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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

o We knew that something should— be found at energies below E < G;erlnf
o Without the top quark the Standard Model would be non-unitary
o Without the Higgs boson the Standard Model would be non-unitary

Higgs boson was the last predicted but unseen particle )

o 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 10*° GeV

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

@ Physics at high scales (10'? 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
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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 W interact with a heavy scalar ® = |®|e’?

@ The theory possesses U(1) symmetry spontaneously broken at high energies
E ~ g4y > TeV

@ Spontaneously broken symmetry leaves behind a Goldstone boson ¢

o 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:

¢ i

Eaxion — F'E

8oy

vy
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Neutrino minimal Standard Model (vMSM)

See talk by M. Shaposhnikov
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o Neutrino oscillations: particles N,, N3

@ Baryon asymmetry: same particles Ny, N3
e masses O(100) MeV — O(80) GeV

@ Dark matter: particle N,
e mass 1 — 50 keV

o Inflation: Higgs field coupled to gravity

o Inflationary parameters for
Mhiggs ~ 126 GeV in perfect agreement
with observations

@ Neutrino Minimal Standard Model (vMSM)

@ Masses of right-handed neutrinos as of other
order of masses of other leptons

@ Yukawas as those of electron or smaller
@ Review: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part. Sci.

(2009), [0901.0011]
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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, S; that couple the
Higgs field: (\;S? + g:S;)(HTH))

Vector portal (new particles are Abelian fields, A], with the field strength F/, that
couple to the hypercharge field F{/” via F/’”,F{,”')

Neutrino portal (the singlet operators (L - H) couple to new neutral singlet fermions
Ful(l:a . <~IS)NI)

This particle is called “sterile neutrino” or “heavy neutral lepton” or just
“HNL"

vy

Chern-Simons* portal (coupling of SM vectors to new vector X through the
interaction of form /777X, V,,0, V)

Axion-like* portal (couplings of pseudo Nambu-Goldstone bosons 2, }
associated with the breaking of approximate global symmetries: af,,, F"",

Kyrylo Bondarenko (Universiteit Leiden) August 23, 2018 PPC 2018  9/26



Intensity Frontier flagship: SHiP

SHiP

Search for Hidden Particles
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/

hadron absorbe v, detector

ctive muon shield
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Targe v, detector
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Target/
hadron absorbe

Active muon shield
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MSM

Neutrino minimal Standard Model (vMSM)

See talk by M. Shaposhnikov
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o Neutrino oscillations: particles N,, N3

@ Baryon asymmetry: same particles Ny, N3
e masses O(100) MeV — O(80) GeV

@ Dark matter: particle N,
e mass 1 — 50 keV

o Inflation: Higgs field coupled to gravity

o Inflationary parameters for
Mhiggs ~ 126 GeV in perfect agreement
with observations

@ Neutrino Minimal Standard Model (vMSM)

@ Masses of right-handed neutrinos as of other
order of masses of other leptons

@ Yukawas as those of electron or smaller
@ Review: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part. Sci.

(2009), [0901.0011]
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MSM

Properties of heavy neutral leptons

Heavy neutral lepton inherits the interactions from neutrinos

~ U
Charged current-like: Lcc = g—2év“(1 —v5)N° W,
. P g - c
Neutral current-like:  Lyc = oyH(1 — )N Z,
cos 0

Typical values of parameters
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MSM

How to search for HNLs

Shrock+'80s; Gronau+'84; Gorbunov & Shaposhnikov'07; Atre et al."09
Bondarenko, Boyarsky, Gorbunov, Ruchayskiy (2018)

e My < few MeV — only U. mixing can be probed , \‘ ‘ ‘ w | §
(kink searches) P |

o O(10)MeV < My < Mk — intensity frontier »‘g,u,:\\\ i \\L?.'—\ ” N
experiments (peak searches) i 3;;;\\ e )

o O(100)MeV < My < Mg — intensity frontier Wk a”/;;;;;~\ -
experiments (fixed target experiments) Wb ‘ ‘\\ ) ‘

e My = few GeV — LHC searches (displaced B wew T

vertices; multilepton final states; same sign same
flavour leptons, ...)

Helo+'15-"16; lzaguirre & Shuve’15; Ng+’15; Antush+’15-"16; Dib & Kim’15;

[0901.3589]

Gado+'15; Dev+'15; Cvetic+'15-'16

o Z-factories (FCC-ee)

Blondel+'14

HNL mass [GeV]

[1805.08567]
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MSM

HNL phenomenology

. Channel Open, MV | Rel. from, MeV | Rel. to, MeV | Max BR, % = Formula.

@ HNLs are produced in decays of flavoured 1 1 S
H 140 141 3000 335 36)

mesons (D, B) and decay leptonically or R ——

. . 106 315 = 515 3.1)

_ 106 315 515 31)
semi-leptonically - R

548 641 2330 350 57)

N b f d d 275 666 4550 104 (B.42)

@ Number of detected events 70 )
783 907 1730 1.40 (39)

2405 21000 7 ? No

2 D - Nt

— 37

Nevents — Nprod X Pdecay X U X Pdecay (1) N vt 1019 1100 1210 590 (39)

N (3n) 2515 21100 7 7 No

987 21100 ? 7 No

540 21200 ? ? No

55 21200 7 7 No

649 2 1300 ? ? No

675 2 m, = 1780 ? ? No

2 e N

o If cTy > /target—det + lget (smaII U ) TSm0 7 7 o
2110 2350 3.05 (3.8)

d et N 2070 2680 4170 1.22 (3.6)

Pdecay ~ X €det X Bvas (2) 1750 3950 = 152 E)

C ’\/ 1780 3080 = 152 31)

1850 1000 151 31)

1850 1000 = 151 31)

Bondarenko, Boyarsky et al. [1805.08567]
0 If 77 = hargerder (large U?) then
- /target—det rN
Y
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MSM

Sensitivity to HNLs and effect of B,

SHiP collaboration paper (to appear)

Electron mixing, €=1/3

@ Production from B. mesons is
dominant for masses My > 3 GeV
if the production fraction
f(b— B.) ~1073

no Bc
—-—— fBc=2x10"2

N 10-7 ~ . . .

N Y @ |t determines maximal reach in HNL
e N i mass for the SHiP experiment
10 Preliminary o At LHC energies it is ~ 2.6 x 102

10710 LHCb measurements
1 2 3 4 5 6
My[GeV] @ B, production fraction at SHiP
energies is unknown
Theoretical determination of f(b — B.) at SHiP energies is a challenge ]
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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

| U |?

HNL mass [GeV]

lo Bondarenko (Universiteit Leiden)

August 23, 2018

[1805.08567]
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Outline

© Another example: Scalar portal
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Scalar portal |

o Higgs-like scalar whose interaction strength is proportional to mass times
small coupling 62

Production
—— K-S
—— B*»SK
----- B°-»SK
—— 10*D-Sev
—— B*-»Sr*
----- B°»sn®
1’(10102.01 0.05 0.10 0.50 1 5 10
mg[GeV]

u "
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Scalar portal I
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Another example: Scalar portal

Scalar portal sensitivity
SHiP collaboration paper (to appear)

Scalar portal
107 1
107° 1
1078 - 1
® =

10710+ _ ‘ N

Preliminary ~——_ |
10712} ST o T T ==y J |

—— CHARM  —— LHCb&Belle =~
K »nOr- —==— SHiP

10—14 . . . .
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[Monin, Boyarsky, Ruchayskiy [1806.07759]]
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Light dark matter = extra light states

o Light DM requires more light statess X —m—--—------- ¢
to annihilate to (scalars, vectors)
. 4
@ Consider scalar portal coupled to ov X gy
DM fermion
o X ————L - ¢
LDM-mediator coupling = C)gXXX (m¢ < mX)
@ Mediator ¢ couples WIMP to SM 4 \
fermions via sin 0 determines
DM-nucleon cross-section for
direct detection experiments 2 [
- 2 0 gX
TxnN OCSin® 60—
] sin 6
h
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SHiP vs. direct detection experiments

[1512.04119]
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How to read this figure:

@ Direct detection exps. probe
DM-nucleon cross-section:

)
oxn X sin” 0gy

o g, is fixed by requiring
correct DM abundance, Q,

@ => can translate oy
bound into sin® ¢

@ Lower bound for sin 0 exists —

dark matter never thermalises in

my [GeV] = 0.83 x Dark Matter mass

the early Universe

dashed lines — future direction detection experiments
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SHiP neutrino detector (iSHiP)

ECC brick Compact Emulsion Spectrometer

73 em 31em

Magnetized }

neutrino
target
Ve
i\
(’\ @ 7
‘ | H | ; I |
spectrometer (1| | S ‘ % ’ l ‘

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

o 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
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