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Abstract: Hidden sector particles, with masses and couplings below those of the weak interactions, can resolve many of the outstanding que
the Standard Model, including the identity of dark matter, the origin of the baryon asymmetry, and the physics of neutrino masses. Existing s
at colliders such as the Large Hadron Collider are, however, often insensitive to signals of hidden sectors. Using the well-motivated exar
low-scale leptogenesis and neutrino masses, | will demonstrate connections between the cosmology of hidden sectors and their signe
experiments. | will then present new experimental ideas for how to uncover the existence of hidden sectors at the LHC, as well as my
founding and leading a joint theory-experiment initiative&nbsp;working to greatly expand sensitivity to long-lived particles&nbsp; Finally, I \
discuss my theoretical and experimental work on low-energy colliders such as B factories, which have an immense and under-utilized poter
discovering hidden particles. Given the many connections between colliders, astrophysics, cosmology, and other terrestrial experiments el
from the study of hidden sectors, the future is bright for expanding our knowledge of the hidden universe.

Pirsa: 19040086 Page 1/49



UNCOVERING HIDDEN
SECTORS AT COLLIDERS

MUDD Brian Shuve

Pl Colloquium




THE STANDARD MODEL

» Current understanding of particle physics: the Standard Model
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THE HIDDEN UNIVERSE

“Missing matter”

rotational velecity
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THE HIDDEN UNIVERSE




THE HIDDEN UNIVERSE
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HIDDEN SECTORS

» All signs point to one (or many!) neutral particles: hidden sectors

* Masses of hidden sector particles relatively unconstrained. Could
be much lighter than SM particle masses!

(8) |
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HIDDEN SECTORS

» All signs point to one (or many!) neutral particles: hidden sectors

* Masses of hidden sector particles relatively unconstrained. Could
be much lighter than SM particle masses!

force?

Pirsa: 19040086 Page 8/49



PARTICLE COLLIDERS

* As theorist, important to know how to make & test these particles!

» Colliders are machines built to create & study subatomic particles

Proton-proton (LHC-
ATLAS/CMS)

. — P

* Highest energy

e Very messy collisions due to

strong force between protons
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PARTICLE COLLIDERS

* As theorist, important to know how to make & test these particles!

* Currently two main types of collider

Electron-positron (BaBar,
Belle 1)

* Highest collision rate

* Very clean collisions
* |ower energy
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TESTING HIDDEN SECTORS

* Many hidden sector particles are long-lived particles (LLP)

» Travels a macroscopic distance before decaying (2 0.01 mm)

* | will discuss why these particles are well motivated theoretically
but difficult to see experimentally, and my role in founding &
leading the community efforts to hunt for these hidden particles

8
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WHY LONG-LIVED PARTICLES?

e The Standard Model has a lot of LLPs!
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WHY LONG-LIVED PARTICLES?

e The Standard Model has a lot of LLPs!
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WHAT MAKES IT LONG LIVED?

Example: charged pion decay
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WHAT MAKES IT LONG LIVED?

Example: charged pion decay
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Minkowski, 1977; Yanagida, 1980; ...

NEUTRINO HIDDEN SECTORS
@ @ * How can SM neutrinos get mass?

Through interacting with the Higgs field!

e However, no particles in SM have right
@ weak charges to do this: introduce new

sterile neutrino N
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Minkowski, 1977; Yanagida, 1980; ...

NEUTRINO HIDDEN SECTORS
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e This leads to mixing of the SM and sterile neutrino states
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NEUTRINO MATTER ASYMMETRY

* |f these sterile neutrinos have ~<300 GeV masses, they are long-
lived particles!
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lived particles!

|N) ~ |Ng) + 0|vo)

o Batell, Pospelov, BS, arXiv:1604.06099 (JHEP)
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NEUTRINO MATTER ASYMMETRY

If these sterile neutrinos have ~<300 GeV masses, they are long-
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Akhmedov, Rubakov, Smirnov, 1998; Asaka, Shaposhnikov, 2005

NEUTRINO MATTER ASYMMETRY

e But why should they be in this mass range? Can explain matter-
antimatter asymmetry!

Ve Ve

irsa: 19040086 Page 21/49



ASYMMETRY -> LLPS!

* We need the scattering rates to be slow up until when Higgs field
turns on (baryon-lepton asymmetries subsequently decouple)
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ASYMMETRY -> LLPS!

* We need the scattering rates to be slow up until when Higgs field
turns on (baryon-lepton asymmetries subsequently decouple)

o T
v <nm - (L)

e But remember the neutrino mass requirement:
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* The simultaneous requirements of neutrino mass + baryon
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asymmetry predict testable GeV-scale long-lived sterile neutrinos!!
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BS, Yavin, arXiv:1401.2459 [PRD]; BS, D. Tucker-Smith, in progress; BS, C. Tamarit, in progress

ASYMMETRY -> LLPS!

e Thisis an example of freeze-in cosmology: there exist particles
that never came into equilibrium over relevant epochs

* This makes the results particularly sensitive to new forces &
particles: framework is predictive and constraining

* We are only now scratching the surface of models of hidden-
sector baryogenesis! Many new scenarios to explore, including
common explanations of baryon asymmetry + dark matter
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Y. Cui, BS, 1409.6729 [JHEP]; see also BS, C. Tamarit, 1704.01979 [JHEP]

BEYOND NEUTRINO-GENESIS

e The LLP prediction follows from the out-of-equilibrium condition

of many baryogenesis scenarios
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Y. Cui, BS, 1409.6729 [JHEP]; see also BS, C. Tamarit, 1704.01979 [JHEP]

BEYOND NEUTRINO-GENESIS

e The LLP prediction follows from the out-of-equilibrium condition
of many baryogenesis scenarios

e ! 4
b
Out-of-equilibrium condition in early Universe gives
prediction for LLPs in colliders! Universe’s “size” was 1
cm at electroweak temperatures!
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LARGE HADRON COLLIDER

e LLPs are super important! How can experimentalists look for them?
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LLPS AND TRIGGERS

e Signals might not be recorded/reconstructed!

e ~30 million collisions per second, can only record ~1000-10000!

Tracker

\/ \ /
Electromagnetic | ;I \ \ \ { | / \ \ \ f | y \ \
Calorimeter — [ T—*‘ P '—T] [ :' . | | ‘ .
‘Il 1 . \ . .- { .l I‘l |‘ |ll \ ' J { ‘I\ \ A ) \ | .‘I
Hadronic ,_-/"_7/ b h ;
Calorimeter .

- Tracks identified
—~ E when event
Muon System carefully analyze
Signal Level 1 Full

Trigger View Analysis View

Matt Strassler, 2014

Pirsa: 19040086 Page 28/49



lzaguirre, BS, 1504.02470 [PRD]; see also Batell, Pospelov, BS, arXiv:1604.06099 (JHEP)
MISSING DISCOVERY POTENTIAL

e LLP searches at LHC are already happening, typically with large
energy requirements on particles in detector

e Are they missing anything? ” 9#
: 1/
Example: dark neutrino _,_O_L
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lzaguirre, BS, 1504.02470 [PRD]; see also Batell, Pospelov, BS, arXiv:1604.06099 (JHEP)
MISSING DISCOVERY POTENTIAL

e LLP searches at LHC are already happening, typically with large
energy requirements on particles in detector

e Are they missing anything? ” 9#
: 1/

Example: dark neutrino _,_O_L
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lzaguirre, BS, 1504.02470 [PRD]

MISSING DISCOVERY POTENTIAL

e Due to energy thresholds, LHC
searches not sensitive to this!!

e No coverage for this important
theory unless we try something new

LLF
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lzaguirre, BS, 1504.02470 [PRD]

MISSING DISCOVERY POTENTIAL

PromPE Due to energy thresholds, LHC
searches not sensitive to this!!

* No coverage for this important
theory unless we try something new
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lzaguirre, BS, 1504.02470 [PRD]

MISSING DISCOVERY POTENTIAL
m Fromlaﬁ Due to energy thresholds, LHC
T | = =

Using our methods, CMS has achieved best sensitivity in
10-75 GeV mass range for prompt search, long-lived | new
search ongoing (CMS, arXiv:1802.02965). Also, ongoing
searches by ATLAS & LHCb
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lzaguirre, BS, 1504.02470 [PRD]

MISSING DISCOVERY POTENTIAL

PromPE Due to energy thresholds, LHC
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Blinov, Izaguirre, BS, arXiv:1710.07635 [PRD]

MISSING DISCOVERY POTENTIAL

Example: dark forces

e Dark force with massive gauge boson in [ = — FHUFSU
hidden sector 2

YD

YD
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Blinov, Izaguirre, BS, arXiv:1710.07635 [PRD]

MISSING DISCOVERY POTENTIAL

Example: dark forces

e Dark force with massive gauge boson in [ = — FHUFSU
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Blinov, Izaguirre, BS, arXiv:1710.07635 [PRD]

MISSING DISCOVERY POTENTIAL

Example: dark forces

e Dark force with massive gauge boson in [ = — FHUFSU
hidden sector 2
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Blinov, lzaguirre, BS, arXiv:1710.07635 [PRD]

MISSING DISCOVERY POTENTIAL

Example: dark forces

e Dark force with massive gauge boson in o= = EWFSU
o H'i

hidden sector

/4 = p
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Y. Cui, BS, arXiv:1409.6729 [JHEP]; see also Z. Liu, B. Tweedie, arXiv:1503.05923 [JHEP]

ADDITIONAL CHALLENGES

e Not obvious whether an existing search applies!

e Example: CMS had a search for a displaced pair of quarks. Does
this cover other signatures, or are there gaps?

q q

standard 2j \/ 3j \ q
_ ‘. . '
7 . , \ : - L ) y g \. q

| —

Cui, BS, arXiv:1409.6729 [JHEP]

28

Pirsa: 19040086 Page 39/49



Y. Cui, BS, arXiv:1409.6729 [JHEP]; see also Z. Liu, B. Tweedie, arXiv:1503.05923 [JHEP]

ADDITIONAL CHALLENGES

e Not obvious whether an existing search applies!

e Example: CMS had a search for a displaced pair of quarks. Does
this cover other signatures, or are there gaps?

q q

standard 2j \/ 3j q
: < e \\_, q

| —

Cui, BS, arXiv:1409.6729 [JHEP]

* We had to work very hard for this result! How can we make search
coverage apparent to reduce redundant efforts AND ensure no gaps?

28
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