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The weak nuclear force
and the electromagnetic force
are unified; the strong nuclear
force and gravity are separate
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Many phases and phase transitions in the early universe
So far only QGP-hadron phase transition can be recreated and studied in lab
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Exploring the phase diagram of QCD

300
By changing beam energy we alter
250 1 initial temperature and s
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increasing accuracy at yg=0  &.= 0.18-0.5 GeV/fm® = (1.2-3.3) pruciear
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Bazavov et al, arXiv:1701.04325

Exploring the phase diagram
30

0

By changing beam energy we alter
250 initial temperature and s

Quark-Gluon Plasma

Temperature (MeV)
2

Color
50 Supercoriductor

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential u (MeV)

Calculations disfavor C.P. in region
us/T <2 and T/T¢(us=0) > 0.9

Helen Caines %’ 4



PHENIX:QM17

Early conditions: Temperature

Initial temperature well above T¢ even at Vsnn =39 GeV

) [
> = ALICE \s,,, = 2760 GeV, 0-20%
O 400— : NN
S — PHENIX \?NN = 200 GeV, 0-94% Fit range pT €[0.9 GeV, 2.1 GeV]
— - Fit range p_€[1.0 GeV, 5.0 GeV] Pb+Pb T_, =297 = 12 =+ 41 MeV/c
— 350 Cu+Cu T, =288 = 49 = 50 MeV/c Phys. Lett. B 754, 235 (2016)
300 :_ PHENIX ‘?NN = 62.4 GeV, 0-86% *
— Fit range P, €[0.5 GeV, 2.0 GeV] @
— Au+Au T, =211+ 24 + 44 MeV/c |
250 |— ® PHENIX |s, = 200 GeV, 0-92%
— Fit range e, €[0.6 GeV, 2.0 GeV]
200 —PHENIX \s,,, = 39 GeV, 0-86% Aut+Au T, =242 = 28 = 7 MeV/c
—Fit range p_€[0.5 GeV, 2.0 GeV] Phys. Rev. C 91, 064904 (2015)
Tcw1u+Au T =177 = 31+ 68 MeV/c
B 2760 GeV Pb+Pb: y subtracted
100 = Y 200 GeV Au+Au: y pr::;"'f subtracted
— PH>//\§E NIX 200 GeV Cu+Cu: yzmmzt subtracted
50— p rel imina ry 62.4 GeV Au+Au: Y rompt unsubtracted
— 39 GeV Au+Au: Y orompt unsubtracted
_I- | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|
1 10 102 10° \/s
SNN

T from direct photon pt spectra



Searching for a Critical Point

Critical Points: ok =0 Xz .
divergence of susceptibilities a0 ] );? o
e.g. magnetism transitions ol H.
divergence of correlation lengths ' +L opon: Ne=t
e.g. critical opalescence “ '?*m T
- "@-%%@, s o8B o
Lattice QCD: 00 L% . . . T [MeV]
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Divergence of susceptibilities for
conserved quantities (B,Q,S) at
critical point




Searching for a Critical Point

Critical Points:
divergence of susceptibilities
e.g. magnetism transitions
divergence of correlation lengths
e.g. critical opalescence

Lattice QCD:
Divergence of susceptibilities for
conserved quantities (B,Q,S) at
critical point

Divergences of conserved quantities
may survive in the final state
=> non-gaussian fluctuations of

net-baryon density
Kurtosis x Variance? ~ x®/ 4@
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8.0 r 1 S
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20 o R
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OO & 1 1 1 |T [MeV]
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| | | | I | | | ! |
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U) STAR Preliminary ]
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Net-proton

Kurtosis - 41" moment - “tailiness” of distribution

Helen Caines m




Presence of Critical Point? ,
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M. Stephanov. PRL 107:052301(2011)

Presence of Critical Point? e

Correlation lengths diverge
— Net-p ko2 diverge
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Peripheral collisions:
smooth trend

Top 5% central collisions:
Non-monotonic behavior




Presence of Critical Point?

Correlation lengths diverge
— Net-p ko2 diverge
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Hints of Critical fluctuations
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M. Stephanov. PRL 107:052301(2011)

Presence of Critical Point? —— moso
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Intermediate summary

A lot happening around 20 GeV - hard to believe its multiple
different causes

High statistics exploration of QCD phase diagram and its key
features is about to begin

New data from FAIR, NICA, RHIC and SPS just around the corner

Significantly extended detection capabilities compared to existing data

Strong theoretical interest focussed in BEST and HICforFAIR,
Increased number of focussed workshops

STAR BES-II (2019-2020) Turn trends and features into
definitive conclusions
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Using “hard” particles as probes

‘Hard’ processes have a large scale in calculation
— pQCD applicable:

* high momentum transfer Q2

® high transverse momentum pr
® high mass m (N.B.: since m>>0 heavy quark production is ‘hard’

process even at low pr)

Early production in parton-parton
scatterings with large Q2




Using “hard” particles as probes

‘Hard’ processes have a large scale in calculation
— pQCD applicable:

* high momentum transfer Q2
* high transverse momentum pr

® high mass m (N.B.: since m>>0 heavy quark production is ‘hard’
process even at low pr)

Early production in parton-parton
scatterings with large Q2

Direct interaction with partonic
phases of the reaction

l.e. a calibrated probe

Look for attenuation/absorption/ PP A+A
modification of probe




Jet quenchmg at 5 TeV

ATLAS: QM17

b

. ATLAS Preliminary

1 lllllll I I IIIIIII

<<
<
¢

- = Z, 0-10% (ATLAS-CONF-2017-010)

0 8_ + prompt J/ v, 0-809% (ATLAS-CONF-2016-109)

~- ® jel, 0-10% (ATLAS-CONF-2017-009)

Yield(A+ A)
Yield (p+ p)x(N ;)

R (pr)=

Colorless objects
should not interact
with colored QGP

NO suppression

10°

¢ A" 0-5% (ATLAS-CONF-2017-012)
0.6 + H H
0.4H"* e !
+
: @E] ++.."'+ @@jﬂ
0.2 - ;U
- Srararel” Pb+Pb 5.02 TeV, 0.49 nb'-
- 1 pp 5.02 TeV, 25pb1 i
O 1 1 1 1 L1 1.1l 1 1 1 1 L1 1 1l 1 l L1 1l
" 10 10°
p, or my, [GeV]
Not significantly different

to values at 2.76 TeV

Strong suppression up to pr~1 TeV
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ATLAS: QM17

Jet quench/ng at 5 TeV

;(t | I 1 LI II I 1 I LI L II I | I I I_
X [ ATLAS Preliminary H Yield(A+ A)
| et i . Sty R =
- = Z, 0-10% (ATLAS-CONF-2017-010) AA(pT) Yield(p+p)X<Nw”>
— + prompt J/ v, 0-80% (ATLAS-CONF-2016-109)
0‘8_ 0_/et 0-109% (ATLAS-CONF-2017-009)
A 6: ¢ h*, 0-5% (ATLAS-CONF-2017-012) Colorless objects
Tt + should not interact
0.4 N BBB with colored QGP
- ﬂ@ "'*#T@@jﬂ NO Suppression
0.2 e ;U
- Crgrarai Pb+Pb 5.02 TeV, 0.49 nb™™ -
- 1 pp5.02TeV, 25pb1 i
O | | 1 1 L1l | 1 1 Ll Ll
" 10 107 10°
p, or my, [GeV]
Not significantly different
to values at 2.76 TeV Strong suppression up to pr~1 TeV

Compensating effects of higher Eioss,
flatter pt spectrum,q/g differences Helen Caines &l
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Charm-medium interactions

2

Anisotropy Parameter, v

CMS Preliminary PbPb |s,, = 5.02 TeV
,III\‘II\I‘II\\III I\I|II\\|III\|II\I,

At both RHIC and LHC:

low pT1: D° v

CMS-PAS-HIN-15-014
STAR arXiv:1701.06060

high pt: D% Raa ~ light hadron Raa

Strong charm-medium
interactions at LHC and RHIC

0.25—
B 0
! 30-50% |
0.2:—D] @ \ h + _:
'@ ]
r ®
0.154315@' V2 ]
>N 0'1; %L#: i
- Bﬁ il il
0.05[- DO i) G
O -
-0.05[- Filled box: syst. from non-prompt D° -
Open box: other syst. ]
_O 7III\‘II\I‘II\\Illl\lll\llll\\IIII\III\I7
b 5 10 15 20 25 30 35 40
P, (GeV/c)
~ @ STARD®
¢ SUBATECH STAR Au+Au @ 200 GeV
- —— TAMU c-quark diff. 0-80%
TAMU no c-quark diff.
02 - Duke - 2nTDg=7
| - LBT
| -~ PHSD E
| —— 3D viscous hydro, _
(P $
B P / .

vvvvvvvvvv

L |

o D 2010/11
—TAMU
— SUBATECH

| | N M | | * '
imi Au+Au 200GeV, 0-10% —
{STAR Preliminary N [j% oy ]

—4

—

o1 2 3 4 5 6 7
Transverse Momentum p_ (GeV/c)
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Charm-medium interactions

2

Anisotropy Parameter, v

0.25

0.2

0.15}=

CMS Preliminary PbPb |s,, = 5.02 TeV
FT T 1T ‘ TTTT ‘ T T l TTTT \ L \ T 1T ] TTTT | LI -
L 0 ]
s 30-50%

:_D] m\hi ]

ol o v, :
%ﬁt %L g

~ F
>
L |
DO k) i
(v —
-0.05 Filled box: syst. from non-prompt D° -
N Open box: other syst. ]
_O 7III\‘II\I‘II\\IIII\‘II\I‘II\\IIII\III\I7
b 5 10 15 20 25 30 35 40
P, (GeV/c)
~ @ STARD®
¢ SUBATECH STAR Au+Au @ 200 GeV
- —— TAMU c-quark diff. 0-80%
TAMU no c-quark diff.
02 - Duke - 2nTDg=7
| - LBT
| - PHSD I
| —— 3D viscous hydro, 'i/ $

At both RHIC and LHC:
low pT: DO v

CMS-PAS-HIN-15-014
STAR arXiv:1701.06060

high pt: D% Raa ~ light hadron Raa

Strong charm-medium

interactions at LHC and RHIC

Joint fit: Diffusion coefficient
Ds ~ 1/(21T) * (2-12)

Even at RHIC charm thermalized

.

o D 2010/11
— TAMU
— SUBATECH

AAAAAA

o 1 2 3 4 5 8 7
Transverse Momentum p_ (GeV/c)
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Melting charmonia

STAR: QM17

25 pn/w>0Gew° STAR preliminary 1.85 % STAR: Au+Au, |'s,, =200 GeV, lyl < 0.5, pT>5GeV/c
18 4 STAR: AutAu, |5, = 200 GeV Iyl <0.5 1.6~ m CMS: Pb+Pb, |5, =276 TeV, Iyl <2.4,p_>6.5 GeV/c
16— © PHENIX: Au+Au, \'s,, =200 GeV lyl <0.35 C
C m ALICE: Pb+Pb, |5, =2.76 TeV Iyl <0.8 145
14 - 1.2 STAR preliminary
< 1.2 < L
I [ ————— '
:_.% - :_,5' 0.8/— H
0.8f -
06 B [IE m 0'6:_|:+] B] H
sl U : 0 g
0.4 fal @ @ 04— E
0'2:_ STAR N_, uncertainty 0.2:_ STAR N_, uncertainty
% "0 00 50 200 250 300 350 0% "0 o0 180 200 250 300 350
Npart Npart
Low pr: LHC2.76 > RHIC
decreasing regeneration; less c quarks
High pr: LHC2.76 < RHIC
decreasing dissociation; cooler medium
At LHC many J/y result of coalesced thermalized charm
Helen Caines m 12




CMS-PAS-HIN-16-023

Melting bottomonia

PbPb 368 ub™' (5.02 TeV)
IIIIIIIIIIIII\IIl

9000E i . | CMS - At LHC
- pp i P; <30 GeV/c E . . .
_B00E VIR paiingyy - 5 TeV - Highest precision yet
N§ 7000;_ :::"r <2.4eG:V/c —
8 6000 Y(1S) Centrality 0-100% ¢ PbPb Data = . .
= 5000k —Towlft ] Sequentlal Suppression
o T} S ---- Background E
Sa )T Raa(Y(1S)) < Raa(Y(2S))
€ 3000F :
0 20OQE g™ : :
. : Y(3S)) still no observation
OEIIlIIIlIIlIlIIIIIIIllIIIIJlII
8 9 10 11 12 13 14
m,., (GeV/c?)




Melting bottomonia

PbPb 368 ub™ (5.02 TeV)
L L L B B R B B
9000F pp p$“<30GeV/c CMS —E
. 8000 'Y:M'<2'4 Preliminary -
o - i1 p >4GeVic .
§ 7000:_ 'l <2.4 GeVc B
8 6000 Y(1S) Centrality 0-100% ¢ PbPb Data |
- C — Total fit 3
S M0 L Y@S) - mwgons
~ 4000 Pon ]
..‘L) Y(3S) ----pp overlay
S 3000 Ll
S C
W 2000,
1000F ~
b b b e 14
8 9 10 11 12 13 14
m,., (GeV/c?) 12
At RHIC: First precise results
L 08
o
Sequential suppression 06
Raa(Y(1S)) < Raa(Y(2S+3S)) 4
0.2
0

Hints of less suppression at RHIC

CMS-PAS-HIN-16-023
STAR: QM17

At LHC
5 TeV - Highest precision yet

Sequential suppression
Raa(Y(1S)) < Raa(Y(2S))

Y (3S)) still no observation

30-60% 0-60% 10-30% 0-10%
| | | |

¥ Y(25+3S): STAR Au+Au@200 GeV lyl<0.5
4 Y(2S): CMS Pb+Pb@2.76 TeV lyl<2.4

- —— Y(3S): CMS Pb+Pb@2.76 TeV lyl<2.4

STAR N_, uncertainty
STAR Preliminary




Determining initial parton energy

LI
[y

.- ~~

Di-jet expectations

Back-to-back in ¢
A = @1 — @2

Equal but opposite momenta

Lead SublLead
A pTea, _pTu ea
J = p%ead +p§ubLead

Jet
P

Trig
Pr

LJ —

..............

S~

Modification fromp-p | = T
- reveal details of interaction with QGP (2, proubtead
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. x STAR ar)_(iv:1702.01108
Di-jets are not deflected S e,
Vs = 5.02 TeV Pbe404pb pp 27.4 b’ R R R RN RN RN R
° 1100 < p! < 150 GeV

| ¥0%-10% STAR | - CMS - 0.30r
| TPYTHIASME ) 280 . ATLAS Preliminar
scaled \ AutAu. {5,=200 GeV - 1®1 PbPb, 0-30 % » Y
0.041 Q:mr‘:m.cndSGewc o= '8 Smeared pp ] p‘T > 50 GeV
B Jat _
L pZ > 60 GeV/c .

0.10-5.02 TeV

- N

Z <I 15 antlijetR 0.3

Normalised entries

[ _l~ Pf'>30Gevic =i 0.05-
9___02 i | 1 M <16 _ i
= 05" : ¥ *
TR T el LT ]
‘é‘/ ::::::f:::::: ___ .____. _______ :---I----. ...:. """" N i ‘ ; : I

2 3 4 T | Q| Lo lorod 0.01 by oo oo b o
0 05 1 15 2 25 3 /2 3n/4 Ap T
A¢ (rad) A9,

Examine A¢ - azimuthal angle between hadron-jets, z-jet, y-jet

Leading order expectation: A ~r

Little to no azimuthal de-correlation observed

Partons lose energy but are not deflected from original path

Helen Caines q&,
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Di-jets are imbalanced

(1/N,)(dN/dx )

C anti-k, R=0.4jets, |5, =

D[ 2011 Pb+Pb data, 0.14 nb™

.l LI II 1 III LIL I LILIL! I LI | 4
[ 1zl.> C
- 100 < p! < 150 GeV {5ks
[ 0-10% Pb+Pb, 0.49 nb™’ . ._|2 3.5
[ —&— pp, 26 pb’ ATLAS Preliminary ]

[ [ PyTHIA 8 + Data Overlay . .
[ '|:1' . ] C
: o y-jet 1 25t
3 1.5F
:I L1 I 1 L

0 1 X gy 2

Y (£) triggers “Absolute”
Eioss calibration.

Z-jet distribution
consistent with y-jet

- 2013 pp data, 4.0 pb™

p76Tev  Pr>200GeV

pt> 200 GeV
Pb-Pb approaches pp

Fractional Ejoss
decreases with pt

0.04 F

0.02

)

12 _0.02F

PP

-0.08

PbPb (x )

-0.1F
-0.12
-0.14 |

. —0.04F

e .
-0.06

ATLAS:CONF-2016-110
ATLAS-CONF-2015-052
CMS-PAS-HIN-16-005

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

e b dijets ]

e Inclusive dijets

TlIlllllllllllllllllllllllllllllllllllllll
0 50 100 150 200 250 300 350 400

<Npan> (N_ -weighted)

For all centrality
iInclusive ~ di-b

Inclusive: g and g
di-b: q

Probing parton flavor energy loss with ever enhancing precision
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Lost energy of a recoill jet
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ALICE JHEP 09 (2015) 170

LOSt energy Of a reCO[ljet STAR arXiv:1702.01108

. T -
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ALICE JHEP 09 (2015) 170

LOSt energy Of a reCO[ljet STAR arXiv:1702.01108

1 RS
) Au+Au, \'s,, =200 GeV
1.8 [ T T T e o NS ]
S _ EAuce T T3 4 9.0 < pI” < 30.0 GeVic
;'g 1.6~ 0-10% Pb-Pb s, = 2.76 TeV — o] 5o Ay > 065 R =053
o ~ Anti-k; charged jets, R =0.5 - = el anti-k,
1.4 ) - £102: I
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RHIC: Jet pt =10-20 GeV

R=0.2: prshit~ -4.4+0.2+1.2 GeV Energy almost
R=0.5: prsnt~ -2.8+0.5+12GeV |recovered at moderate

angles at RHIC but not
L HC: Jet pt =60-100 GeV at LHC

R=0.5: pr.shit~ -8 £ 2GeV Helen Caines &y
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ALICE: arXiv:1702.00804

Probing the jet substructure
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3 © ook Chargedjets antlk E Jet mass: M — \/E'Q _
Y .
=3 . * 1 Angular spread of constituents “generates”
R S * mass
2 ; W —@— 0-10% Pb-Pb
% cg  mwmemmesn’ PD-Pb: Closer to pp than quenching models
2% +QPYTH|A E

ce b by \ Lo |
%O 70 80 90 100 110 120
Pr hiet (GeV/c)




Probing the jet substructure

ALICE: arXiv:1702.00804
CMS-PAS-HIN-16-006

«— 22 o T
S 2 ook Chargedjets antlk E Jet mass:. M —= \/E'Z _
/\.._.167 ]
1421 ’ * 1 Angular spread of constituents “generates”
T " . * mass
8 ° =
—@— 0-10% Pb-Pb
6 2011 I
4 ALICE ] Pb-Pb : Closer to pp than quenching models
2 +QPYTH|A E
b0 70 a0 a0 ;S‘)mj@"evﬂﬁo Pb-Pb inclusive jets have “harder cores”
than pp jets of same energy
N el Tt “Groom” jet into two subjets
14 Gttty 0-10% -
2E L 3 min(pr1, P
§ 1?3_ ........... ++ ........................ _++_.,,_+ _____________________ Zg = (P11, PT2)
S o AT = i PTA+ P12
o3 e} i S
o4 e, Significant change at LHC for
2 <Prje<160 Ge ¥ <Prje<180 Ge £ . L
" | G .1 inclusive jets 140<pT<200 GeV/c
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What has all this taught us?

A

Different initial conditions and
evolutionary paths:
a = Q2/L Q- mtm transfer to medium ’
L - path length ol
U‘3
_ 1.2+£0.3 o 1=370 MeV , |
Probes behave differently at 0

RHIC and LHC

7 —

6 |

— McGill-AMY
--- GLV-CUJET ]

- . /T3f(DIS | _Au+Au at RHIC, -

AN et h Pb+Pb at LHC

‘:E‘A‘ - ) \<‘ - - ‘I‘ i

0 0.1 0.2 0.3 0.4 0.5
T (GeV)




What has all this taught us7

Different initial conditions and ; MARTING - MeGill-AMY
6 - - - - - _
evolutlonary paths: o HTM T |
5 ]
= Q2?/L Q- mtm transfer to medium ’ o
L - path length A :
<G
3 ]
TAN + =
q(t=0.6fm/c) ~ 1.220.3 GeV2/fm $_2;8 me¥ 2 | 1
1.9+0.7 = € . | (AutAu at RHIC, 1
. 1 | I/ Len(DB (Pb+Pbat LHC,
Probes behave differently at o L
RHIC and LHC T (GeV)
B R p— _ L
Different virtuality — « P e | s "LHO” soonaro |
evolutions: 3 3 | Parton Er = 30 GeV |, &' 1 Parton Er = 200 GeV ||
T O 1
= 20 medium dominated ;
< | D ———— e
How/when does 1 S |
parton become O
“aware” of medium t [fm/c]
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Other significant recent progress

i 300

100 8

Sophisticated multi-stage modeling

Fluctuating lumpy initial conditions

Event-by-event calculations just as
for real data

Bayesian multi-parameter fits

Data prefer: "o
EoS determined by LQCD = ) A
|IP-Glasma initial conditions UL NS

1 PRL 114 202301 (2015)

150 200 250 ErCIICI 150 200 250 300 350
T (MeV)

LO pQCD .
n/s versus time

m lattice QCD

m Kinetic theory

- - viscous hydro + flow data

= AdS/CFT limit

Precision estimates of n/s

approaching ever closer to lower
bound

- also as function of Vsnn

Mn/s near T,

1/4m

al hydro _ Viscous hydro

2004: 47m/s < 10 .
2014: 47n/s <1 -2 2003 200: 2009 2012 2020
ime




CMS-PAS-HIN-16-003

p-Pb : Constraining gluon (n)PDFs

Precision measurements of ndiet = (N1+N2)/2 < 0.5 log(Xp/Xps) + Ncwm

Ndgijet Theoretically: can be calculated in pQCD
Experimentally: “avoid” fragmentation and hadronization effects
p@ve Access to Q2

IIIIIIIIIIIIIIIIIIIIIIIIIIIII-

m pp CMS 1 .4 __ DSSZ .
Exp.Uncel . prelim. L EPS09 PPb -
i MMHT14 19 C NnCTEQ15 Exp. Uncer. 1

cT14 M, £ 3 T F Anti-shadowing
Q. - EMC
*Wn - -D-;- i + * ."!t-"l_-ﬁ -
E 3 08: CMS . Shadowing ]
— : Preliminary
115<p ® <150 GeV 0.6 115<p <150(3ev .
I-JJ1 W I T e = T T PR SR PP i
B S R R B B I BT R
M et

Neither PDFs nor nPDFs gives good fit across whole range

Evidence of gluon modification in EMC region x>0.3

Helen Caines m
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P. Balek (ATLAS), A. Dubla (ALICE), M. Dumancic (ATLAS),

Minbias Rpr T. Okubo (ALICE), B. Schmidt (LHCDb), X. Zhu (LHCb)

§1.8_| (IS e |. T T T Tiepertin e—liwil . §1_: — I I I I : : -nz‘ 2_ 'IJHéblpr(;hI;un'ar}'] L e e ]
n:°1 6: oATLAS, interpolated reference ——— ] %™ [ ALICE Preliminary = a4 i PPb | 55=5 TeV —+— LHCb ]
o i i — L i NN 3
- eATLAS, this analysis . [ [ ] NSD, p-Pb {s= 5.02TeV i 15 - CTEQ6M+EPS09NLO R
. = e — ——— 4
1'22 p— :.E + —— ] l B 2222%/% il
e . ‘ 1 i 1 o
1 B i :
— —_— ——o L — EPS09s KKP NLO i L RS
C e e - - - EPS09s AKK NLO 'I'I'O ] - Backward
0.8 pp, \'s = 5.02 TeV + sl — EPS09sDSSNLO a 0sk
- L?® = 25 pb™! . ) 1 EPS09s fDSS errors = CGC St 1
08F i E [, oo || PrysRer Des ot 14020 ] SR B ]
E il il 0 2 4 6 8 10 12 14 16 18 20 B 1
0.4 ATLAS Preliminary pr \'Syn = 51 .02 TeV — p, (GeV/c) 0 I T e
e 2:_ -2.0<y<1.5 mt =25nb ] -4 -2 0 2 4
e ( & 1A e ey *
- E ATLAS Preliminary ] y
et e | , 1.3 p+Pb 2013, 29 n’ =
10 E p+p 2015, 24.7 pb’ ]
1.2F _ 3 5 S S N SR
: sw=502Tev 7 S, | ALICE Preliminary g-st’ \/ﬁg’ff? TeV
115 + E C - t t - th T TF webcdecays L - 4<;ch52 %6 ]
s . o - i onsisient wi s o2 E
g 3 . £ C Pb-Pb, |[5,,=2.76 TeV 1
0.9F —+——+— + = PDF p t t 3 r - 25<y_ <4 (0-10%) ]
o 7 15 . —
0 8_ - Data, statistical uncertainty = n eX eC a IO n S E C _ ]
"F [Data, systematic uncertainty 3 E u : ]
0. 7:— Luminosity uncertainty 3 S 1 - P ﬂ -1
E —MC Simulation ] z C ]
0%‘ sl b b b b b b s by 47 05'_ -
-2 -1 -1 -0. . 1 1. 2. . 7
5 05 0 0.5 5 y25 : H‘H'Hﬂﬂﬁ‘ﬂ‘ ]
e Cov v bv v by v v by w b by v by a by w oy 17
2.5 l?t:yf’,Lfe? 375:‘,(20,16),81 9? — 3 arX|v.1609.03f3$?i'3" e — 0% 2% % T8 10 12 14 16
p-Pb, (S = 5.02 TeV ALICE & | b(—c)—e ALICE P, (GeVic)
cb (" +e)2,-1.065<y  <0.135 CCQQ GL 0 PPh1sw-502TeV.,-106<y, <0 1
2 Bl FONLL + EPSONLO shac 34.6 nb" (pPb 5.02 TeV) R 34.6 nb” (pPb 5.02 TeV) R 34.6 nb” (pPb 5.02 TeV)
|8 2 ulation 3 3 I
2; Il Sharma et al:: Coherent scattering + CNM energy loss | CMS B+ CMS Bo CMS Bg
3 Il Kang et al.: Incoherent multiple scattering 25F RFONLL 2.5k RFONLL 2.5F RFONLL
[ DSyst pr data DSyst pr data l:]Syst pr data
of « = Syst. FONLL pp ref. of « 5Syst. FONLL pp ref. of © 5Syst. FONLL pp ref.
+ 4 [ Syst. int. lumi + B 4 [JSyst. int. lumi + B o [DJSyst. int. lumi + B
m bbb 3 S<15F ey 5 Sg15F
| e 2o 2o (C | oecssscsssscscssssess
% Kang et al.: incoherent multiple scattering | 1B=-- - ] ::I::j 1- - I ......... * ..........
0.5 NSharma et al.: coherent scattering + CNM | e L
: FONLL + EPSO9NLO shad. 1 0.5F 0.5} 0.5F
Blast wave calculation [ IyIabI <24 IyIabI <24 IyIabI <24
W Normalisation uncertainty 1 [ 0 L 1 1 1 L 1 0 1 L 1 1 1 | 0 1 | ! | ! I
PSP PSP P P B SR ETE FRETY FRUTE FEETY FEUT] FRTTY FEUTY FTT FUwT P 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
0o 2 4 % v 8 10 12 0123 456 7 8 9 10 p; (GeVrc) p; (GeVrc) P, (GeVic)
p. (GeV/c) GeV/c
L P T ( ) RFONLL_, vs pr of B* RFONLL_, vs pr of B RFONLL 4 vs pr of BY,
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Nothing enormously unexpected is occurring! Helen Caines &y




ATLAS: CONF-2017-006

Collect/wty in pp and p-Pb

g'_ 0_1_I 05<pab<5 GeV ATLAS PrellmlnaryI o l_ pp
= 0T 2l Template Fits | No dependence on s
: . a8 22 ® 88 e Nodependence of event activity
@ - i
ATCLLLLEPRRR |
0.05r I p+Pb |s,\=8.16 TeV, 171 nb™' (ATLAS-CONF-2017-006) | p'Pb
8 p+Pb |5,,=5.02 TeV, 28 nb™ (arxiv:1600.06213) | No dependence on \'s
i pp \s=13 TeV, 64 nb™ (arxiv:1609.06213) | Some dependence Of event aCt|V|ty
$ pp Vs=5.02 TeV, 170 nb™ (arxiv:1609.06213) -
OHIISIOI 1(|)O15|026025|0 - éOO
Nen
b oamaspeimnay Heavy quarks also reveal signal
> - p+Pb\s5,=8.16 TeV, 171 nb" T h
017 0.5<p?<5 GeV ] but va! < vo
- _gooeffffoeoo Sufficient (re-)interactions to
i i i (partially) thermalize heavy quarks?
0.05[— i % i =
- i  05ephe5 GV 1 Corsitons) High multlpllmty event.s lead to
_ O 4<pl'<6 GeV (- Correlations) universal observation of
0||..I... |.....|I:.|.I.

o e e s a0 30 | ong range collective phenomena
ch

Helen Caines q&,
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PHENIX:QM17

Varying the small systems

. 0-5% =200 GeV h*
> - 0-5%|\/sTN=20‘0GeV | | | : T T T T T T T T T

T
" = *HetAuv,,v, (PRL115,142301) V2 T d-Au T3He-Au i

oo e + @ —
PH-<ENIX q
preliminary .

~- t T

0.15/- — SONIC *He+Au
- — SONIC d+Au

| Changing initial collision
/) m geometry changes vn as

200 GeV 62.4 GeV T 39 GeV 19.6 GeV

F12F d+Au \s, =200 GeV (@) +  d+Au ys, = 62.4 GeMb) T = d+Au |s,, = 39 GeV () + d+Au |s,, = 19.6 GeV (d)]
r  V{2} 1 “v,{4} [ [ 1<hl<3 ]

o 1 PH ENIX

[ "., 1 preliminary i ] ]

- .‘..‘..-.-4 - - - B
0.08} I T T - ]
006: 1 ""anm........,, [ + } ﬁ * [ °o*' ] V2 real dOWﬂ
.06 * T D T T ]

[ BRusan® ay gt [ [ 79% confidence level that |
0.04- *++ T f + T -y2{4}°i real for 10 <N, < 20] tO 20 GeV
0.02} T + 1

0: .IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIII-IllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-IIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIII-

51015202530354045 5 1015202530354045 5 1015202530354045 5 1015202530354045

FVTX FVTX FVTX FVTX
Ntracks Ntracks Ntracks Ntracks

No signs of “rapid” onset in Vs or mult. Helen Caines iy 24




Our Long Range Plan

Continues as a vibrant field with wide ranging international support

RHIC / LHC Timeline

1 Month lon Running
11/2015, 11/2016, 6/2018

1 Month lon Running
11/2020, 11/2021, 12/2022

End of
LH C Long Shutdown 1 Long Shutdown 2
7/18-12/19
2015 2020

New detectors
being designed

Install LEReC

/

1
Stochastic e-Cooling  LS2 SPHENIX
Chiral Magnetic Installation
Effect Confirmation Shutdown 2021

R H IC 2014-2017 2019-2020
Heavy Flavor Beam Energy
Probes of QGP Scan Il
Origin of Proton
Spin

. >2°2,5 | l and built NOW!
\&i‘ﬂi"a‘;&f‘;;‘ir New accelerator
facilities being

Precision jets
and quarkonia

designed and
built NOW!

Office of
Science

e U.S. DEPARTMENT OF

RHIC User Meeting

June 8, 2016
23

sPHENIX, Forward upgrades at STAR, upgrades at LHC, FAIR,

NICA, EIC
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The timeline of a heavy-ion collision

Relativistic Heavy-Ion Collisions

made by

K

unl

ynamics

Chun Shen

Initial energy
density

pre-
ibrium

Hadronization

viscous hydrodynamics

Kinetic
freeze-out

final detected
particle distributions

free streaming

t~0fm/c

t~1fm/c

collision evolution

T ~ 10 fm/c

|

T ~ 1012 fm/c




Early conditions: Temperature

Direct Photons:

* no charge or color

— don’t interact with medium

e emitted over all lifetime — convolutionof all T

q,dN/d’q [GeV ]

1

° NN Turbide et al. PRG; 69 014903 (2004) :
O Central Au+Au (s "=200AGeV)
107 <N,,>=800
107 ly|<0.35
107
10 |
b N o
10° | T Hadron Gas N B
s QGP (T=370MeV)
10 -~ initial pQCD (pp) Y ]
sum \\
1 | \\
q, [GeV]

Theory well developed

QGP dominates:1< pt1< 3 GeV/c

)
T|T| IIIII|'|T| IIIIII|T| IIIIII|T| IIIIII|T| IIIIIIII| IIIII|'|T| IIIIII|'|] IIIIII|T| IIIIII|T| IIIII|T|'| IIIIII|T| TTTT

1|

| T T | T T | T T | T T | T T | T T | ?
Pb-Pb |5, = 2.76 TeV .
[e] 0-20% ALICE — PDF: CTEQ6M5, FF: GRV 5
E20_400/o ALICE (n)PDF: CTEQS6.1 M/EPSOQ,E

[+]40-80% ALICE ~ FF:BFG2
JETPHOX
PDF: CT10, FF: BFG2

nPDF: EPS09, FF: BFG2
(all scaled by N_,)

| IIII|_|,|,| | IIIII|_|,| | IIIII|,|,| | IIIII|,|,| | IIIIIII| | IIII|_|,|,| | IIIIILll | IIIII|,|,| | IIIII|,|,| | IIII|_|_|,|

ALICE

PLB 754 (2016) 235-248

10_ L 1 1 | L 1 1 | L 1 1 L 1 1 | L 1 1 | L 1 1 | L 1 1 |§
0 5 4 6 8 12 14
P, (GeV/c)
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Early conditions: Temperature

Direct Photons:

no charge or color

* emitted over all lifetime — convolution

q,dN/d’q [GeV ]

— don’t interact with medium

ofall T

NQ E T T E
Theory well developed v f Pb-Pb (5., =276 TeV Aexp(-p,/T,) ]
10" — . I T | (6] 020%ALICE  — 0-20% _
IR\ Turbide et al. PR 60 014903 (2004) | £ 10 ! X N 2 ALICE  —2040% 3
RN Central Au+Au (s “=200AGeV) | & © My 080 ]
E ~ G - o byl
3 N\ i
- 1o, B 10 ~
. <N,>=800  |°|d ¢ | Tet~ 300 MeV
E >. - 7 . .
m i "NI' ]
X - K2 ]
-3 L i
10 ol 1]
-4 - &3 ]
10 .‘ . B ~: ¥ . X 101 |
" pasnans \ R " 102 V| [T T R .
107 Hadron Gas . e =V e TR S
- QGP (T=370MeV) ; ; i
10 [~ initial pQCD (pp) N, 104k — i
g sum \\ - - Paquet et al. B vy x10° 3
N - arXiv:1509.06738 [ T S .
' : = ,| - Llinnyketal. T el |
0 1 2 3 4 10 4§_ arXiv:1504.05699  --- Chatterjee etal. ~~~._ 3
q, [GeV] ~ -..v. Hees et al. PRC 85(2012) 064910 =
- NPA933(2015) 256  + JHEP 1305(2013) 030
7 [ _5—| L1 | | 1111 | L1 11 | 1111 | 1111 | L1 11 | L 111 | 1
QGP dominates:1< pt< 3 GeV/c R S NPT
p_ (GeV/c)
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First order phase transition? ...

0.3 X
” slope id-rapidit X
Low s : slope vi(baryons) positive 0.2 P Onoesa; T; O'Lagp' R
. . . — V. *
slope v1 (mesons) negative RS
0.1 e
Beam energy baryon dv,/dy trend - STAR PRELIMINARY e st
complex interplay of: > 0 e
0. . P 10-25%
v, baryons transported from beam . Dat
0.2 + Open : data
. . —V. ) bol ng g
v, from pair production 0s 4 Z;}"ec‘ﬁesdareg — Fitting
-15 1 -05 0 05 1 15

CM

STAR: QM2017




First order phase transition? ...

STAR PRL112 (2014) 162301
T T I

Low Vs : slope vi(baryons) positive
slope vi (mesons) negative

Beam energy baryon dv,/dy trend
complex interplay of:

v, baryons transported from beam I

v, from pair production

o
o
(V]
\
|

0.01

o
\

v, Slope Parameter dv,/dyl, _,

o
o
—
\
—]1

Au + Au Collisions at RHIC
+ (10 - 40% centrality)

@ Net-Proton [ Net-Kaon
-0.02 7\ L L L - ‘ L L L L L L ‘ L L \7

3 10 30 ‘1‘00 300
Collision Energy Vs, (GeV)

Softening of EoS ?

STAR: QM2017

™
0.3 ¢ A 0T 4
E895 P ' P
- 12-25% s K K ]
o x4 KS o q) |
_g0.2— m A(FXT) « K2 (FXT)
% I o e p(FXT) e p(E895)
© Y 1 (FXT) Y (FXT)
> 0.1 ‘}# -
Rt STAR FXT n STAR BES
1025% o L 10-40%
A L
[ STARPRELIMINARY l N o | ]
3 4567 10 20 30
\/Syy (GeV)

Net-proton isolates directed flow of
transported baryons:

Double sign change in dv4/dy

Not seen in net-kaons

Results not yet reproduced by theory

Helen Caines m
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Stalling of the expansion?

d final state coalescence access to
nucleon freeze-out volume

N
o
A 3 N\
EAdgNA: N A(E dBNp> B, = 61 Ry ymy >
d3p, P d3p, miV, 2
28]

B2 minimum (V maximum) Vsan ~ 20 GeV

~ Central Collision 1

Zgggggg ﬁﬂif\ﬁ STAR Preliminary
o E877(d) Au+Au P, /A =0.65 GeV/c

0 NA49(d) Pb+Pb )
& PHENIX(d) Au+Au % STAR 0-10%(d) Au+Au

f 5 * STAR(d) AutAu 3¢ STAR 0-10%(d) Au+Au

| 5 + PHENIX(d) Au+Au —
i *; .
| | v
* 3 & 3 t
i SR ¢ 1
C T E x
i ¥ g |
o . N.YuQM2017
4 567810 20 3040 100 200

ISy (GeV)

(R%ut - R%ide) sensitive to emission duration

Maximum at Vsnn ~ 20 GeV

Softening of E0S?

e 20 —
L= STAR 0-5% ALICE 0-5% .
[}
~s | e m=0.26 GeV o m;=0.29 GeV/c |
s - = m=0.33 GeV O m;=0.38 GeV/c -
o 19 4 m=0.42GeV A my=0.46 GeV/c
| v m;=0.52 GeV e m=0.56 GeV/c |
o ) i
10__ i L J ! ! ]
B L™ l _
- | B u u e 1 _
5_— N % :A ., | ]
5 r I i
R 1 Vi v i
- A —
0 [ v 'I- ]
5 i i
5 I i
5 _
, - L Ll L L Ll II L Ll L L Ll II L Ll L Ll III L Ll Ll ?
1 10 10 10° 10*

Sign of entering compressed baryonic

matter regime?

PRC 92 014904 (2015) \'syy GeV
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Disappearance of QGP?7

(arb. scale)

L B_M V2 Separation gone

3.0 <p_<3.5GeVic
10 .m=7.7Gev ........... -

¢v2~0

[~ High pt
suppression gone

Several standard
....................................... signals disappear
e at \/S < 15 Gev

N O IITIITTTTTIT TP PP I VA

I Y] mMT-Mo (GeV/CZ)
STAR Preliminary
nﬁl'ﬂ'ﬁﬂfﬂq Rm%cl)ﬂﬁlhnlhlu PRC 93 (2016) 14907

0 50 100 150 200 250 300 350 400

(N Helen Caines m
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Alotis happen/ng around 20

GeV

1ol STAR/PHENIX/ALICE Data _ éc 350 ;— y~O AGS/SPS/RHIC/LHC
S i i = N
E 0 ¥ 250 A N :
s N E o
2 i i 200 § Q. *
) gl | 150 E'
3 I | 100 £
6 _ 10 10° 10% Vs (GeV)
S 025 eV
L - net-proton, 10%-40% _ - i +
- 0.01 fo Central HI Collisions
kS go E864/E866/E877£NA49/PHENIX/STAR
3 Hard to 4
0 . . LRI
believe this .
. 1 f———t———+++ . 10 102 8 VS_NN(GeV)
I 0%-5% Au+Au; y|<0.5 IS a x1073
c 3 ¢ 0.4<p <0.8GeV (Published) .
"g L * 0.4<p:<2.0 GeV (Preliminary) Consplracy Of 1 __ V.g{g}s'o}a\u +Au
s o e
o i " 081~ 410-20%
:i i different [ 3 30000
: 0.6~ m50-60%
2 underlying R i
o N®
| Ll M| 04 [
10 107 10° causes - Pb+Pb
Syy (GeV) 0ol
N SU<AQ<IdU and Z1U<AQ<33U deg . |
§N°'°°5f () o0 0
v ‘ - T STAR Preliminary |

14.5 GeV

i
—ooosf S RO

10’




Improving on current data £ e
2100
o C
Current low energy data: g 10°
Hints that at low Vs Sl T gy
QGP turns off £ 1l stan stan gesi
Ordered phase transition el
Critical Point o
Future data: " —
Examine regions of interest Collision Energy ({sy,) [GeV]
Maximizing fraction particles I T T S R e
measured i ]
Probe lower Vs 2 10 < BESH——>
High(er) luminosities = f .
Change species 5 O I I I I E
s [ j
Turn trends and features h: I
into definitive conclusions K R X R P BE

B 2015LRP
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Planned low energy running

850 - 720 - 780 -
Hs (MeV) 670 210 400
VSN
2-3.5 3-19.6 2.7-8.2
(GeV)
Facility NICA RHIC SIS-100
Experiment FXT STAR CBM
Start Year 2017 2019 2022
Phvsics Dense CP and O[? set &
y Baryon Onset SIS
Baryon

Expect wealth of new insights over next ~5 years
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BES-II: Vorticity and Initial B-field

BES-I: First measurement of \ Global Polarization
L L o L

-

T r— LA B
10-40% 10-40%
0.04L | ¥ Vortical, BES- ) i |
! ¥ Magnetic, BES-| ] 0] O ! Y SO .
R . | lfr o i
$0.02f 1 /a2 - _
o ! _

_ ﬂ -0.01} I” -
0 - """""" L] SN - +_*‘ ¥ Magnetic, BES-I
. B |

_ == BES-I
BES-II [l \ _ == BES-II+EPD

(..., BESI+EPD ] - I B S R
—0.02 e 002969520 25
(S (GEV) ISy (GeV)
Vortical + Magnetic Contributions:

Current data barely stat. significant

EPD:
Improved EP resolution
BES-II: 30 effect Helen Caines iy

Unique measurement of B
Significant input to CME/CVE
Interpretations
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Strong suppression of high pr particles

L (a) -
i m  h"CMS PDPb (0-5%) |sy=2.76TeV
1 5k ®  h*ALICE PbPb (0-5%) |s\=2.76TeV —
i ¥  h*STAR AuAu (0-5%) |sy=0.2TeV
o  n° PHENIX AuAu (0-10%) {s, = 0.2 TeV |, ..
- _ ( ) 1High pt hadrons:
10 ---------------"-"---------

<
o 3at RHIC: from quarks
@ latLHC: from gluons

A4
g (At
o &
= A" O0 )
3. LAY P>
* 1 &
g “
L AN l"
y vk

. @

] ] ] IIIIII ] ] ] IIIIII
™4 2 3456 10 20 30 100
p_ (GeV/c)

Light quarks and gluons strongly coupled to the medium

Helen Caines m
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Di-jet imbalance A, Au-Au 0-20% R=0.4

Lead _ . SubLead
: : __ Pt D
Anti-kr R=0.4, p7,1>20 GeV & pT12>10 GeV with prcut>2 GeV/c A J = Tead SubLead
Pt — Pr
0.22
S oo = O pp HT ® AuAu MB p:'">2 GeV
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Au-Au di-jets more imbalanced than p-p for preut>2 GeV/c

Au-Au A, ~ p-p Ay for matched di-jets (R=0.4)
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Where does the energy go?
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v-hadron correlations
Y - Energy calibration
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“Lost” hard particles emerge
as multiple soft particles
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Strangeness saturation in pp? 0 Busn i

ALICE arXiv:1606.07424
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HF product/on versus event activity
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(d*N/d ydp.) / (N/d ydp.)

—

e e\ ]
O

—
|llro h!!m m 9'!M b o’ m

(o]

»

\}

T LN LR LN LN IR EULELLN LN L I L

® STAR 200 GeV: Jiy p>1 SGeV/G—
L] STAR 200 GeV: J/y p_>4 GeV/e ]

(dNy/dn) / (dN _ /dn)

o

N

||||||||||||||||||I||||I||||I|||||||||
| ALICE Preliminary

- p-Pb, | 5, = 5.02 TeV

- —$-05<p <20GeVic
- #-20< p, < 4.0 GeVic
| - 4.0< p.<8.0GeVic

ptPb

L cb— (e +e)2, v, <06 ]

i R i
L '.‘ 3.1% normalization unc. not shown

-A‘I"I‘I’*‘I"I 1 | L1 1 | | 11 I6I3|°/°I Lfnlcl (?nl (?j,IV(I:h/Id;n)I /I <Idll\lrl:}‘]/ld’lr.pl P(I)tlslh?vilnl 11 |
0O 05 1 15 2 25 3 35 4 45

(dN/cn) / (IN_/cin)

(d*N/d ydp_) / (PN/d ydp)

()]

N

w

G. Luparello (ALICE)

Self normalized yields grows faster than event
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Results depend on where event activity measured

Physics or ill defined reference?
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Small systems - an ongoing debate
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