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The phase transition in the laboratory
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Relativistic Heavy lon Collider Large Hadron Collider

Upton, NY LRC Geneva, Switzerland
1.2km diameter 8.6km diameter
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Size: 16 x 26 meters .l
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p+p collisions

3D image of each collision
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Pb+Pb collisions

\/! / Pb+Pb @ sqrt(s) = 2.76 ATeV
/%
N— % / 1 2010-11-08 11:29:42
—Z I\ | A
AN s Fill : 1482
/ I | Run : 137124
7 Event : 0x00000000271EC693

Christine Nattrass (UTK), NSBP, November 2017



Christine Nattrass (UTK), NSBP, November 2017



How can we estimate the energy

density?

Transverse energy (E.)

— sum of particle energies in transverse
direction

Volume V =A_1c

e T = formation time

e Energy density ¢

_1dE;, J dE;
" V.dy A;tcdn

 QGP formation for € > 0.5 GeV/fm3
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Energy density
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T~170
MeV

Chemistry - equilibrium
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Phase diagram of nuclear matter
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Quark Gluon Plasma — a liquid of quarks and gluons created at
temperatures above ~170 MeV (2:10"°K) — over a million times hotter than
the core of the sun
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Measuring temperature
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Thermal photons

Phys.Rev.Lett.104:132301.2010

a~10°

c;lo & 4+ AuAu Min. Bias x10*

>10°

g ¢ *  AuAu 0-20% x10?
g g 102 D ™ AuAu 20-400"-0 x10 :\’\‘é')\ 103 T T T T T T | T T T | T T T I T T T | T T T | T T T |

> > o

§ ::-' 10 s v pP+p &%i 10 0-40% Pb-Pb, ﬁ =2.76 TeV

o > 10
= T - Turbide et al. PRC69 2l , HiletiS
S B oo —e— Direct photons
—_ Q@ —— Direct photon NLO for = 0.5,1.0,2.0 p_ (scaled pp)
& uw Fi 107 B Exponential fit: A x exp(-p_/T), T = 304 + 51 MeV
S 510 " 10 o
L G- 10° X
-: NQ 1 0-2
- > 10

()

S10° t0*

m‘-"

_g- 10°

E 10-4 10‘7 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

o Do 0 2 4 6 8 10 12 14

. = b, (GeVic)

w4

. QCD 1 ALICE collaboration:
10 processes _ ; Pb+Pb collisions at Vs  =2.76 TeV
I L1 1 1 | | | [ L1 11 | | R i O | L1 11 | 11 r ] Inverse Slope: T — 304 +/_51

1 2 3 4 5 6 7
P, (GeV/c)

PHENIX collaboration: Au+Au collisions at \/sNszoo GeV
Inverse slope: T =221 +/- 19 (stat) +/- 19 (syst) MeV

Christine Nattrass (UTK), NSBP, November 2017 18



Take home messages

* |If we get nuclear matter dense
enough, we make a new phase of
matter, which we produce in high
energy heavy ion collisions.

* This medium is extremely hot and
dense. :
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Building a quarkonium-thermometer

CMS-PAS HIN-11-011
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Building a quarkonium-thermometer
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Probing the Quark Gluon Plasma

Medium

Probe

Detector

N~ —~
< \ \ \ \ \
N ) O\ )\
Y \

Want a probe which traveled through the collision
QGP 1s very short-lived (~1-10 fm/c) —
cannot use an external probe
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Probes of the Quark Gluon Plasma

nucleus

nucleus

Want a probe which traveled through the medium
QGP 1s short lived — need a probe created 1n the collision

Christine Nattrass (UTK), NSBP, November 2017
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Probes of the Quark Gluon Plasma

nucleus

nucleus

Want a probe which traveled through the medium
QGP 1s short lived — need a probe created 1n the collision
We expect the medium to be dense — absorb/modify probe
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Nuclear modification factor

 Measure spectra of probe (jets) and compare to
those in p+p collisions or peripheral A+A
collisions

o |f high-p; probes (jets) are suppressed, this is
evidence of jet quenching

1.4
R.-’..—";
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o ===-=
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Nuclear modification factor

2_""I""IIII 5

T SN ez e
OC 1.8F 4K PbPb(CMS) — * v,Pb-Pb s, =276 TeV, 0-10% (CMS) -
. [ 5 =276 TeV, 0-5% | & W Pb-Pb s, =276 TeV, 0-10% (CMS)]
% 1.6 - v 2%, Pb-Pb s, =276 TeV, 0-10% (CMS) ]
S ;
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0.8 _ff :
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g By 8 I
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Probe —» ..

PO i Al 1 L O [ L | [
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p. (GeV/c) or mass (GeV/c?)
e Charged hadrons (colored probes) suppressed in Pb—Pb

« Charged hadrons not suppressed in p—Pb at midrapidity

» Electroweak probes not suppressed in Pb—Pb

Christine Nattrass (UTK), NSBP, November 2017 28



Nuclear modification factor RAA
RHIC LHC

<2'4 | PHENIX Au+Au, \fsNN =200 GeV, 0-10% most central ALICE CMS
n:<2.2 — i direct v (PRL109, 152302) § J/y 0-20% cent. (PRL98, 232301) 0-5% 7= Phys. Rev. C 93 (2016) 034913 [#]0-5% h™ EPJC 72 (2012) 1945
B $ ° (PRL101, 232301) # o 0-20% cent. (PRC84, 044902) 0-5% K- Phys. Rev. C 93 (2016) 03491 10% v PLB 710 (2012) 256
2 i ‘n (PRC82, 011902) é ef": (PRC84, 044902) 0-5% p,p Phys. Rev. C 93 (2016) 0349 100% W~ Phys. Lett. B 715 (2012) 66
1 8 | + o (PRC83, 024904) f K* (PRC83, 064903) 0-10% D JHEP 03 (2016) 081 100% Z JHEP 03 (2015) 022
- ¥ p (PRC83, 064903) Connors, Nattrass, Reed, Salur
1.6 ’ arXiv:1705.01974 [nucl-ex]
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» Electromagnetic probes — consistent with no modification — medium
IS transparent to them
« Strong probes — significant suppression — medium is opague to

them - even heavy quarks!
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Careers in high energy physics
* You should consider high energy physics if...

- You like programming and working with computers

- You're a people person — and don't mind working with 1000 people
- You like to travel around the world — and work

- You enjoy giving talks

« Common career options for people with a Ph.D. in high
energy physics

- Academia — research and teaching universities
- Research at a National Laboratory

- National security

- Finance

- Computer programming

Christine Nattrass (UTK), NSBP, November 2017 30



What | spend my time domg

* Programming (c++) - analyzing data
. ertlng and giving talks — 3 research talks, 1

talks (>30) at mternal meetings in 2010
 Hardware work: assembling & testing the detector

» QOutreach: blogging for ALICE, giving tours of
PHENIX to the pubilic...

» Writing papers and conference proceedings

* Reviewing the work of my collaborators
 Reading papers

» Taking shifts — including being on call 24/7

* Teaching, advising students (undergrad & grad)
 Committee work

Christine Nattrass (UTK), NSBP, November 2017



Resources
« US LHC blog and Facebook page

* Experiments

- Relativistic Heavy lon Collider: STAR PHENIX

- Large Hadron Collider: ALICE ATLAS CMS LHCb
TOTEM

* Event displays and pretty pictures from ALICE

» Really cool ATLAS event animation
* Links to articles in the press on PHENIX
» Scientific American article

Christine Nattrass (UTK), NSBP, November 2017
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http://blogs.uslhc.us/
http://www.facebook.com/uslhc
http://www.star.bnl.gov/
http://www.phenix.bnl.gov/
http://aliceinfo.cern.ch/
http://atlas.ch/
http://cms.web.cern.ch/cms/
http://lhcb-public.web.cern.ch/lhcb-public/
http://totem.web.cern.ch/Totem/
http://aliceinfo.cern.ch/Public/Welcome.html
http://www.atlas.ch/multimedia/html-nc/animation-heavy-ion-event.html
http://www.phenix.bnl.gov/headlines.html
http://www.scientificamerican.com/article.cfm?id=the-first-few-microsecond-2006-05&page=1

US Universities with graduate programs in experimental heavy ion
physics

Relativistic Heavy lon Collider

« STAR

University of California at Davis
University of California Los Angelos
University of Houston

University of lllinois at Chicago
Creighton University (masters only)
Kent State University

Michigan State University

Ohio State University

Purdue University

Texas A&M University

University of Texas Austin
University of Washington

Wayne State University

Yale University

« PHENIX

- University of California Riverside

- University of Colorado Boulder
— Columbia University

- Florida State University

- Georgia State University

- lowa State University

— Ohio University

- State University of New York

(Chemistry & Physics departments)

- University of Tennessee at
Knoxville

- Vanderbilt University

Christine Nattrass (UTK), NSBP, November 2017
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US Universities with graduate programs in experimental heavy ion

physics
Large Hadron Collider

 ALICE « CMS
- University of Texas Austin - University of California Davis
- Chicago State University - University of lllinois Chicago
- Ohio State University — University of Kansas
- Wayne State University ~ University of Maryland
~ University of Texas Houston ~ University of lowa
- University of Tennessee Knoxville - Rutgers University
- Yale University - Massachusetts Institute of Technology

~ Creighton University (masters only) - Vanderbilt University

- Purdue University * ATLAS
— Columbia University

Christine Nattrass (UTK), NSBP, November 2017
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p+Pb as a control
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Suppression of quarkonia in p+Pb
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Suppression of quarkonia in d+Au

arXiv:1315.5516, to be publ PRL
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. 0
Baryon anomaly: A/K”_
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Nuclear modification factor (RAA)

| ALICE\s,, = 2.76TeV, |y|<0.75

0 2 4 6 8 10 12 14 16
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(1/N4H) d* N4 /dndpr
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Charm nuclear modification factor
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