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ALICE Tigger, vertexing, racking

ACORDE

("strip ) (Drift ) ( Pixel )

'ime Projection Chamber:
LS4 racking, vertexing,
S 1N particle ID (dE/dx)

Time of Flight:
- &= Particle ID, tracking

VO:
Trigger, centrality,
flow vector

ABSORBER

 Great performance of detectors, EMD:
Flow vector

SEE €.J. [int. u Mod. Phys. A 29 (2014) 1430044

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017



Datasets

Used in discussed analyses:

* pp
. 7 TeV: 250M MB (2010)
. 13 TeV: 60M MB, 85M HM VO+SPD (2015)

* p-Pb
5 TeV: 100M MB + 1M HM (2013)

. Pb-Pb
+ 2.76 TeV: 13M MB (2010), 40M MB + CENT (2011)
. 5TeV: 60M MB (2015)
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Flow

e [ earn about QGP medium
oroperties, in particular n/s
and its [ dependence

g

B. Schenke, arXiv:1109.6289,
https://quark.phy.bnl.gov/~bschenke/

Ideal hydro \Viscous hydro

* Look at azimuthal
momentum
anisotropies
generated via strong
initial pressure
gradients

t=6.4fm/c
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https://quark.phy.bnl.gov/~bschenke/

Flow lechnigques

(02 -i2i(M, pT)) 5 (Y .
2\/(0}- 08
e Select Q in different nregion, e.q.,

VOC detector: -3.7 < n<-1.7

o Scalar product: »{SP}=

 Cumulants: ((2)) = (("@17P)y)  ((4)) = (M PPt d)y)
orGss o1 oatsna| Enf2} = (2)) ca{d} = (4) — 2 (2)?
v {2} = Veul2) {4} = V—c,{4)

e Non flow &

- v2{2}? — vy {4}? = 03 + 20
fluctuations: 2{2}" — 0214} 2 .
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Unidentified, integrated v;

* v,upton==6for prup to 30 GeV/c
* Higher harmonics determine /s indirectly by constraining initial state
* Energy dependence in Pb-Pb collisions: 2.76 & 5.02 TeV

>t ALICE Preliminary ‘“1 255_ ALICE Preliminary gl"fy“s“ ;?'csa 014912 (2016)
[ Pb-Pb V5,,=502Tev  Pb-Pb (5, =276TeV 0.2<p_<30GeVic - PoPov,(5.02TeV) /v, (276 TeV)
012: o vi2an>1) O vi{2/anj>1} il <08 12 ¢ vl Ws = 0.20
L e v,{4} O v,{4} C * v’::)h 1)
2 o C i Viisani> T
[ ° "3::’1‘2“:’3 : :i::i::gi 1151 P Vs(T), param1
vi{2,|An|> -
0.1_— vs{2,)An|>1} 1,1:— :“2<<°;T<3ocewc
Lo vi2an>1) 3
- 1.05— nﬂ “__
“or b e
: N e
0.06— 2 o
B 2115 :H $
B 1.1— _
ooal- 105l gtagRaggetenstnagtayibs? §’
B o
o = 1.2
B Siasp e
0.02F VE [ g
- t 105~  #
i L] S T
I AL - L L S P T 0 10 20 30 40 50 60
0 10 20 30 40 50 60 70 80 centrality (%)
ity (%
centrality (%) 0.8 [
w— 1)) =0).20
. . . \ . . 0.7 e 1)/ 8 =paraml
* Theoretical uncertainties partially cancel in y/syy ratio  og | — 7
— 1)/ 8 n.
. . 0.5 n/s =1 md
Parametrizations tuned to v,{2} at 2.76 TeV @ oal
0.3 best fits —
* Const. n/s = 0.2 or param1 preferred . !
| "z
0.1
 Also from RHIC data 1 J Niemi et al,
| | |
0'i)OO 150 200 250 300 350 PRC 93, 024907 (2016)
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Unidentitied, pr-dependent v,

0.1F

: 5-10% 10-20% 20-30%
ﬁ%o%}w ﬁ Wity 454 |
¥ Boaiett b L FEARS BN/ AV H’{
.......................... 1 =1 P | | IR R B | I
3 &6 30-40% 40-50% 10 20 30 pT(%GeV/c)
'% ALICE Preliminary
8 "o Pb-Pb Y5 = 5.02 TeV
B C.Doo o [\ ; il <0.8
$
h) ¥+ ¢t + 8l v,{2, |An|>0.9)
----- it -----%--- S SRR | ESE | o v, 4}

il v,{2, |An/>0.9)
& v,(2, |An|>0.9)

o {2} vs Ww{4}: non-flow (resonances, jets), v, fluctuations

e Low pr =7 GeV/c: hydrodynamics

* High pr = 7 GeV/c: parton energy loss

* Non-zero measurement of higher harmonics driven by IS fluctuations?

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017



Identlfled or-dependent vo

v,{2, |An|>0.9}

V,{2, |An|>0.9}

0'3:_ 5-10% 10-20% 5 20-30%
0.2f
0.1 e ‘E‘J'ﬁa . .
= e_.lll e o g
by 1
PO A:L.I(;E. Prellmlnary - d — 14
! Pb-Pb ys,, =5.02 TeV [ .‘“" | k: 19 o Py (GeVic)
: lyl <0.5 : N d
& + 4 + ; §. : I ALICE, PRC93, 034913
0.1 e ) - &
B ’ o | ! * tof Pbe Vsnn = 2.76 TeV.
Of-------p--mm-mgmmmpmmnmmefe oo o P i 0.8} 20-40% central

e Mass ordering below 2 GeV/c

* m(®) ~ m(p), va(P) ~ va(p)

« Baryon / meson grouping for 2 = pr = 8 GeV/c

Species independent flow for high pr> 10 GeV/c
Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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[dentitied, pr-dependent vz

v,{2, |An|>0.9}

Va2, |A]>0.9)

0.3F
: 10-20% 10-20%
0.2 E ALICE Preliminary
I Pb-Pb ys,, = 5.02 TeV
0.1 E ; ly] < 0.5
I . N 8t & P+p
I K= 8 ¢
Y e S T
0.3F 40-50% 0.4F ‘
; 40-50%
0.2 I 0.3- : ph T i%
' 020 TR
0.1 i + ‘J,,r % t o 5
0.1 S
N . ALICE JHEP 06 (2015) 190
| | | | PR | | L B
0 2 4 6 8 10 12 14 ' ' -
p. (GeV/c) 0 2 4 6
P, (GeVk)

Higher stats 5 TeV Run |l data set:
 Extended kinematic reach ¢ Clearer meson grouping

 Better precision * /snn dependence
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|[dentified, pr-dependent vo
» Model: IP Glasma + MUSIC + UrQMD | % % as

* Hydroat o = 0.4 fm/c e Transportat T=145MeV ¢ n/s=0.095 < bulk

—_ - 0.5 T Y T ' T
9 - ALICE Preliminary 10-20% ' 0 40-50% : this work
? 0-3 = ; ‘ll B g e @ e ‘ 0 4 - H NN QGP _
:S—_ [ Pb-Pb {5y, =5.02TeV I K* o & ' e e eHadron Gas
— " ly|<0.5 — i _ /o 0w B op 0sl
%' 0.2 S g @B PP o) u -, B' = 0 &s | S. Ryu et al;
- - a4 Saf 1 ¢ I PRL115 (2015),
B ~ & “he g - ¢ Y/ 02
. o/ L8e & 97 SgE[ =/ 1 _ 132301
: g o . o [ V4 F
N s = ea /! 0.1} .
0.1F P ® 3 i 85 Js _ _
B OO v o +' B J@“ 1 | 1 N
- B Ay 0 : :
- gy - 0.8 1.2 1.6 2
0 __»-=-:——_—-:"'_'ul°f ______________________ L o o o e e e e e e e e e e e e e m e e == T/T
. -1 . A 1 1 l -1 l 24 1 1 l A4 1 1 l A 1 1 l A4 1 1 l A A1 1 | ll.;l 1 I A1 1 l A0 1 1 I A 1 1 l A0 1 1 l A 1 1 I -1 l A0 1 1 ! ¢
0O 05 1 15 2 25 o o5 1 15 2 25 3
p_ (GeV/c) P, (GeV/c)

 Model constrained by previous ALICE flow data

* |dentified 2.76 TeV: JHEP 06 (2015) 190 < Unidentified 5 TeV: PRL116 (2016) 132302

 Good agreement for pr < 1 GeV/c in central collisions

e Qver-prediction of flow for mid-central events

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 10



V4{2, |An|>0.9}

|[dentified, pr-dependent
nigher harmonics: w3

10-20% + 40-50% ALICE Preliminary
0.151 - " % Pb-Pb 5 = 5.02 TeV
grif B 3 e-*# y| < 0.5
& i i 4 g
g CNI-=l i -0 + 5 o +
c : o i c® Q .
0.05F fe ! o - (gg@ . e
ob- S ¥ g Tl ] P+P
L v 41 1 | | | 1 | 1 1 | 1 | |
0 2 4 4 6 8

* Significant va out to 8 GeV/c

 Species dependence
remains over full pr range

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017

e Similar behavior as v»:

 Mass ordering at low pr

 Crossing at pr= 2.5 GeV/c
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v,{2, |An|>0.9}

0.15

0.1

0.05}

|[dentified, pr-dependent
nigher harmonics: w3

I 10-20% I 40-50% ALICE Preliminary IP-Glasma+
N N _ MUSIC+UrQMD;
g ® B . % ¥ + + + Pb-Pb {syy = 5.02 TeV S. McDonald et al;
g @ B ly| < 0.5 arXiv:1609.02958
— - ~ ¢ - = A a ~ E ~
(@] dh e o @ O T %
o A o
o (@] L+
| o = o
°°° £ ée - K K
o’ & o o
__A_##?f' __________________________ : ______________________ S p+p P+p
TP PP TIPS IPIPIPIP TP TPEPIPI ST TPEPEPERY I BT PRI I PP PP IPEPEPITE PP PP
0O 05 1 1.5 2 25 3 0O 05 1 1.5 2 25
p_ (GeV/c) p_ (GeV/c)

e Similar observation as for v

 (Good agreement for pr < 1 GeV/c in central collisions

» Qver-prediction of flow for mid-central events
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v,{2, |An|>0.9}

0.15

0.1

0.05}

|[dentified, pr-dependent

nigher harmonics: Va4

I 10-20% I 40-50% ALICE Preliminary IP-Glasma+
n N MUSIC+UrQMD;
- Pb-Pb {syy = 5.02 TeV S. McDonald et al;
& 4 + + ly| <0.5 arXiv:1609.02958
u g ¢ [+ +: + + A 4 O 7 it
o I
- o L y v-_ @ + | " +
o o} (@] + K— K_
> ® 6° o &
of & - -
. . -5 S AP N . # P+p p+p
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e Similar observation as for v» & v3

 (Good agreement for pr < 1 GeV/c in central collisions

» Qver-prediction of flow for mid-central events

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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NCQ Sca\ing?
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 NCQ scaling expected

In coalescence picture

Scaling only
approximate
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Flow Correlations

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Flow Correlations: Sensﬂmty

il Bl
al - F\ : ]
* Vhare reduced by X 8:3_ & {_
. . = 0.6 =
* Viscous correction ofto = o5l _
Boltzmann distribution = 0.4 /¥ -
| | | | ¥ 03—/ —
* Viscosity during evolution z 027/“1C 2.6 LeV —
S 0.1 Pb +Pb _
* Flow correlations are 0.0b—L—L— 1L 1L Ul

+ Reduced by &f centrality [%]

- 1/$=0.10 === no &f
. e — /=020  — with &f
* Enhanced by viscosity in the — /s =0.30 Model: EKRT,

n/s =param4 ||I_>||'Z{(N3iem(i et al;
AT A G 93 (2016
¢ ATLAS 024907

evolution

Small effect of 6fin central and mid-central

= Particularly sensitive to viscosity during evolution
Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 16



Symmetry Plane Correlations

QE ,ALICEPre"mmary,++
1 Pb-Pb V5, = 2.76 TeV k3 5
@®lp o O®OoL ogo P o C _'
08 mpm  eec o TR gee J- pazs ~ (cos(4Wy — 40,))
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. p6330.° I . o (cos(d -4d,), 1 P32~ (cos(5Ws — 3W3 — 2Wy))
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0.2F X iy :
ﬁib$ ............ b .p6.2.2.2.:§ ....................... é;
0O 10 20 30 40 50 O 10 20 30 40 50
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 ALICE and ATLAS data agree (non-trivially due to different n coverage)
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Symmetry P\ane Correlations

o.E [ ALICE Preliminary I ; + .
1; Pb-Pb Vs, = 2.76 TeV k3 E
0.8F &P, 5080 °* gRE- =0 E i * -
0.6F Fpo22 6~ T & ATLAS, PRC90, 024905 -
p P -7 ¥ 7 = (COS(4<I>2 4D,) —: P532 ~ <COS(5\IJ5 — 3\113 — 2\112»
. égnggg 50" e S ] Pe2~ (cos(6¥s — 6Ps))
o (cos(627 6), P, ]  Pe33 ~ (cos(6¥s — 6Vs3))
::_ 0.2< pT < 5.0 GeV/c |T'|| <0.8 _: IP Glasma;

S. McDonald et al.;
arXiv:1609.0295

0 10203040500 1020304050
Centrality percentile Centrality percentile

 ALICE and ATLAS data agree (non-trivially due to different n coverage)
o Data described by IP Glasma
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Symmetry P\ane Correlations

ALICE Preliminary

E
Q
1F Pb-Po Vs = 2.76 TeV

Q_E 13_ EKRT+hydrodynamics ] 0.2<p_<5.0GeV/c:
. —— 1/5=0.20 o222 1 ]
0.8F 1/s(T), param1 . mi <0.8 ]
SEETEE 1/s(T), param2
0.6 — - n/s(T), param3 . .
0.4f ~T R 1 et :
02'+ /,.L/—'\ o S I .
I:l P t{f‘ 1 \ L) ::l ........................

0 1 0 20 30 40 50 0 1 0 20 30 40 50

Centrality percentile
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10422 ~ <COS(4qj4 — 4\:[12)>
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pe222 == (cos(6Wg — 6Wy))
P33 ~ <COS(6\IJ6 — 6\:[]3)>
IP Glasma,

S. McDonald et al.,
arXiv:1609.0295

EKRT,
H. Niemi et al.,,
PRC93, 024907 (2016)

 ALICE and ATLAS data agree (non-trivially due to different n coverage)
Data described by IP Glasma & EKRT
Sensitivity to n/s(T7) evident
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Flow Correlations:
Beyond Flow Angles

Look not only at angles

' Data: ALICE; PRL 117, 182301 (2016)
DUJ[ alSO at magnltUde Hydro: EKRT, PRC 93 024907 (2016)
<3 -
- S X1A(L)ICE Pb-Pb s, =2.76 TeV
Symmetric Cumulants: 3 o s = ®
n W | SC(4,2) "' -"a,
2 &
B 9 9 > 9 1 ® |sciz2) - N
SC(m,n) = (viv:) — (v (V) . e,
Bilandzic et al, PRC 89, 064904 (2014) * e .,
—1}= Hydrodynamics o ".,.' PR
m— SC(4,2), 11/5=0.20 \ -
. = = s SC(4,2),n/s aramf N ¢
« Normalized SC: 2 7.2 SCa2), wa(m paramd .’
- - SC(3 2) 1/s( ) aram
NSC(m n) L SC(m7 n) -3 m1m1 SC(3,2), 11/3( )Earaml
? <,072n> <v%> 0 10 20 30 40 50 60 70

centrality percentile

* |Investigate higher order correlations!
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Higher Order SC & NSC
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Positive correlation for (vs,v2) and (vs, va),

anticorrelation for (va,vs),

largest NSC for (vs, va)
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o Sensitivity to initial state apparent = investigate further!
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NSC'(3, 2) and NSC'(3, 2)

NSC: Initial State Sensitivity

Visc. 2+1 hydro;

Zhu et al;
-_(a)lllll_i'(b)l'l'l'll-i(c)ll arXiv:1608.05305_
F e NSC'(3,2) == NSC'(, 2) +NSC'(3,2) ==NSC'3,2) '} +NSC‘(3,2) ==NSC'@3,2) |
solid: n/s=0.08 solid: n/s=0.08 solid: n/s=0.08

dashed: n/s=0.207] dashed: n/s=0.20 T l dashed: 1/s=0.16 ]

l Ll 1l Ul I Ll 1l 1l l

Ll 1l Ul

30 40
Centrality Percentile

40
Centrality Percentile

* |In the model, (v3,v2) correlation driven by initial state

30 40
Centrality Percentile

(v303) (€3€3)
(v3) (v3) (€3)(€3)

e New constraints on initial state correlations?

= NSC¥(3,2) ~ NSC*(3,2) =

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 23



SC(3,2)/(V§)(V§)

NSC: Initial State Sensitivity
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0.2 - .20.:.3.0.‘.’/0 .............................. —— e iaana 3.0:.4:6;/; ............... 6 .............. __...{.}...4.0.:.5;0.;/; .............................. - EKRT+V|SCOUS Hydrodynamms
. - . 00, 0o ¢ | messs paramo (1/s=0.02)
Q | = = = parami (m/s(T))
SRR BTSN SR ST N S SN ST R NN SN U ST N NN SN ST N SN NN T NN AN NN SN T ST SN AN AN S B SR A B R

0 0.5 1 15 0 0.5 1 15 0 0.5 1 1.5

p (p <p < 5) [GeV/c]

T,min T,min

e NSC(3,2) generally independent of min. pr cut in data
* Slight decrease with min. pr for centrality > 30%
* prdependent trend reproduced by hydro & AMPT
 Magnitude reproduced only by AMPT (which does not describe v;)

= Further input to initial state dynamics
Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Non-Linear Hydro Response

Observed correlation between (vs,v2) and (vs, va)
How much of vs is feed-up, how much is native vs?
V5,23 1S V5 With respect to 2nd and 3" symmetry plane

V([V2?[V3]?)

Decompose higher harmonics in linear v,* and non-
linear N contribution

V5,93 = Us{ Wos } =

U5 NL
Us — U523

vs

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Response Decomp03|tlon

B e e e e o o B R B e R R Ra -
> Pb Pb \s = 2.76 TeV : ALICE Prellmlnary :
002F 02 p <50GeVic T @via Evsi2l @v) '-
C m| <0.8 I [#v % 4 1% -
0.015-_ . o o o + E 4,22 EI 5,23 v6,222 ]
! ® + 1 2N V6,33 )

. + * 1 :
0.01r @ T | i §

L + 1 I I .

: | + ¢ § ¢ + I
0.005fp 7 ‘ ) :
E.+ * Vs :: A v (X1i5 | * X ¥ X Vg &2)
01020 30 40 50 600 10 20 30 40 50 600 10 20 30 40 50 60
Centrality percentile Centrality percentile Centrality percentile

* Non-linear contribution dominant for peripheral events

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 26



Response Decomp03|tlon

> Pb Pb \s _276 TeV : ALICE Prellmlnary
0'02_ 0.2 <pT<5 0 GeV/c 1@ V4{2} - V5{2} 3 vei2) -
[ I <0.8 o © } Qv gvs ¥ V6 220 :
0'015: o ¢ + ¢ - Ve [Bvsz: Bvess -
[ 8 o o % + 1 :
: ¢ 1 " a iy 0 ¢ t 1
0.00sf ¥ 1- a 8 ° . s 18 . :
& * Vs :: A ? vs (X1.5F ¥ X ¥ X Vg &2) :
o MY TN I I IR e e i T TR AR AR R PR B Ii.!|||||||||||||||||||||||||||'

01020 30 40 50 600 10 20 30 40 50 600 10 20 30 40 50 60
Centrality percentile Centrality percentile Centrality percentile

* Non-linear contribution dominant for peripheral events

Linear vy only weakly dependent on centrality

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 27



0.02F

0.01

0.005

Respcnse Decomp03|tlon

E ml < 0.8
0.015F

Pb Pb \S —276TeV
O2<pT<50GeV/C

¥ ALICE Prehmmary

1 lejv,i2} |= V5{2} ¢ ve{2}

:- oJv, Ojvg v Ve 200

: El Voo (4] Vg 30 Ve.33

y i B | *

Z A ,

: Ao |

- o

] m

. A ? V ('1)](1 O

IP Glasma n/s =0. 095

L Vn{2} S. McDonald et al.;
Vv L arXiv:1609.0295
n

Vn,m

10 20 30 40 50 600
Centrality percentile

10 20 30 40 50 60 0
Centrality percentile

10 20 30 40 50 60
Centrality percentile

* Non-linear contribution dominant for peripheral events

Linear vy only weakly dependent on centrality

Quantitatively reproduced by IP-Glasma

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017




Collectivity
N small systems

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Di-Hadron Ridges

CMS N > 110, 1.0GeV/c<pT<3.0GeV/c

* CMS saw the ridge

JHEPO9 (2010) 091:
PLB 718 (2013) 795

R(An,A¢)

 ALICE saw the double ridge

PLB 719 (2013) 29

2< pT‘ wig <4 GeVie p-Pb | s, =5.02 TeV 2< pm o <4 GeV/e p-Pb \ s, =5.02 TeV 2< pm‘g <4 GeV/e p-Pb | s, = 5.02 TeV

1< p,awy\ 0-20% 1P, oo <2GeVic 60-100% TP, o <2 GeViC / (0-20%) - (60-100%)
\ ‘ ~_ 60-100 2 X
] N
VR

8|S 8l e
23 ¢S A—
HERE — (% 04
®13 B3 e—
.-|Z§' ..|z§'
1.0 0.2~
2 2
4
KO e ) 2
2 4 0 2 4 0 W
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v,{2PC, sub}

s |t Flow”

* ALICE measurements in p-Pb reveal signals
reminiscent of flow in large Pb-Pb system

0.25

0.15F

0.2 —

0.1

0 05 e
- R
2 2

| PLB 726 (2013) 164

" p-Pb |5, = 5.02 TeV
(0-20%) - (60-100%)

v PID dependence

xl10'3

0.15

—r—
<t

et

(aV]
Q

T 1 IIIIIII
0.1 #

I I T I
ALICE

® p-Pb sy, =5.02 TeV
O Pb-Pb s =2.76 TeV
0.2<p. <3.0GeV/c |

0.05- PRC 90 (2014) 054901
O ™ '8'“6' OOC@ZG
0 &
_0.05_11 1] OOIQQ'D’EQIOICID
10 10? 0°

N < 1)

e (Global correlation?

= Need to examine non flow!

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 31




Non Flow Suppression

* 4 particles in a p-Pb collision can originate from one et

https://cds.cern.ch/record/1477949

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Non Flow Suppression

* 4 particles in a p-Pb collision can originate from one et

* Require n gap between track
doublets

e [wo-particle correlation
explicitly removed in cumulant

https://cds.cern.ch/record/1477949

cnl{4} = (4) —2- (2)°

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 33



Non Flow Suppressed Cumulants

e Remember v,{4} = v/ —ca{4)}
* Use Pb-Pb as paradigm for flow

-3
? 0.05 ?110 T I T T L] T I T T 1 ] ] I T L] I
S 0.04 & o =
- ALICE Preliminary =] c.{4} .
0.03F Pb-Pb | s, =2.76 TeV PRC 90, 054901 3
0oof. 02<p <30Gevic EEDCt4 1An>0.0 3
T E h‘” <1.0 lI] 02{4’ |Aﬂ| > 01} -
0.01E 5] c,{4, |An| > 0.2} =
o C
- ¢ -
-0.01 :— | . _:
—0.02F * i =
0,03 ; " & =
- 6 ¢ o -
_0-04 - 1 L l 1 L L 1 l L L l L L l L L L L =
50 100 150 200 250

N | <1)
o co{4} crossing Nen = 70

e Mild non flow removed

for low multiplicities
Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Non Flow Suppressed Cumulants

e Remember v,{4} = v/ —ca{4)}
 Use Pb-Pb as parad|gm for flow

;;0-05?1031""1""1 T - ?0.05X10_3l"'l"'l"'l"'l"'I"'I'
° 004E )\ IGE Preliminary = c,{4) E o 004  ALICE Preliminary & c,{4) E
0.03 ;_ Pb-Pb | 5, = 2.76 TeV PRC 90, 054901 _; E p-Pb \SNN =5.02 TeV PR4C 90, 054901 E
1 opE. 02<p <3.0GeV/c &0 c,{4, |An| > 0.0} E 003 § 02<p_<3.0Gev/c CE0cy{4,|An|>0.0} 3
TE mli<1.0 (5] c,{4, |An| > 0.1} : 2 nl<1.0 (o ]cy{4, |An>0.1} 3
onE ) Cdcln>02 1 gof O cofd, n>02) 3
= = Z $ .
05 | - 0.01F 3
_0.01;— | } _; E ¢ J‘ é E
_0.022— { + i —i OE T % ? ’$ : % ¢ ¢ .
0.03fF : L = 001 % ¥ E
_0.04: llnnnlnlnnlnnnnlnn.nn: _0.02_..1...1...1...1...1...1...1..-
50 100 150 200 25 20 40 60 80 100 120 40 160 180
Nl | <1) Ne(n_ | <1)
o co{4} crossing Nen = 70 o co{4} crossing Nen = 70
* Mild non flow removed * ) gap suppresses non
for low multiplicities flow throughout

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 35



c2{4,|An|} System Comparlson

-3
— 0.15x10 —— .
< - ALICE Preliminary -
= - 0.2<p_<3.0GeV/c .
< 01 nl < 1.0 B
q: - —
o i ) * | pp\s=13TeV :
0.05 [~ o | p-Pb\ sy =5.02 TeV —
I 5] Pb-Pb \s =276 TeV

—-0.05

C
-—n—‘_-
O

L

20 40 60 80 100 120 140 160 180
Ny [<1)

* No definite sign of cz{4,|An|} in pp collisions
Negative c2{4,|An|} for Nen > 40 in Pb-Pb and p-Pb

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 36



Femtoscopy

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Strange Baryons.. ..in pp

Simultaneous fit of pp and p/A correlations

 AIm: determine strong potentlals

;\4'5"'|"'|' L LI T ;\ WULJNL BN B B LB B B B LB S R L R |
X F ALICE Prehmmary X 24F
oS op Vs =7 TeV & 2.0
3.5f oF .
E * pp ® pp pairs C * PA @ pA pairs
3 Ei [\ [Jsys. uncertainty 1.8 Osys. uncertainty
o5 | h — Femtoscopic fi - == Femtoscopic fit (NLO param.)
a: ' o 1'6: == Femtoscopic fit (LO param.)
of - Baseline fi 1.4F ~ Baseline fit
1.5 1.2
1 ----- Eoeoo e
05 0.8
o) T PET EPEPIP EPRPEPE EPEPEPI RPN P 0.6¢ .
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.05 0.1 0. 15 0.2 025
k* (GeV/c) k* (GeV/c)

Sensitivity to pA strong interaction

* Playground for lesser known systems p=, ...
Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Strange Baryons.. ..in Pb-Pb

R. . (fm)

Pairs of AK-, AK+, AK® and charge conjugates

ALICE Preliminary  Pb-Pb \ s, =2.76 TeV _ [ 0-10% - O |
v + - &1" ii.;.al::...OQOO-
8 KiKi O <AK +AK> [ ~— - + # . ° : : s : L B
KK o AKs o O r RE o
PP X 0-10% - ALICE Preliminary
6 & . PP O . 0.95—
¥ n i Y ;g:gg;:_ B Pb-Pb \’SN =2.76 TeV
4 __j)jUVO;E L3 3 X 09— AK+ °
- % @3- R + > % 9l—
¢*_ . #x + O X B AK- o
2t ¥ B
| I I | | | | I TSI IS S S S T T T S S T A
02 04 06 08 1 1.2 1.4 16 1.8 0 0.05 0.1 0.15 0.2 0.25
(m.) (GeV/c?) k* (GeV/c)

e Understanding of strong inelastic interactions
AK"is §=0,AK is §=-2

* Extraction of strong potentials:
AK™: Rfy =-0.69+0.27, 3/,=0.39+0.18, dp=0.64+1.70; ...

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Azimuthal HBT: 2nd Order

02<k;<03GeV/ic +*
0.3<k;<0.4GeV/ic ¢

04 < kT <0.5GeV/c
0.5<ky<0.7GeV/c

10}

ALICE 20-30% Pb-Pb |s,, = 2.76 TeV

| ]

|
0 /4 /2 3n/4

- Wep, (rad)

pair

+-—)

Initial

source

Efina > 0

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Azimuthal HBT: 2nd Order

Source shape depends on

ifetime and source dynamics . _0P°
y Rsuje(A(p—gO )
T 0.25¢ Hydro  ALICE Pb-Pb 2.76 TeV " _ el
ke -~ O ® 0.2<k;<03GeVic R4 arXiv:1702.01612
O ] 03<k < 0.4 GeV/c R
e 00F &  + 04<k<05GeVic & 1
\N . - O ¢ 05<k <07GeV/00 "~ n 0N
g f - : S| &
? 015 \"\. - " 0 N
- .o" - - - Initial 0 >
“ o e $ 3 P source g S
- f;?' : m - 8 C”D
= @ - -
0.05— H O
- \0\\0 ~—"
oF o
0 0. o4 Efinai> 0
Einit

 Smaller eccentricity than at RHIC
o Still positive eccentricity

Underestimated by hydro simulation
Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 41



Azimuthal HBT: 3rd Order

e Without expansion
no radil oscillations

\ - - ,
\
Pb-Pb snn = 2.76 TeV N -
—e— centrality0-5% —*— centrality20-30% \ ]_Ij
3

e emainsion e wenmaicos0%| o (Qgcillations introduced

centrality10-20% —e— centrality40-50%

—~ 40 dynamically S.Voloshin,
E T ALICE Preliminary arXiv:1106.5830
B e, * only particles with similar
Ne—e—"" " velocity interact
20:1—'/'—'"‘\ * |[n phase oscillations observed
_.—/-.\. " " 1A
- e Confirms spatial origin of v
e
V] T N * Qualitative agreement with
0 0.5 1 1.5 2

o -W_. . (rad) hydro calculation
pair ,

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 42



20% large q, cut, n=2

Azimuthal HBT: ESE

* Event shape engineering (ESE) by selection of
20% largest 2nd and 319 order tlow vectors

—%— No q2 cut, n=2

——&— 20% large q, cut, n=3

—%— No q, cut, n=3

n'n* and n'n” pair combined

Pb-Pb VSNN=2.76 TeV

k;:0.2-1.5(GeV/c)

q vector cut via FMD A+C side

%0‘3»— ............................................
O
| =
\C_OZ:" ....................... ' EEREEE TR EEEEEE
5 | [(w]
L
O Qe * ----------
Ea @ [
0:.. .......................................
0 cernrenesesnnianed
0 20 40 60
centrality (%)

 Biased samples show
25% larger vo
15% larger v3

* More elliptical source for
2nd order ESE events:
+20% Rout oscillation

* Minor eftect on triangularity

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017



Correlations

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Net Baryon Fluctuations

| Lattice

T T, — o] e Match lattice transition temperature
' ttorder to experimental freeze-out
e Critical fluctuations U
g @S S|ghal of phase I 1B
YA transition AR N E
/. Sohmidt et al, T<To T=Ts T>Tc
©arXivi1212.4278 140 —
Xl.disc! T
. e = §Q+ HISQ/tree: ergé |
* Chiral susceptibility measures | ++%ﬁ+ a2
chiral transition; diverges at et
pseudocritical temperature I N g '|PRD 85 (2012) 054503
%I
20 | ..

0
140 160 180 200 220 240

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 45



Net Baryon Fluctuations

Lattice: susceptibilities as derivative of partition fct.

(VT?) x> (1) = (0" In Z(T, s, o, ms)) (0500500 )
arXiv:1212.4278

Thermal, grand canonical system in fixed volume V

A B <AN;>_<ANB>2_K2(ANB) - ﬁ: /{4(ANB)
A2 = VT3 VTS Xy  k2(ANp)

In experiments, volume fluctuates
K (ANB) Braun Munzinger et al,

arXiv: 1612.00702
3
VT

X, #
Solution: model participant fluctuations

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017

46



40

30

Modeling Volume Fluc.

ALICE Preliminary, Pb-Pb \s,,, = 2.76 TeV & K2( )
0.6<p<1.5GeV/c,n|<0.8 B x,(Skellam)
Model arXiv:1612.00702 @ K,(p)
© %,(P)
* K{(p)
' K1(§)
— Model k,(p-p)
-- Model x,(p)

_IlllllllI‘llll||lll|llll_

0 10 20 30 40 50 60 70

centrality [%]

* |nput to modael:

Ki(P), K1(P)
centrality procedure

Braun Munzinger et al,

° Output arXiv: 1612.00702
k2(Np — Ng) = (Nu)k2(np — ng)

+ <nB ST, TL§>2/12(Nw)
KQ(NB) = <Nw>/£2(n3
(np) K2 (Nw)

LHC: net-particles not
affected by Ny fluctuations

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 47



Global Baryon Conservation

e Contribution like:

. ’é\1.15_""l""l""|'1_
Kz(p_p) 1 ﬁc_ﬁ : ALICE Preliminary, Pb-Pb \s,, = 2.76 TeV E
K-Z(Ske”am)— —o éE’ 11:— 0.6 < p < 1.5 GeV/c, centrality 0-5% —:
N @ —@— ratio, stat. uncert.
ured i _— — S);St.ol:\nggr?s.erv arXiv: —_
B <p>meas N ~ 105: [:l:y;ytuncert. H|J|N()3(,A1|\ﬁ|1=$00702 -
o 41 -
<B> Braun Munzinger et al, 1f"
arXiv: 1612.00702 -
» Global baryon conservation 0-39¢ -
accounts for deviation from oob
Skellam baseline ' 0.5 1 1.5

e Effects under control,
higher moments on their way

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017



summary:
Femtoscopy / Correlations

 Femto analyses with strange baryons
determine strong potentials

 Azimuthal HBT determines source dynamics and
shows how triangularity evolves

* First measurement of 2"d moment net-protons at LHC,
volume fluctuations & baryon conservation important,
higher moments will match experiment & lattice

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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summary: Flow/Collectivity

* \/snn dependence of via measurements probes
temperature dependence of /s

* Mass ordering of identified particle vafor pr < 2 GeV/c;
Meson / baryon grouping for pr > 2.5 GeV/c

* Smart correlation coefficients particularly sensitive to
initial state and temperature dependence of n/s

New data puts stringent constraints
on initial state & n/s(T)

)

. New cumulant measure suppresses non flow
~and exhibits clear sign of collectivity in p-Pb

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017 50



Backup

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Flow: Event Plane Bias

PRC87, 044907 (2013)

* Event plane measures sth between (v and /{v:2)
depending on resolution of detector

 Few percent on vo
* 10% on vz and higher harmonics

e Factor 2 for correlations between v,

Hans Beck, “Flow, femtoscopy and correlations at ALICE”, ECT* Trento, Feb 27th 2017
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Uncorrelated linear and
non-linear response

e |f[inear and non-linear are uncorrelated, the

following holds: L. Yan et al,
PLB744 (2015) 82

(Va(VH2v3)  (v5) (VsV3Vivs)  (v5v3)

(Va(VH2)(v3)  (vo)(v3) (VsVEVE(vS)  (vEv3)(vi)

ALICE Preliminary TRV <V Vot Vgt <va>

*\2y, 2 * 2 3
<V, (V7 ve> 1<V, (V, F><vz> E ¢ <viv3> [ <vivd> <v2>

o <v26> / <Vg> <v2> _f_+ _

- P LY

S : . . I

1 ¥ * * 19 o -
0.5§-Pb'Pb Vsyy = 2.76 TeV __ 0.2<p_<5.0GeV/c,n<0.8 _
'0....1()....2()....3....4.....5....6(). ....10....20....:30....4’0....50....60.

Centrality percentile Centrality percentile
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Non-Linear Response
Coefficient

35_'""ALiC'E'F'>Eé|[n'1[n'ér§/ """""" E
E Pb-Pb Vs, =2.76 TeV ¥ ]
2.5:_ Ex422 —::_+ m + _:
E Exssg EE ‘ o o " E
2F By, i ]
1.5F ¢ 633 - -
% e W 3 ;
1:_02 5.0 GeV/ ’ T E
E 0.2<p_<5.0GeV/c :
0.5F m|<0§ X420 ¥ Xsso E
;:::::::::::::::::::::::::::::::':::::::::::{::::::::::::::::::: -
3F E3 ;
2.5F E3 :
2k | -;
158 | 4 . i :
C * T
I3 ' b ¥ ;
0.5F x6222‘§§' ;
o TN TN TPPEPIPE PR EPEFEPENE SPEPIPEPE I & IPEPETEPE PRI B [P I

0 10 20 30 40 50 600
Centrality percentile

Constant, as naively expected

10 20 30 40 50 60
Centrality percentile

Vi =V + x420 03
Vs = V& + x532 v2 U3
Vo = Vi + Xe24 Va V" + X633 Vs + Xoe222 Vs

X422 = 74,22 X6222 = 76,222
(v3) (v3)
U5,32 v
X523 = 2.2 X633 = i
(v3 v3) (v§>
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