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The phase transition in the laboratory
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Probing the Quark Gluon Plasma

Medium

Probe Detector

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

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

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

Q 2 T r 1 T | T L | ETL 1T 3 l T T T T | T | A ] T | | e B ] | : S | T T | , | 3 | : SRS S T | I T T T T

o [ + C. = ]
L [ u i Pb-Pb (ALICE)  ® N P-Pb sy, =5.02TeV, NSD (ALICE) ]
OC 1.8F 4K PbPb(CMS) — * v,Pb-Pb s, =276 TeV, 0-10% (CMS) -
c [ sy =276 TeV,05%| | & W% PB-Pb s =276 TeV, 0-10% (CMS),

g 1 -6 = 0
S : V 2%, Pb-Pb sy, =276 TeV, 0-10% (CMS) ]

‘ ﬂ ---------- H ------------ ----- ! <— Control

|||||||||||||||||||||||||||||||||||||||||||||||||

001020 30 40 50 60 70 80 90 100
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
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Nuclear modification factor RAA
RHIC LHC
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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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« Jet R,, also demonstrates suppression
» Similar suppression of heavy quark jets?
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Di-hadron correlations
p+p — dijet
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Di-hadron correlations
p+p — dijet
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Fragmentation




Fragmentations from y-hadron
correlations
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* Enhancement at low z

o Slight suppression at high z
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Jet-hadron correlations vs reaction plane

Full jets

1) signal+bkgd

2) bkgd dominated
3) bkgd RPF fit
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* No modification of constituents relative to reaction plane

— Jet-by-jet fluctuations more important than path length [pLs 735 157(2014)]
— Also needed to explain high p; v, [PRL 116 252301 (2016)]
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Jet-hadron correlations

Modified fragmentation

—10] ‘Cenltrality 0-10% T
E/ || Profected al < 1.0 1
Fragmentatlon functlons W|th jets .
Zlo 6lr -+ N
— — _ Bl
% E ATLAS % E ATLAS 5. £ ATLAS 3 4t *ot ]
o1 e = 1160 E = ol |
Pb+Pb\/sTm =276 TeV Pb+Pb \[§=2.76 TeV Pb+Pb \[Sy=2.76 TeV = o o
1.5F : - =45t 4 4 1sp 1 E 2 | | ]
0.14 nb 0.14 nb 0.14 nb 0 ot o
1.4F anti-k; R=04 1 14F 5 ban 114 E > 0 0.
13 >100 GeV 13 [ Systematic Uncertainty 13F 0 I"'Q' X X X 'Q"I
12{ + 010//5080/ 19l 10-20%/60-80% 12 20-30%/60-80% 1wolf T T T T
' 1k i 3
1.1 I 1.1 l 1 4 — b
£ B , HH y 6” H* . }” '“H %8
0.9F *“* 0.9F *H 0.9f byt Q gt
8 . 038 . 0.8 . g
10 1 10 1 10 1 > 4t
z z z g2
o T _ T _ T £ [ L
oS16k ATLAS 12168 ATLAS 1516 ATLAS > 2 L8t e
L of POIPO \Su=2.76 TeV L of POPD \San=2.76 TeV 17 PP \S=2.76 TeV 3 of = _---+ e, ]
“F 0.14 nb”! “F 014 b 0.14 nb”! L 1 L
1.4F 1.4F 1 14k E 105 0 05 1
1.3F 1.3F 3 13f D t t
12 * 30-40%/60-80% 12F 40-50%/60-80% 19F 50-60%/60-80% I -J e asym m e ry
1E ”” b, ol ml{’ Leadin arXiv:1609.03878
4 1 4 1 1 4 1 1 " - .
£ v e | T b FroaTTo l I = ™ LR g Anti-kt R=0.4, pt-©29>20 GeV & prSublead> |0 GeV with pr<'®>2 GeVlc
0.9F 0.9F 0.9F 3
= 107 i 10" i 10" 1 0.22 ) -
z z : 0.2 O pp HT ® AuAuMB P, >2 GeV

O pp HT ® AuAu MB Matched
p‘;“'>0.2 GeV
® AuAu HT p?"&z GeV

rent Fraction

o
—
o
!ITIIIII
*

. . 7.16:— X Q ® AuAu HT Matched p°'>0.2 GeV
Di-hadron correlations qeb  mem—t——0— 4 =m=
: + Central Au+A
[Lots of papers] 12[-6 a:tr:I:: RE0A

A - ) !
0.1 :$: +
- * Sys. Uncertainties: %reliminary

Jet shapes e
Y Tracking:6% :$: : Kolja Kauder,

[arXiv:1708.09429, 0-06; Tower energy scale: 2
arXiv:1512.07882, ol Joerorerey scae 244" . RHICIAGS
arXiv:1704.03046] U E Bz Gevp 10 Gev Sf:‘lis Meetlng

i BT ST SRS R R A *'—{‘ g:

0.1 0.2 0.3 0.4 0. 5 086

Subleading o~
jet A=PL_Pr |AJ|

J leading subleading
Pr " *Pr

ST

Christine Nattrass (UTK), DNP 2017 19


http://arxiv.org/abs/1609.03878




D

Girth g Dispr))ersion L eSub

Q 35 C T IALIIC|E PI II l' I ] T T I T T F | T T T | T T T T I_
Q & reliminary | D 6|_ L L LR T LA l T D ] L [ L L Tl i) —~ O_2k Lo P T T IV TR T & 1 O B (NN
> 30 F  Pb-Pb \(S_NN =2.76 TeV -#- ALICE Data S e ALICE Preliminary ] > r  ALICE Preliminary ]
5 [ Anti-k; charged jets, R=0.2 | Shape uncertainty 3 % 5 [ Pb-Pb s =2.76 TeV +éPI;ICE Datart ol ] 8 0.18 E Pb-Pb {5,,=2.76 TeV T
B jet.ch Correlated uncertaint 3 T Anti- i = ape uncertainty =] B i i = ]
@ o5 F 40 < p’T <60 GeV/c gJEWEL e y = e - Anti kT. tchharged jets, R=0.2 [ Correlated uncertainty ] > 0.16 Anti kTe‘czhharged jets, R=0.2 -
© 5 ; 41 Z  [40<p™"<60GeVic & JEWEL vacuum ] O F 40 <p <60 GeV/c ]
g B 8 JEWEL Recoils off 5 B L3 A A ~0.14F i —#— ALICE Data ]
Z c s ; © @3 JEWEL recoils off A4r . i
< o E [ 1PYTHIA Perugia 11 P 4+ [1PYTHIA Perugia 11 — QO B Shape uncertainty 4
— = PYTHIA Perugia 11 quarks | g C - A PYTHIA Perugia 11 quarks ] S 0.12F [ Correlated uncertainty -
- . [CIPYTHIA Perugia 11 gluons = B .| E3PYTHIA Perugia 11 gluons ] % 0 1: | ‘TI\E(JVIEILA Perugia 11 3
. Ha) = _ AR vacuum —
15¢ =t BN 1 — 8 JEWEL recoils off ]
N — 5 B 1 © 0.08 PYTHIA Perugia 11 quarks —
10 iy 5 . = ] PYTHIA Perugia 11 gluons 1
: - oF - 7 £ 006 =
|- R - I A — . =
| . C \S 1 - © 3
57 4 = ] =77 N\ | B E
oLl Lo a5 o MR M ] ﬁ ~ £ Frreeewessoawe
0 0-02 0-04 0-06 0.08 0-1 0-12 | | Y | | gt if | I ‘ | TS T J S (B | ‘M | (M T | | | ’;M“;‘ b 0 L L 1 L | L L L L [ L L L L | L L L L | . L L 1 L . L L
g U8 04 05 05 07 05 09 0 S 1015 20 25 30
pTD LeSub (GeV/c)

I
> (py)? | .
g:Z %r’i p, D= ieff p,- Lesub:pl;adlng_p;ubleadzng
P NP N —

Jets are slightly more collimated  Agrees with
than in pp PYTHIA

Christine Nattrass (UTK), DNP 2017 21
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Bayesian Statistical Analysis

Models and Data Analysis Initiative
http://madai.us
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JETSCAPE

Event generator

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

Experimental
techniques

!

JEVILAPE
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Event Generator + Bayesian Statistical analysis
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https://arxiv.org/abs/1705.01974

Modified fragmentatlon
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 Enhancement at low z
* No modification/enhancement at high z?
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Jet-hadron correlations
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 Also seen in:

— Di-hadron correlations [Lots of papers]
- Jet shapes [arXiv:1708.09429, arXiv:1512.07882, arXiv:1704.03046]
- Dijet asymmetry with soft constituents [PRL119 (2017) 62301]
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