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how hot?
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12000 °F
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quark-gluon plasma

lable

no photo ava




what is inside an atom?

the nucleus

electrons’ orbit

10-'9m = 1 A = 100,000 fm
e

image: wikipedia 3



the nucleus

« >99% of the mass of atoms, and thus
normal matter, is in the nucleus

» vary in size from hydrogen — uranium
and larger

» composed of protons and neutrons

» the nucleus is held together by the strong
force

 one of the 4 fundamental forces

» very strong & short range interactions



and what's inside protons and neutrons?

quarks and gluons

fundamental particles which interact
via the strong force
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and what's inside protons and neutrons?

quarks and gluons

fundamental particles which interact
via the strong force

confinement

confinement makes the strong force hard to study because the details are locked
inside the protons and neutrons



strong force at high temperature

a system that’s hot and dense enough for the quarks and gluons to not
be confined anymore
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strong force at high temperature

a system that’s hot and dense enough for the quarks and gluons to not
be confined anymore

lead nucleus
(many protons & neutrons)

+ energy




strong force at high temperature

to create a system that’s hot and dense enough for the quarks and
gluons to not be confined anymore: the quark-gluon plasma

this is how the universe looked a millionth of a second after the Big
Bang



particle accelerators in the US and Europe

Relativistic Heavy lon Collider, New York

0.200 TeV collision energy 502 TeV

t
(check out CE

RN's youtube channel for videos about

e world has two colliders capable of doi

Large Hadron Collider, CERN

collision energy

ng this

now colliders work)
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relativistic heawvy ion collisions

quark-gluon plasma
(QGP)

lasts for a billionth of a trillionth of a second (10-23 sec)
and billion times smaller than a pixel on an iPhone display (10-14m)

quark-gluon plasma

no photo available




ATLAS detector at CERN

25m

Tile calorimeters

| LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets

Muoh chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

10



some ATLAS statistics

- 100M electronics channels, 3000km of cables, 7000 tons,

millions of lines of code, 3000 scientists from 38 countries
- collisions every 100 nanoseconds (PbPb collisions)

- most of the time ATLAS collides protons looking to make new
particles, this is a different use of ATLAS

output so far: ~ 800 science papers

11



what do we see?

hundreds or thousands of new particles are
created in each collision

E = mc?2

these particles provide the only window into the
earlier stages of the collision

we look at each collision individually, but
measure billions of collisions!

12
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what do nuclear collisions look like?

5 0 5 10 15

15

Miller, et al, Ann Rev Nuc Part 57 (2007) 205

z (fm)
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what do nuclear collisions look like?

Miller, et al, Ann Rev Nuc Part 57 (2007) 205

[
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what do nuclear collisions look like?

5 0 5 10 15
z (fm)

,-10‘.

15

Miller, et al, Ann Rev Nuc Part 57 (2007) 205

PR I TR T T A N W

10
X (fm)

into the screen and one coming out

| going

one nuclei

view
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10

-10
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counting particles

10
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counting particles
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counting particles

number of 1-2

1

particles ¢ gf
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collision geometry
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collision geometry
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collision geometry

¢ [rad]

more particles come out the long side
than the short side!
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what's going on inside the collision?




what's going on inside the collision?




lots of interactions

18



lots of interactions

steep pressure change
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lots of interactions
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lots of interactions

gradual pressure change
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lots of interactions

gradual pressure change

this is how a liquid works!

18



characterizing a liquid
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characterizing a liquid

low viscosity
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characterizing a liquid

low viscosity

=

gh viscosity

19



liquid QGP

QGP flows well!

1.2

3
0.8

20



liquid QGP

QGP flows well!
1.2~ —
L Y N ”
O.8—| IIIIIIIIIIIIIIIIIIIIIIIIIIIII —]
-3 -2 -1 0 1 2 3

low viscosity (small n/s)

:“ = v T

n/s > 25 (1/4n)
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liquid QGP

QGP flows well!
1.2~ —
L Y N ”
O.8—| IIIIIIIIIIIIIIIIIIIIIIIIIIIII —]
-3 -2 -1 0 1 2 3

low viscosity (small n/s)

- . —— W
4 E /,"';:':": =4
. Vo
N e S 4
e L O
L I
e S s T
- ; =% 3
n 2 ~
¢
TE: e 2
45 o 7 7

n/s(QGP) < 5 (1/4m)

n/s > 25 (1/4n)
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liquid QGP

QGP flows well!
1.2~ —
L Y N ”
O.8—| | | o | T
-3 -2 -1 0 1 2 3

low viscosity (small n/s)

. > p " -
A'/

n/s(QGP) < 5 (1/4m)

string theory calculation:
universal minimum
n/s > 1/4n

n/s > 25 (1/4n)



liquid QGP

QGP flows well!
1.2~ —
L Y N ”
0.8—_ | | | | 2 . —]
-3 -2 -1 0 1 2 3
-y, [rad]

low viscosity (small n/s)

n/s > 25 (1/4n)

2N . W
-~ =
LG g =
A
N s o <
3 ISR S TS A
e > - > i 4 e 2L N
s 4 pic AT
= 'z - =<3
- 3 ! ==
,'! - = -
e N
et
-
e
b, e
Vi, o

n/s(QGP) < 5 (1/4m)

string theory calculation:
universal minimum
n/s > 1/4n

determining n/s(QGP)
IS very important



why does the strong force at high
temperature lead to fluid behavior?



why does the strong force at high
temperature lead to fluid behavior?

to answer that, we need a picture of the microscopic
interactions between the quarks and gluons inside the QGP




how we'd like to measure the QGP

Q&GP




how we'd like to measure the QGP

Q&GP
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how we'd like to measure the QGP

Q&GP
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how we'd like to measure the QGP

Q&GP

22



a proton is like a beam of incoming quarks & gluons

> — o

sometimes a quark from one proton hits a
quark from the other head on

23



a proton is like a beam of incoming quarks




a proton is like a beam of incoming quarks




a pair of jets

DATLAS
L EXPERIMENT

Run Number; 201006, Event Number: 55422459
Date: 2012-04-09 14:07:47 UTC |

~

NN N SN NN N

) NN N NN N N N N
PSS OSOS OSSN
4 0 180 270
)

90 360
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a proton is like a beam of incoming quarks

26



a proton is like a beam of incoming quarks




a proton is like a beam of incoming quarks

a jet created at the same time as the quark gluon plasma
functions as a microscope

26



a proton is like a beam of incoming quarks




jets going through the QGP




jet survives
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enerqy balance of the jets

®—. o

2y

—|> 3.5}

L

0.5

3F
25k
15L

1F

5_1OO<pT1<1266eV 0-10 %:

= [8]Pb+Pb
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—0—
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EQEEE+
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energy of jet 2 / energy of jet 1
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enerqy balance of the jets

Z‘x_’ 4:III|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
O | - 0o/ -
_ —0) L 100 < p_ < 126 GeV 0-10 %:
\—‘23_5:— T1 .

3[ [EPb+Pb :

- PP ]

i —— 4

i = ]

> 2r ]

< 5 - s 5

1:_ — -

E - ]

0.5F .

:III| IIIIIIIII|IIII|IIII|IIII|IIII:

03 04 05 06 0.7 08 09 1

energy of jet 2 / energy of jet 1
a lot of energy is removed from jet 2



jets going through the QGP

31



how is a jet made?

no QGP

Y

time

32



QGP

Eﬁfw ¥

\

interactions with the quark-gluon plasma cause more particles
some of these particles are far from the jet

33



looking at the effects of the quark-gluon plasma

34



looking at the effects of the quark-gluon plasma

# of particle in jet ‘ ‘

# of particleinjet (@9

2_5 T T IIIIII| T T IIIIII|

1.5

| ATLAS ly I < 2.1 anti-k, R=0.4 jets |

o @® 126 p’T 8 Ge 4
- ) ¢ 200 < pPf < 251Gev 7
'_t g 31 o < 398 GeV

- Pb+Pb, |5, =5.02 TeV, 0.49 nb™, 0-10%

0 5__ pp , Vs =5.02 TeV, 25 pb”
) | [ | [ |

1 I1|o |1|02
particle energy
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where next?

jets look difterent in the quark-gluon plasma

36



where next?

jets look difterent in the quark-gluon plasma

we work with theorists to build models which tell us how exactly
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where next?

jets look difterent in the quark-gluon plasma

we work with theorists to build models which tell us how exactly
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L L J
S [ Pb+Pb, {5,y =5.02TeV, 0.49 nb™, 0-10% 1
0.5 PP Vs =5.02 TeV, 25 pb' |
) L L L I 'l ‘ L L L I 'l ‘ L L

1 10 10?

as an experimentalist, | try to figure out everything I can about how this
depends on the size of the quark-gluon plasma, the energy of the jet,
the type of quark, the temperature of the quark-gluon plasma,...
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particle accelerators at BNLand CERN

RHIC (New York) LHC (Switzerland)

0.200 TeV collision energy 5.02 TeV collision energy

energy of the collision sets the quark-gluon plasma temperature

37



SPHENIX

SPHENIX currently u

nder

construction as a new ¢
for RHIC optimized for jet

measurements!
first data: 2023

etector
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made in lllinois: SPHENIX electromagnetic calorimeter

plan on making 6000 tungsten powder
scintillating fiber blocks as an essential

component of the jet measurement in
SPHENIX

students in the lab

3
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4 fundamental forces of nature

. solar system, airplanes, you sitting in the seats,
gravity
sports, black holes, ...
electricity & | chemistry, biology, cell phones, solar power,
magnetism superconductors, semiconductors

strong force

weak force

stars, ato

ms, neut

power, nu

clear bo

0

N stars, nuc

earl

ns, PET scans...

these things can all be und

erstood in terms of the forces that cause them, but it is not easy to

predict all the important consequences from the force
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