= Melting Nuclei

25

20
15
10
5
1
0.5
0.
—0.01
Max: 117.5
Min: 0,000

Christine Nattrass
University of Tennessee at Knoxville

Calculations done on the Titan supercomputer by the CJet collaboration https://sites.qooqgle.com/site/cjetsite/
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How to make a Quark Gluon Plasma
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The phase transition in the laborator
Initial State QGP Freeze-out
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Relativistic Heavy Ion Collider Large Hadron Collider

Upton, NY Geneva, Switzerland
1.2km diameter 8.6km diameter
ptp, d+Au, Cu+Cu, Aut+Au, U+ ™ e L G- Ph, Pb+Pb

». Au+Au Collisions

Vs =9-200 GeV RHIC 2.76 GeV, 5.5 TeV
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Size: 16 x 26 meters .l_
Weight: 10,000 tons N — '
Detectors: 18
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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

2010-11-08 11:29:42

Fill : 1482

Run : 137124

Event : 0x00000000271EC693

September 2018



QGP Spectroscop
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Probing the Quark Gluon Plasma

Medium

Probe

NN O
< \\ \ \\ \
\ )\
AU

Detector

Want a probe which traveled through the collision
QGP is 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). Berea. September 2018
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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

Christine Nattrass (UTK). Berea. September 2018 13



Jets

Q’Q*

SUO j\o)

p+p — dijet

éé

Jets — hard parton scattering leads to back-to-back quarks
or gluons, which then fragment as a columnated spray of
particles
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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

[T high-p, probes (jets) are suppressed, this is
evidence of jet quenching

1.4
H.ﬂ._-";
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] N
d2NAA/dedT] 0.8
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Nuclear modification factor

F-Y | e EREE N AR E R A R

) R U USRI IR LU B B AL
OC 1.8F A h Pb-Pb(CMS) . * v,Pb-Pb s, =276 TeV,0-10% (GMS)
o § B E Sw=276TeV,05% | & W5 PDPD s =276 TeV,0-10% (CMS)
S Y 2%, Pb-Pb s, =276 TeV, 0-10% (CMS) ]
CEFE 1 '
1.2F :
Control —» ) 1| | O o :«+— Control
0.8 ' B
» 1

e i e e e
O 10 20 30 40 50 60 70 80 90 100
p. (GeV/c) or mass (GeV/c?)

* Charged hadrons (colored probes) suppressed in Pb—Pb
* Charged hadrons not suppressed in p—Pb at midrapidity

* Electroweak probes not suppressed in Pb—Pb
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Nuclear modification factor R
RHIC LHE

<2'4 . PHENIX Au+Au, \fsNN = 200 GeV, 0-10% most central 2.4 [ ALICE CMS
2.2 @i direct y (PRL109, 152302) § J/y 0-20% cent. (PRL98, 232301) 2 ] 5% = Phys. Rev. C 93 (2016) 034913 []0-5% h EPJC 72 (2012) 1945
"_ ‘no (PRL101, 232301) j o 0-20% cent. (PRC84, 044902) 5% K= Phys. Rev. C 93 (2016) 034913 10-10% v P_LB 710 (2012) 256
2 B ‘n (PR082 01 1902) é eaF (PR084 044902) 5% p,p Phys Rev. C 93 (2015) 034913 10-100% W~ Phys Lett. B 715 (2012} 66
1.8 ¥ 0 (PRC83, 024904) § K* (PRC83, 064903) 10% D JHEP 03 ( 10-100% Z JHEP 03 (2015) 022

Connors, Nattrass, Reed, Salur

#p (PRC83, 064903) arXiv:1705.01974 [nucl-ex]
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pT(GeV/c)

Pb+Pb {s,, = 2.76 TeV
"0 20 30 40 50 60 70 80 90 100
pT(GeV/c)
e Electromagnetic probes — consistent with no modification — medium
IS transparent to them
e Strong probes — significant suppression — medium is opague to
them - even heavy quarks!
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https://arxiv.org/abs/1705.01974

JET collaboration

Phys. Rev. C 90, 014909 (2014)
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https://arxiv.org/abs/1312.5003

Di-hadron correlations
p+p — dijet
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Di-hadron correlations
p+p — dijet

0.4

#0-12% Au+Au, PRC 80 (2009) 64912 + ZYAM v v,
0-12% Au+Au, PRC 80 (2009) 64912 + NSF v, 6
#2060% Au+Au, PRC 94 (2016) 011901(R)
—wd+ANarXiv: 101{1 0690

(1 thfaN;’d,aq)
o
o

o
N
|

Updated to include latest information about background

Christine Nattrass (UTK). Berea. September 2018 20
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Bayesian Statistical Analysis

Models and Data Analysis Initiative
http://madai.us
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http://madai.us/
http://arxiv.org/abs/arXiv:1303.5769
http://arxiv.org/abs/arXiv:1303.5769

JETSCAPE

Event generator

Jet Energy-loss Tomography with a Statistically and Computationally Advanced Program Envelope
http://jetscape.wayne.edu/

!

JEVILAPE
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RIVET

Robust Independent Validation of Experiment and Theory

Works here

Christine Nattrass (UTK). Berea. September 2018
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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 1s extremely hot and
dense...

* ...and opaque to colored probes and
translucent to electromagnetic probes.

Christine Nattrass (UTK). Berea. September 2018 27



About me

* BS, Colorado State University, 2003
* PhD, Yale Unmversity, 2009

* Postdoc, University of Tennessee,
Knoxuville, 2009-2012

* Assistant prof, University of
Tennessee, Knoxville 2012 —

* Active on 1ssues related to
women 1n physics and working
on being a more effective ally for
people of color

 Parent

* Brew beer & wine, keep bees,
avid cook, cyclist

Christine Nattrass (UTK). Berea. September 2018
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Careers 1n 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). Berea. September 2018
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What I spend my time domg

* Programming (c++) - analyzing data

* Writing and giving talks — 3 research talks, 1
seminar, 2 posters, 1 software tutorial, and lots of
talks (>30) at internal meetings 1n 2010

* Hardware work: assembling & testing the detector

* Outreach: blogging for ALICE, giving tours of
PHENIX to the public...

* 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)

e Committee work

Christine Nattrass (UTK). Berea. September 2018



Resources
 US LHC blog and Facebook page

* Experiments
- Relativistic Heavy Ion 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

e Scientific American article

Christine Nattrass (UTK). Berea. September 2018 31


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 Ion Collider
« STAR  PHENIX

~ University of California at Davis — University of California Riverside

— University of California Los Angelos — University of Colorado Boulder

— University of Houston - Columbia University

— University of Illinois at Chicago - Florida State University

— Creighton University (masters only) : , ,
o — Georgia State University
— Kent State University

. . . . — I . .
— Michigan State University owa State University

— Ohio State University ~ Ohio University

— State University of New York

— Purdue Universit
4 (Chemistry & Physics departments)

- Texas A&M University

~ University of Texas Austin — University of Tennessee at Knoxville

~ University of Washington ~ Vanderbilt University

— Wayne State University
- Yale University
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US Universities with graduate programs in experimental heavy ion physics

Large Hadron Collider

 ALICE

— University of Texas Austin

— Chicago State University

— Ohio State University

— Wayne State University

— University of Texas Houston

— University of Tennessee Knoxville
— Yale University

— Creighton University (masters only)

— Purdue University

* CMS

— University of California Davis

— University of Illinois Chicago

— University of Kansas

— University of Maryland

— University of Iowa

— Rutgers University

— Massachusetts Institute of Technology

— Vanderbilt University
* ATLAS

— Columbia University

Christine Nattrass (UTK). Berea. September 2018
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Quantifying q

Phys. Rev. C 90, 014909 (2014)

7 z[ rT T T rrrrrrrTT T T T T T T rrTrTTTT

- O GLV—CUJET 5 :

6 p® HI-BW 1 Jet Collaboration: For a 10 GeV

A McGill-AMY o || _ 1 quark traveling 4 fm

> L0 MARTIN RES )

: . : Qzl.ZiO.B GeVs/fm at TOZO.G fm/
S o 52 CinAutAu at Vs =200 GeV
T3t . {; —loses 2.2 Gev

5 b - =2 =1.9#0.7 GeV¥fm in Pb+Pb
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1 b (DIS) : ' 1 _loses 2.8 Gev
P ATy <Pb+Pb at 2.76 TeV, ]
0 Sy o030 01 08 05

T (GeV)

Q:Q2/L Q = Momentum transfer from parton to medium
= path length
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QGP Chemust

Christine Nattrass (UTK). Berea. September 2018
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Chemistry - equilibrium
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https://arxiv.org/abs/1701.07065

QCD Phase Diagram

200 62439 27 196 11.5 7.7 GeV
1 80 B | |} | |} IE I I | I | I | | I I I | I | II I ] i

5 ~ Au+Au Collisions
170k — Quark Gluon Plasma

1.. I rl‘II* | ; ‘”P..es,
160 ’ -\

T ", 3
! . J|.I| L L ]
H L] '
: ! L :
H hi '
% H
L IR e B R e S - SR
1 5‘0 : *u i
H = H
: 1
. -

T, (MeV)

140_ _____________

*'Eilllllllllillllllll

130f - ggjg:’f“' Gieymans et aI e
" A G0- 80% Andmnlc et aI .
120k __Qr_an__d___G_an_qn_l_@a_l___En_s_am..b.la..(.‘f_!ﬁ!q__E!t) _______________ ]

‘IUU 200 300 400
g (MeV)

Christine Nattrass (UTK). Berea. September 2018
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Measuring temperature
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Thermal photons

Phys.Rev.Lett.104:132301,2010
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Building a quarkonium-thermometer

CMS-PAS HIN-11-011
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QGP Energy Densit
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How can we estimate the energy

density?
e Transverse energy (E.)

— sum of particle energies in transverse
direction

Volume V =A_1c

e 1= formation time

* Energy density €

_1dE;, J dE;
Vdy Aytcdn

* QGP formation for € > 0.5 GeV/ftm3
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Energy density
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