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Initial state and emergence of collectivity

Initial state Pre-equilibrium Hydrodynamics
t=0*fm/c t<0.5 fm/c t ~0.5-5 fm/c

e(x,y) + other T*(x,y)

Initial eccentricity & Non-equilibrium transport Collective expansion

momentum anisotropy

-------——-»?? XeXe/PbPb
pp/pPb
s [nitial state m  Collectivity in small system m  Collectivity in large system
Forward dijets in pPb Photo-nuclear ridge High-order flow fluctuations
Y production in pPb Z ridge Role of centrality fluctuations
W/Z production in PbPb heavy flavor ridge V,-pr correlations

Light-by-light in PbPb Multi-particle correlations



Forward dijet A¢ correlation in pp, pPb
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Dijet A¢ with leading jet in 2.7<y,*<4

Scan -4<y,"< 4 = Probe 10<x,<10~ Quantify nuclear effect with the ratio pPb/pp

Sensitive to nPDF and saturation



Forward dijet A¢ correlatlon in pppr
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No change in width,require interplay between saturation & Sudakov effects?



Forward dijet A¢ correlatln in pp, pr
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nPDF: prompt photon R _p, 6

anti-shadow region favors nPDF (nCTEQ15)
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Data overall close to “free nucleon PDF” (CT14)



nPDF: forward / backward R

cancel most systematic uncertainties with FB ratio
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s Data almost compatible with free nucleon PDFs
s Modifications closer to EPPS16 than nCTEQI15



cancel most systematic uncertainties with FB ratio
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s Data almost compatible with free nucleon PDFs

s Modifications closer to EPPS16 than nCTEQI15
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nPDF: W/Z boson in PbPb
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Minbias W, Z yield vs |n| or |y| normalized by Ta

s Data almost compatible with free nucleon PDF+1sospin

s Systematically higher than the nPDF models



Centrality dependence
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s Difference between W™ and W-due to expected 1sospin effects.
= Glauber model describe W/Z production baseline within 10-15% (CT14)

» Data systematically increases toward low N, wrt glauber baseline
= Not explained by neutron skin or TGlauber v2.4 vs v3.2



Centrality dependence
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s Difference between W' and W-due to expected 1sospin effects.
= Glauber model describe W/Z production baseline within 10-15% (CT14)

» Data systematically increases toward low N, wrt glauber baseline
= Not explained by neutron skin or TGlauber v2.4 vs v3.2
s Opposite to centrality selection bias for hadrons via HG-PYTHIA



Centrality dependence
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part
s Difference between W' and W-due to expected 1sospin effects.
= Glauber model describe W/Z production baseline within 10-15% (CT14)
» Data systematically increases toward low N, wrt glauber baseline
= Not explained by neutron skin or TGlauber v2.4 vs v3.2
s Opposite to centrality selection bias for hadrons via HG-PYTHIA

= Consistent between Z and W
Room for impact-parameter dependent nPDF effect?



Observation of light-by-light scattering in UPC Pb+Pb "
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v*+Pb collision in 5.02 TeV Pb+Pb
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Mostly meson+Pb like but at low Vs



v*+Pb collision in 5.02 TeV Pb+Pb

Onin ZDC
large n-gap
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------

Photo-nuclear events selected via:
= Large gap and 0 neutrons on photon-side
= Small gap and >0 neutrons on Pb-side

Pb < > 7
o o o
o o o
o Paps o
e o
o o o o °
® e o o
[ )
-5 0 n 5
% 5 T T I T T T T | T T T T l T T T T
= ATLAS Preliminary
§< Pb+Pb 2018, 1.73 nb’"

\/SNN =5.02 TeV, OnXn
N3 > 10, MB trigger
|

ch —
|

10°

10?

10



4

(a\] T T T T | T T T T |V|2I (IIN|CIhI)I T | T T T T T T T T
> _—

- ATLAS Preliminary i

- 2.0<|An|<5.0 l
0.08]- 224 .
L 0.5< p>” <5.0GeV A ]

T A

| g B oL
006~ 7 .
- I Pb+Pb 2018, 1.73 nb™" -

0 04‘_ I I \/sNN =5.02 TeV, OnXn _‘
T X ,An>2.5, ZAAn<3 |

I ¢ photo-nuclear y
0.02r & pp Vs=13 TeV ]
- A p+Pb \[s=5.02 TeV :

v*+Pb collision in 5.02 TeV Pb+Pb

| 1 | | | | | | | | | | | | | | | 1 | | | ] | | | | ] | |
90 30 20 50 60 70

80

rec
N ch

T 17T ||VI2I(Ip|-II-I)I T | T 17T | T T 17T | T T 171 | T |
> 016 VPP (s=13TeV  ATLAS Preliminary
- A p+Pb \s,=5.02 TeV .
014_— N;i0260 AAAA A R _:
0.120 AAA 3 .
0.1 ’ I S
- L0004 + .
0.08- =
- = ]
0.06] i -
B Pb+Pb 2018, 1.73 nb™" ]
0.04_— - 5.02 TeV, OnXn + -
002:_ ZAT]>25 EAn<3 _:
T ¢ photo-nuclear, 20 < N3° <60
_I 111 | I I | | I | | I | I | | I | | 1 I_

Y T T2 3 4 5 e

p, [GeV]

= Observed significant v,, but smaller than pPb and pp
= With a similar N,- and p-dependence trends

How this relates to v, studies at low s, e.g at RHIC?



Summary of charged v,,v, from small systems
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v, hierarchy reflects the v, driven by fluctuations,

average geometry effects follows a common Nch scaling



Summary of charged v,,v, from small systems *
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v, hierarchy reflects the v, driven by fluctuations,
average geometry effects follows a common Nch scaling

pp lower by x2 at same N_,?



Summary of charged v,,v, from small systems "~
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@vz iIn Z-boson-tagged pp events at 8/13 TeV
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Heavy-flavor p ridge in 13 TeV pp

m Correlation of 4-6 GeV muon from ¢ & b decay with charged particles
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Heavy-flavor p ridge in 13 TeV pp

Separate charm and bottom contri. based on DCA distributions
= Bottom fraction: 0.4 at 4 GeV and increase to 0.6 at 7 GeV.
Bottom-p v,~0; charm-p v, comparable to charged hadron in pp
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Heavy-flavor p ridge in 13 TeV pp

Separate charm and bottom contri. based on DCA distributions
= Bottom fraction: 0.4 at 4 GeV and increase to 0.6 at 7 GeV.
Bottom-p v,~0; charm-p v, comparable to charged hadron in pp
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Multi-particle correlations in small systems

s Four-particle cumulants probes p(v,)

cn{4} = (vi)—Q(vif “Kurtosis” of 2D p(v,)

» Four-particle symmetric cumulants probes p(v, v,,)
SCn.m{d} = (v2v2 ) (vi) (vfn)

s Three-particle asymmetric cumulants v,~kv,?2

a,c2{3} - << 1(2¢1+2¢2— 4(753)» (’02’04> (7_;3)

m Suppression of non-flow with 2
n-subevent method

(cos(o+9;-07 ;) N

3 sub-event



Collectlwty toward low NCh in pp’?
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Multi-particle correlations
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Symmetric cumulants

similar values among three
systems over pp N, range,
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Scaling behavior of normalized SC(2,3) suggests x2 underestimation of v, in pp



Collectivity in large system



Fluctuations in heavy-ion collisions

s Fluctuations €=» space-time dynamics of QGP
= Can arise at any time with varying length scale

Tt

+ 4 t 1t Initial state fluctuation
b e [ o 7 Hydro fluctuation
1;,: ‘ s’ ‘ Is' ‘ II:’ Critical fluctuation

Non-hydro modes
Jet quenching,
HBT

Resonance decays,

Experimental tool: Multi-particle correlations



Current paradigm

v,{4 4 v,{6 e{6} v,8 &8 Used to argue evidence for
v,{2) &,{2} v,{4 &4 v,{6} &{6 geometry response in pPb
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Flow fluctuations: p dependence

L
- Standard method
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s Clear p; dependence in cumulant ratios=>»

= Opposite trend:v,{4}/v,{2} decreases with p,v;{4}/v;{2} increases with p;

Other dynamical flow fluctuations from initial and final state?

v,{4 et
v, e,

Centrality [%)]
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How centrality fluctuation affects flow fluctuation

1000

. ATLAS |

[ 7 4 Pb+Pb 5.02 TeV, 470 ub™" ]
Oh’; 1 1 1 | 1 1 1 |
0 2 4

3<|n|<5 :E,[TeVv]
p(v |[N)=Y p(v |cent,_)® p(cent__|N)

centtIue

= Event ensemble selected for p(v,) depend on centrality definition

= Evenif <E> and <N_> are same, p,(v,) and p,(v,) could still be different



Centrality fluct.

ATLAS

Pb+Pb 5.02 TeV, 470 pb™
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and v,-slope In ultra-central collisions

-T_- 03_ T T T T T T T T T T T —]
L X I‘eC
8 [ w{2ZEr)  oseso v2{2, N
S 0p, <5 GV at same N
G —— 1.5<p <5GeV U2{2 EET}
P —k—2.0<p_<5GeV 4 o i ! &
0.21-7% ﬁ | - 0.5<p_<5 GeV °¢ 8
,,,,,,,,,,,,,, - o
T 2 T —o— o.o} 7
e 2.0<p_<5 GeV o
» 1 % 1051 T Q -
- I L]
: . \ > T g + '
01|= ““""'1';-.'_4””-, > o i
g5 [ 7 1 T R o \ I %
= L Rl | (e
M | ATLAS B - "
sooop- 1] e o i | X Pb+Pb 5.02 TeV, 470 ub™" | - 1. __ i
o A W R B I R i |
S i . : % 05 1 ¥
20001 W' v . T E)/(4.1TeV) - ATLAS .
1 [ = ] —
7 W 1 — ———r e Pb+Pb5.02 TeV 470 pb‘ 1
1000:— A ] 0“’25 0.3 —e— 0.5<p <5 GeV - % S S S os ' ' : e
F ATLAS Internal 1 o - —— 1.0<p_<5GeV A <Nrec>/2800
i = rec
N7 Plb+I;-‘b5102ITeV 22470& =N 5 V2{2 —0—1.5<p:<5 GeV 1 ch
3<|n|<5 SE; [TeV] 20<pT<5 GeV

Larger centrality fluctuation for

{ Ng,-bin(mid-n) than for E;-bin(forward-n)

7 Also implies significant
1 centrality decorrelation along n

(N"*%/2800
ch



Vv -ps correlation in fixed centrality
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Fluctuation of radial size correlates with radial flow and harmonic flow
Resulting radial flow and harmonic flow also correlates

v,-p7 correlation is accessed g2
via a three-particle cumulant

cov(va12)2 [pr)) =

R

"~ earGa 2P rar(pr) - lf =
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Vv -ps correlation

Correlation increases toward central and decreases in central region
=»agrees with hydro calculation based on nucleon glauber model

p(vA2Pp,)
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Anti-correlation in low N, region of PbPb and pPb! (not reflect €,2<p>)
=»sensitive to the minimum size-scale driving the flow.



Centrality/size fluctuation in central collision

Modification of dynamic fluctuations in ultra-central collisions
seen in several observables

v,,? fluctuation V,2<p> correlation <p+> fluctuation

0.15< P, < 2 GeVic
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Provide a way to study the nature of centrality and its fluctuation
=>» Small systems: stronger centrality fluctuation & centrality decorrelations expected!



Summary

= New results by ATLAS will be presented in 5 talks and 1 posters

» Study of initial state and collectivity in PbPb, pPb and pp systems.

s Provides:
= New information on the initial state of pPb and PbPb
Glauber baseline describes W/Z within ~10-15%, leaving small room for nPDF effects.
= New insights on the nature of collectivity in small systems

First measurement of heavy-flavor muon v, from ¢/b in pp, and hadron v, in y*Pb.

Evidence for v,(N_,)~const in pp via multi-particle correlations
= Improved understanding of flow/centrality fluctuation in large system

Eccentricity is not the only source of flow fluctuation, importance of centrality fluctuation

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavylonsPublicResults




ATLAS Presentations

Dennis Perepelitsa Jet and photon probes of small and large systems
in ATLAS

Mirta Dumancic: Heavy electroweak boson production in Pb+Pb
collisions with ATLAS

Kurt Hill: ATLAS measurements of azimuthal anisotropy of heavy
flavor hadrons in Pb+Pb, $p$+Pb and Spp$ collisions

Blair Seidlitz: Recent ATLAS results on correlations in small

collisions systems and photon-induced processes in ultra-peripheral
Pb+Pb collisions at 5.02 TeV

Arabinda Behera: ATLAS results on flow and flow fluctuations in
heavy ion collisions

Klaudia Burka Poster: $v_n$--8p \mathrm{T}$ correlations in 5.02 TeV
Pb+Pb and $p$+Pb collisions with the ATLAS detector
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Heavy-flavor muon v, vs charged hadron v,
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Centrality fluctuatlon & higher-order cumulants

| Standard method

1 5<p <5 GeV
O | N O’ ....................

nc,{4}

(v8) -2(v3)” (%)

nc,{4,N, ¢} (<ZE;>) obtained by
map N, ° to corresponding <2E>

: nco{4} =

ATLAS
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| | | | I | 1 | 1 I

0 0.5 1
(ZE)/(4.1TeV)

m Sign-change in UCC, reach max then decrease to zero.

= Difference between nc,{4,XE} & nc,{4,N_ ¢} 1s largest
in UCC, but also persist to mid-central.

Centrality fluctuation influences c {4} over a broad centrality range!



