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O Introduction

O Recent results
O Correlation between global multiplicity and hard physics
O Anisotropic flow in small systems

O Radial flow (identified charged particle production vs
multiplicity and transverse spherocity)

O Hadrochemistry

O Summary
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Heavy-ion collisions

Compressing a large amount of energy in a small volume produces a
“fireball” of hot matter (~T of universe at ~10 us after Big-Bang)

indmmowell R H|C and LHC:

Relativistic Heavy-Ion Collisions particle dfstributions
made by Chun Shen e _— compelling evidence
Initial energy Hadmifmon / ot the formation of a
= . - P | W ‘strongly interacting”
ok 8 B Quark Gluon Plasma
O Collectivity

O Hadrochemistry
O Parton energy loss
O Quarkonium

equilibrium . | suppression
3 namics viscous hydrodynamics free streaming
collision evolution e

c~0fm/c T~1fm/e t ~10 fm/c gy Ann. Rev. Nucl. Part. Sci.
68 (2018) 339-376
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https://www.annualreviews.org/doi/10.1146/annurev-nucl-101917-020852
https://www.annualreviews.org/doi/10.1146/annurev-nucl-101917-020852
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op and p-A (even peripheral A-A)
collisions traditionally studied as
‘control experiments” to extract
the genuine properties of QGP in
central A-A collisions

______ Initial state
effects

Reference
data
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op and p-A (even peripheral A-A)
collisions traditionally studied as
‘control experiments” to extract
the genuine properties of QGP in
central A-A collisions )
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CMS pPb \[s, =5.02 TeV, N}, "™ = 110
1<p, <3 GeV/c
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QGP | \
R e e
“Ridge” structures have been discovered in small
Initial state systems (pp and p-A collisions). See e.g.

CMS, JHEP 1009 (2010) 091
effects ALICE, PLB 719 (2013) 29
ATLAS, PRL 110 (2013), 182302
LHCb, PLB 762 (2016) 473

Reference In heavy-ion collisions it is interpreted as a
data Slgnature of the CoIIectlve expansmn of the system
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https://link.springer.com/article/10.1007/JHEP09(2010)091
https://www.sciencedirect.com/science/article/pii/S037026931300035X?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.182302
https://www.sciencedirect.com/science/article/pii/S037026931630572X?via=ihub
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The origin of the effect in small
systems is still unclear. Different
models: a) final state interactions
(assuming QGP), b) initial state
effects related to gluon saturation,
C) parton transport models

See e.g. PRC 85 (2012) 014911 (a), PRC 87
(2013) 064906 (b), PRL 113 (2014) 252301 or
arXiv:1805.04081 (c)

O How reliable i1s hydrodynamics
applied to small non-equilibrium
systems?

O How large are the initial state
correlations in realistic simulations
and to what extend do they survive
subsequent final state interactions?
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.252301
https://arxiv.org/abs/1805.04081

Initial or flnal state effect?

The origin of the effect in small
systems is still unclear. Different

models: a) final state interactions

(assuming QGP), b) initial state

effects related to gluon saturation,

C) parton transport models

See e.g. PRC 85 (2012) 014911 (a), PRC 87

(2013) 064906 (b), PRL 113 (2014) 252301 or

arXiv:1805.04081 (c)

0.16 , , , ,
014 L KOMm/s)(T) - - CMSK? +=H |
012 | NNA/s)(T)— CMS AN A %'_

0.1 L p+Pb5.02 TeV
| 120 < Ngfine <150 .
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Combination of both initial- and

?
Not QGP final- state effects

hydrodynamucs

__ initial state

— responseto |
initial geometry |

—_—

Azimuthal correlation strength

>

PLB 772 (2017) 681

IP-Glasma + hydrodynamics +
UrQMD (importance of sub-
nucleon scale fluctuations in the p
projectile)

e e
QO



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.252301
https://arxiv.org/abs/1805.04081
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L_‘ =h Comblnatlon of both |n|t|al and|

final-state effects?
NOt QGP Figure: S.Schlitching, QM 2015.

The origin of the effect in small
systems is still unclear. Different

L A
: : . O —-—
models: a) final state interactions | § E_ .;‘g o
(assuming QGP), b) initial state N — .
_ o) mini jets hydrodynamics

effects related to gluon saturation, | \ I

(O} —— — 1
C) parton transport models | 5 ‘:— — conskaions |
See e.g. PRC 85 (2012) 014911 (a), PRC 87 i E —m{{?j,pg;‘;?,;?,y
(2013) 064906 (h). PRI 113 (2014) 252301 or | 5

|

arXiv:180  Thjs talk: LHC results on collectlve I|ke effects and |

|

| |

i identified particle production in small systems —
0:12'_/\/7\(n/s)(T)— CMSAA &1 .- ‘! ****** —

Theory reports: PLB 772 (2017) 681

O Theory overview talk (Derek Teaney / = .
Plenary / Wednesday 22, 9:00) - IP-Glasma + hydrodynamlcs T

0 Theory on collective effects and MC i UrQMD (importance of sub-

simulations (Patrick Kirchgaesser / . .
QOD) el seseron T seky 25, nucleon scale fluctuations in the p
' ? projectile)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.252301
https://arxiv.org/abs/1805.04081

DAL

AAAANANY

Agvxg P

A Y
Vit W e W

©©©

A s s I
xx 23
o PR
I3 S B
7i 4 Nt g Nt g N

L ¥ 2
]x ) ]w
Cefo)Cofe o)

[\




Instituto de
Ciencias
Nucleares
UNAM

ALICE, arXiv:1905.07208

Multiplicity selection at mid-pseudiorapidity Multiplicity selection at forward rapidity
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https://arxiv.org/abs/1905.07208
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e . . . . EALICE pp (s = 13 TeV :
Multiplicity selection at mid-pseudiorapidity 5 4% SPD racklets mult, estimator E
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1 Particle production vs multiplicity in pp with ALICE
(Cristiane Jahnke / Thursday 23, 12:10)
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O Collective flow: In heavy-ion collisions
(HIC) azimuthal anisotropies
established during the hydrodynamic
stage in response to initial geometry

Vvo: dominates in non-central HI collisions
Von+1: Various geometrical configurations
arising from initial geometry fluctuations X
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Reaction plane

O Collective flow: In heavy-ion collisions
(HIC) azimuthal anisotropies
established during the hydrodynamic
stage in response to initial geometry

Vvo: dominates in non-central HI collisions
Von+1: Various geometrical configurations
arising from initial geometry fluctuations X

Main challenge for small systems: non-flow contributions (resonance decays,
jets). Different techniques have been developed to control non-flow effects (e.g.
scalar product method correlating particles from different subevents)

M HF- ______Tracker  HF+
Qn — 2 a’}lemd)z ‘ i
i=1
(u,0%4)
Vn{SP} — n<nA - L ‘i
<QnAQ;lkB><QnAQ;lkC> L ~ J L -~ J L
<QnBQ;LkC>

| 4z S > 12 A/ Ao, bood

.I 6! D) 3 ‘0
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Multi-particle cumulants from two- and multi-particle azimuthal
correlations (standard method)
O k-particle azimuthal correlation {{k}

({2},) = <ein(¢1—¢2)> ({3},) = (ein(¢1+¢z—2¢3)>
< {4 }n m> — <ein(¢1—¢2)+im(¢3—¢4)>

O 2- and 4-particle cumulants:

¢, {2} = (({2},)) {4} = (({4},)) = 2(({2},))°
where ({4},) = ({4},.)

O |If cumulants are free of non-flow correlations:

va{2} =4/, {2} v,{4} =+/—c,{4}

» -g«
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(as expected if the overall collision
geometry dominates)

Vs(p-Pb)

v3(Pb-Pb) =

(indicating a similar, fluctuation-driven
initial-state geometry)

Se also: CMS, arXiv:1901.07997
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ALICE, arXiv: 1903 01790

Hydro ALICE
pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb

- PYTHIA 8
pp

- 13 5.025.02 544 502 13 5.02 5.44 5.02 s, (TeV)
T — O[O0 EE EE Ne D e e vy{2, 1Al > 1.4)7
- — whed ) B Rl e = x ¢ vi{21AnI>1.0]]
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: (a) o iy g =mp g muy g smg  mmy ey p sy :
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- P TUL A LT -
u T 2 ek " -
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WK TELL _
e Yo ". .ioooo. —

R PIIU LT 2 Sl T A

e Ta AP AR IR R AR AL
———+——+—+—+—+++H] —————+++ ——
~ (b) Hydro ALICE =
- Xe-Xe Pb-Pb  pp p-PbXe-XePb-Pb -
- 5.44 502 13 5.02 544 502 |5, (TeV) —
- ] 8y e 00 vy{4) ]
C Il <0.8 on [N [ femvi{4y =
- 0.2< p.< 3.0 GeV/c o B O v,{6} T
- M 2{6}2 sub -
- HOL0 v{8) B
u ‘ ¢ 2{ }2 sub .
- R 4190 099000, =
- g L .
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CMS  pPb186nb' |5, =8.16 TV PbPb 1.2 ub" 5 =5.02 TeV |

1.5

For p-Pb collisions, the ratios vo{4}/vo{2}  So1s-"0"® o Joxexersrmn oo p-ét'xi?Xepb-Pbr o
— 13 5.025.02 5.44 5.02 13 5.02 5.44 5.02\s, (Te |

; 014— e VA2, >1.4}]

and v5{4}/v5{2} are comparable, consistent = =S e ’”3%’?2;%%;:
. . . . . A2 — ° [ * v,{2, |IAnl > 1.0}
with a purely fluctuation-driven origin for - . - rove GRS
) 0.1_— ‘“.xk.ii.ﬁwwwmi IIIII SL ]

the azimuthal asymmetry o T LA A w.%” -
Vo » Y ”*.‘* 0 _:

CMS, arXiv:1904.11519 006 o ¢ *en.nal" E
. s _
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- - 5 f  Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb
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: > - L] [] - $ GeV/c o B % 0 Vy6}
$F .. X B B * 1 s v,{6)
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https://arxiv.org/abs/1904.11519

Symmetric and asymmetric cumulants

Results for pp, p-Pb and Pb-Pb collisions using subevent cumulants:
2-, 3- and 4-subevents ATLAS, PLB 789 (2019) 444-471

SC, 14} = (V22 — (v2)(v2) apquahtifies the lowest-order correlation between v? and v

quantifies the correlation between v, and flow phase @,

x10° 3x10° x10°
'%_"\ O_!..l..l....|..l..!..l..l..| ........... | ........... | ....... —] ;‘P -l 1 1 | 1 1 1 | T 1 1 1 | T 1 1 1 | LI 6’;\ _| T T 1 | L B | | T 1 1 1 | | B B | | T T 1
Zg - *) :;f{, [ ATLAS é‘“ ATLAS
@ i +%? 09 o4 | I -®-pp 13 TeV j 02'_ -8-pp 13 TeV _
s + - 2r- -©-p+Pb 5.02 TeV — - -©-p+Pb 5.02 TeV
-1 + - i Pb+Pb 2.76 TeV i - Pb+Pb 2.76 TeV ogOd
[ [:]['L'Ifl] ] L8 - Pb+Pb 2.76 Te DDD' I = Pb+Pb 2.76 Te DEIDDDD
- X = m| . I ob = ]
i = - Be) h 0.1 s -
P 1 = ¢ O ]
i | [ ] = 00000
o ] 3 . i O o©O o
i | i F i ﬁ o o o Q + i %ﬂe 9.0. .
I ATLAS *pp13TeV | i ] I
| 0. 3<p <3 GeV ©-p+Pb 5.02 TeV | 0 __ oo 03<pT<3GeV """"" __ 0 __ """"""""""""" 03<pT<3GeV """"" __
Three subevent method 'El' Pb+Pb 2 76 TeV 1 - | | Three-sulbevent metlhod - i | | Three-suPevent metlhod
_30 1 OO 200 300 400 0 100 200 300 400 0 100 200 300 400
(N_) (N_) (N_)

O Methods with three or more subevents are sufficient to reject now-flow
correlation from jets

O For small systems: negative correlation between v, and v;, positive correlation
between v, and v,. Same patterns already observed in large collision systems.
Further ewdence that the hdge IS a Iong rahge Collect|ve phehomeha
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https://www.sciencedirect.com/science/article/pii/S0370269318309948

pp, p-Pb, Xe-Xe and Pb-Pb

O Positive SC(4,2) in Xe-Xe and 3
Pb-Pb collisions (well $ 4
reproduced by the hydro ?

model). Same sign is found for
op and p-Pb collisions

SC(3,2) goes from negative
(anticorrelation between vo
and vs) to positive values at
Nen~100. Same tendency
found for pp and p-Pb
collisions. Different behavior
observed by ATLAS and CMS

(different ||, different non-flow
contributions?)

T T T T T T T | T T
x10°  Hydro, SC(4,2) PYTHIA 8

] Xe-Xe 5.44 TeV [ pp 13 TeV

[55] Pb-Pb 5.02 TeV

ALICE, arXiv:1903.01790

L
ALICE
o pp 13 TeV
O p-Pb5.02 TeV
7 Xe-Xe 5.44 TeV

0 Pb-Pb5.02TeV |
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| | | | |

1 1 | 1 1 1 1 1 1 1 |
—x10° Hydro, SC(3,2) ALICE (b) ]
B . |Xe-Xe5.44TeV [ ® pp13TeV |
- + [5] Pb-Pb5.02TeV  m p-Pb5.02 TeV .
n + + PYTHIA 8 * Xe-Xe 5.44 TeV |
— pe | _ —]
- ¢ n j [ ] pp 13 TeV ¢ Pb-Pb5.02TeV i
——————— - t*w-bﬁtx:gt%‘—-—;mﬁﬁ— E Tttt A = 0, - —
] N b Mww -
L ey | * * "“ _
- ¢ ,|L ¢ . Sk K -
. <08 -
- 0.2< p. < 3.0 GeV/c -
i 1 1 | 1 | 1
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https://arxiv.org/abs/1903.01790

Event plane decorrelation effects

It has been reported that the event plane should not be considered
a global event observable. The decorrelation between the event

plane angles at ya and g has been parametrized by CMS
CMS, PRC 98, 044902 (2018)

O vASP; N, = =0} o Vo{4} v,{8}
CMS = visPin, ‘“Rm} +v2{6} e vALYZ} 35 nb™ (pPb 5.02 TeV)
""""""""""""""" I L R D U e D B B
120 = NO™ <150 ] 150 = NJ"™ <185 :: 185 <NOJ™ <220 | 220 <NJ"™ <260
0.1 T - 10O Flat vo vs : SP when

TR R iii%;;iii'iiiﬁ ;:;:;; iz,gi;;:;;; S

accounting of the event

03<p < 3.0 GeV/c

Ol L —L .
= % T % TS 91 EREEE] % T plane decorrelation
cns - VASP m =0} Srvy{4} v,(8) behavior)

B V{SPin ‘“Rm} +v2{6} ® v,iLYZ} 2.3 ub™" (PbPb 2.76 TeV)
AR AR AR T "'"'""'"""'..""""""_'"'""'""..""""""_""""""'Or]—dependen’[ Vvo: SP
120 < NO'™ < 150 ] 150 <N <185 ] 185 =N <220 ] 220 =N <260 :
01' il AEREEER 1 ] !!..!!!B ..BE!!!!.!!!BE- When ”C:O and Or
o ;;5555{5;; Q,Eii%ﬁﬁ*liiig Eitii‘%‘%*ﬁtﬁi tt*f*"ﬂfitt& . .
o0s] | higher order particle
 03<p, <3.0 GeVie }5 correlation analyses
I I TN T S B R
" M M

e e
QO
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ldentified particle v2 in p-Pb

O In Pb-Pb collisions,

. . —— 0_25 1 ri I | I | I | I | I | L I | L
low- (intermediate-) pr & [ ALICE Preliminary 0-20% (VOA)
v> data of identified A [ PPBASy=502Tev :

. = 0.2] <08 |-
particles show mass < @ i ]
ordering (baryon/ S s + o
meson groupin 2010 K ploag 5 L

grouping) T R AL T T B

SR i,“ i

C = A(A) % %vg 4

O In p-Pb collisions, most 0.1 g + 1 -
of particle species - g t -
follow mass ordering at 0.05F &t Z
low pr. For oy :
intermediate pr: OZ;-*I L
baryon vo > meson o 0 1 2 3 4 5 6 7
(partonic flow?) p_ (GeV/c)
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O In Pb-Pb collisions,

. . P 0_25 LI L I L I L I L I L I L I L
low- (intermediate-) pr & [ ALICE Preliminary 0-20% (VOA)
v> data of identified A [ PPbysy=502TeV :

. = 0.2 In <038 |-
particles show mass 4 Tt @me W { -

: Y i mt t i
ordering (baryon/ _c}LO o = |+ oo
meson groupin 2010 K ° B

grouping) > C = plp) II ' .*i b i

L o "Eﬂ ]

. - [ o] AA) & ¢ -

O In p-Pb collisions, most 0.1 gre + t —

of partlcle .I\/Alo-re results on collectivity: Wednesday, 22 May (Parallel Heavy lons)

{olllo) Y Aar=IsI)elfe 1 Recent results on collectivity and correlations in HIC from ATLAS
low oT For (Dominik Karol Derendarz)

, , [ Recent results on collective effects and soft particle production in HIC
intermediate prf ierAles

(Nicolo Jacazio) ,
baryon V2 > Me 0 Recent results on collectivity and particle correlations with CMS

(partonic flow?) SaEE: Alberto Murillo)
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None of microscopic models (string w@ s Mmmj
hadronization, core-corona M

HEWW m @ [DJED]EUJEDJ[MH]

A+A (x2) 1

—h
Ol

approach) can reproduce the
increasing trend. Thermal model
picture with canonical suppression

can not describe ¢

T T T T T T T T B #ﬁ
i ALICE i

Ratio of yields to (n*+m")

o
A
—
Q. - B 3
a £ 2_Qpp,\s=7TeV Eﬁj% i [H][H][HJEIJ
E | Op-Pb,\sy,=5.02TeV :H: " o2k <ﬂ§H> [H] |
S [ex A ; M s
~ | H A I - <#>+ _
B {15 ¢EF il 0.4 i
= Tl +e EHD P o ]
i ﬂl@% ¥ | i
ALICE
® pp Vs=7TeV Nat Phys. 13 (2017) 535-539 |
O  p-Pb, |5y, =5.02TeV PLB 728 (2014) 25-38
] Preliminary Pb-Pb, |5, = 5.02 TeV
0.50 o ...| 107 | | T
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CMS, PRD 96 (2017) 112003

T
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£ 3 1624
(@] ]
§ 55 141
T 119 |
S 2 -
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S 1 51
0.5 28 1
0 ' ' ]
0 0.5 1 1.5 2

pt [GeV/c]

The pr spectra at low pr flatten out with increasing event multiplicity
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CMS
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-  pp Vs =13 TeV

- 3 ]
F g
g 3.5 . 3
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E 3/Pay 162 &
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3 1411 o
] 25 S
© 119 - ©
= 2 S
2 71 2
= 15 1 &
g "8

S 1 51 B ”
285 0.5
0.5 . :
7 71
O | | ] ] O | | ] ] ] ]
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The pr spectra at low pr flatten out with increasing event multiplicity
The effect is mass dependent as observed In heavy—ion collisions

The Qeuexzt/c#mumé C'Oﬂ,{me/we on Z//C' P@Azm /Paeé&z /Z//euco/ |


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112003

Instituto de

Ciencias
Nucleares
UNAM

"'.

Blast wave: simplified hydro model: z B T e v
> 102 — Blast-Wave fit to =, K, p
. ' g i;——;:.-.;;?__ Spy  meee Blast-Wave prediction
O Assumes common particle expansion A e
_ T 10 Teg, T —e— ¢ (W+m*) x 100
with g and T, S jozp S
. = - (\-12“-118:? == .__._g_ DKgx10
O Assumption ~ok for large collision SR S S
~ 1075k STT..  mQx005
systems © 1 EE oxie 10
=, 10° e @
o2, 150 e ]
O pp and p Pb S|m|lar :BT VS Tk behavior I\ firmsi0510000E 0
% 0.2 | | | ] O%\ ; '
O - 18
017 o %§\k§%\% 48 o 2.
0.14 ) N % nl ® 8 §1.51 .
0.1 ¥ _| I O 315}
[ AfliE,VE:?Tev %%% 1 E -81;
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L ] o ' L
0.05/~ Giobal Blast-Wave fit to B 12 = 1_51 -
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024906
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.042001
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we reduce the jet effects?

We have seen that global multiplicity is correlated with hard physics

O Event shapes like transverse spherocity can be used to
understand the role of jets in high multiplicity pp events

O A selection on multiplicity and transverse spherocity allows the
isolation of events with same multiplicity but different content of

MPI Adv Ser. Direct. HEP 29 (201 8) 343 357
55 AILI(IDE Slmullatlon | | pp \E 7 TeV |
PYTHIA 8.212 (Monash 2013) Al <0.8, Ny =15

Spherocity classes
(More than two charged particles

1/Ng, d*N/dApdAn (rad)™
N

S5 Il <0.8, p_=0.15 GeV/c)
- — 0-10% e 50-60%
4= |0 e 10-20% - - - 60-70%
e F\ D 20-30% == 70-80%
3.5 30-40%  — - 80-90%
- 40-50%  — . 90-100%
Sk 3
—~ . g AN [ ) 7
25 [ == "",\, e ‘ “»,"-,'l"_'----------" / SIRARRIDS 2=
2 lllllllllllll
1.5 f_,-" .'-....-.-" ..."4_
y - | L1 | L1 | | 7
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https://www.worldscientific.com/doi/abs/10.1142/9789813227767_0016
https://arxiv.org/abs/1905.07208

1/Ny, 1/(2rp_) d°N/(dydp.) (GeV/c)*
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pr spectra vs So

T T 11 I LI LI I L I LI I T 1T 1T_] _I LI I LI LI I L I LI I LI I_ LI I LI I LI I LI I LI I LI
- R ALICE Preliminary- - ALICE Preliminary ALICE Preliminary
i pp, \s=13TeV I pp, \s=13TeV ] 10’ - pp,\s=13TeV _
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Similar charged particle densities but different spherocity classes.

Transverse momentum spectra are harder in jetty events
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Similar charged particle densities but different spherocity classes.
Transverse momentum spectra are harder N Jetty events
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Summary

O The correlation between global multiplicity (low-pr) and high-pr
particle production has been studied: high-pr particle production
iIncreases with increasing multiplicity. The increase is not linear

O Two- and multi-particle correlation analyses have been refined in order
to reduce the non-flow effects on flow measurements. Non zero v» has
been observed for pp and p-Pb collisions in accordance with hydro
predictions

O The anti-correlation between v» and va (as expected from hydro) in
small systems has been reported by ATLAS and CMS

O New results for identified particle production were presented.
Transverse spherocity iIs now used to understand the role of jets for
different system sizes. First results look promising. More results will
come soon!
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Results for pp, p-Pb and Pb-Pb collisions using subevent‘curﬁulants:

2-, 3- and 4-subevents ATLAS, PLB 789 (2019) 444-471
c {4} = (v — 2(v3)? constrains the width of the probability density distribution
which represents the event-by-event fluctuations

SCnm{4} — (ngn%l — (V{(¥?) "W quantifies the lowest-order correlation between v, and v _

x10'6 3’(1.0:6, x1lo:3|
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O Abundances of hadrons
produced in heavy-ion
collisions have been
successftully described by
statistical hadronization
model over wide range of

energies

O For small systems
strangeness appears to
be significantly
suppressed relative to
non-strange hadrons. This
picture cannot describe
the ¢ meson vs Neh

HML

(h/m)/(h/m)

HML

(h/m)/(h/m)
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ALICE, arXiv TO BE ADDED
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Event shapes are now used as a selection variable for better understanding the multiplicity
dependent particle production (constrain MPl and color reconnection models)
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Particle ratios for isotropic events give larger tlow-like eftects than jetty ones
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