Selected Highlights of Recent Results from RHIC & LHC
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Benvenuto in Italia!

Jlolart,

L’Italia che Vince!

Dear Guest, Welcome!
Why do we call Enoteca Nuvolari, “Italy winnii.ftg? 5
Because of all the victories that racing car driver
Tazio Nuvolari achieved for our nation, between 1920 and 1950. .
Taking part in 353 races, many crossing the Chianti Ar'ea”—. Nuvolari
won more than half of them. He won the “Mille Miglia” in 1 930\ -
with flat tyres, without a seat, using a wrench instead of the steering wheel and with his
mechanic passed out at his side.
Our National hero showed the whole world
that victories come
to whoever has the courage and heart to
overcome difficulties.
It is with our most heartfelt pride, that we present to you our
traditional Tuscan Cuisine in honour of Nuvolari
the great achiever.

Good food and wine to celebrate your daily victories,
great and small ones. Cheers!
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Global Experimental Observations
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Global Experimental Observations (pp, pPb, PbPb)

Particle chemistry independent of System Size
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- Smooth evolution of particle
chemistry from small to large
systems as function of charged
particle multiplicity
= common origin in all
systems
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- Confirmed with new
pp Js=13 TeV and Xe-Xe datal
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Collective Flow
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E//ItIC F/OW Of Pal’tiC/eS ALICE Collaboration, JHEP09(2018)006

Described well by hydrodynamics with low n/s
Central collisions Peripheral collisions
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E//I ) ic Flow ALICE Collaboration, JHEP09(2018)006

All measured light and strange quarks observed to flow!

Central collisions Peripheral collisions
[ 0-5% |s,=5.02TeV |s,=276TeV [ 10-20%  ALICEPb-Pb [y|<0.5 [ 40-50% 3
i Vo2, [an)>2) v,{2, |AN|>0.9) - > R
0 0 ‘ Q

B Ks_ H=Ks_ [ [ § 4 14

S o A+A - A+A = B3 01 b - P t b ¢ § {

i 60 =0 [ RN | / & %

: : PRI P g |

= 4 6 £ ST j

- - o + L /il

8 $© /H4®

B 0.2 ° . °© / %o ; +

i ey ; /O{c; o

- o @ TR 4 r 4

o Q >

L R A A AR . A TR R PTG P RITS B B e PR M e e e
%%15:‘ ' 7 {_
== oo $ o1 5. ... Lh { TR - (N | TPNE S W T |
T R A B S S b L e e i L2 DL L S e R
oI 05 . :- o8 Mgl L

1 2 3 4 5
pT(GeV/c)

7th Int. Symp. on Non-equilibrium Dynamics (NeD-2019) John Harris (Yale) 16-22 June, 2019, Castiglione della Pescaia, Italy



v, Heavy Flavor Results

DO V2 Beauty Vo Results PbPb |5, = 5.02 TeV
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DO results consistent over energy & experiments Beauty results similar to DV...statistics?
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JAy — v, Results

PRL 119, 242301 (2017)
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ALICE 20 - 40% Pb-Pb, V’s—NN =5.02 TeV
Inclusive Jhy
re’e’, y| < 0.9, v{EP, An = 0}
U, 25 <y <4, v,{EP, An=1.1}
- global syst : 1%

ALICE Pb-Pb, \'TW =5.02 TeV global syst : + 1%5

C

1ylnclusive Jhy— pHyr, Prompt D°, D*, D™ average,
VEP, An=11)},25<y <4  V,{EP, [an[=0.9},|y|<0.8
¢ 5-20% *40-60% O 30-50%, arXiv:1707.01005
® 20-40%
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Nﬂcl. Phys. A943,147(2015). Phys. Rev.C89 (2014) 054911
X.Duetal. K.Zhouetal. (25<y<4)
Inclusive J/y, |y|<o09 Inclusive J/y w noncollective _]
Inclusive J/y, 25<y <4 Inclusive J/y w/o noncollective -
=ssuns Primordial Jhy, 25<y <4 Primordial J/y -]
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Inclusive J/y v, at forward and midrapidity J/p v2 at forward rapidity in Pb-Pb
Significant forward J/y v, , mid-y similar (statistics?) Centralities 5-20%, 20-40%, and 40-60%.
Transport Model calculations Compared to average of D-mesons at mid-y
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Long Range Correlations (Flow?) in Small Systems!
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Small Systems — Long Range Correlations
(a =7 TeV, N> 110 (c) =276 TeV, 220 < Nyj'™ < 260
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Long-range correlations in momentum space may arise from

the initial state (glasma, hard scatterings (mini-jets), CGC?), or
a final-state response to these and spatial fluctuations in initial geometry, and/or
non-equilibrium hydro/transport and collective expansion?

Need to disentangle the timescales for hydrodynamization mechanisms and collectivity
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v, for Charged Patrticles in pp, pPb and PbPb at LHC

CMS Results from LHC
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v, for Identified Particles in pPb at the LHC

T T —— ' pPb )@ 8.16 TeV mid-rapidity high-multiplicity
HM (185<N,,<250) — LM (N, <35)

-1 .4$ <Y, <0.54

7

—a— ALICE J/W -4.46<y<-2.96 -

ALICE JAW 2.03<y<3.53 ALICE arXiv:1709.06807
—_— ‘(J:/MS J CMS arXiv:1810.01473
=1 Y(2S)

>

|dentified particle v, up to pt ~ 8 GeV/c Jhp vo up to pr~ 7 GeV/c
Residual non-flow effects? Geometry response models under-predict.
Combination of different effects? — Suggests recombination!
Geometry / “escape” mechanism? (some models suggest this alone is insufficient)
CGC, fluctuations, other non-flow effects?
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v, for J/y in pPb Compared to Pb-Pb
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X.Du et al.
Inclusive J/y, |y|<o0.29

|dentified particle v, up to pr ~ 8 GeV/c
Residual non-flow effects?
Combination of different effects?
Geometry / “escape” mechanism?
CGC, fluctuations, other non-flow effects?

Jhp v, up to pr~ 8 GeV/c
Geometry response models under-predict.
— Suggests recombination!
(some models suggest this alone is insufficient)

7th Int. Symp. on Non-equilibrium Dynamics (NeD-2019) John Harris (Yale) 16-22 June, 2019, Castiglione della Pescaia, Italy



RHIC — Chanqing the Initial Geometry of the System

PHENIX, Nature Physics 15 (2019) 214-220 - sy = 200 GeV 0-5% @
ST i=s2ime skt LB it 111t
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Some Model Comparisons

PHENIX, Nature Physics 15 (2019) 214-220
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Constituent Quark Scaling
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Quark number scaling observed similar to AA

Improves with system size! Flow? Rescattering?
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Hydro for Small Systems at Lower Energies?

PRC 96 (2017) 064905
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Hydro agrees with data except at lower energies (again non-flow effects?)
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Universal Scalin With Size?

Does Size really matter
on the overall scale of
things?

Multiplicity matters!

Au+Au —@—
Cu+Au —6—
Cu+Cu +——

d+Au —&—
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PHENIX, Nature Physics 15 (2019) 214-220

More Model Comparisons
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Fluctuations and Geometry

blue circles: (v2{2})pbrb blue circles: (v2{2})pbpb, rsel

red triangles: (v2{2})ppp it red triangles: (’\'3{2}')ppb

PbPb

4

pPb

iI Fluctuations driven component in PbPb

original vs I rescaled vy
0 50 100 150 200 250 300 350 O
,Vofﬂine
Nirk

Basar and Teaney, arXiv:1408.3411v1
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Future Possibilities with a Symmetric Light System

RHIC

Table 2: Proposed Run-20 assuming 28 cryo-weeks, including five weeks of LEReC commission-
ing, an initial one week of cool-down and a one week set-up time for each collider energy.

Single-Beam /5NN Run Time | Species Events Priority | Sequence
Energy (GeV/n) (GeV) (MinBias)
5.75 11.5 9.5 weeks | Aut+Au 230M 1 1
4.55 9.1 9.5 weeks | Aut+Au 160M 1 3
19.5 2 (FXT) | 2days | Au+Au 100M 2 5
13.5 2 (FXT) | 2days | Au+tAu 100M 2 6
5.75 5 (FXT) | 2days | AutAu 100M 2 2
4.55 2 (FXT) | 2days | AutAu 100M 2 4
3.85 .0 (FXT) | 2days | AutAu 100M 2 7
100 200 1 week? | O+0 400M 3 8
200M (central)

Table 4: Proposed Run-21 assuming 20 cryo-weeks, including an initial one week of cool-down

and a one week set-up time for each collider energy.

2021

2022

2023

2027

2028

2029
Run-5

Single-Beam Vsnn (GeV) | Run Time | Species Events Priority | Sequence
Energy (GeV/n) (MinBias)
3.85 7.7 12 weeks | Au+Au 100M 1 1
8.35 16.7 5 weeks | Au+Au 250M 2 2
400M
4
100 200 1 week 0+0 200M (central) 2 3

7th Int. Symp. on Non-equilibrium Dynamics (NeD-2019)

John Harris (Yale)

LHC

ystems, /Sy 1me int
Pb-Pb5.5TeV  3weeks 2.3nb |
pp 5.5 TeV 1week 3 pb ! (ALICE), 300 pb™! (ATLAS, CMS), 25 pb~! (LHCb)
Pb-Pb5.5TeV  5weeks 3.9nb |
0-0, p-O 1 week 500 ub~! and 200 ub~!
p-Pb 8.8 TeV 3weeks 0.6 pb ' (ATLAS, CMS), 0.3 pb~! (ALICE, LHCb)
pp 8.8 TeV few days 1.5 pb~! (ALICE), 100 pb~* (ATLAS, CMS, LHCb)
Pb-Pb5.5TeV  5weeks 3.8nb |
pp 5.5 TeV 1week 3 pb ' (ALICE), 300 pb~ ' (ATLAS, CMS), 25 pb~ ' (LHCb)
p-Pb 8.8 TeV 3weeks 0.6 pb ' (ATLAS, CMS), 0.3 pb_ ! (ALICE, LHCb)
pp 8.8 TeV few days 1.5 pb~! (ALICE), 100 pb~* (ATLAS, CMS, LHCb)
Pb-Pb5.5TeV  4weeks 3nb |
Intermediate AA 11 weeks e.g. Ar—Ar 3-9 plfI (optimal species to be defined)
pp reference 1 week

O+0 run at RHIC in 2020 or 2021 for
comparison between RHIC & LHC.

|dentical Glauber geometry but different
sub-nucleon fluctuations and 10x
energy difference!

Why not rather ao or AlAI?
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Now let’s turn from the study of
bulk phenomena
to
the use of

I.e. high transverse momentum (py) particles

and jets
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High pt Particle Suppression and Jet Quenching
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R —LHC 5.02 TeV Pb-Pb

271-4 pb”' (5.02 TeV pp) +404 pb™' (5.02 TeV PbPb) 27 4 pb™' (5.02 TeV pp) + 404 ub (5 02 TeV Pbe)

T T T 1T 17T Il T T T 1T ]I T T T T T 71T ]I I T
[ SCET, (0-10%)
ATLAS — Hybrld Model (0-10%)

CONF 2017 012 CJHEP 04 (2017) 039 [TITTT] Bianchi et al. (0-10%)

Sl CUJET 3.0 (h'+n°, 0-10%) i

Andrés et al. (0-5%)
~— — v-USPhydro+BBMG (0-5%)
T, @nd lumi. uncertainty

|

CMS 2.76 TeV
ALICE 2.76 TeV
VvV  ATLAS 2.76 TeV

e El CMS 5.02 TeV
[+ | ATLAS 5.02 TeV
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11111111111111111111
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10?

Strong suppression at RHIC and LHC & the same at lower py
LHC suppression ~same at 2.76 and 5.02 TeV Models? Comments?
Much less suppression at LHC at highest py
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Raa — Heavy Flavor Results & LHC/RHIC Comparisons

5.02 TeV pp (27.4 pb™) + PbPb (530/404/368 ub’) 274 pb (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)

Beauty
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“Suppression hierarchy”? D® results consistent over energy & experiments
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High Statistics CMS Quarkonium Results

%10 PbPb 368 ub™' (5.02 TeV) PbPb 368/464 ub™', pp 28.0 pb™ (5.02 TeV)
LI I I I
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Y(3S) not visible Y suppression agrees with transport models
Some deviation in most central events
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J/y Results: Comparison RHIC and LHC

ARRSRALASRARES RELES RERAE RAREE RAREE RARES RN
Inclusive Jy — p'p
® ALICE,Pb-Pbys_ =502TeV,25<y<4,p_<8GeV/c T
B ALICE, Pb-Pb {5, =276 TeV, 25< y < 4,p_< 8 GaV/c R P R?p!d'ltgl |
O PHENIX, Au-Au Vm: 02TeV,12<f|<22,p >0GeVic *" ALICE preliminary

2Transverse momentum
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(N ) More suppression forward. Less suppression atlow pt
PLB 766 (2017) 212 part

<

0.2F
0

o

Forward results:
Suppression stronger at RHIC
Suppression ~10% less for 5.02 vs 2.76 TeV
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Y(1S) Comparison RHIC and LHC

CMS, PLB 770 (2017) 357.
STAR preliminary (RHIC Users Mtg 2019)

30-60 % 10-30% 0-10%
I I I

| % STAR Au+Au@200 GeV (0-60%)
# Y(1S): STAR Au+Au@200 GeV, Iyl<0.5 Y(1S)—=u'w, Iyl<0.5

¢ Y(1S): CMS Pb+Ph@2.76 TeV, lyl<2.4 . ¢ CMS Pb+Pbh@2.76 TeV (0-100%)
i Y(1S), lyl<2 4

N_,, uncertainty

1 L 1

100

Y (1S) suppression similar for RHIC and LHC
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Y(2S) and Y(3S) Comparison RHIC and LHC

CMS, PLB 770 (2017) 357.
STAR preliminary (RHIC Users Mtg 2019)

30-60% 10-30% 0-10% £
I I I % STAR Au+Au@200 GeV (0-60%)

# Y(25+3S): STAR Au+Au@200 GeV, lyl<0.5 I Y(25+38)—u'w’, Iyi<0.5
¢ Y(2S): CMS Pb+Pb@2.76 TeV, lyl<2.4 [ ¢ CMS Pb+Pb@2.76 TeV (0-100%)

Y(3S): CMS Pb+Pb@2.76 TeV, lyl<2.4 i Y(2S), lyl<24

STAR Preliminary STAR Preliminary

N, uncertainty

Y (2S) and Y(3S) strongly suppressed

Less suppression at RHIC than LHC in peripheral collisions
Low cross yields & statistics!
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J/W Suppression at LHC and RHIC Compared to Transport Model

J/W: Raa (LHC) > Rpa (RHIC) — less suppression at LHC?

ALICE, arXiv:1805.04383
L IR B ILELRLEL ILBLRLEL ILRLELLE LALELELE I BN

ALICE inclusive Jiy — ', 25 < y < 4 . PHENIX, Phys. Rev. C 93, 034903 (2016)
Transport model (Du and Rapp) ]

Xe-Xe (J/y: - -direct, — regenerated)_]
|_|Pb-Pb (J/y: - -direct, —regenerated) ]

® Pb-Pb \s\,=5.02 TeV
® Xe-Xe \sy=544TeV

T T T ]

AA

T T [ T T
Jy—uu
PHENIX 1.2«lyl<2.2

*U+U s\ =193 GeV (gl. sys. 8.1%)
pp reference: {s=200 GeV X 0.964

._.
(=)

Deformed Woods-Saxon parameter set 1

i
ﬂt E Au+Au |[5,,=200 GeV (gl. sys. 9.2%) |
e

ol @

2 0

1 1 1 1

llllllIlIIllIlIllllllIllllllllllllllllll—

50 100 150 200 250 N§VOO 350 400

part’ XeXe’ part’ PbPb

o
=
=
Q
<
=
—
3
=
8
=05
]
O
k>
Q
-
z.

1 [ 1 1 l 1
300 400
Number of Participants

1 1 1 1 l 1 1 1 1 l 1
0.05 100 300

Pb-Pb and Xe-Xe at LHC:
Transport models indicate stronger suppression & more regeneration in Xe-Xe vs Pb-Pb

J/y in fact has significant regeneration (recombination of ¢ c-bar quarks) at LHC
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J/y Results: Comparison Theory and Data

Forward rapidity Mid-rapidity
lllllllllllllllllIIIlllIIIIIIIIIIIIIIIIIIIII— L 1 L] l L A L ] L Al ' ‘ Ll 1 L}

PLB 766 ALICE, Pb-Pb \s,, = 5.02 TeV - ALICE preliminary ® Data, |y|<0.9
(2017) 212 Inclusive Jiy — 'y Po-Pb {Syy =5.02 TeV || SHM (Andronic et al)

25« y < 4, 03 < pT <8 GeV/C Centrality 0-20 % Transport (Du and Rapp) __|

T
LI O B |

l<‘ll|]lllll

lllll

i
-||11||

Inclusive J/y — e'e”

LI I LB I»‘,j{f‘—“{'

0.6

0.4

Transport, p_ > 0.3 GeV/c (TM1, Du and Rapp)

0.2 ] Transport (TM2, Zhou et al)

- {1171 Statistical hadronization (Andronic et al.)
| 11711 Co-movers (Ferreiro)
0llllllllllllllllllllllllllllllllllllllllllll

0 50 100 150 200 250 300 350 400 450
(N__)
pa

Less suppression at low pr, regeneration!
Approximate agreement data and models
Theory uncertainties large —

need more precise cc-bar cross section measurements vs rapidity (uncertainties)
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Rax and System Size

T

ml<2.5

T T T L

~ ATLAS Preliminary pp, 25 pb

Vs=5.02 TeV

(extrapol. to 5.44 TeV

Xe+Xe, (N
part
e 5-15%, 194
30-40%, 84
¢+ 55-70%, 24

2,0.888388

—

Xe+Xe, 3ub’  Pb+Pb, 0.49 nh'| 7|
| Sy = 5-44 TeV s, = 5.02 TeV

=t
e i i

—

27.4 pb™ (pp), 404 ub™”' (PbPb), 3.42 ub™ (XeXe)
l I I I I | 1 1 I I I I 1 ‘ I I 1 1 I |7

[ cMms

T

"~ Preliminary

e 5.44 Te
5.02 TeV

——

e

;Tﬁﬁw*ﬁm‘f?ﬁ
DOO0Oon et T OO s b =

Pb+Pb, (Npan)

o 20-30%, 18
40-50%, 87

¢ 60-80%, 23

nl <1
6.4 <p_<7.2GeV

o

1 ‘ ! 1 ! |

| 1 | | 1 17711

ATLAS-Conf-2018-007

%0 p_[GeV]

300 400

CMS-PAS-HIN-18-004

Approximate scaling of charged particle Raa With Ny, (System Size)
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27.4 pb™ (pp) + 35 nb™ (pPb) + 404 ub™ (PbPb) 5.02 TeV
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[ T,, uncertainty CMS
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[ pp lumi. uncertainty
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pp, Vs =5.02 TeV
L? =25 pb™
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TT{12,50} - TT{6,7}
Anti-k; charged jets, R = 0.2
<107 -043< P 1.36; - 0.23< ’V)el< 1.17
o 3 T-Ap<06
-2.0<y<1.5 Lix =25nb 0.6 Syst. uncert.

0-90% 1 - / jot shi
° ATLAS-CONF-2016-108 ] © 0-100% OMS-HIN-15-015 ] SN AL TTTTOTTITIE
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ATLAS Preliminary pPPtg, Sy =5.02 TeV

Nuclear modification factor
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No suppression for high pt probes — p-Pb ~ pp
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High p; Hadrons in p-Pb NOT Suppressed — Compared to Pb-Pb

ALICE \s,,, = 5.02TeV p-Pb and Pb-Pb Collisions
charged patrticles |7]|<0.8

IZI T | T

N particle
AA

N particle
pp

RAA:N

coll

RAA (p-Pb) ~ 1
Raa (Pb-Pb) more suppressed in central
collisions than peripheral

Pb-Pb peripheral

_._

—— @8 Pb-Pb,0-5%
&l Pb-Pb,70-80%
#0 p-PbNSD -0.3<n_ <13

+.
Y

l 111 | l L1 1 1 I | N I | I | I | I | I | I

0 10 20 30 40 50 [arXiv:1805.04399]
P, (GeV/c)
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LHC p-Pb Quarkonia Results

ALICE p+Pb, |5, = 5.02 TeV
L=51ub" -1.37 <y* <043

-j-Inclusive J/y

JIW — Rppp ~ unity for pr ~8-40 GeV

ATLAS pp, Vs =5.02 TeV
L=25pb™,|y| <20

ATLAS p+Pb, s, = 5.02 TeV
L=28nb"-20<y*<1.5
#Y(1S)

- Prompt J/y
1 | Ll 1l | Ll 1l | Ll 1l

25 30 35

it

O
e

N

Y(1S) — Rypy is suppressed for pr< 15 GeV
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ALICE p-Pb Quarkonia Results

n

Rpr

ALICE
Inclusive J/y, 2.03 < Y ems < 3.53

—
o 0

—
N

—
E=N
Illlllllllllllllllllllll

T LI

p-Pb 5,5, = 8.16 TeV
p-Pb |5,g, = 5.02 TeV (JHEP 06 (2015) 055)

Illllll

IlIIIlI[IlIIlIlIlIlIlIlIIlIlIlIIIlIIIIl

2 - 6 8 10 12 14 16 18 20
pT(GeV/c)

1
0.8
0.6
0.4
0.2

0

olll

Forward suppression of low pt JAp
No significant suppression in backward or midrapidity
Agreement between models and data
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JHEP 07 (2018) 160

It 1
ALICE, p-Pb (s, = 8.16 TeV

e inclusive J/y — e*e (Preliminary)

* inclusive J/y — p*u (JHEP07(2018)160)

135N\
CEM EPS09NLO (R. Vogt) é |

L 1nCTEQ15 reweighted (J. Lansberg et al.) .
T JEPPS16 rewe:ihted (J. Lansberg et al.) N

- CGC NRQCD (R. Venugopalan et al.)
- CGC CEM (B. Ducloue et al.)

— Energy loss (F. Arleo et al.)

" — Transport (P. Zhuang et al.)

Comovers l(E Ferrelro)

LA L L L L1l Ll Lt alag

Backward Forward"”
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o

PbPb 368 (<30%) / 464 (>30%) ub™, pp 28.0 pb™ (5.02 TeV)
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0-20% mid rapidity

o Regeneration I 'Y(2S) total

| Total LICE g |
Z1 Primordial J/W (AN ‘ ) —— Y(1S) total
QA ! NN Y(1S) reg

- :~_.\<
S —
)

&
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Summary from Charmonium and Bottomonium Transport

Charmonium Simultaneous description of
2 ground and excited states:
»Sequential suppression

ALICE nclusive Jiy — p'u’, 2.5

, ﬂg“ $ o ' Momentum spectra:
e ”'$’ A =Sngtan] | | — Demonstrate regeneration
1 | i — Degree of heavy quark
1 Thermalization

TUPIFERS RPN B S § PRI IR .
0 50 100 150 200 250 300 350 400
(INY 5 (N
port’ Xaxe

Charm/Bottom-onium difference:
Charmonium:
Bottomonium _arge regeneratior

L PbPb @ 502 TeV [yj<2 4 ! [ 1 .
e CMSY(1S) ] ] , Bottomonium:
3 . CMS Y(2S) 1 [ C | -
2 o CMSY(3S)] 4 0.8 g
Y(1s i
Y(zs i f ¥ | . ;
Y(28) 1 { Y(1S) reg | R R |

SN A Has predictive power

‘ Slide courtesy of

X. Du, R. Rapp

RHIC Users Mtg (2019
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Jets & Jet Substructure
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Jet R, in Pb-Pb Collisions in ALICE

ALICE Preliminary
Pb-Pb 0-10% |sy, =5.02 TeV

pp Sy = 5.02 TeV
Anti-ky R=0.4 |7 [<03
P > 7 GeV/e

Full jets

| Correlated uncertainty
- SCET Shape uncertainty

- 3 SCE

- [ Hybrid Model,

— res —

. @@ Hybrid Model,
Lies=2/(nT)

~ @ JEWEL, recoils on,
i 4MomSub

L mm JEWEL, recoils off

Low pr Jet Rya — Models describe trends of the data with some differences!

7th Int. Symp. on Non-equilibrium Dynamics (NeD-2019)

= LBT

Pb-Pb 0-10% \s, =5.02 TeV
ALICE Preliminary

- Antiky [ 7702 <05 | 7704]<0.3

peadeh . 7 GeVie
n

0 - 10% Pb-Pb
Correlated uncertainty
Shape uncertainty

-
= e

SCET T ——

- O '
L [ Hybrid Model,

res=0

- [ Hybrid Model,

Lies=2/(nT)
m JEWEL, recoils
on, 4MomSub

| @@ JEWEL, recoils off

1 1 1 1 l

of

R=0.2 0vs R=0.4 >0

John Harris (Yale)

16-22 June, 2019, Castiglione della Pescaia, Italy




D-Tagged Jets in pp and p-Pb — Described by pQCD

v v

ERr e e =
= ALICE Preliminary \ =
[ pp,\s= 7 TeV = p-Pb, | 5, = 5.02 TeV

= Charged Jets, Anti-ky, R =04, n_[|<0.5 - Charged Jets, Anti-ky, R =0.3, [1/° | < 0.6

= with D, p. >3 GeV/c = with D°, 3 < p. <36 GeVic

LIl

1| III1II|

e Data

it Syst. Unc. (data)

o o POWHEG+PYTHIAG
) [JSyst. Unc. (theory)

e Data
Syst. Unc. (data)
o POWHEG+PYTHIAG x A
[] Syst. Unc. (theory)

oY
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data / theory
data / theory
o

o i
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o :
o Ul
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D-meson tagged jets agree with pQCD predictions in both systems
— presents a well understood baseline for Pb-Pb collisions.

7th Int. Symp. on Non-equilibrium Dynamics (NeD-2019) John Harris (Yale) 16-22 June, 2019, Castiglione della Pescaia, Italy




D-Tagged Jets vs Inclusive Full Jets in Pb-Pb

- ALICE Preliminary
“F Pb-Pb, | s, =5.02TeV
I Charged Jets, Anti-k;, R =0.3, mjetl <0.6

o D°tagged jets (b, , >3 GeV/c), 0-20%
= Ch. Jets (p';eald >5 GeV/c), 0-10%
o Average D, D*, D™, 0-10%, arxiv:1804.09083

Suppression of D%tagged jets similar to
that of D%-mesons at low pr.

||I|l||l||l|l|

Suppression of charged jets observed
up to 100 GeV/c.

|

II|lIIIIII|III|III|III|IIIlIII|IIIIIII

S
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T 1
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Groomed Jet Substructure

___min(pt,1,pT2)
| PT.1+ P12

l-z

Soft Drop Refs:

M. Dasgupta et al. JHEP 1309 (2013) 029,

A. Larkoski et al, JHEP 1405 (2014) 146.

7th Int. Symp. on Non-equilibrium Dynamics (NeD-2019)

Soft Drop Approach — attempts to reconstruct
the shower history of the jet to understand
parton energy loss mechanisms in medium

Cluster jets with anti-ky

Then re-cluster with C/A to get angularly-

ordered sequence in the parton shower.

Undo the last clustering step and check
Z > Zgyt (AR/RO)B

Discard softer subjet and repeat.

Splittings described by the

z4,- momentum fraction of 15t splitting
R4~ angular separation of 15t splitting

John Harris (Yale) 16-22 June, 2019, Castiglione della Pescaia, Italy
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0.5F

ALICE Prellmlnary

PbPb \s =276 TeV

Anti-k; charged jets, R = 0.4

80 < pj" <120 GeV/c

SoftDrop 2., = 0.18=0

AR<0.1

—-Data
E= Shape Uncertainty
= PYTHIA Embedded

| IIII| | IlIIIII| | IIIIIII| L LIl

|

lIII| 11

156
1

Zg

0050707502 02503 035 04 04505

AR < 0.1 — suggestive of enhanced

collinear splittings at small z,

Note:

R4- angular separation of 1st splitting
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Groomed Jet Substructure in ALICE

ALICE Prellmlnary
PbPb \s =276 TeV
Anti-k; charged jets, R = 0.4
80 < p?hm <120 GeV/c
SoftDrop zg, =015 =0
—e— Data
E= Shape Uncertainty

= PYTHIA Embedded

Here are 2 groomed sub-samples of sub-jets based on AR between the two.

: 1 .
0.9F
0.8f
0.7}
0.6f
0.5f
0.4f
0.3f
0.2}
0.1

| llllllll | llllllll Ll

| IlIllll

+
|

|1111|111'lll

_¢__¢_

0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05

Zg

AR > 0.2 a depletion of large angle
splittings appears at large z,4

z4- momentum fraction of 1st splitting
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Groomed Jet Substructure

Number of Soft Drop Splitti
umber of Soft Drop Splittings Soft Drob Aboroach —

ALICE Preliminary
PbPb \s,, = 2.76 TeV
Anti-k; charged jets, R = 0.4
80 < pihjel <120 GeV/c
SoftDrop z,, =0.15=0
-e-Data

&= Shape Uncertainty

=PYTHIA Embedded
_._+
__ |
+

——

Cluster jets with anti-kt

Then re-cluster with C/A to get angularly-

ordered sequence in the parton shower.

Check if splitting fulfills Soft Drop condition
oN Zt

a

n
c
O
=
<
©

%)

Q

P
~
—

‘IIIIIIIIIIIIII|IIIIIllll

e

——

—a—

Jet substructure appears unmodified despite
large energy loss in the medium.

g

;

Data on number of soft drop splittings in medium
shifted only slightly lower compared to PYTHIA.

i
3
L

\'_
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Photons

see: PHENIX arXiv:1805.04.084 (to appearin PRL)
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RHIC & LHC Photon Yields for Different Systems

PHENIX arXiv:1805.04.084 (tbp in PRL)

TTTTI

A+Alp+p — Yy + X
Pb+Pb, {Syy = 2760 GeV
Au+Au, \s,, = 200 GeV
Au+Au, \s,, = 62.4 GeV
Au+Au, \sy, = 39 GeV
7 CusCu, {5y = 200 GeV

p+p, Vs =200 GeV : Common Scaling at RHIC and LHC
e Ncol-scaled pp not in line!

N scaled prompt photons

p+p fit, Vs = 200 GeV
==pQCD, ¥s = 2760 GeV
=pQCD, ¥s =200 GeV

=pQCD, Vs =62 GeV

I

TT Illllll

I IIIIIH'
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dN,/dn |
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VVortical Flow

see: Nature 548, 62—-65 (2017), STAR Collaboration
and
new STAR paper arXiv:1905.11917v1 last week
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*A Spinning QGP FIu:d’

Global c.m. frame

participants
before collision after collision

Non-central collisions
angular momentum ~ 1000 h Vorticity:

. . "« H H ”
Collision generates a “spinning QGP Local fluid cell frame

A large vorticity is measured! Nature 548, 62—65 (2017),
STAR Collaboration

Local orbital angular momentum (vorticity), transferred to
spin degree of freedom of final-state hadrons, is measured!

Graphics courtesy M. Lisa and Wikipedia
John Harris (Yale) Societa ltaliana di Fisica, 103° Congresso Nazionale  Trento, Italy, 11 — 15 Sett. 2017




A y L L RURN\LY
1.08 1.1 112 1.14 1.16‘\
=

quark-gluon
plasma

forward-going
beam fragment

Forward BBCs estimate Reaction Plane: B|| @ || J s
A Baryon is “self-analyzing”

* reveals its polarization by preferentially
emitting daughter proton in spin direction

E. Cummins, Weak Interactions (McGraw-Hill, 1973)

Sa

Correlate p, and J

A—>p+rm

John Harris (Yale) Societa ltaliana di Fisica, 103° Congresso Nazionale  Trento, Italy, 11 — 15 Sett. 2017




STAR Nature Result

Au+Au 20-50%

Y A this study

@ A this study

Y¢ A PRC76 024915 (2007)
O A PRC76 024915 (2007)

N 3.6 3.50 3.10 3.50 110

anti-A 220 2.1o 240 290 1.60

BES average

How is fluid/transport affected?

* Localized vortex generation
* Viscosity dissipates vorticity at larger scale

Vorticity —a fundamental (sub-femtoscopic)
structure of the QGP and its generation

Nature 548, 62—-65 (2017), STAR Collaboration
John Harris (Yale) Societa ltaliana di Fisica, 103° Congresso Nazionale  Trento, Italy, 11 — 15 Sett. 2017




From a Global Perspective

Au+Au 20-50% Solar subsurface flow: w ~ 106 s-!
Ocean flows: w ~ 10° s
Terrestrial atmosphere: w ~ 104 s

High vorticity (10-* s-1) in the “collar”
of Jupiter’s Great Red Spot

Core of supercell tornado : w ~ 101 s-1

Heated, rotating soap bubbles: w ~ 102 s

« Max vorticity in bulk superfluid He: w ~ 150 s
— R. Donnelly, Ann. Rev. Fluid Mech. 25, 325 (1993)

« Max vorticity in nanodroplets of superfluid He: 106 s-*
— Gomez et al, Science 345 (2014) 906

Nature 548, 62—-65 (2017), STAR Collaboration
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Photon-photon Scattering

see: Nature Physics 13, 852-858 (2017), ATLAS Collaboration
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Photon-photon Scattering in Pb-Pb

Nature Physics 13, 852—-858 (2017), ATLAS Collaboration

5.02 TeV Pb-Pb “Ultra-peripheral Collisions”

Coherent production enhanced by
Z4 ~ 4.5x107 in Pb-Pb relative to pp

.‘l w ¢yl 1Y h.\.'.' -
=
T e

ATLAS

EXPERIMENT
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\J_ﬂ_l;-\_-_AL-_-_

Back-to-backy (m,,=24 GeV)
with no other production
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Signal selection
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Events/0.005
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Significance vs background = 4.4
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Enhanced Strange Particle Production

see: Nature Physics 13, 535-539 (2017), ALICE Collaboration
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Enhanced production of multi-strange hadrons in
high-multiplicity pp collisions

Nature Physics 13, 535-539 (2017), ALICE Collaboration

Strangeness enhanced in high
multiplicity pp

At high multiplicity pp reaches values
where Pb-Pb saturates

pp and p-Pb ratios have similar behavior
and values

O p-Pb,vsyy=5.02 TeV

No apparent dependence on cm energy O Po-Pb.s =276 TeV

—— PYTHIAB

Models cannot reproduce pp data!

(chh/d’I‘);’,ﬂ <05

John Harris (Yale) Societa ltaliana di Fisica, 103° Congresso Nazionale  Trento, Italy, 11 — 15 Sett. 2017




Thank you for your attention!
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