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QCD Phase Diagram
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https://arxiv.org/abs/1701.07065

How to make a Quark Gluon Plasma
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The phase transition in the laboratory
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The phase transition in the laboratory
Initial State QGP Freeze-out

Chemical Freeze-Out Thermal Fregfe-Out
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Relativistic Heavy lon Collider Large Hadron Collider

Upton, NY LHC Geneva, Switzerland
1.2km diameter 8.6km diameter
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Size: 16 x 26 meters

Weight: 10,000 tons
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pt+p collisions

3D image of each collision

Christine Nattrass. UTK. September 2017



Pb+Pb collisions

\ / " Pb+Pb @ sqrt(s) = 2.76 ATeV
/\ S= "y 2010-11-08 11:29:42
AN s Fill : 1482
/ ~ 0, | Run : 137124
7 Event : 0x00000000271EC693
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Forming the QGP \
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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 dependence from dE _/dy
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Energy dependence from dE _/dy
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QGP Spectroscopy \
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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

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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LOrons
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Yy
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 1s
evidence of jet quenching
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Nuclear modification factor
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Nuclear modification factor RAA
RHIC LHC

<2'4 . PHENIX Au+Au, \fsNN = 200 GeV, 0-10% most central 2.4 [ ALICE CMS
m<2.2 B |';]di|’eCt v (PRL109, 152302) ? J/y 0-20% cent. (PRL98, 232301) g . 5% n= Phys. Rev. C 93 (2016) 034913 10-5% 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 i .n (PRC82, 011902) § eﬁF (PRC84, 044902) 5% p,p Phys. Rev. C 93 (2016) 034913 [¥10-100% W~ Phys. Lett. B 715 (2012) 66
1.8 + o (PRC83, 024904) } K* (PRC83, 064903) 10% D JHEP 03 { 10-100% Z JHEP 03 (2015) 022

Connors, Nattrass, Reed, Salur

#p (PRCB3, 064903) 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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https://arxiv.org/abs/1705.01974

Quantifying g

Phys. Rev. C 90, 014909 (2014)
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Gluon bremsstrahlung

o Softer constituents

 Broader radius

: 3" (quenched) jet

Figure from Nucl.Phys. A827 (2009) 356C-364C arXiv:0902.2488 [nucl-ex]
S —
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Di-hadron correlations
p+p — dijet

— p+p min. bias .

ESTRR

* Au+Au Central

A ¢ (radians)
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Jet-hadron correlations
p+p — dijet

— p+p min. bias .

* Au+Au Central isﬂ TAR

0.2

1/Npygger AN/(AQ)

A ¢ (radians)
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Separating the signal and the
background
Testing with a model

Sharma, Mazer, Stuart, Nattrass: (Phys. Rev. C 93, 044915 2016)
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Separating signal+background

Signal+background Signal only
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Background 1n correlations

= Signal+Background
-»-Background only %
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Reaction plane

out-of-plane
ut-ofplane
mid-plane
F eaction inplane
plane

\

Non-central Collisions

e Can reconstruct from outgoing particles
e Changes background
» Also changes path length traversed by a parton
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Background 1n correlations
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Reaction Plane Fit (RPF) method ...

30-40% central
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Applying the method to data \
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Dihadron correlations
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Dihadron correlations
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1) signal+bkgrd
2) bkgrd dominated
3) bkgrd RPF fit
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@ Away side clearly there and suppressed
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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 1572014y
— Also needed to explain high p; v, [PRL 116 252301 (2016)]
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Conclusions

e If we get nuclear matter dense
enough, we make a new phase of
matter, which we produce in high
energy heavy 1on collisions.

e This medium is opaque to colored
probes and translucent to
electromagnetic probes.

* We see little path length dependence
in the modifications to these probes.
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Next step: global fits of models to wide array of
heavy ion collision data

Global Bayesian Analysis; S. Bass, Quark Matter 2017
M_ MADAI collaboration

p~0: IP-Glasma & EKRT type scaling * diagonals: probability distribution of each

> 0.03/288 parameter, integrating out all others
* off-diagonals: pairwise distributions
showing dependence between parameters
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http://madai.msu.edu/
https://arxiv.org/abs/1706.03666

Dihadron correlations
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Comparison of colliders

RHIC LHC
\/SNN (GeV) 9-200 2760, 5500 center of mass energy
dN /dn~1200 ~1600 number of particles
T/T 1.9 3.0-4.2 temperature
e (GeV/fm®) 5 12,16 energy density
Toor (fm/c) 2-4 >10 lifetime of OGP
RHIC and LHC:

Cover 2 —3 decades of energy (\/SNN: 9 GeV -5 TeV)
To discover the properties of hot nuclear matter at T ~ 150 —-600 MeV
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Nuclear modification factor R, .
Single particles at the LHC

25.8 pb™ (5.02 TeV pp) + 404 ub ™ (5.02 TeV PbPb)

1.6
CMS 5.02 TeV
- CMS L]
14 preliminar o CMS276TeV
- Y v ATLAS2.76 TeV
1.2 :— o ALICE 2.76 TeV
1: Tpa and lumi. uncertainty
& 08F
0.6
0.2
D_l | | ||||||| | | |||||||
1 10 10°
P, (GeV)

- Reaches 1 at very high p_

« Must happen due to causality
» Feature of all QCD-inspired models
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S 20-40%] S 10-20% ]
pd pd ]
o 3 = o=
E 5
- -
Z 2 . =
1 “ .
00 0.2 0.4 0.6 0.8 1
Ir“_"'.J
= =
3 3
= =
=] o
z° z’
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1072 102
Leading jet Subleading jet
A== d
J Leading jet + Subleading jet
T Pr
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http://prl.aps.org/abstract/PRL/v105/i25/e252303

Jets 1n principle

} e Jet measures partons
Jet 1

 Hadronic degrees of
freedom are integrated
out

scattering wadl @
} set2 o Algorithms are infrared
and colinear safe

\ AN J
B i % 3

Parton  Hadronization
sh.[gikower

_uni-mainz de Datelen/Zappenfeld-3 pf

Image from http:/www.gk-eichtheorien.

OK BAD: 2 jets
are merged
in one
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Full jet ratios in pp
Vs =2.76 TeV,R = 0.2, 0.4 Inclusive

anti-k;, n|<0.5
m ALICEpp Vs=2.76TeV
[ 1 Systematic uncertainty
] LO(G. Soyez)
NLO (G. Soyez)
[ ] NLO + Hadronization (G. Soyez)

0.4)
a

-
o

0.2)/6(R

—
A

o(R
o
(=]

|

0.4

0.2 arXiv:1301.3475

PLB: 10.1016/j.physletb.2013.04.026

||||||||||||||||||||||||||||||||||I||||I||
0 30 40 50 60 70 80 90 100

|::T’iﬂt (GeV/c)

Hadronization is important even in pp collisions!
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Jet finding algorithms

Tracks

@«

Clusters

e

Particles

* Any list of objects works as input

» Use the same algorithm on theory &
experiment

« Qutput only as good as input

M. Cacciari, G. P. Salam, G.Soyez, JHEP 0804:063,2008
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Focus on high p_

e Pros:
- Reduces combinatorial . ... P0S High-pTphysics09:023,2009
background 8wl — e
No S HYDJET++: jet part
~10
) Cons: %‘_ v HYDJET++: hydro part
Qo
o
— Cuts signal where we expect =
. : z
modifications £
. Fo)
— Could bias towards partons o 7 e
which have not interacted ® p,(evic)

— Biases sample towards quarks

g o

Christine Nattrass. UTK. September 2017
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Focus on smaller angles

e Pros
€ [ Fastletk (p""=0.15 GeV/c)
— Background iS Smaller 2 | Fit: (3.3:0.3) GeV/c + (0.0623:0.0002) GeVie x Ni™* 108
% 200 —gugg JHEP03(2012) 053 == -
- Background : - 10
fluctuations smaller L ”
e Cons: 100l 10
| o ‘ s Pb-Pb Vs = 2.76 TeV -
— Modifications _ (o
expected at higher R B Pl 10
_.;-"",:; ] S
— Biases sample towards Qe e e e
N
quarks ot
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ALICE/STAR

Combinatorial “jets”

SEstimate combinatorial jet contributions and its
fluctuations from data

aRequire leading track p. > 5 GeV/c

@ Suppresses combinatorial “jets”

? Biases fragmentation
9No threshold on constituents
3 imited to small R

Measured spectra:

nc __ e

p?,jet o jet p A
ec

Where Pg,jet, A

comes from FastJet anti-
k_algorithm

Christine Nattrass. UTK. September 2017

ratio

10"

10~=
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10°

106

107

TTTT IIIIII[I| IIIII|TT| IIIIIIII| 1IIIIIII| IIIII|'|T| IIIIlIII| IIIIIIII| T I|'|T| IIIII|T|'| A
[
»

Pb-Pb \sNN=2.76 TeV

0-10% Centrality

Anti-k; R=0.2 Il < 0.5

Briis P 0.15 GeV/c

E:uster > 0.30 GeV

—e— Inclusive

leading
- >2GeV/c
P T,track

p°2nS 5 5 GeV/e
T,track

leading
¥ pT,track >8GeV/c

. pl®ding 5 10 GeV/e

T,track

%o ALICE

" Full jets ",

L.PY PERFORMANCE

i %'9 15/10/2012
a®

S [ i ......... [j ¥ S SR RO S i
— idi Bt
R = i i i i i

eVl i ) T V) ) T W ) G G B

40 -20 0 20 40 60 80 100 120 140

p'Tf‘jV;t (GeV/c)
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ATL AS Constituent biases

don't matter that much

e Iterative procedure

up here

s 2
— Calorimeter jets: Reconstruct jets with R=0.2. v,

® 18[ ALICE Pb-Pb sy =
Anti-k; R=02 | | <05

modulated <Bkgd> estimated by energy in calorimeters 160 - ooy,
. . . . - > evic
excluding jets with at least one tower with 140 )
’ 2:_ éi-_iiéé:_::iiis 252%0;;0 o
Etower > .<Et0wer> . - E_ M HIN-12-('.1'04-;AS
Track jets: Use tracks with p. >4 GeV/c 1 ) ATLAS - 10%
0.8 _ PRL 114 (2015) 072302
— Calorimeter jets from above with E>25 GeV and track 06k
jets with p.>10 GeV/c used to estimate background 04t T
again. ool Tee
r ATLAS scal R =0.4to A =0.2 using R ratios in PLB 719 (2013) 220
 Calorimeter tracks matching one track with p>7/ % 00 200 300
. . . ijet (GeV/e)
GeV/c or containing a high energy cluster E >7 |

GeV are used for analysis down to E, =20 GeV

Definitely imposes a bias, especially at
We should treat that bias as a tool, not a

Phys. Lett. B 719 (2013) 220-241
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But they do matter
down here!

20 GeV!
handicap

S0






_ *‘:ﬁ Quark jets are. narrower, have fewer tracks, fragment } #
(<. harder [Z Phys C 68, 179-201 (1995), Z Phys € 70,179- 196 ~ %
“ B " (1996)9 ] % :..,1?4
I . Gluon jets reconstructed with k algorlthm have more &% "~,:
S
particles than Jets reconstructed with anti-k ; algorithm 0 3

[ Phys. Rev. D 45, 1448 (1992)] ;-e.: s

4 L He

¢ ¢ Gluon Jets fragment 1nt0 more baryons [EPJC 8, 241-254, ‘r‘.f
5?,"2; 1998] fe,




What you see depends on where you look

PbPb/pp

Int

Phys. Rev. C 90, 024908 (2014)
JHEP10(2012)087

- CMS Preliminary L, =150 ub™

(512010, 0-30%, Leading jet
e 2011, 0-10%, Inclusive jet
2 5-EW 2011, 10-30%,Inclusive jet

JetpT > 100GeV/c
0|IIII|IIII|IIIIIIIII|IIII|II

0 1

/

High p_
Christine Nattrass. UTK. September 2017

2 3
& =1In(1/z)
z=pTIEjet

4

5

™~

Low p_
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Cold Nuclear Matter effects

—PLB 748 (2015) 2

ATLAS

2013 p+Pb data, 27.8 nb™'

92-413
T

anti-k,, R=0.4, \ s, = 5.02 TeV]L

{.OF=-~flemeqesanccssacccarannnarananarannns 1E
I et 0-10%/60-90%  1F

—“_— -- -

- -I.-.N aE :i!:ai'*' 1T =
- 1E -a="" s |
- ) L k- 1 - E
- 4 +3.6<y"'<+44 - _*_ - 1F 4 +03<y*<+0.8 _**: +

0.4 ¥ +28<y*<+3.6 " - ¥ -03<y*<+0.3 -4 —
T ¥ +2.1<y*<+2.8 ?ﬁ' +_ 1 ¥ -0.8<y*<-0.3 -4 .
— ¢ +12<y*<+2.1 + = I ¢ -1.2<y*<-0.8 —te— ]
B .+. I+9.|8|<y*<+‘!.2 T Il 1E .+. 72.'1.|<y*<-1'.2 o | 1., . i
40 100 1000 40 100 1000

p. X cosh(<y*>) [GeV]

* No indication of modified jet structure in cold nuclear matter (d+Au and p+Pb collisions)
[Phys.Rev.C73:054903,2006, Phys.Rev.Lett.96:222301,2006]

« Minimum bias R ;,, R, for charged particles, jets consistent with 1

[Phys.Rev.Lett.98:172302,2007,Phys.Rev.C81:064904,2010,Phys. Rev. Lett. 110 (2013) 082302,
arXiv:1605.06436]

* Indications of modification at forward rapidities from dihadron correlations
[Phys. Rev. Lett. 107, 172301 (2011)]

 Centrality dependence observed
[PLB 748 (2015) 392-413, Phys. Rev. Lett. 116, 122301 (2016)]
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http://www.sciencedirect.com/science/article/pii/S037026931500533X

co,ch -1
T dniet) (GeV/c)

re
JdN_ /dp

trig

(1/N

SE/ME

—_
o
o

Peripheral

107'E

T T T T T T T IBE|

Au+Au @ 200 GeV, 60%-80% E
9.0 <p"™ <30.0 GeVic |

T =
A,>020,R=03 3

¥ same event (SE)

“mixed event (ME)—_

<norm. region

o ﬁm _ _
il Preliminary 3

reco,ch
Pt (GeVi/c)

Alex Schmah, Hard Probes 2015

Event mixing

® Reference spectrum:
peripheral collisions

® Much less combinatorial
background compared to
most central data

® Excellent signal/background
ratio down to 3 GeV/c

® Requires normalization at low p_

® All physical correlations treated like jets
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CMS: lterative Pile-Up Event
Background Subtraction

CMS CMS Experiment at LHC, CERN
- | Data recorded: Sun Nov 14 19:31:39 2010 CEST

‘\ Run/Event: 151076 / 1328520

x \\ |/ Lumi section: 249 : - — .w

Background is estimated

- for each calorimeter ring of /
constant n =

- subtracted before jet finding @ I

- re-iterated after excluding the

jets found in the first iteration

Jet 0, pt: 205.1 GeV ’

Fake Jets: After the background subtraction, some local

fluctuations remain!
Fluctuations will deteriorate the jet resolution in central

events.
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1) signal+bkgrd
2) bkgrd dominated
3) bkgrd RPF fit

inplane

Feaction
plane

\

L.

0-1.5 GeV/c Pr

assoc

—_

1 B
10F

1/N,,,dN/dAG

In-plane
pthe, E:'"s>3.0 GeV
Erdce,6 GeV
o 1.0-:,0:55“-:1 3

- Mid-plane

Anti-k; full jets, R=0.2

pohte - 20-40 GeVie

T unc,jet

- Pb-Pb {s,, = 2.76 TeV, 30-50% |
| Signal+Background: |An|<0.6 |
ALICE Preliminary |

- Out-of-plane
Background: 0.8<|An|<1.2

- All combined angles
-=— Signal+Background
-« Background domin.
Il RPF background

42/NDF = 1.242

ceo
N ON

(data-fit)/fit

Correlation function -1 0 1A¢2 3 4 10 1A$2 3 4 10 1A$2 3 4 10 1A¢2 3 4
[ In-plane _ Mid-plane [ Out-of-plane _ All angles
o of 1.0 <pf|rssnc<1 5 - Pb-Pb, s, = 2.76 TeV, 30-50% |- pﬁ"c, E?usba-o Gev | Scale Uncertainty 6.0%
g - An| < 0.6 - Anti-k_ full jets, R=0.2 s cis_g 0 Gy -
= ALICE Preliminary Py e = 20-40 GeVie | B >6.0Ge
0 . X
Kol i
Z-v—- .
< I
Z [
1=

@ Uncertainties dominated by statistics
@ Background uncertainty is non-trivially correlated point-to-point
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1.5-2.0 GeV/cprr

45F In-plane - Mid-plane - Out-of-plane [ All combined angles
i g che, E9Y%53.0 GeV [ Pb-Pb s, =276 TeV,30-50% [  Background: 0.8<|An|<1.2 -=— Signal+Background
1 ) Slg na|+bkg_rd 40F Pre E|;aa :us>6 G‘:eV - Anti-k, full jets, R=0.2 [ Signal+Background: |An|<0.6 [- —.—Backg:ound domin.
2) bkgrd dominated S (Jj’ 1Eprcc20 | P = 2040 GeVic ALICE Preliminary | I RPF background
3) bkgrd RPF fit § 35t ! 3 - - J2INDF = 0.879
= - :
T_3.0
\m-uf—plane 2 -
\\ mid-plane ;“_2': 235 I
Feaction . in-plane 2.0
plane i
1.5F
\ S 0.5}
\\ « 0.0 _
§—0.5 - . . o P . . o o o .
. In-plane Mid-plane Out-of-plane All angles
- : 1_5<p-arssoc<2.0 [ Pb-Pb, i{m = 2.76 TeV, 30-50% | pche, E?usb-?o.ﬂ GeV Scale Uncertainty 6.0%
g 1k |An| < 0.6 - Anhti-kT full jets, R=0.2 | El“""”sz.s 0 Gev B Correlated unc.
% [ ALICE Preliminary g p?:::,jet = 20-40 GeVie I g - [Background unc.
' I ;
= 0.5 ;
2 |
Z“—'
= P

@ v,and v, components important
@ Background uncertainty is non-trivially correlated point-to-point
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1) signal+bkgrd
2) bkgrd dominated
3) bkgrd RPF fit

\\Nut-uf—plane

mid-plane

2

o inplane

4.

0-5.0 GeV/cPpr

assoc

1.2¢ In-plane Mid-plane
[ pthe, E;">3.0 GeV [ Pb-Pb {5, = 2.76 TeV, 30-50% |
1.0 phedeius g ooy Anti-k, full jets, R=0.2
< B P AS50C [ Pcm'm_ = 20-40 GeV/c
% 0 8 B #} 4.0<p1_ <5.0 [ #) T unc,jet
— [ [
< o6 g
o |
Z 0.4 -
e |
=

Out-of-plane
Background: 0.8<|An|<1.2

- All combined angles

Signal+Background: |An|<0.6[

# ALICE Preliminary [
- w

-o- Signal+Background
-+ Background domin.
Il RPF background

¥2/NDF = 1.010

10

1 In-plane Mid-plane I Out-of-plane All angles
§ i 4.£|l<f.‘.;f’rs“:;5.0 Pb-Pb, /Sy = 2.76 TeV, 30-50% [ H pere, E?'”sz-.?o.ﬂ GeV Scale Uncertainty 6.0%
ﬂT] < U. An“'k.rﬂ-l" jQ‘tS, R=0.2 | lead elus Correlated unc.
ch+ne .0 GeV
= H ALICE Preliminary # Prhu.,c,j.. = 20-40 GeVic | & >6:0Ge H [IBackground unc.
m | : i
Z o0sf : — -
e i
o
Z‘—'
—
= i3 if&i [ ' 3 {’Ei I 3 ;Hi | + N
0 T ) ;:&.o’ioi,héi LI N LRI Y, WA gii.ii $535,3, 805557, F iif\a'#_ﬁ\‘ ﬂgi 353y e paee MWL PO TN
AT D S SN P DI ST DTS R ST R PN PR T SR S T BT PR T SR DI BT P e
-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
Ad Ad Ad Ad
@ Background level negligible =9
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Near-side jet yields vs EP

Jets 20-40 GeVic, 30-50% centrality

. . Pb-Pb \sy, =2.76 TeV, 30-50%
B Near-side yield , ., fuiljets, R=0.2
} p:_h:::jet = 20-40 GeV/c
— pShe, ET"*>3.0 GeV
S 1 J I I El*2d s 6.0 GeV
= B & In-plane
) - } I [4] Mid-plane
g B ) 8} Out-of-plane
~“—T_ i I " i [] Background unc.
Q B ¢ Scale uncertainty 6%
g i T
O ALICE Preliminary é
- <0 "
NS yield range: -1.047<A0<1.047
points displaced for visibility al®
10_1I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
1 2 3 4 S 6 7/ 8

pjss‘”'“ (GeV/c)
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Within uncertainties of
current statistics, no
event plane ordering
@ Different effects in
different p_ associated

bins
Competing effects
1) Quenching

2) Bremsstrahlung
3) etc
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Di-jet asymmetry

Anti-kt R=0.4, pt-°29>20 GeV & ptSUtLead> |0 GeV with pt<®>2 GeV/c

C
2. 022
o o o pp HT ® AuAu MB p:"'>2 GeV
L 3 | O pp HT ® AuAu MB Matched
2 018 ‘=+=:+: il £ nged
5 F ® AuAu HT p°"“>2 GeV
i 018 = ® AuAu HT Matched p™>0.2 GeV
- - T
0.14 =0— *
Sys. Uncertainties: - ;: Central Au+Au
. 0.12[9— i- =0.
- tracking eff. 6% g’ "2 :t anti- Ky Rt
- tower ener 01— + ﬁn
le 2% &Y =i i reliminary
ScCale L/o 0.08— —O— ]
- Kolja Kauder, RHIC/AGS
e + _ User's Meeting 2016
0.04F PI™(p]">2 GeV)>20 GeV —;— arXiv:1609.03878
— ?_ pf““""’(p:‘%z GeV)>10 GeV 3
% 0.1 0.2 0.3 0.4 0.5 0.6 7
A

Au+Au di-jets more imbalanced than p+p for pwut>2 GeV/c
Au+Au A ~ p+p A for matched di-jets (R=0.4)
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Fragmentation functions

T 1 T J T = = I | TTTTTTT L LI B LI
jo b CME L1 + poeb 4 12ﬂ~:p|i':~:15ﬂﬁa"ﬁc
PBPb ﬂia'_s,m= 276TeV ¥ __ ;preference data 03=ih™ =2
150 pb~ 1

R
AR<03

: e
oy =k . 1 GeVic,

(1/Nigg) ANy g/ OE

%
E
.
2

0sfCMS
0.4EPRC 90 (2014) 024908
0 1 2 4 4 0 1 2 4 4 a 1 2 4 4 0 1 2 3 4 i

£ = In[1.|’z',|/ E=1In(1/2) V\E- In(1/2) £ =In(1/2)

High p_ Low p,
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Reaction plane fit (RPF) method

TOY MODEL
@ Signal is negligible at large An and small A® region.

NSF method
- o Signal+Background
Signal+bac kground 0.271 - Background only
e K ~ ENSF background %,
R et “hh 0.265— =3Modified ZYA1 background %; +
s IR AR R e 76 TeV — - % %
G 034 T e o "30-40% ?BPbK 3 o2p %’%} %,
EUEB‘ L e — 8<P s <19,§3ﬁ379c Z 0,255 i %Jﬂf
ﬂ.,,u 26 4 .
D 24_ "::.“I'E'.i:
N
extrapolatlon,
B an b \\\ N

Ly &) A WA 1 TS &
* ‘}\g“ i % "\‘ \ ¥ iI& § -,!.- I"\. nll_ 4 v \ §‘\t |

Background dominated region

@ Project signal+background over 0.8 < |An| < 1.2
@ Fit background in [Ag| < m/2
@ Fitting till 4" order v term, total 6 fit parameters: B, v,ssoc, v, 9, y assoexyy gy assoc gnd v,

Sharma, Mazer, Stuart, Nattrass: (Phys. Rev. C 93, 044915 2016)

Nattrass, Sharma, Mazer, Stuart, and Bejnood: (Phys. Rev. C 94, 011901(R) 2016)
63
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Reaction plane fit (RPF) method ¢

mid-plane
30-40% central (simulation) TOY MODEL  reacten \

plane

@ Each orientation has different functional form, but require same parameters \
@ More robust method, now have a higher constrained background \\\\

with more information going into fit

U.1¢
i In-plane 0 Mid-plane Signal +¢achr0un . O‘ut—of—plane All angles
0.11 e ..{r“:l [ SN [ —o— Signal+Background
"‘*";\ A — : [ —e— Background only
o010k | # g % - I RPF background
°  t g % g % [ Modified ZYA1 signal
< B ] il C 2
3 0.09F § A\ § % -
C\TZ‘-“ F 4 ." ’r' r:.i = i _ﬁ"’-ﬁw:?’ié(h
o, 0.08L8 \\/’ X & '
zZ ¥ </ , A
T 0.07F - ¥ F s =276 TeV
B F . t : L .8 [ 30-40% PbPb
’ [ [ -4 _ [ 8<p,meer<10 GeV/e
& | ] - | & C 1<p<2GeVie
| 1 | | PP PR s I PP T A PP T T T I R I P I BT BT APIArar e AT A
@] i i i h f I (A
S 1.05E AN A AN A Ak | A b~ B AN M o d :
AT m.:jrm:v iAW AR AN AR S AT PTApITO
. TN W I NN Al le VA 1'% N AT hau N T
I o LA Asta A B b (A it M i 2
T 0 1.2 8 & oF D fT..27 8 & = 0 T,.2 39 & =1 & 4.7 5 4
Ad Ao A¢ AQ
Project signal+background over 0.8<|4n|<l1.2
@ v_and B extracted
@ Fewer assumptions and bias than ZYAM while having much smaller errors 64
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Background 1n correlations

=
-
T

» All reaction plane angles
B(1+Zj:2 vncos(nAq)))
* When trigger 1s restricted relative to osf N,

(1/B) dN/d({A6)
=] =]
o =]

reaction plane :

— Background level modified 03f

B=1 ZOO 2 (k >sin(kc)R Por 2 s w5 e

—1¥ k=24.. < VKOS P ke n

- Effective v, modified

. Vn+Cos(n 85) Sinn(:C) Rn+2:=2,4,6... (vk+n+vk—n)cos(k¢5) Sink(CkC) R,

V= - sin(ke) Feaction

1+Zk:2’4’6m 2v,cos(kds) o R, plane

¢, 1s the angular threshold
Rn: <COS (n(wtrue_ wreco)>>

Phys.Rev. C69 (2004) 021901 arXiv:nucl-ex/0311007
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http://arxiv.org/abs/nucl-ex/0311007

Thermal photons

Phys.Rev.Lett.104:132301.2010

~10°
& 4+ AuAu Min. Bias x10*
10° © ®  AuAu 0-20% x10
1 02 m = AuAu 20-40% x10
Ll v P+p

-
o

« Turbide et al. PRCB9

PHENIX

Thermal photons
Ed*N/dp%(GeV2c?) or Ed’s/dp® (mb GeV2c?

QCD ™
Processcs

oo o v by by a bywa o by g vy

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

107

Au+Au collisions at \/SNN:ZOO GeV

E|_ I I I T | —
B "5 pypo (5= 276 Tev
> 40k [s] 0-20%ALICE — PDF: CTEQ6MS, FF: GRV __
G [ [#]20-40% ALICE -- (n)PDF: CTEQ6.1M/EPS09,
s 10 [+140-80% ALICE FF: BFG2 ]
50 E E
Zla- f = JETPHOX ]
% [O.10°F EIE PDF:CT10, FF: BFG2 3
Q nPDF: EPS09, FF: BFG2 |
za-; 10E ) :\E{E%II (all scaled by N_,) E
~— C 3
& 7 } ; = E
w0E T %@E 1
1072 ¥ + +
= o v x 10°

104 X 10" @
10

10 0] @

. ALICE D

EI 1| | 1 | | | 1| | E&

Inverse slope: T =221 +/- 19 (stat) +/- 19 (syst) MeV

1 10
[ (GeV/c)

Pb+Pb collisions at Vs =2.76 TeV
Inverse slope: T =304 +/-51 MeV
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A quarkonium-thermometer

CMS-PAS HIN-11-011
arXiv:1708.04962 [nucl-ex]

14" CMSPbPb (5,=276TeV - T/Te _ 1/(r) [fm']
i m Prompt J/y (Preliminary) ] 2
TEC e vas) E _| y(us)
T | e Y@s) | u
1_
T - - | 3rvas)
F . i
0.6/ + o
: *+* : y YAS) - v (2P)
0.4 " . . + (.
: + , 8 Sy - 2(1P)
. ] Y'(35
i | | |Y(2S) + + [ + ] 1]]'{{25%
% 50 100 150 200 2§o 500 350400
\QJ INpart/\Q/ @/

Clear hierarchy in R,, of different
guarkonium states

/ \
. N ,/,,
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A quarkonium-thermometer

CMS-PAS HIN-11-011 Note: 6.5<p,<30 GeV for J/y and y(2s)
arXiv:1708.04962 [nucl-ex]
é S B B L L L BN BB é1-4_"'|"'|'"|"'|"'|"'_
o 14— CMSPbPb \s, =276 TeV - ® [ CMS Preliminary 0-100%
- = Prompt JAp (Preliminary) ’ 1.2~ PbPby/s, = 2.76 TeV i
120 4 yus) R i i
I * Y(25) i 1: o Inclusive y(28) (6.5 <p_<30 GeV/c, |y < 1.6) -
i 1 0 8_—' T(3S) (ly| < 2.4), 95% upper limit B
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