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Colliders

Creating and studying the heaviest particles

Grace E. Cummings, TRAC 26 June 2024



Why a Collider?

2% Fermilab
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Wh ider? So you want to study heavy stuff
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Need accelerators!

OBSERVASE @5, A DIMUON RESONANCE AT 9.5 GeV
N 400 GeV PHOTON-NUCLEUS COLLISIONS
BIGGER ENERGIES ->
BIGGER PARTICLES ey B O M e, eemene,

Columbia University ,
New York, New York 10027

and

Bottom _
Quark,
418 GeV (=

3rd generat'}_on Higgs

st nd .
Sandard matter  unstable matter orce carriers boson

(syrenb-nyue 9+)
syrenb g

.....

Ve ||V ||¥r | HZ’

suoyday 9

(suoydar-nyue 9-+)

12 fermions 5 bosons

e S Bottom (“Beauty”) quark discovered at
Fermilab’s E288 Fixed Target Experiment
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Limitations of fixed target

OBSERVASE @5, A DIMUON RESONANCE AT 9.5 GeV
'I‘ON-NUCLEUS COLLISIONS
@ BOttom S. W. ue:b_F D. C. Hom, L. M. Lederman,
J. C. Sens,T H. D. Snyder, and J. K. Yoh
400 Gev Quark, Columbia Univer'sity .
D New York, New York 10027
4.18 GeV

and

\E ~ . [2E. m
beam
Available energy (with some caveats)

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Limitations of fixed target

A DIMUON RESONANCE AT 9.5 GeV

Dl =
N 400 GeV PHOTON-NUCLEUS COLLISIONS

S. W. Hierb, D. C. Hom, L. M. Lederman,
J. C. Sens,'F H. D. Snyder, and J. K. Yoh
Columbia University ,
New York, New York 10027

@ Bottom
400 GeV Quark,

= 4.18 GeV

and

Naively, ~28 GeV available

Actually discovered
the Y@ ~9.5 GeV

\/; ~ \/ZEbeammparticle “ b “
N

Available energy (with some caveats) Cl s
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And this brings us to colliders!

All of th in both
of the energy in bo \/;z E

beams can be used! beaml beam?2
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And this brings us to colliders!

All of the energy in both \/; = F

beams can be used! beaml beam?2

Unfortunately, they are a bit
harder to build!

\ \..*, N \» ‘ - 4 A ‘ | : g “ . ' )/ v ',"’ |
# Fermilab Grace Cummings | TRAC 26 June, 2024



Circular v. Linear

Circular

Recycle the beam

Smaller footprint/more acceleration reps
Need adjustable, strong magnets
Synchrotron radiation

Linear

e One shot beam
e Fewer strong magnets
e No synchrotron radiation

proposed future linear and
circular colliders at cern

Circular

Linear

—_
o
o
-

_
o
L

-
S
N

Luminosity/Power [1 0**cm?s? MW’1]

-
S
)
ki [
e,

4

10°

10°
CM Energy [TeV]

—
o
-

*

I

—_

o
=}

—+—FCC ee -+ CCC

——CEPC
—+—CERC
ERLC
—+—ReLiC
—+=ILC
—+—CLIC

—<+MC
——FCC hh
—+—SPPC
PWFA
SWFA
— L4n-1
‘ﬁ“ LWFA - 10

102

# Fermilab Grace Cummings | TRAC 26 June, 2024

Integrate Luminosity per Energy [ab’1 TWh’1]



Circular v. Linear

Circular

*

Recycle the beam <k

Smaller footprint/more acceleratign reps
Need adjustable, strong magn
Synchrotron radiation

Linear

e One shot beam
e Fewer strong magnets
e No synchrotron radiation

proposed future linear and
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Hadron Colliders - natural for highest energies

Higher mass,
less loss!

# Fermilab Grace Cummings | TRAC 26 June, 2024




2% Fermilab

Hadron Colliders - naturally difficult

Magnet Qi
. Synchrotron

Light

Particle w/ mass m,
velocity v, charge q

R /
/
2 /

/
Magnetic field 7
into page of B

mv

R =
qB

For same radius, higher mass
means higher magnetic field!

12
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LHC Dipole magnets are super
complicated! ~8 T and need to be
cooled to 1.9 K

Magnet tech ultimately limits energy reach! (in

reasonable sized tunnels)

[LHC DIPOLE : STANDARD CROSS-SECTION

AUGNMENT TARGET

MAIN QUADRIPOLE BUS-BARS

HEAT EXCHANGER FIPE

e SUPERINSULATION

SUPERCONDUCTING COILS

BEAM PWE

VACUUM VESSEL

BEAM SCREEN

AUXILILRY BUS-BARS

SHRINKING CYUNOER / HE FVESSEL

THERMAL SHELD (55 % 75K)

NON-MAGNETIC COLLARS

IRON YOKE (COLD MASS, 1 9K)

CIPOLE BUS-BARS

SUPPORT POST

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Complications of hadron colliders

# Fermilab Grace Cummings | TRAC 26 June, 2024 14



Complications of hadron colliders

Don’t actually get full energy of
accelerated proton

(Unknown initial state along direction
motion)* important later

Actually colliding
quarks + gluons inside
the protons - each
carry a fraction of the
total energy

Lots of other crap in
the collision

# Fermilab Grace Cummings | TRAC 26 June, 2024



Complications of hadron colliders

- Also collide bunches, so we get “pile-up” -
Actually colliding . . . .
quarks + gluons inside interactions from other particles in the
the protons - each bunch, but not interesting

carry a fraction of the
total energy
ot AN

Lots of other crap in

the collision

Primary
interaction

# Fermilab Grace Cummings | TRAC 26 June, 2024
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The Large Hadron Collider

# Fermilab Grace Cummings | TRAC 26 June, 2024 17



The Large HadrOn COI“der (LHC) Geneva, Switzerland

N W FEETETOR - - —

3 > SR e A P L LS y T
Lac Leman B o il R
(Lake - .
Geneva)
‘ Nh=gal Partially in
26.7 km in - - AN Switzerland!
circumference ' :
e
Partially in -
France!

2% Fermilab Grace Cummings | TRAC 26 June, 2024
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A ~13 TeV Collider

e Final stage of the CERN

accelerator chain
o Largest energy achievable in LEP
tunnel (26.7 km in circumference)

e 2,6.8 TeV proton beams

e 4 collision points
o 2 high luminosity collision points w/
general purpose detectors
o 2 specialized detectors

e 25 ns bunch spacing

# Fermilab Grace Cummings | TRAC 26 June, 2024

The CERN accelerator complex
Complexe des accélérateurs du CERN

CMSs

ALICE BN LHCb

LR 40 T
2 v -
. 10 AWAKE\/
2016 |
M

ISOLDE
BOOSTER

1972 (157 m) —‘—’m
RiBs

REX/HIE Eas
2001/2015
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CMS DETECTOR STEEL RETURN YOKE
12,500 tonnes SILICON TRACKERS

Total weight ~ : 14,000 tonnes
Overall diameter :15.0m Pixel (100150 ym) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic field  :38T
SUPERCONDUCTING SOLENOID
A Niobium titanium coil carrying ~18,000A

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

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

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Solenoid magnet
Semiconductor fracker

Transition radiation fracker

Muon chambers

General Purpose Experiments

20
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 gm) ~200m” ~9.6M channels
aglic field 38T
SUPERCONDUCTING SOLENOID
A Niobium titanium coil carrying ~18,000A

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

i
; ETER (ECAL)
illating PbWO, crystals

CALORIMETER (HCAL)

tic scintillator ~7,000 channels

Going to use CMS as an
example!

LAr hadronic end-cap and
forward calorimeters

Pixel detector
LAr electromagnetic calorimeters
Transition radiation fracker

Semiconductor tracker

General Purpose Experiments

21
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The CMS Experiment at the LHC

General purpose,
discovery machine!

uuuuuu

22
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Compact Muon Solenoid Experiment

Want to identify every
particle in an event

# Fermilab Grace Cummings | TRAC 26 June, 2024

Key:

Transverse slice
through CMS

-3
”
]
5

e Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)

Iron return yoke interspersed
with Muon chambers

23




CMS at the LHC - Silicon Tracker

Key; tuon
— E|ectron
s Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron})

\\\\k\ Trajectories
Q\\’:{jﬁ/ | of charged
) particles!

Tracker S

24



CMS - Electromagnetic Calorimeter (ECAL)

Key; tuon
— E|ectron

Charged Hadron (e.g.Pion)
— — — - Neutral Hadron (e.g. Neutron})
@« ==« Photon

Energies of
electrons and
photons!

Lead tungstate crystal calorimeter

25



Key; tuon
— E|ectron

s Charged Hadron (e.g. Pion)
— — — = Neutral Hadron (e.g. Neutron)
""" Photon

Energies of charged
and neutral
hadrons!

Barrel + Endcap: brass and
plastic

Hadron
Calorimeter

Forward detector: steel and
quartz fiber

26



CMS at the LHC - Superconducting Solenoid

NbTi w/ Al core
4-layer wind
~6 m diameter bore
38T

Provides

magnetic field for particle
momentum measurement and
charge ID

27



CMS at the LHC - Muon System and Flux Return

Key; tuon
— E|ectron

s Charged Hadron (e.g. Pion)
— — — = Neutral Hadron (e.g. Neutron)
""" Photon

Gaseous ionization
detectors

Muon
trajectories
and particle

ID

Iron for
magnetic flux
return

28



CMS at the LHC - Trigger

Stairs to counting
room

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Reconstructing particles

Y

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Reconstructing particles

\ L0/

v

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Reconstructing particles

Measuring track radius
gives a secondary
measurement of
momentum

z ; Combining complementary

measurements improves
resolution!

32
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Electrons, Photons, Muons

ECAL

v,

Tracker
Electrons are made of Photons are made of
tracks and energy energy clusters w/out

clusters tracks

Muon
System

Muons are made of
tracks in the tracker
and the muon system

2% Fermilab

Grace Cummings | TRAC 26 June, 2024
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Electrons, Photons, Muons

Muon
System

ECAL
|

' Tracks and leftover energy clusters are then
grouped into charged or neutral hadrons
(quark matter)

Tracker ~
Electrons are made of Photons are made of Muons are made of
tracks and energy energy clusters w/out { u ks in the track
clusters tracks racks in the tracker

and the muon system

# Fermilab Grace Cummings | TRAC 26 June, 2024
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jets — collections of hadrons and
J etS other particles grouped to
reconstruct a quark — they have
all subsystems!

Quarks hadronize, forming lots
of bound states as they shower!

e—M———»
— O —

E=kx?

— 0000 —
E=kx2=mc? H CAL

ECAL

( m Tracker
# Fermilab Grace Cummings | TRAC 26 June, 2024
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Relativistic Kinematics

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Relativistic Kinematics

o 1]

CMS DETECTOR STEEL RETURN YO)

Total weight 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m
Overalllength ~ :28.7m
Magnetic field  :3.8T

SILICON TRACKERS
Pixel (100x150 ym) ~16m* ~66M channels.
Microstrips (80180 m) ~200m*

SUPERCONDUCTING SOLENOID

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

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

— _nlt 0 In our limit (small particles
n=—mptant o moving fast, converges to o0

invariant rapidity)

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Relativistic Kinematics

n Pr

TRANSVERSE I I_’. + B I
MOMENTUM OF = Ty, pT“{z

CMS DETECTOR R M*

e 4,000 tonnes 1 onnes s
Overall diameter : 15.0 Pixe
Overall leng 28.7 | Mic

PHOTON PAIRS

PROTONS
pT- = pT"YY
o ) Image: ATLAS
— Inltar 0 In our limit (small particles
= =lo(vamt S Pla moving fast, converges to o
invariant rapidity) Transverse momentum, since we
do not know momentum along
beam!

# Fermilab Grace Cummings | TRAC 26 June, 2024 38


https://atlas.cern/updates/briefing/shining-light-strong-force

Final, sneaky object- Missing Transverse Momentum

Visible Particles

e Momentum imbalance in the

transverse plane of the detector
o momentum carried away by
invisible particles

Y p;miss or
MET

39
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Physics at colliders

# Fermilab Grace Cummings | TRAC 26 June, 2024 40



What makes a good scientific model

A good model must:

Describe the natural
world

Make predictions

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Collider physics

All of this can be made...

1st 2nd 3rd generation ) Higgs
standard matter  unstable matter force carriers boson
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Collider physics is probabilistic

All of this can be made... ... at any time!

1st 2nd 3rd generation Higgs
standard matter  unstable matter force carriers boson

(-
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p 1 Z
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D@ 3 3
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down gaf | stranze @B | bottom & = 2 i
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Physics Menu
Standard Model Measurement

Observations of rare
decays, precision
measurements

CMS Preliminary 138 b (13 TeV)

4 Top production!

]
p s
- WO e - .
‘[,, TR SRS SR 1
T . t f TOP-22-013
VWA 7040 %070 70-115] 100, 70-90 %0:7 70-1 157105, 04 %0-70 70-1,1 70,

miW [GeV]
& GE6GUH0T , H
A 4
———-x
H
8 GEEUETT N H

Di-higgs on on
the horizon!

# Fermilab Grace Cummings | TRAC 26 June, 2024
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https://cds.cern.ch/record/2853299
https://cds.cern.ch/record/2853304/

Physics Menu
Standard Model Measurement

Observations of rare
decays, precision
measurements

CMS Preliminary

SMP-22-006

4 Top production!

k .
p s
=% VY +»—+~‘ <+«,,, » 7. 7 s Asiiss
s ).i’f ‘ gt b ¥ ”‘% TOP-22-013
VAW 7040 %070 70-115] 100, 70-90 %0:7 70-1 157105, 04 %0-70 70-1,1 70,
miW [GeV]
- /‘A"/\/\/L
8 GEEEEG0T + H
r L
st
H N
8 G600 N H
Di-higgs on on
the horizon!

Beyond the Standard Model
Searches

CMS rreiiminary 137 o' (13 TeV)
E PP - .2, > WL, <eerExpected
= 2131 soft
£ 600~ - — Observed
—— 2lonZ
00 e SUSY
Dark Matter

SUS-21-008

i | 14 iy
200 400 600 800 1000 1200
my = my, [GeV]

Long Lived particles

@ / s K

multitrack vertices: g

.W 'C <r
9,

v_-

dileptons, \epton;je;: ‘ v i;r:\:rgmg
Heavy @ S ;‘ H\ 4
Gauge / , k low-EMF jets
/)
N

Bosons
s ‘
NN
? multitrack vertices
”in muon system

Heather Russell
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Search analysis — bare bones

Signal
photon
Higgs Boson
photon
Background
(example)
photon
Neutral pion
[ YT ——

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Search analysis — bare bones

Signal @
photon ([C)
>
Higgs Boson L
-------- Y—
(@)
+H:
photon .. .
This is what we expect without
the Higgs (or whatever your new
Background / particle is)
(example)
photon
Neutral pion

Diphoton mass

47
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Search analysis — bare bones

Signal @
photon G.C)
>
Higgs Boson L
-------- Y—
o
+H:
photon
This is what we expect
Background /\ - -
(exagmple) with the Higgs
photon
Neutral pion
. ________

Diphoton mass

48
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Search analysis — bare bones

Signal "
e
photon ([C)
>
Higgs Boson L
-------- Y—
(@)
+ u
photon
\ J
* .-
Background e« This is what we saw
(example)
photon
Neutral pion
. ________

Diphoton mass

49
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What is “5¢”

0.4

34.1% 34.1%

Probability density
0:2 0.3

0.0 0.1

-30 =20 -1lo M lo 20 30

https://news.mit.edu/2012/explained-sigma-0209

# Fermilab Grace Cummings | TRAC 26 June, 2024
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What is “5¢”

0.4

34.1% 34.1%

Probability density
0:2 0.3

0.0 0.1

-30 =20 -1lo M lo 20 30

https://news.mit.edu/2012/explained-sigma-0209

# Fermilab Grace Cummings | TRAC 26 June, 2024
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What is “5¢”

0.4

34.1% 34.1%

Probability density
0:2 0.3

0.0 0.1

50

# Fermilab Grace Cummings | TRAC 26 June, 2024

-30 =20 -1lo M lo 20 30

https://news.mit.edu/2012/explained-sigma-0209
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What is “5¢”

34.1% 34.1%

Probability density

-3 =20 —10 M lo

https://news.mit.edu/2012/explained-sigma-0209
# Fermilab Grace Cummings | TRAC 26 June, 2024

NN

Must not be
your
+ background!

50

20 30
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Planck

Dark matter
Hierarchy

SO

10,000 - 20,000 30,000

Distance (light yea

40,000

rs)

Neutrino

Mass

SO MANY
SHORTCOMINGS!

2= Fermilab

Grace Cummings | TRAC 26 June, 2024
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Future colliders

# Fermilab Grace Cummings | TRAC 26 June, 2024 %5



Future colliders - Lepton Machines

Future Circular Collider e+e- (FCCee) Muon Collider

‘‘‘‘‘

---- ‘ ) N\ R /
- : - —_
. G0 & 7 2% s — I é
Higgs factory | .. _ Discovery s ==
Machine
arXiv:2203.08310 2209.01318

# Fermilab Grace Cummings | TRAC 26 June, 2024 %


https://arxiv.org/pdf/2209.01318.pdf
https://arxiv.org/abs/2203.08310

Complications of hadron colliders

Actually colliding
quarks + gluons inside
the protons - each
carry a fraction of the
total energy

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Benefits of lepton colliders!

Completely know initial state —
can use full momentum, not just
pT

Fundamental! Leads to different
detector design!

Clean collisions!

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Future Trackers FCCee — Wire

Tracker

Muon collider probably
needs silicon

LHC needs silicon

ATLASinner il
Tracker /)

Radiation tolerance and
Radiation tolerance and Ultra-light for best occupancy!

occupancy! resolution

# Fermilab Grace Cummings | TRAC 26 June, 2024 59



Future Calorimeters

LHC needs high granularity

2m

mass~200T
| each endcap

Radiation tolerance and
pile-up mitigation

2.62m

=

Lepton colliders need
precision!

# Fermilab Grace Cummings | TRAC 26 June, 2024
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Summary

e Collider physics offers a wealth of possibilities
o Varied and rich physics opportunities
m  SM Measurement
m New physics reach
o Diverse instrumentation requirements
m High rate and radiation environments now
m Precision environments in the future

e Collider design ultimately driven by outside factors
o How much land can you buy
o How strong of magnets can you build
o How much energy can you afford

e Really at a turning point — not sure what the future holds!
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