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Datasets and publications on flow harmonics

Data

p+Pb 5.02TeV 28 nb™
pPp 5.02TeV  0.17 pb!
pp 13 TeV 0.9 pb!

p+Pb 5.02TeV 28 nb™
pp 13 TeV 0.9 pb!
Pb+Pb 2.76 TeV 7 ub’

pPp 8 TeV 19.5 b

ATLAS publications:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic

+ subevent cumulants
Phys. Rev. C 97 (2018) 024904

+ mixed flow harmonics
Phys. Lett. B 789 (2019) 444

+ elliptic flow in Z boson tagged events
ATLAS-CONF-2017-068
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Multi-particle correlation and origin of flow

Collisions of nuclei
+ Area of the overlap of nuclei has an elongated shape

Event plane
Azimuthal angle ¥ - defined by
the line joining centers of nuclei

A![m AJ Krzysztof Wozniak, Multi-particle correlations and flow in pp and p+Pb collisions with the ATLAS detector iﬁ
EXPERIMENT 'y



Multi-particle correlation and origin of flow

Collisions of nuclei
+ Area of the overlap of nuclei has an elongated shape
+ In this region Quark-Gluon Plasma is created
+ More particles are produced in the event plane ¥
Event plane

Azimuthal angle ¥ - defined by
the line joining nuclei centers

Experimentally estimated
azimuthal angle ¥,
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Multi-particle correlation and origin of flow

ATLAS Pb+Pb\s,,=2.76 TeV L,=7pb’

Collisions of nuclei
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Multi-particle correlations in pp collisions

Two-particle correlations
+ Longe range azimuthal correlation in events with high multiplicity

ATLAS
\s=13 TeV
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10<N <30 \s=13 TeV
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ATLAS, Phys. Rev. Lett. 116 (2016) 172301
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Multi-particle correlations in pp collisions

Two-particle correlations - subtraction  _
of peripheral s
» Yeerieh . yield in small multiplicity 4
("peripheral’) events treated as
containing only non- flow correlations
+ at higher multiplicity long range
correlation extracted by proper
subtraction of Yrerieh
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Comparison of elliptic flow in pp, p+Pb and Pb+Pb collisions

Elliptic flow

+ largest for Pb+Pb collisions, =0 =
o A - ATLAS =
smallest for pp collisions L  Evsel M, ;
. . . T < =
+ increasing with multiplicity of o 210 03<p <3Gev '
produced particles in Pb+Pb and > A 1— ni<2.5 -
- = - uts | |4 TR ®
p+Pb collisions, approximately i e B ° §
constant in pp collisions 0.08- . -
+ independent on collision energy in - oo’ APy T
. . 0.06 & p+p Vs=5.02TeV _
5-13 TeV range in pp collisions iwﬁ"’h”ﬂ i gt '
0.04k z% B p+Pb s\ =5.02TeV -
. . i Pb+Pb 276 TeV |
long range correlations present in all L, PP fhe2reTeV
0 100 200 300 200

collision systems (N, (p, >0.4 GeV))

ATLAS, Eur. Phys. J. C 77 (2017) 428
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Z boson tagged pp collisions pp

Elliptic flow in pp events with a Z boson
+ pp collisions at 8 TeV, 19.5 fb"
+ large pileup, u ~ 20
+ 6.2 X10° events with a Z boson candidate
* template fit method = e S
. . . < ATLAS Preliminary
(to remove contributions from jets) < [ " g1y 1040

o.5<pjb<5.o GeV
2.0<lAnI<5.0
70<n®P"'<80

my

1.02—

o C(A9)

o G+ FC™(ag)
CtempI(Aq)) O Sl

G + FC™™(0) o o

i Cridge +FCperiph(O)

Presence of a Z boson, and thus of

a hard scattering: : :
+ increases probability of smaller i o e ie Tt
partonic b o
+ this may imply lower initial
eccentricity than for inclusive
events and thus lower v,

Z-tagged events

L= -

ATLAS, ATLAS-CONF-2017-068
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Z boson tagged pp collisions

Large pileup - experimental procedures and corrections
+ rejection of tracks incompatible with Z boson vertex

| (Zg 4 = Zu) SIN(O) | < 0.75 mm

+ estimation of the number of remaining background tracks
+ calculation of correlators for Direct (Signal+Background) and Mixed

(Background only) events

+ calculation of corrected correlator:

(SignaIxSignaI) = (D|rect>< Dlrect)
W | ATLAS Prelminary  2.0<An|<5.0 ]
0.1 Template Fits 0. 5<p$ b<5.0GeV —
| pp, 1s=8 TeV, 19.4fb" ]
| Z-tagged events i
i ¢ e o _
_ Ao Y
0.05 0 -
i 0 No correction for pileup J
| e Pileup corrected J
I PR S T NN TR SR TR NN U I T T T N T SR |

% 20 40 80 80 100

Slgnal or ndlrect

trk trk
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2(D|rect>< Mixed) + (M|xed><I\/I|xed)
@ | ATLAS Preliminary  2.0<Ani<50 -
8 1.2~ Template Fits 0.5<p?’<5.0 GeV ]
B .‘ -1 T i
= pp, \s=8 TeV, 19.4ib
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St i
@ ff—---mmmmmmmmm e
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S0 7 :
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ATLAS, ATLAS-CONF-2017-068
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Z boson tagged pp collisions

Elliptic flow in Z boson tagged events
+ approximately constant as a function of event multiplicity
+» v, about 8% larger than in inclusive pp events at 5 Tev and 13 TeV

+» difference not due to collision energy - the same values of v, in inclusive
pp collisions at 5 TeV and 13 TeV

N LI LI R N R R AL R L B () L S RSTLIL A A LR B L L IR
> L ATLAS Preliminary 2.0<IAn(<5.0 - 2 - ATLAS Preliminary 2.0<lAn|<5.0 .
0.1 Template Fits 0.5<p$’b<5.0 GeV - 1.4 Template Fits 0.5<pi’b<5.0 GeV
| pp, 1s=8 TeV, 19.4fb™ ] E) [ pp, 1s=8 TeV, 19.4fb" ]
' bra bt e el 2 { -
i Q - i ¢ -
g . T $-. PERRL IR | N 3
0.05 - — ¢
i | O 1_ .................................................................... *_
| e 8TeV Z-tagged | "6' [ e 8TeV Z-tagged ]
| 05 TeVinclusive ) = F _
| 013 TeVinclusive ] =08 -
PO SR T (N ST SR TR N TN RN S NN S S T S S T = i PR SR T NN T TR TR (N TR ST T NN TN S U N S S |
0 20 40 60 80 . 100 0 20 40 60 80 100
pSigna nsEna
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ATLAS, ATLAS-CONF-2017-068
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Suppresion of contributions from non-flow effects
Flow estimation methods

+ event plane v, = (cos(n(b—2,)))

+ two-particle correlations V.. — (cos(n(b,—d,)))

* scalar product v, = Re((qy Q7 )/IW(QYQY")); 4..Q

n

(1/Z,w,)=, we""

Multi-particle correlations (({2k} )) = ((eM o=t dammtulyy — (2K
(({4},,0) = ((eMortlsthmedyy = (22

+ standard cumulants c, {4} = (({4},)) — 2({2}))°
+ symmetric cumulants sc, {4} = ({4}, — {2},)) ({2},))
» asymmetric ac,{3} = (({3},)) = ((e/"trmh2nd)y)?

Subevent methods - particles selected from different regions in pseudorapidity

+ tWO-SUbeventS SC iarlzzc{él'} — <<{4}n m>>2c1|2c T <<{2}n>>a|b <<{2}m>>a|b
> three'SUbeVentS SCGb|2C{4} - <<{4}n m>>a b|2c T <<{2}n>>a|c <<{2}m>>b|c
+ four-subevents Scab|c d{4} — <<{4}n m>>a ,blc,d <<{2}n>>a|c <<{2}m>>b|d

Many different methods tested in order to obtain "real" flow
12
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Suppresion of contributions from non-flow effects

Multi-particle correlations
remove correlations from (low-multiplicity) resonance decays

((£2k},)) = ((eMermmtammtaly) = (y2K)
(£4), ) = (emtmermemedyy = (vivi)

Cumulants

directly remove two-particle correlations ,
c,{4} = (({4},)) — 2({2},))

Subevent methods
particles selected from different regions in pseudorapidity

(({4},)) = %{”» (LAY ) bae = 9;¢i+¢ﬁw>>

7/ / N\ /7
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Suppresion of contributions from non-flow effects

Subevent methods
particles selected from different regions in pseudorapidity -
remove contributions from jets

({a1)) = (e g™ (A4 mne = <<ef"<“’“2¢*’”>>

14
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Subevent cumulants

pp

Calculations of standard (and subevent) cumulants:
+» values of correlators ({2k} ) are calculated for each event

+ they are averaged for events with the same multiplicity N, =

obtained using tracks in one of several tested p, ranges

+ mean values of c,{4} are are combined in wider multiplicity ranges

of NChseI

Change of values of c,{4} for modifications of N  **' due to different

fluctuations

Co{4}

c,{4}=(({a},))—2{{{2},))°

ATLAS, Phys. Rev. C 97 (2018) 024904
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Subevent cumulants pp

Comparison of standard and subevent §E By s maros il
. . . ¥ pp 13 TeV, 0.9pb’" B8 o032 GeV
cumulants in pp collisions at 13 TeV L% osp<sce B vnscar |
. 0.05\— o & p>0.6GeV _|
+ values of standard four particle cumulants i = arLas

strongly differ depending on particles EEE e, =

selected in the calculations T e
(note also different vertical scales) S e

N

+ for two-subevent and three-subevent b

cumulants differences are smaller Sk T+ Twosbevent methog o 1
. . L 13 TeV, 0.9pb” n02eey o
only for three-subevent cumulants in a wide L P E :
. ] - 0.04— p,>0.6 GeV _
multiplicity range values of c,{4} are negative, as %‘ ¥ ATLAS ]
it is expected for flow ot ‘w : ]
E +
0__ ................................ o %J ....... — w'ga'@w%omooﬁ o b ; +Jﬁ
— 4 B L L | L L L L | L L L L | L L L L | :
Cn { 4 } flow — _Vn - 50 100 150 2(0{\(1) :
positive c {4} values indicate, that in standard i o] e e
| pp 13 TeV, 0.9pb™ \EPT>0-2TGGV ]
cumulants non-flow effects are present i 0.5<p,<5 GeV —e L
‘ :%ﬁ ATLAS i il
similar results for pp collisions at 5 TeV L ]
O_ | Lo el
Jf Jf%#i?;&i S BT BEopora oy Ty o H
N
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A

Subevent cumulants

Comparison of standard and subevent
cumulants in p+Pb collisions at 5 TeV
+ values of standard four particle cumulants
differ depending on particles selected in the
calculations more than in two- and three-
subevent cumulants
+ for three-subevent cumulants the range of
negative values of c,{4} is the widest

ATLAS, Phys. Rev. C 97 (2018) 024904
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Subevent cumulants

Comparison of standard and subevent

cumulants in pp and p+Pb collisions:
+ in all cases three-subevent cumulants
methods gives negative values of c,{4}

in the widest multiplicity range

Note: dashed blue line indicates expected
c,{4} value for elliptic flow v, = 4%

both vertical and horizontal scales are different

ATLAS, Phys. Rev. C 97 (2018) 024904
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Subevent cumulants

Comparison of c.,{4} from calculations using standard and three subevent

cumulants in pp and p+Pb collisions:
+ in p+Pb collisions values of c,{4} from three-subevent method are

systematically negative (within statistical errors) and correspond

tov, =2%
x10°
g I I 1 1 1 I | I 1 1 i 1 1 I 1 1 1 | 1 1 1 |
S 0ol Standard method 10 Three-subevent method |
: 0 n ATLAS 1[ ATLAS 5] pp 1525.02 TeV :
I %; A 0.5<p <5GeV [l  0.5<p <5GeV (3] pp 15=13 TeV ]
I N i | 1
0.011- 9o —HF [9] p+Pb \s,,=5.02 TeV -
I ¢ o g 8a 9 1L 1
- D [:] - = -
i IR E 11 Q ]
0
0] ?.Q.Q.()..()..Q@,.oe.o.oo 0.6..._ A 1§ PO $%$0$$8%%%£0$0000000¢_
- 4 (0] [:] -
-0.01 | —+ | —
40 50 60 7080 10? 2x10°  3x10? 40 50 60 70 10° 2x10°  3x10?

(N_) (N_)
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Subevent cumulants

Comparison of different methods of v, calculations in pp and p+Pb

collisions:

+ values of v_{4} from three-subevent method are always the smallest
+ the errors in the three-subevent method are the largest
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Subevent cumulants pp; p+Pb

Estimation of the number of emission sources in pp and p+Pb collisions
+ difference between v, {4} and v,{2} can be interpreted as the influence of

event-by-event flow fluctuations and related to the number of sources from
which particles are emitted

ZU) T AITLIASI I T T T T l T T T T T T T
kbl 4" i 0.5<p_<5 GeV !
— - - O<P< _
V12 3+N T
22} ( 2 20 N for 0.5<p <5 GeV =
4v, {2}’ i ' )
s — 4 3 B 1 + + + 5
v,14} i ] R 4
10— tq.ﬂ. —
The number of sources increases - iy =
approximately linearly with the - + + Bl oo vs-13 ToV
multiplicity of produced particles ) B oo o502 ToV
B O \Sun=o- =
00 | | | 100 | | | 2(|)0 | 1 1 300 1 1 | |
(N )
ATLAS, Phys. Rev. C 97 (2018) 024904 o1
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Mixed flow harmonics pp, p+Pb, Pb+Pb

Symmetric and asymmetric flow harmonics in pp, p+Pb and low-multiplicity Pb+Pb
collisions
+ three-subevent cumulants used to remove non-flow contributions

Scn,m{4}a’b|c — <<{4}n,m>>a,b|c T <<{2}n>>a|c <<{2}m>>b|c
ac, {3} = (({3},))4p. = (("FH720))

Measured: sc, {4}, sc,,{4} and ac,{3}

Symmetric cumulants probe the correlations of flow magnitude

SCam {4} = (Vava)—(vi)(va)
Asymmetric cumulants are sensitive to correlations involving both magnitude and
the flow phase ®_

ac,{3} = <V§V4C054((D2_(D4)>

ATLAS, Phys. Lett. B 789 (2019) 444 22
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Mixed flow harmonics

pp, p+Pb, Pb+Pb

Examples of symmetric and asymmetric flow cumulants in pp and low-multiplicity
Pb+Pb collisions
+ large differences between standard cumulants and two-subevent, three-

subevent and four-subevent cumulants

+ three- and four-subevent methods give similar results
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Mixed flow harmonics

in pp, p+Pb and low-multiplicity Pb+Pb collisions

+ roughly similar dependence N_ for pp and p+Pb

+ distinctly different N dependence for pp, p+Pb and Pb+Pb systems
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Mixed flow harmonics

pp, p+Pb, Pb+Pb

Symmetric and asymmetric flow cumulants from three-subevent method in
pp, p+Pb and low-multiplicity Pb+Pb collisions

+ normalization by flow harmonics of appropriate order
nsc, {4} = SC2,§{4} = <V2Vk> nac, {3} = <V2V4C05(f(q)22_q)4))>
’ vo{d} v, {4} <V2><Vk> \/<V2><V4>
+ better agreement between p+Pb and low-multiplicity Pb+Pb collisions

+ hegative correlation between v, and v, (from nsc, .{4}), positive correlation
between v, and v, (from nsc,,{4})
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Summary of most recent results on flow harmonics

> Long range azimuthal correlations are present in all collision systems
including pp interactions

> Elliptic flow in Z boson tagged events is larger than in inclusive event
sample - rather contrary to expectation from collision geometry

Y

Many methods of non-flow removal are used

Advanced studies of correlations should allow better tests of theoretical
models

Y
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Backup

Backup
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The ATLAS detector

Hadronic Tile LAr FCAL
0.2x0.1 HAD

0.1x0.1 % 0.2x0.2

0.1x0.1

o o
g Inner Detector g
| I | ] | | I | I I | I | I [ I | I
9 8 -7 6 5 -4 -3 2 14 0 1 2 3 4 5 6 7 8 9
Inner detector - . track reconstruction
In|<2.5
Calorimeter - 3.2 s jet reconstruction
ni<9.

Forward Calorimeter <% 35 149 <% centrality determination

Muon spectrometer -« [ muon reconstruction
Inl<2.7
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