µ

- Leptoquarks?

LHC, ILC direct; PIENU, Belle II, etc indirect

- Rare Higgs decays: h→ τµ? 2.4σ excess at CMS...

LHC, ILC

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Role of theory:

- model-building: flavour theories, gauged (Lµ−Lτ), models mo-

tivated by experimental anomalies

- pheno: global constraints on model parameters, CKM fits with

BSM operators, recasting LHC searches to constrain models

- calculation: precision calculations of B-physics observables,

new-physics effects from loops

Several Canadian theorists involved in flavour and CP physics:

Couture, Frank, Hamzaoui, London, Ng, Pospelov, Ritz, Tulin, Yavin, . . .

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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The search for dark matter

Key questions:

- What is it?!?

→ WIMP or axion? Fermion? Scalar? Vector? What mass?

- How does it interact with the rest of the Standard Model?

→ Weak-charged? Higgs portal? New-physics mediator?

- What mechanism fixed the relic density?

→ Thermal freeze-out? Thermal freeze-in? Decay of a heavier particle?

Asymmetry like for the baryons? Resonant oscillations (axions)?

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Direct searches for dark matter: DEAP, SuperCDMS, PICO

10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and diffuse supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Snowmass WIMP direct detection report, arXiv:1310.8327

- Measure cross section; some sensitivity to WIMP mass
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Indirect searches for dark matter: look for annihilation products

- gamma rays from galactic centre, nearby dwarf galaxies, . . .

Fermi, VERITAS3

Figure 1: The three data sets for the GC gamma ray excess.
The Fermi flux presented is the total flux from the 15◦ × 15◦

square around the GC; the other two fluxes are normalised
accordingly with same DM profile. Error bars for CCW are
taken from the diagonal components of their covariance ma-
trix. Solid curves are the predictions of the best-fit models
described in section 4.

overall χ2 function; rather we will verify after fitting the
data that our models are compatible with the antiproton
constraints.

3.1. CCW spectrum

The CCW spectrum (ref. [6]) is downloadable from
[88], where a covariance matrix Σ for computing the χ2

for fits to the data is also provided. Then

χ2 =

24�
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i
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dE
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dE
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�
(Σ−1)ij ·

�
E2

j

dN th

dE
(Ej) − E2

j

dN exp

dE
(Ej)

�
(5)

where the sum is over 24 energy bins, and (Σ−1)ij are the
matrix elements of the inverse of the covariance matrix,
obtained from columns 29-52 of the data file from [88]).
This accounts for the correlations between the different
energy bins.

The ROI for CCW is a ±20◦ square around the GC;
in galactic coordinates, where � is the longitude and b is
the latitude, the region is

|�| < 20◦ and 2◦ < |b| < 20◦ (6)

where the ±2◦ region in latitude is masked out to remove
the galactic disk.

With these inputs and γ = 1.2 for the generalized
NFW distribution, the J factor in (1) is J̄ = 2.062 ×
1023 GeV2 cm−5 for the CCW data. (This number agrees
with [52].)

Figure 2: Spectrum for GeV excess from Fermi data, ex-
tracted from ref. [83]

3.2. Fermi spectrum

The Fermi collaboration has not officially released its
data, but we have digitized it from the presentation in ref.
[83], and list the results in table III, appendix A. Fluxes
are given in 20 energy bins, equally spaced in log10(E)
between 1 MeV and 89 GeV. We estimate the statistical
errors from taking

√
N for the number of total events in

each bin and applying this to the part of the signal inter-
preted as the excess. Ref. [83] gives two characterizations
of the spectrum of excess events, one which is presumed
to be a power law in energy with an exponential cutoff,
and the other being a separate fit to the excess in each
bin. We adopt the latter for our analysis.

In addition to the statistical errors, there is systematic
uncertainty associated with assumptions about the tem-
plates for background photons from pulsars and OB stars.
We define the signal as the median between the upper
and lower envelopes found from varying these templates,
and the systematic error as the difference. This is added
in quadrature with the statistical error to estimate the
total uncertainty. The result is plotted in fig. 2, showing
that errors are systematics-dominated at low energy, but
mostly statistical at high energy. The χ2 function is then
defined in the usual way.

The ROI for the Fermi data is a 15◦ × 15◦ square
around the GC. Numerically integrating (2) we obtain
J = 1.07 × 1023 GeV2/cm5, again assuming generalized
NFW parameter γ = 1.2 and ρ⊙ = 0.4 GeV/cm3. Here
we do not average over the solid angle (giving J instead
of J̄) because the Fermi data are reported as a total flux
rather than an intensity flux.

3.3. Daylan et al. spectrum

Although our primary purpose is to explore the impli-
cations of the first two data sets which are more recent,
for completeness we also apply our methodology to the
GC excess spectrum determined in ref. [4]. It can be read

Cline et al, arXiv:1503.08213

Longstanding few-GeV gamma-ray

excess from galactic centre

(but it may be pulsars)

← best-fit multimediator models

Dwarfs constrain annihilation cross

sections to various final states

- neutrinos from DM captured in the Sun

IceCube, SuperK, SNO+(?)

Constrain couplings of DM to nucleons

- DM-induced antimatter in local galactic neighbourhood AMS

Constrain annihilation cross sections to various final states

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Collider searches for new invisible particles: LHC, ILC
Low-mass “hidden sector”: + Belle II, T2K, . . .

- X + MET: could be DM, or just long-lived on collider scale

- constrain coupling of DM to nucleons

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Role of theory:

- model-building: often motivated by expt “hints”

- pheno: constraints, complementarity of collider/direct/indirect

- expt proposals: e.g. beam-dump expts for low-mass DM models

Many Canadian theorists heavily involved in dark matter physics:

Arvanitaki, Burgess, Cline, Dick, Grégoire, Godfrey, Logan, Moore, Morrissey,

Ng, Pospelov, Ritz, Schuster, Toro, Tulin, Yavin, . . .

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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Hidden Sectors

Key questions:

- Are there new hidden particles or forces below the weak scale?

→ dark vectors? axion-like-particles, Higgs-portal states, singlet fermions

- Do new hidden states connect to other puzzles?

→ dark matter, baryogenesis, strong CP, naturalness, neutrino mass

- Can such states be probed using existing experiments?

→ precision SM measurements, meson factories, beam dumps,

astrophysics, accelerator neutrino experiments, LHC

- Are there new experimental opportunities to pursue?

→ APEX, SHIP, HPS, DarkLight, ARIEL(?), . . .

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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e.g. Hidden Photon A′ with Kinetic Mixing ε to Hypercharge

If A′ → SM + SM dominates:

→ εA′µ j
µ
em X

SM

ε

γ

SM

Current limits from Curtin et al., 1412.0018

Many experiments can be sensitive: Belle II, LHC, APEX, . . .

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory

29



e.g. Hidden Photon A′ with Kinetic Mixing and Dark Matter χ

If A′ → χχ dominates:

Limits from Izaguirre et al., 1505.00011

New contributions to invisible final states: Belle II, NA62

Elastic χ scattering downstream of a target: E137, LSND, T2K

Dedicated fixed-target “missing momentum” experiments:

Izaguirre, Krnjaic, Schuster, Toro, 1411.1404
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Role of theory:

- model-building: what sorts of things should we look for?

- pheno: limits old experimental data, connections to DM

- new experiments: e.g. fixed-targets, neutrino runs

Several Canadian theorists involved in hidden sector physics:

Arvanitaki, Cline, Frey, Morrissey, Pospelov, Ritz, Schuster, Toro, Yavin, . . .
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Baryogenesis

Key questions:

- Why is there more matter than antimatter in the Universe?

→ electroweak baryogenesis, leptogenesis, hidden dark baryons, . . .

- Is the asymmetry related to the Higgs?

→ electroweak baryogenesis

- Is the asymmetry related to observable CP violation?

→ electroweak baryogenesis, other low-scale mechanisms

- Is the asymmetry related to dark matter?

→ asymmetric dark matter, ρDM ' 5ρb

- Is the asymmetry connected to the source of neutrino masses?

→ leptogenesis, baryons via neutrino oscillations

- Is the asymmetry related to observable B violation?

→ GUT baryogenesis, some low-scale mechanisms

Heather Logan (Carleton U.) & David Morrissey (TRIUMF) Particle theory
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e.g. Electroweak Baryogenesis: baryon creation during

the electroweak phase transition

Ingredient #1: new physics that couples to the Higgs

→ constrained by precision Higgs measurements LHC, ILC

Ingredient #2: new CP violation that connects to the Higgs

→ searches for electric dipole moments EDM with UCN, Fr

Higgs rates in SUSY EWBG, 1203.2924 EDM limits on EWBG, Li et al 0910.4589
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Role of Theory:

- mechansisms: find new ways to create the baryon asymmetry

- pheno: relate mechanism models to experimental observables,

connect to dark matter, Higgs physics, neutrinos, flavor, . . .

- calculation: improve predictions of existing mechanisms

Many Canadian theorists involved in baryogenesis:

Burgess, Cline, Moore, Morrissey, Tulin, Yavin, . . .
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Summary

We are in an era of unprecedented data.

Discovery of the Higgs confirmed the Standard Model,

but it also sharpened the puzzle of Naturalness.

Neutrino oscillations, dark matter, and the baryon asymmetry

give experimental evidence of new physics beyond the SM.

Data from the LHC will probe the Higgs and test naturalness.

Searches for dark matter will cover most of the WIMP region.

Testing of neutrinos and flavour will cover higher energies.

Searching at low energies may uncover surprises.

Interplay between theory and experiment will be vital

to get the most out of both.
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