Collective flow:
experiment vs theory

Gunther Roland

!

Berkeley, Jan 6 2018

JETSCAPE Winter School



Is there collectivity?

Projections of single event calorimeter distributions - O(104)
particles - onto transverse plane

Particles are emitted in preferred directions event-by-event
Modulation of £ 15% or more
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Paradigm: Pressure-driven hydrodynamic expansion

KJ
Initial nuclear overlap defines direction Final state momentum distribution reflects
(anisotropic pressure gradients) initial overlap geometry

Hydrodynamic expansion translates initial configuration space
anisotropy into final state momentum distribution

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



-

96) 665-6

g
9 :
"

19

A
C70 (

4% P

L

Jr*

&
5
z
E
&
=
i)
o




Modern times: 2000-2015

Gale, Jeon, Schenke
Int.J.Mod.Phys. A28 (2013) 1340011

Key experimental and theoretical
developments

Precise extraction of QGP transport
coefficient n/s

Understanding the structure and fine
structure of collective motion through
correlations

viscous

n/s near Tg
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2000

Gale, Jeon, Schenke

Int.J.Mod.Phys. A28 (2013) 1340011
STAR Phys.Rev.Lett. 86 (2001) 402-407

H H Ideal hydrodynamics
¢

|

viscous hydro

Elliptic flow in mid-central Au+Au
= Kinetic theory e o o o
- lattice QCD collisions reaches values predicted in

-- AdS/CFT limit

o st ideal (non-viscous) hydrodynamics

- dN/dep

> I +2v, “elliptic flow”

Azimuthal angle ¢
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Gale, Jeon, Schenke
Int.J.Mod.Phys. A28 (2013) 1340011

viscous hydro

= Kinetic theory
= Jattice QCD

-- AdS/CFT limit

= viscous hydro
+ flow data

Gunther Roland

2003-2004

Teaney, Phys.Rev. C68 (2003) 034913

b ~ 6.8 fm (16-24% Central)

* STAR Data Strength of elliptic flow depends
strongly on shear viscosity

Observed signal requires very
small shear viscosity

02 04 06 08 1 1.2 1.4 1.6
p+(GeV)

“Viscosity bound” n/s =z

~ Nirn vt ll 1/47TT in string theories with
| gravity dual in strong
coupling limit

Connection between flow in
HI and fundamental physics
of strongly coupled systems

Kovtun, Son, Starinets Phys.Rev.Lett. 94 (2005) 111601
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2005-2007

Gale, Jeon, Schenke
Int.J.Mod.Phys. A28 (2013) 1340011

Correlations after subtraction
of v2 show structure at

A = 1T £ 60° - Mach cones!?
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PHOBOS Phys.Rev.Lett. 98 (2007) 242302

viscous hydro

156 2 25 3 05 1 156 2 25 3
A ¢ (rad) A ¢ (rad)

PHENIX Phys.Rev.Lett. 97 (2006) 052301

200GeV Au-Auh®

Kinetic theory

jattico QGO Flow strength in small systems | S u coacev A

- FT limi
AdS/C imit ©  200GeV Cu-Cuh*

viscous hydro requires fluctuations of initial . e
geometry: Participant eccentricity

PHOBOS Phys.Rev.C77:014906,2008
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Gale, Jeon, Schenke
Int.J.Mod.Phys. A28 (2013) 1340011

viscous hydro

-mEEEmEmE.-e
.-...-..T..- SEsEEssEEEEEEEEE.

n ¥

Kinetic theory
lattice QCD
-- AdS/CFT limit

viscous hydro
+ flow data

s

Tns TCy - - -

Gunther Roland

2007-2009

ideal
o =eo1/s=003
o= o 1)/s=0.08
- o1)/s=0.16

1 IK* ‘} = PHOBOS

First quantitative comparisons
of data with viscous hydro
calculations

Data imply n/s = few x /41T

JETSCAPE Winter School

Romatschke, Romatschke Phys.Rev.Lett. 99 (2007) 172301
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Gale, Jeon, Schenke Gale, Jeon, Schenke (Review)

Int.J.Mod.Phys. A28 (2013) 1340011 Int.J.Mod.Phys. A28 (2013) 1340011

MC-Glauber / MC-KLN

Variety of models to describe
initial state geometry

» IP-Glasma T~ IP-Glasma
‘ 1=0.01 fm/c » 1=0.2 fm/c

viscous hydro

Heinz, Snellings (Review)
Int.J.Mod.Phys. A28 (2013) 1340011

MC-Glauber hydro (m/s) + UrQMD _ W/s
200

Kinetic theory
lattice QCD

-- AdS/CFT limit

viscous hydro
+ flow data

O(v,) /(e

parI)KLN

20 20
(1/8) dN_ /dy (fm™) (1/9) dN_ /dy (fm™)

Geometry uncertainty major source of uncertainty on h/s

One observable (v2) - two unknowns (N/s, €2)
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Gale, Jeon, Schenke
Int.J.Mod.Phys. A28 (2013) 1340011

.i.---------

viscous hydro

senssesesnep e

n ¥

= Kinetic theory
= Jattice QCD
-- AdS/CFT limit

viscous hydro
+ flow data

s

Tns TCy - - -

n/s near Tg
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B. Alver, GR, Phys.Rev. C81 (2010) 054905

Initial geometry fluctuations

break two-fold symmetry —
Odd flow components, in
particular triangular flow (v3)

Provides independent
observables to constrain

geometry and /s
simultaneously

LBNL Feb 52018



Gale, Jeon, Schenke

Int.J.Mod.Phys. A28 (2013) 1340011 B. Alver, GR, Phys.Rev. C81 (2010) 054905

STAR Au+Au 200 GeV 10-20%
1.2<lAnl<1.9, i<1.5, 0.8<p, “'<4.0

viscous hydro -

Residual A¢ Correlation

Gale, Jeon Schenke Phys.Rev. C85 (2012) 024901

Kinetic theory I T T
lattice QCD Vv, 20-30% o
-- AdS/CFET limit | Vg 20-30% | ALICE data Vn{2}, pT>O2 GeV
viscous hydro ' Vg 20-30% Y]/S =0.2
+ flow data VS 20-30%
PHENIX v,
PHENIX v,
PHENIX v,

centrality percentile
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Mass dependence of va(pT)

ALICE
Pb-PbySy = 2.76 TeV

Measurement of v2(pT) for identified
hadrons

Origin of correlations from common

Particie species underlying anisotropic velocity field in
o hydro picture implies mass ordering
iy
Qi Mass ordering seen in data at LHC,
- similar to prior RHIC measurements by
STAR, PHENIX

ALICE
JHEP 1506 (2015) 190
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Event-plane angle (V) correlations

Heinz, Snellings (Review)
008 M ean (6(Wo—Wa))) Int.J.Mod.Phys. A28 (2013) 1340011

0.00
0.04

002

100 200 300 400 0O 100 200 300 400 ““o 100 200 300 400 0O 100 200 300 400
MC-Glb., /e = 0,08 MO-KLN, /s = 0.2 Npart @ ATLAS datn

ATLAS pioneered studies of correlations between event-plane
angles (V,) of different flow harmonics v

Some of these correlations are purely geometrical, while
others arise only in the evolution of the system.

Hydrodynamic calculations reproduce these correlations for
both cases (semi-) quantitatively
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Transverse and longitudinal source structure

Torqued QGP fireball y=2 4 3D-glasma

(Bozek et.al., arXiv:1011.3354)

x [fm)]

Granularity of gluon fields

(Schenke, Schlichting, arXiv:1605.07158)

(&, m)) = V)V, ()

Wi i, GM'17 — rapidity-correlated flow fluctuations
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Transverse and longitudinal source structure

Factorization breaking vs transverse momentum difference

1.0<p} <1.5GeVic

1.5<p] <2.0 GeVic

0.9F CMS PbPb |5 =2.76 TeV

VISH2+1 Hydro
MC-Glauber MC-KLN
- qfs=020 ---7/s=0.20
------ Ws=012 mfs=0.12
—n/s=0.08 —n/s=0.08

H Data

0-0.2% centrality

CMS PRC 92 (2015) 034911

2.0 < p;<2.5GeVic

0 0.5 1

25<p <3.0GeVic

1.5 2 0

a b
pT - pT (GeV/c)

Factorization breaking vs rapidity gap

0

W 44<n’<50 O
0 3.0<n®<4.0
Exponential fits

0.3 <p]<3.0 GeV/c
p'T’ >0 GeV/c

0-0.2% centrality

00 05 10 15 20
n? n?

00 05 10 15 20
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If v pure single particle effect wrt
common event plane angle expect
factorization, i.e.r, = |

7} ) VHA( ar b)
(P} PT) ddda

\/VnA(pg[r P%)VnA(P?r' péll)

Due to local geometrical fluctuations
and space-momentum correlations,
hydro calculations predicted

factorization breaking
Heinz et al, Phys. Rev. C 87 (2013) 034913

Semi-quantitative agreement between
data and prediction for ra(pm,pTtP)

LBNL Feb 52018



Collective Flow in Large Systems

Wide range of correlation measurements in qualitative/semi-
quantitative or quantitative agreement with viscous hydro
calculations with sensible initial conditions/transport coefficients

e Azimuthal anisotropies vn e Connection to initial geometry
e Characteristic vn(pT) Shape e Higher order (n>4) correlations
e Mass ordering of vn(pT) e Factorization breaking

e Multiplicity dependence e Mass ordering of pt spectra

e Weak rapidity dependence e Event angle correlations

Heinz, Chen arXiv:1507.01558

Precision: Comparison to hydro codes yields 1 = (n/s)/4mnt = 2.5

Accuracy: Do we have control of initial and final state physics?
Most importantly: Independent evidence for “perfect fluid”?

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018


http://arxiv.org/abs/arXiv:1507.01558

Experiment vs Theory

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Experiment vs Theory




Two-Particle Correlations in 7TeV pp (2010)

Results based on 1fb-1,
i.e. sampling 50billion pp events
with high multiplicity trigger

MinBias high multiplicity (N>110)

(b) MinBias, 1.0GeVIc<pT<3.0GeVIc (d) N>110, 1.OGeVlc<pT<3.0GeVlc

CMS
JHEP 1009 (2010) 091

Pronounced structure at large ony around 6¢ ~ O !

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Two-Particle Correlations in 7TeV pp (2010)

High multiplicity (N> | | O) ~100 citations within a year

(d) N>110, 1.OGeVlc<pT<3.OGeV/c

Interpretation:

Multi-jet correlations

Jet-Jet color connections

Jet-proton remnant color connections
‘ Jet-remnant connections + medium

. T | Glasma correlations

K Quantum entanglement

Angular momentum conservation

g Angular momentum conservation +

CMS medium

JHEP 1009 (2010) 091 Hydrodynamic flow

Multiplicity in these events is 7
dominated by jet contribution. °

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Two-Particle Correlations in pPb (Oct 2012)

CMS pPb /s = 5.02 TeV, NCfime - 110 () 1 <p <2Gevic

1< ptTrlg <2 GeVic ® pPbys,, =5.02 TeV
1<pP™™* <2 GeVlic / O ppVs=7TeV
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CMS
Phys. Lett. B 718 (2013) 795
Opinion:
Similar correlations as in high- Phenomenology very similar in pp
multiplicity pp, but larger and pPb - same underlying physics

strength (associated yield)

Most models of pp-ridge
immediately ruled out
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Peripheral subtraction in ALICE and ATLAS

ALICE Phys.Lett. B719 (2013) 29-4| ATLAS Phys. Rev. Lett. 1 10, 182302 (2013)

0-20 ™™ = °<4 GeV 0.3<p°<0.5 GeV] O3ET > 0.5<p <1 GeV
- ALICE p-Pb \s, =5.02 TeV S 0.3F05<P,<4GeV 0.3<p <0.5GeVy | ©IE >80GeV 0.5<p <1 GeV|
‘ ¢ ™ > ATLAS p+Pb |[5,,=5.02TeV_ 10 4= 3E™ <20 GeV -

= ¢ * 0-20% 2< pT,trlg <4 GeV/c 02' f L~ 1ub”, 2<lAnl<5 N R | - Difference - O~
— = 20-40% 1<p <2 GeV/c 1 0yan= 149 | 1 | b, =14.4 O ]
0-15 o Tiassoc 0.1® % __ b},,=3.0 4 O 8/ 0.of%. of,, =3.1 SIS
i L + 40-60% stat. uncertainties only . \ o O Q- {1 | \ a _}/H ]
v 60-100% ofg-8-0-ME.6.C 1 | __ 08 j

B : . ' «®® v 5 O3 —l\v o [ -
0.10 o |==-ls o ---pp2.76TeV o ¢ * — s — "

—

O
(=)
o

!

34 .08
00 gre
r"/. 3

g B ./’/ *

1/Nyy dN,gs0c/dA@ per An - const (rad™)

1 ‘ -T-..‘.-‘--_ 1
4<p:<5 GeV |

S
o
=]

Away side yield in pp and peripheral pPb
is very similar (away-side jet)

Subtraction of peripheral pPb correlations reveals
nearly symmetric “double-ridge” structure

4
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http://prl.aps.org/abstract/PRL/v110/i18/e182302

PHENIX dAu correlations

[0.5,0.75)(1.0,1.25] GeV/c
PHENIX Y.

arXiv:1303.1794 O Y, 50-88% d+Au \s =200 GeV
® AY=Y.Y, IAnl €[0.48,0.7]

— ao(1 +282008(2A¢))

7E
6
S
4}
3
2
1
0

]
—h

00 05 1.0 1.5 20 25 30 0.5 1.0 1.5 2.0 25 3.0
A¢ (rad)

“Quadrupole correlations” seen in dAu as well
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http://arxiv.org/abs/1303.1794

Characteristic multiplicity dependence

T T T T IIIII| T T T T
0_3<pT<3 GeV/c | 0.3<pT<3 GeV/c

@ pPb \/SNN =5.02 TeV, v3{2, IAnI>2}
[l PoPbys,, =276TeV, v3{2, IAn>2}
|:| PbPb \/SNN =2.76 TeV, VS{EP, <n>=1.6}

@ PPb \sy, = 5.02 TeV, v,{2, 1An>2}
I PbPb \s, = 2.76 TeV, v,{2, IAni>2}

[] PbPbys,, =2.76 TeV, v,{EP, <n>= 1.6}

— Hydro PbPb, IP-Glasma, pT>O.2 GeV/c
1 1 |

10°

— Hydro PbPb, IP-Glasma, pT>O.2 GeV/c

ni<2.4
tracks

N

ALICE
| ® p-Pb s, =5.02TeV

~ O Pb-Pb |5, =276 TeV

& /‘. (I\"v\
- 02<p_<3.0GeV/ic O“—@@ f.L:,O_\

Continuous evolution from “small”
(pPb and PbPDb) to “large” (PbPb) system

Gunther Roland JETSCAPE Winter School



Mass ordering of va(pT)

ALICE PLB 726 (2013) 164 CMS PLB 742 (2015) 200

ALICE CMS pPb {5, = 5.02 TeV CMS PbPb (5, = 2.76 TeV
-1 5
p-Pb |s,, =5.02 TeV Liny = 35 nb Liy =23 ub +

| 185 < NOI'™ < 350
(0-20%) - (60-100%) = K¢ (0-0.06%) = K

o A/A ' o A/A
o h: + Q
w

V,{2PC, subj}

mh AT

* K ep

185 < NOi'"™° < 350
(58+4%)

Mass ordering seen in pPb by ALICE and CMS
(even stronger than in PbPb at the same multiplicity)
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Factorization breakdown

Vaa(PT, PT)
\ Vaa ( P‘}r ]»)‘}) Vaal( PLI’, PL; )

PbPb centrality(%)

X . 35.0 25.0 150 7.5 250.1
! D A | LI L B B |

¢ %0k - BB

PbPb s, = 2.76 TeV

VISH2+1, MC-Glauber,ny/s = 0.12
v VISH2+1, MC-KLN, /s = 0.12

Kozlov et al., o = 0.4fm, ry/s = 0.08

25<p;<3.0GeV/c
p3 - p’T’ ~ 2.0 GeV/c

pPb ys, . = 5.02 TeV

Kozlov et al., o = 0.4fm, /s = 0.08

CMS PRC 92 (2015) 034911 Inl<2.4
racks

Some tension between (pPb) data and predictions

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



CMS PRL 115 (2015) 012301

Gunther Roland

Higher order correlations

L CMS PbPb s, = 2.76 TeV

| 03<p <3.0GeVic;Inl<2.4
T O O O
O O

VA2, |AnI>2}
V,{4}

vA6}

v,{8}
v,{LYZ}

1 1 L

I

| I | I 1 | 1 I I I I

CMS pPb \s,, = 5.02 TeV
03< p_< 3.0GeVic; ml <24

| l |
200

offline

rk

C 1
100

200

ffline
rk

vz correlations between “all” particles in the event
Does this define “collectivity”?

JETSCAPE Winter School
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Gunther Roland

Connection to initial geometry

PHENIX Phys.Rev.Lett. 115 (2015) 14, 142301

*He+Au at 200 GeV, 0-5% Central
en PHENIX datav,, v,

SONIC — superSONIC
Glauber+Hydro IPGlasma+Hydro

3He+Au collisions show significant triangular flow as
expected based on intrinsic €3 of collision system

v2 and vs described by hydro calculations

JETSCAPE Winter School
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Energy dependence

d+Au (s _ =200 GeV 0-5% d+Au |s_ =62.4 GeV 0-5% d+Au (s _ =39 GeV 0-10% d+Au (s = 19.6 GeV 0-20%

Inl <0.35 s SONIC v, PHENIX Extrapolated
e v,(EP) superSONIC v, Res(¥,""™)

Global Sys. = +0.3% Global Sys. = =1.8% Global Sys. = =3.6% Global Sys. = +35%
" -48%

*

02040608 1 1.214 16 1.8 02040608 1 1214 16 1.8 02040608 1 121416 18 02 040608 1 1.2 1416 18
P, [GeV/c] P, [GeV/c] P, [GeV/c] P, [GeV/c]

' """""""""""""" l""l ll1l'l""l'l'V""'III'VI""' Il"'l""ll"']"'ll""l""[‘
d+Au fs_m 200 GeV 0-5%  (©) § d+Au Vs,.=624GevV0-5% () } d+Au (s _=39GeV0-10% (9]
Global Sys. = +0.3% Global Sys. = =1.8% Global Sys. = =3.6% ]
e v,{(EP} - P. Bozek, W. Broniowski PHENIX

[Phys. Lett. B747, 135 (2015)) 1 PHENIX, arXiv:1708.06983
== SONIC v, ]

== superSONIC v,

%00

VW )

4

i
4y {
Hapetiit === *..... i’ | *m*

Comprehensive review of rapidity, pr and collision energy

Gunther Roland
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http://arxiv.org/abs/arXiv:1708.06983

Is there “collectivity” in “small” systems!?

e Azimuthal anisotropies vn e Connection to initial geometry

e Characteristic vn(pt) shape & e Higher order (n>4)

e Mass ordering of va(pT) correlations

e (Characteristic multiplicity e Factorization breaking
dependence e Mass ordering of pt spectra

o Weak rapidity dependence of e Event angle correlations
correlations

Experimentally, “collectivity” observables show a
smooth evolution from “small” to “large” systems

Gunther Roland JETSCAPE Winter School
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Hydrodynamics in small systems!?
PbPb

PP
.I 1 fm

15fm

Hydrodynamic calculations (for certain models of initial
conditions) successfully reproduce data for pPb, d+Au, He+Au

Is the application of these codes for small systems (large
gradients) self-consistent? [Rischke, 1S204]

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Paul Chesler, QM2015
Concluding thoughts

Observed extreme domain of hydro:

1
th_\'dro S fs

1
RS .
~T

e Must exist critical energy E. which for E < E. no black hole forms.

= Hydro evolution for E > E..
No hydro evolution for F < E

e Universal gravitational dynamics as £ — E.. [Choptuik 1993
— Self-Similar geometry, entropy production AS ~ (E—E_)*", v ~ 0.4.
e Unstable small black holes and dual liquids?

e Interesting to study low energy dynamics!

Studied black hole (=QGP) formation for collision of small sheets/blobs of finite energy density
(=protons) in =4 SYM in strong coupling limit (classical gravity)

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Vh IN PP@ | 3 TeV

CMS-PAS-HIN-15-009

o ey No energy-dependence of pp “ridge”
0 pPb s =5.02 TeV

S eramey correlation strength observed

opp\E:?TeV

o
o

20<IlAnl<4.0
1.0< p.< 2.0 GeV/c

L
>
©
O
N
S~
ke
2
>
e,
o}
i)
o
[}
o
@
%)
<

O pPb sy, =5.02 TeV CMS Preliminary
[J PbPb \s,,, = 2.76 TeV

O
O

e After subtraction of low-multiplicity
correlations, clear v2 and v3 signals remain

03< p, < 3 GeVlc
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A\ I PP@ |3TeV

CMS-PAS-HIN-15-009 ATLAS arXiv:1509.04776

—
- CMS Preliminary

- A PbPb \s = 2.76 TeV
T opPb \s=5.02TeVv
. epp\s=13Tev

- opp\s=7TeV

Vs=13 TeV

o
o

i " |
_UOoOoOo O o O

O i
g O OO O 0 D O o 1
20<IlAnl<4.0
LO<pT<20Ge%b S | + - — - %;;;% :;Y{y
s=13TeV

Associated yield / (GeV/c)

: - i + o.5<p‘T’<5.oeev

: @) pr m =5.02 TeV CMS Pre“minary N i 1 2'O<I'An|<5'0 ( 105<pb<1 .0 GeV
01 PbPb |5, = 2.76 TeV b

H :,0@‘35-0 GeV . 20<p°<3.0GeV

N " " N N N N N " M N N Ly | T T N N ST T TN SN WY TN NN SN U U RN S

lan! >2 w 40 60 80 100 120
Nf NI'CC

ch ch
pp Vs = 7 TeV, no sub. |

ATLAS result without subtraction of
LA low-N correlations (template fit to

T $ t $ ¥ 1

L Jf ; separate “flow” vs jet correlations)

_ vz strength found to be multiplicity
03<p,<3celle independent!

L 1 |
200 300
offline
Ntrk

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Contenders

® Several approaches leading to azimuthal
anisotropies w/o medium

® Glasma correlations
® Escape mechanism

® Collectivity from interference

® Full phenomenology (vn, mixed harmonics, rapidity
dependence) does not come easy to these
approaches

® e.g.arXiv:1708.06983 for AMPT vs PHENIX data

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018


http://arxiv.org/abs/arXiv:1708.06983

Small system status quo

® Measurements in small systems reproduce nearly all of
the hallmarks of collective flow seen in AA

® No conclusive evidence of turn-off of collective flow
(“smallest QGP droplet”)

® Flow-like correlations seen in pp @2.76,7 and |3 TeV

® ATLAS analysis shows constant vz in pp@ 13TeV down to < 2 x min bias
multiplicity

® Are there multiple mechanisms giving identical
phenomenology!?

® alternative models struggle, but hard to “disprove”

® Or flow just “is” in QCD systems!

Gunther Roland JETSCAPE Winter School LBNL Feb 5 2018



Is there a there there!?
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Modifications of Jet Structure

2011 Pb+Pb data, 0.14 nb”" | | Suy = 2.76 TeV
: 2013 pp data, 4.0 pb™ | anti-k, R=04jets 1 o :
3 Pb+Pb 0-10% 7 | Pb+Pb 0-10% 1 | pr >158 GeV -

e 100<p™<126GeV 1} 126 < p™ < 158 GeV

T T YT T LN aun s am 2

= o ATLAS Pb+Pb 0-10% 4
18 Pb+Pb 0-10%

et
16 ;YT > 100 GeV

lLJlJLJlJLJlJLJlJL

R

! P | MR I s MR | MRS B o N A PR | "
10 20 40 100 10 20 40 100 4 10 20 40 100 4 10 20 40 100
P, [GeV] P, [GeV] P, [GeV] p. [GeV]

Longitudinal jet structure
A, inclusive Subleading jet shape anti-k; R=0.3,n_|<1.6

11 . . )
pp 5.3 pb™ (2.76 TeV) PbPb 166 ub™ (2.76 TeV) p, > 120 GeV, pTJZt> 50 GeV, A¢, > 5/6 ( Fragmentatlon Function )
pp reference PbPb cent. 50-100% PbPb cent. 0-30%

ransverse jet structure (“Jet
shape”)

A

6- [
P i + many more results from
4 _
2
1

02 04 r'ofs' 08

R LHC and RHIC

B s« ptTrk< 4 GeV
B 4 <p"<8Gev
- ptT”‘> 8 GeV
Eé\\éé Total ptTrk> 0.5 GeV

E. PRI T T T N
I, <24 02 04,

A

r'ofé 08 02 04

06 08
)
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Cheat Sheet: Jets in Medium

In-cone energy difference  Balanced by low pr particles
(leading - subleading jet) at large angles

“Little change at l

small r, high pt

Narrowing/depletion at
intermediate r, pr

1k / _ ) n,).In,I<0.50, A >0.22 i}
A Broadening/excess at N I<2.4,A0 516 -

P, > ?O, pT_2>50 lGeV/c

{iL/large r, low pt
: 2% of jet
OO 0.1 0.2 0.3 (2% ot jet energy)
Radius r

p‘Trk (GeV/c):

[]o5-1.0
[ 11.0-20
[J2.0-40
Bl4.0-8.0

(*) Some tension between B s0-3000 |
ATLAS and CMS results e R
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Open issue: Medium response @ large AR?

arXiv:1701.07951

| | |

R | ] L | |
- (a) Leading Jet 2.76 TeV, R=0.3 1 - (b) Subleading Jet 2.76 TeV, R=0.3
P> 120 GeV/e ® PbPb(CMS, 0-30 %) : P> 120 GeV/e ® PbPb(CMS, 0-30 %)
pit> 50 GeV/e — PbPb (Shower+Hydro) - _ P> 50 GeVle — PbPb (Shower+Hydro)
A, 2> 57/6 === PbPb (Shower) 1 i Ap) 2> S7l6 === PbPb (Shower)
PbPb (Hydro) ] i PbPb (Hydro)
pp (PYTHIA) ] ! . pp (PYTHIA)

§q.0= 1.7 GeV?/fm ' : : “F 4g0= 1.7 GeV¥/fm

Weut = 1.0 GeV/e [ o= 1.0 GeV/e

P> 0.5 GeV/e ; L pe™a>0.5 GeVie
| - |

0.2 : : : 0.2

How Is energy transported to large AR wrt jet axis?

(Large) modification of jet shower in medium or
hydrodynamic transport of radiated energy”?
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Gunther Roland

Collective Flow

Hydrodynamic expansion of nearly perfect fluid provides

natural explanation of broad range of correlation
phenomena in heavy-ion collisions

Same ansatz also does well for small collision systems

® js that a bug or a feature!

Recent set of calculations suggesting evidence for (or at

least consistency with) medium response in jet-hadron
large angle correlations

® Unique predictions/features!

Great SUCCESSES, but some uneasiness remains

JETSCAPE Winter School
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NOT™ = 110

O
o
NN

® pPby\/s,, =5.02TeV
O pp\Ns=7TeV

Associated \geld / (GeV/c)
o
\]

Strength of correlations for same
multiplicity much lower in pp than pPb

Strength of near-side correlations

In pPb (and PbPDb), for multiplicity > 50, jet-like correlations are
perturbation of flow-like signal

In high multiplicity pp much of final-state multiplicity comes from jet
fragmentation

“Flow-like” correlations are perturbations on dominant jet-like structure
Need more data (analyses) to make any judgement on pp
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Are pp and pPb “small™?

(b) CMS MinBias, 1.0GeV/c<pT<3.OGeV/c

2D CF can be described as superposition
of “jet-like” correlations (intra-jet and jet-
jet correlations) + weakly rapidity
dependent flow harmonics

Importance of jet-like correlations drops from pp to pPb to PbPDb:

) ower collision energy
b nigher multiplicity

(d) N>110, 1.OGeV/c<pT<3.OGeVlc

trig

1<p;°<3GeVic P N\ 1<p, " <3GeVic
1< p:ssoc < 3 GeVic - ." N 1< p:ssoc < 3 GeVic

T

e

¢z
: LA LA LR
Sty
g < “““:“\“\‘\“’( ‘l ‘
3 : S s P et \
N \3“8\\‘.\_ v“t““t}«' ,',//0 ” \

|

Ry

% o
N
0:““:‘ X AT '
W )
s “‘\ R *
~ o
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The good:

vn(pT) in pPb

220 = N < 260 180 = N* <220
CMS, 220=N 3y <260
***V,, N"'<20 sub.

N'L.e,c = 260
1<p:<3GeV.2<L3|pI<5
-8 nN=2
&- n=3

—4— n=4
n=5

140 = N < 180
ATLAS p+Pb
¥She = 5.02 TeV

1. Good agreement with CMS
2. Characteristic vn(pT) Shape as in PbPb
3. Expected “n” ordering as in PbPb

Gunther Roland

JETSCAPE Winter School

The somewhat confusing:

1. va(pr=10GeV) ~ 4%
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From small to large

(a) PbPb \s = 2.76 TeV (b) pPb \s, = 5.02 TeV
0.10- 0.3<p;<3GeVic_ o gg00® Ridge Yield
e®®
../ g B

D
< L e®
.. d..,-’-‘

AEmE D m ggE W
® v,{2, 1An|>2} M
--VA2, IAnI>2}, N°'"°<20 sub.

1 LL O
0 00009,y

offline
Ntrk

® V{2, [An>2}
--v4(2, 1An|>2}, N°/'"°<20 sub.

offline
trk

No clear evidence for turn-on at low multiplicity

N.b.: at high multiplicity in pPb, “peripheral subtraction” is irrelevant
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Rapidity dependence

CMS Preliminary pPb \'s,=5.02 TeV

1.5~ 220=N,, <260
O.3<pT<3 GeV/c

ptrlg Pb- t%
— No subtraction

o o Ntrk<20 subtraction

As for PbPb, weak rapidity dependence with
maximum near maximal particle density
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“Radial flow’’?

L |

v 1
ALICE, p'pb, “SNN =5.02 TeV Ij Blast-Wave
. <0.5 == EPOS LHC

.“M Krakow
N R (1000 DPMJET

W RK LK (10x)

CMS

I I I I ' I I I I I I I 1 I I I I 1 I ! I I i i 1 i

[ pPb, Vs = 5.02 TeV, L=1 b’

235
210

185
160

135
109

84
58

i ' i l l l L 1 l 1
|

N/(dp_dy) [(GeV/c)?

|

5-10%
e~ VOA Multiplicity Class (Pb-side)
A A A l A 1

A A J A A A
L]

1/N,, 1/2rp

32

T ] T 1 1 T I T T 1 T ! T T
1 1 1 1 1 l l 1 L L l L

data / model

| | | | I | | | | l | | | | l | | | | l | | | i

0.2 0.4 0.6 0.8
m [GeV/cz]

For completeness: Expected mass ordering of 11, K, p spectra
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