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Structure of the Standard Model

In the past the structure of the Standard Model was predicting where to expect
new physics

We searched for new particles required for the consistency of our explanation of all
the previous experiments

We knew that something should— be found at energies below E < G
−1/2
Fermi

Without the top quark the Standard Model would be non-unitary
Without the Higgs boson the Standard Model would be non-unitary

Higgs boson was the last predicted but unseen particle

Did century long quest come to its end?

Where do we need to look for something else?
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Physics Beyond the Standard Model

Neutrino masses and oscillations

What makes neutrinos disappear and then re-appear in a different form? Why do
they have mass?

Neutrino oscillations do not tell us what is the scale of new physics

It can be anywhere between sub-eV and 1015 GeV

Dark matter

What is the most prevalent kind of matter in our Universe?

Physics at high scales (1012 GeV for axions), at intermediate scales (TeVs for
WIMPs) or at low scales (keV-ish sterile neutrino, physics below electroweak
scale) can be responsible for this

Baryon asymmetry of the Universe

what had created tiny matter-antimatter disbalance in the early Universe?

Physics on the very different scales can be responsible for it
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Unsolved problems mean that new particles probably exist

9 Univ. Roma2/TorVergata  - 18/11/2014 Walter M. Bonivento - INFN Cagliari
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Intensity frontier has received much less
attention in the recent years:

– PS 191 (early 1980s)

– CHARM: 1980s

– NuTeV: 1990s

– DONUT: late 1990s – early 2000

We did not detect them because

they are heavy

OR

they are light but
very weakly interacting
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Three possibilities for new light particles

Standard Model plus some light particles is valid up to very high energies.
No new physics between Fermi and Planck scale

There is a theory with very high (E � 1 TeV) energy scale (GUT scale, small
extra dimensions, new strong dynamics, etc) but there are light particles in
the spectrum
Examples: Chern-Simons portal, axion with small mass, . . .

There is a wider theory with a new, experimentally reachable energy scale
(SUSY scale, large extra dimensions) but there are light particles in the
spectrum
Examples: pseudo-Goldstone bosons of high energy symmetries. Axion with big mass,

gravitino, sgoldstino, . . .
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Why some of the new particles can be light?

Example: axion

Heavy fermions Ψ interact with a heavy scalar Φ = |Φ|e iθ
The theory possesses U(1) symmetry spontaneously broken at high energies
E ∼ gφγγ � TeV

Spontaneously broken symmetry leaves behind a Goldstone boson φ

if the symmetry was not exact these (pseudo)-Goldstone bosons will be
massive. But generically light

Heavy fermions in the loops induce
interactions between light particles:

Laxion =
φ

gφγγ
F F̃

�

a(p)
ψ

ψ

ψ Aλ(k2)

Aµ(k1)
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Neutrino minimal Standard Model (νMSM)
See talk by M. Shaposhnikov

Neutrino oscillations: particles N2, N3

Baryon asymmetry: same particles N2, N3

masses O(100) MeV – O(80) GeV

Dark matter: particle N1

mass 1− 50 keV

Inflation: Higgs field coupled to gravity

Inflationary parameters for
MHiggs ∼ 126 GeV in perfect agreement
with observations
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Portal operators — the gate to new physics

Light messengers couple Standard Model to “hidden sectors” via portals

Scalar portal (new particles are neutral singlet scalars, Si that couple the
Higgs field: (λiS

2
i + giSi )(H†H))

Vector portal (new particles are Abelian fields, A′µ with the field strength F ′µν , that

couple to the hypercharge field FµνY via F ′µνF
µν
Y )

Neutrino portal (the singlet operators (L̄ · H̃) couple to new neutral singlet fermions NI

FαI (L̄α · Φ̃)NI )
This particle is called “sterile neutrino” or “heavy neutral lepton” or just
“HNL”

Chern-Simons∗∗∗ portal (coupling of SM vectors to new vector X through the
interaction of form εµνσρXµVν∂σV

′
ρ)

Axion-like∗∗∗ portal (couplings of pseudo Nambu-Goldstone bosons a,
associated with the breaking of approximate global symmetries: aFµν F̃

µν ,
∂µaψ̄γ
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Intensity Frontier flagship: SHiP
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SHiP (Search for Hidden Particles) experiment
Step by step overview

µ
Ds

N

ϑµνµ

N νµ
π±

µ∓ϑµ
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νMSM

Neutrino minimal Standard Model (νMSM)
See talk by M. Shaposhnikov

Neutrino oscillations: particles N2, N3

Baryon asymmetry: same particles N2, N3

masses O(100) MeV – O(80) GeV

Dark matter: particle N1

mass 1− 50 keV

Inflation: Higgs field coupled to gravity

Inflationary parameters for
MHiggs ∼ 126 GeV in perfect agreement
with observations
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νMSM

Properties of heavy neutral leptons

Heavy neutral lepton inherits the interactions from neutrinos

Charged current-like: L̃CC =
g U
√

2
ēγµ(1− γ5)NcWµ

Neutral current-like: L̃NC =
g U

cos θW
ν̄γµ(1− γ5)NcZµ

Typical values of parameters

Yukawa coupling ∼
(
MNmν

〈Φ〉2

)1/2

≈ 4× 10−8

(
MN

1 GeV

)1/2

Mixing angles U2 =
mν

MN
≈ 5× 10−11

(
1 GeV

MN

)

�� ��GF −→ U × GF

N

µ−

ν̄µ

e+

Ue × GF
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νMSM

How to search for HNLs
Shrock+’80s; Gronau+’84; Gorbunov & Shaposhnikov’07; Atre et al.’09
Bondarenko, Boyarsky, Gorbunov, Ruchayskiy (2018)

MN < few MeV – only Ue mixing can be probed
(kink searches)

O(10)MeV . MN . MK – intensity frontier
experiments (peak searches)

O(100)MeV . MN . MB – intensity frontier
experiments (fixed target experiments)

MN & few GeV – LHC searches (displaced
vertices; multilepton final states; same sign same
flavour leptons, . . . )
Helo+’15-’16; Izaguirre & Shuve’15; Ng+’15; Antush+’15-’16; Dib & Kim’15;

Gado+’15; Dev+’15; Cvetic+’15-’16

Z-factories (FCC-ee)
Blondel+’14
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νMSM

HNL phenomenology

HNLs are produced in decays of flavoured
mesons (D, B) and decay leptonically or
semi-leptonically

Number of detected events

Nevents = Nprod × Pdecay ∝ U2 × Pdecay (1)

If cτγ � ltarget-det + ldet (small U2)

Pdecay ≈
ldetΓN

cγ
× εdet × BRvis (2)

Bondarenko, Boyarsky et al. [1805.08567]

If cτγ . ltarget-det (large U2) then

Pdecay ≈ exp

(
− ltarget-detΓN

cγ

)
× εdet × BRvis (3)
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νMSM

Sensitivity to HNLs and effect of Bc
SHiP collaboration paper (to appear)

Preliminary

no Bc

fBc=2×10-3
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Production from Bc mesons is
dominant for masses MN > 3 GeV
if the production fraction
f (b → Bc) ∼ 10−3

It determines maximal reach in HNL
mass for the SHiP experiment

At LHC energies it is ∼ 2.6× 10−3

LHCb measurements

Bc production fraction at SHiP
energies is unknown

Theoretical determination of f (b → Bc) at SHiP energies is a challenge
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νMSM

SHiP, HNL and cosmology

SHiP will advance HNL searches into the cosmologically interesting region,
probing HNL models that explain not only neutrino oscillations but also baryon
asymmetry of the Universe

[1805.08567]
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Another example: Scalar portal

Scalar portal I

Higgs-like scalar whose interaction strength is proportional to mass times
small coupling θ2

Production
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Another example: Scalar portal

Scalar portal II

Decays
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Another example: Scalar portal

Scalar portal sensitivity
SHiP collaboration paper (to appear)

Preliminary
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Another example: Scalar portal

Light dark matter ⇒ extra light states

Light DM requires more light states
to annihilate to (scalars, vectors)

Consider scalar portal coupled to
DM fermion χ

LDM-mediator coupling = φgχχ̄χ

Mediator φ couples WIMP to SM
fermions via sin θ determines
DM-nucleon cross-section for
direct detection experiments
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Another example: Scalar portal

SHiP vs. direct detection experiments
[1512.04119]
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Another example: Scalar portal

SHiP neutrino detector (iSHiP)

3

Figure 2. Left: Scheme of the ντ -detector. Neutrinos are detected by a hybrid detector
consisting of a magnetized neutrino target followed by an electromagnetic spectrometer. Right:
Design of the ECC bricks and CES.

Table 1. Expected number of neutrino interactions in the neutrino target.

< E > (GeV) Number of interactions

νµ 30 2.3 × 106

νe 46 3.4 × 105

ντ 58 7.1 × 103

ν̄µ 27 9.5 × 105

ν̄e 46 1.4 × 105

ν̄τ 58 3.6 × 103

charmed hadrons can be identified topologically in the nuclear emulsions by detecting their
decay vertex. SHiP will integrate about 105 charm events, exceeding current statistics by an
order of magnitude and will thus be able to significantly improve knowledge of the strange quark
content of the nucleon.

Outlook
The SHiP experiment has recently been proposed to be built at CERN. A Comprehensive
Design Report of the SHiP facility is expected to be ready in 2018. The construction and
installation are foreseen to last until the third long shutdown of the LHC, which will allow
to start data taking in 2026. The facility will have a dedicated neutrino detector, able to
significantly improve measurements of the tau-neutrino cross-sections and allowing, for the first
time ever, an experimental observation of the ν̄τ .
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iSHiP detector is competitive with other existing or planned experiments in
searching for light dark matter scatterings
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Another example: Scalar portal

Conclusions

New feebly interacting particles lighter than W± can exist

Intensity frontier is an underexplored possibility to discover new particles,
complimentary to LHC-like experiments

Such experiments may turn out to be the future of particle physics for some
time

Experiments like SHiP are capable to discover new particles expected from
various phenomenological and theoretical directions

SHiP has capability not only to constrain many interesting models, but also
directly experimentally resolve three major BSM phenomena: neutrino
masses, dark matter, origin of matter-antimatter asymmetry

Kyrylo Bondarenko (Universiteit Leiden) August 23, 2018 PPC 2018 26 / 26


	 MSM
	Another example: Scalar portal

