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e What's left to do at the LHC after the Higgs?
® Focus on CMS and Run 1.
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With the Higgs discovery in 2012, the Standard Model is
complete, right?

Mtiges = 125.09 + 0.24 GeV [0.2%]

S |: graviton - 3



CMS

Higgs Physics
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What’s left to do?

*|s the “Higgs” really the Standard Model “Higgs™?

* This means probing the property of the Higgs to
ensure it has:

»Decay channels are as predicted

The Higgs factory

LHC experiments discovered the Higgs boson but they

» Couples to mass
» Consistency with higher-energy running. e popertes nmuch deptn.
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Higgs properties

19.7 b (8 TeV) + 5.1 15" (7 TeV)
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What’s left to do?

Search for new physics!



New particle?
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Definitely new particle




Look at particle decays
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Are there new differences between leptons?



Particle detectors
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Reminder of LHC setup
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Timeline of LHC running

2009 \— LHC startup, Vs 900 GeV

2010
2011 Vs=7+8 TeV, L~6x10¥cm?s”, bunch spacing 50ns Run 1
o | ~25 fb!
2013 . | o
2014 Ls1 Go to design energy, nominal luminosity - Phase 0

=

2015

2016 Vs=13~14 TeV, L~1x10*cm2s", bunch spacing 25ns

2017

2018 LS2 Injector + LHC Phase | upgrade to ultimate design luminosity
\_

2019

2020

~75-100 fb

Vs=14 TeV, L~2x10*cm?s", bunch spacing 25ns

2021 ~350 b

~3000 fb"!

2022 1S3 HL-LHC Phase |l upgrade: Interaction Region, crab cavities?
2023 A
20307 I Vs=14 TeV, L~5x10*cm?s", luminosity levelling




Hardware re bOOted Superconducting magnets 10,000 new electrical Renovated cryogenics keep

Upgrades to the LHC now allow it to fire operate at higher currents to connectors fitted magnets cold enough to maintain

proton beams at higher rates and provide the force needed to between magnets will a superconducting state, in which

energies than it did in its first run. steer the more energetic divert current if there they have no resistance and so
beams in a circle. is a fault. generate high current.
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[/ Higher energy
s Collision energy increased
from the 8 TeV of run 1 to
- 13 TeV and will reach 14 TeV
A by the end of run 2.
The machine was initially
supposed to run at this
energy before it was damaged
" by a short circuit in 2008.

Beams are composed T ——

OI bunches of _bllhons The inside of the beam pipe

of protons, which has been coated with a

trav:(ljatfi!oze to the protective material to make
| spe» ot light. the vacuum more secure,
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Proton bunches
spaced at

50-nanosecond (ns)

intervals

Proton bunches in run 2
are smaller, closer together
and have higher energies

than those in run 1.

Magnets shrink
the diameter of
the proton beam.

At each of the four interaction
points, the number of

Upgrades W“! 1f1cre'ase CERN's proton-proton collisions will
annual electricity bill by 20% increase from 600 million to
to €60 million (US$65 million). more than 1 billion per second,
thanks in part to a collision
e area that has reduced from
Not to scale 75 to 48 micrometres across.

© nature



What's so hard about increasing the energy!?




CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 um) ~16m* ~66M channels
Overall length  :28.7m Microstrips (80x180 um) ~200m* ~9.6M channels

Magnetic field :38T
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A
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MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

/
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FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channel.

CRYSTAL \
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals
(>

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



The subsystems of LHC enable Particle Identification

| T I ' I ' l
r T T i) am 5m 6m /m
Key:
e MUON
Electron

Charged Hadron (e.g. Pion)
-~ = — - Neutral Hadron (e.g. Neutron)
°°°°° Photon

Silicon
Tracker

: Electromagnetic
)‘[! ]' Calorimeter

Hadron Superconducting bl e
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

D Bamaey, CERN, Febriguy 2004



L/’ event where one Z decays to 2 electrons (red towers) and one decays to 2 muons (red lines)




CMS collision at |3 TeV

CMS Experiment at the LHC, CERN
Data recorded: 2015-Jun-03 08:48:32.279552 GMT
Run / Event / LS: 246908 / 77874559 / 86 V




Downsides to more luminosity?
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Upgrades
CMS pixels — winter 2016-17

Even bigger upgrades in the future to keep up with HL-LHC



What are we doing

at Syracuse?

(Besides hopefully discovering new physics on LHCb)



* Tracking system




LHCb UT upgrade

New upstream tracker for 2019

1718 mm
Y

1338 mm

1528 mm




NEUTRINOS

e Neutrinos can oscillate flavors (e.g. muon neutrino can become electron neutrino),
and we want to understand all the implications this has for the universe.

® Charge-Parity (CP) symmetry violation in neutrino interactions could explain some
of the matter-antimatter asymmetry of the universe.

¢ To address these questions about neutrinos, very large detectors are being planned
for construction deep (~1 mile) underground in a gold mine in South Dakota,
receiving a neutrino beam from Fermilab in Chicago.
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Thank you!
Questions’?



Higgs discovery
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SUPERSYMMETRY

i Syt
. Forte particles Squarkas () Sleptons o ggmgrce

Standard particles SUSY particles

) Quarks @ Leotons



Higher energy

Desperately seeking SUSY

Higher energies mean that the LHC can produce heavier particles
(because of E=mc?) — and perhaps some of those predicted by the
theory of supersymmetry, or SUSY. An extension to the standard
model of particle physics, SUSY postulates a giant 'superpartner’ for
each known particle, and would offer explanations for mysteries such
as the nature of dark matter.

Top quark

Bottom
Gluon quark

- Up
, quark

Standard -model
particles

—
—
»..-—.

Hypothetical : : : h
SUSY particles - .

Some theories
suggest that the stop
would be the lightest
SUSY ‘squark’, Sbottom
making it the easiest / Gluino squark
to detect because it
would show up in
lower-energy collisions The gluino is superpartner
than the others. of the gluon, which carries

: the strong force that binds
the quarks in protons. So
both squarks and gluinos
should show up more often
in proton—-proton collisions
than should other
supersymmetric particles.

© nature

The neutralino would
have almost no
interaction with normal
matter — meaning that
it would slip through
the LHC's detectors —
making it a candidate
constituent of dark
matter.

Decays decoded

If the LHC makes supersymmetric particles, their lifetimes
will be fleeting. But physicists can deduce their presence
from the more-stable decay products. In at least one case,
such SUSY clues could also be evidence for dark matter.

Proton ‘

(made of ® 9 ‘ o]
quarks and @ ,

gluons) ‘

Quark‘

Gluon

9 “

Gluon
collision

Neutralino = \ ! -
> 9000 <
Missing Quarks Missing

energy energy

Physicists will look for these quarks, and see whether
their total energy and momentum adds up to that of
the two gluons that sparked the collision. Just the right
amount of ‘missing energy’ would suggest the presence
of neutralinos — and, by a process of deduction, the
other supersymmetric particles in the decay chain.




More collisions

The Higgs factory Known unknowns
LHC experiments discovered the Higgs boson but they More collisions will help to resolve some ongoing
did not produce enough of the particles to examine mysteries. One of these concerns an anomaly in the
their properties in much depth. way a transient particle called a B* meson decays.
The Higgs is detected B quarks The B* meson can decay
through the particles ‘ in two ways that should ’
it decays into, each of be equally rare.

Photons

which is expected to

be produced with a A
particular frequency.

Made up of Kaon : Kaon

different ° °

combinations
of quarks

Negatively
charged, much °
heavier than °

electrons

° Negatively
charged, more
stable than

G muons

Deviations in the decay
frequencies could hint
at behaviour that does
not fit with the standard In run 1, the LHCb detector saw the electron decay
model. There may even pathway occurring 25% more often, which could
prove to be more than Tau leptons suggest the influence of particles beyond the

one type of Higgs. standard model. But further examples in run 2 are
needed to confirm that this is not a statistical fluke.
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