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Outline ALICE

* Brief review of strangeness enhancement
measurements

* ALICE Experiment

* The p-Pb analysis

» Extension to proton-proton collisions
* Investigating collectivity

» Conclusions
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Heavy-ion collisions and QGP ALICE

 Examine hadron yields
— so-called chemical composition

e Information on conditions in ‘fireball’
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Why study strangeness? ALICE

* Long-standing ideas
— J. Rafelski and B. Muller PRL, 48, 106-1069 (1982)

— J. Rafelski and R. Hagedorn, in Statistical Mechanics of Quark and
Hadrons

 Gluon fusion, gg — ssS, most efficient means to produce
strangeness

» Partons — hadrons, plenty of strange quarks for producing
strange and multi-strange hadrons

* More efficient than multi-step hadronic interactions
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CERN SPS Announcement (2000) ALICE

* A particularly striking aspect of this apparent "chemical
equilibrium" at the quark-hadron transition temperature is the
observed enhancement, relative to proton-induced collisions, of
hadrons containing strange quarks. Globally, when normalised
to the number of participating nucleons, this enhancement
corresponds to a factor 2 (NA49), but hadrons containing more
than one strange quark are enhanced much more strongly
(WA97, NA49, NASO), up to a factor 15 for the Omega (QQ)
hyperon and its antiparticle (WA97)! Lead-lead collisions are
thus qualitatively different from a superposition of independent
nucleon-nucleon collisions. That the relative enhancement is
found to increase with the strange quark content of the
produced hadrons contradicts predictions from hadronic re-
scattering models where secondary production of multi-
strange (anti)baryons is hindered by high mass thresholds and
low cross sections.
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SPS Results

* Detailed final publication from NAS7

(B

ALICE

 Centrality-selected pr-integrated yields of A, =, Q
(and anti-particles) in Vsyn = 17 GeV Pb-Pb collisions
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Be collisions

—p-Be is a proxy for
pp since Nyound IS
close to 2 (as in

Pp)
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Monte Carlo Glauber calculations ALICE

* Use N-N cross-section and knowledge of nuclear density profile
 Calculate number of participant nucleons as a function of impact parameter, b

» Can map onto centrality interval expressed as a percentage of the cross
section

* Participants are denoted N, or, sometimes N,,,,q (for wounded nucleons)
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RHIC Era ALICE

STAR Collaboration
Phys. Rev. C 77, 044908 (2008)
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. g - » dN/dy
oo s .8 R normalised to
olC0 mE L %10_ ;)q.ﬁ* ! I A | Npart, as fn. of
: i&ii = - Npart
R .T. » Solid symbols
x éggi@ | g 1%, STAR:Au-Au
. Eg { i !:T - \/SNN =200 GeV
T I 2% |« Open symbols
L Rl  NA57: Pb-Pb
] : & VsnN = 17 GeV
AR RETIT R R TTIT B N R R RRTTT B W AT M-

1 10 10° Noan 1 10 10° Noan

NB Nomenclature: Npaﬂ = Nwound ALICE | CERN LHC Seminar | 10 November 2015 | Lee Barnby 8



ALarge lon Collider Experiment %

Theoretical description of enhancement ALICE

K. Redlich, A. Tounsi

Eur. Phys. J. C 24, 589-594 (2002) » Statistical model

_ - calculation
5ol . » Suppression of
PO : particle yields in
E . small systems
g ‘ due to
g — s conservation laws
B ; —strangeness
T <N1(|)>o ~o0o gquantum number

Fig. 4. Centrality dependence of the relative enhancement of
particle yields/participant in central Pb—Pb to p—p collisions
at fixed energy /s = 130 GeV
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ALICE Results ALICE
* Pb-Pb Vsnn = 2.76 TeV
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ALICE Results

* Pb-Pb Vsnn = 2.76 TeV

(a)

Yield / (N rt> relative to pp/p-Be

Pb-Pb at \ s,,, = 2.76 TeV
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Complete picture

o

o Pb-Pb at \ s, = 2.76 TeV
e -

)

= J—
© AQ+Q
10f mE

= 10g

5] oA

2

N~

~

K=,

2

>

Yield / (N rt) relative to pp/p-Be

. —
AQ+Q A
nE n I
oA A =z
L g}g}?
L .
=3

NAS7 Pb-Pb, p-Pbat 17.2GeV |

O[] /\ STAR Au-Au at 200 GeV

lllllll 1 1 lllllll

10 10°

(N

part

ALICE

* Hierarchy

with
—strangeness,
S

—centre-of-
mass energy

ALICE | CERN LHC Seminar | 10 November 2015 | Lee Barnby 11



ALarge lon Collider Experiment

Thermal Equilibrium ALICE
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ALICE Pb-Pb ALICE

* Remove Npart
normalisation

| e Make ratio to 1T
........ yields instead
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ALICE

ALICE Experiment
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Experiment ALICE
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dE/dx in TPC (arb. units)
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Particle Identification in ALICE

a 11 10°
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daughters
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ALICE

p-Pb analysis
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p-Pb Event Classification ALICE

* Event sample divided into classes based on
signal in forward VO detector

I
-Pb at \s,,, =5.02 TeV
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p-Pb multiplicity classes ALICE

* Event sample divided into classes based on signal in forward
VO detector

» Connection to Ny, explored further in publication
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p-Pb dN/dn distribution ALICE

* dNcn/dn for multiplicity classes selected
with the VOA scintillator (-5.1 <n <-2.8)

* measured with FMD and SPD
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p-Pb dN/dn distribution ALICE

* dNcn/dn for multiplicity classes selected
with the VOA scintillator (-5.1 <n <-2.8)

* measured with FMD and SPD
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Multi-strange

ALICE

* Decay channels, reconstruction via geometrical

guantities
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Signal extraction ALICE
» Example peaks for =" and Q* (minimum
bias data) in their respective lowest pr bins
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Transverse momentum spectra
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S

ALICE

» Spectra in VOA multiplicity classes
* dN/dy extracted by extrapolating spectra to pt=0
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=/1r ALICE
* Ratio to 1r
« Shown with pp and Pb-Pb data
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Q/1r
e Ratioto 11

» Shown with pp and Pb-Pb data
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A/1T ratio ALICE
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K/ ALICE

2 —— e Rise In p-Pb
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((h+R)/(m+10)) / ((h+R)/(+1

))high mult. limit
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Canonical suppression
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=*(1530)

* Heavy resonance intermediate in mass
 Closer to QQ(1672) than
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=*(1530) part 2
« =*/11 ratio shows rise compatible with that of =/

— l.e. ratio = */= is flat as a function of multiplicity
— strangeness content more important than mass
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=*(1530) part 2
« =*/11 ratio shows rise compatible with that of =/

— l.e. ratio = */= is flat as a function of multiplicity
— strangeness content more important than mass
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More resonances
*  meson
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ALICE

proton-proton analysis

ALICE | CERN LHC Seminar | 10 November 2015 | Lee Barnby




ALarge lon Collider Experiment

pp analysis ALICE

« / TeV minimum bias dataset (2010)

* Divide into multiplicity classes based on
sum of signals in VOA and VOC detectors

—VOM = V0 suM

— Recall VOA alone was used in p-Pb because
that is the Pb-going side

— In symmetric pp system the sum, covering
-5.1<n<-28and 1.7 <n<3.7Is preferred to
reduce influence of fluctuations

ALICE | CERN LHC Seminar | 10 November 2015 | Lee Barnby
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VO

signal extraction pp

 Divided into several multiplicity classes
— granularity depends on particle species
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ALarge lon Collider Experiment

Multi-strange signal extraction pp
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Multiplicity-dependent spectra: 7 TeV pp collisions  ALICE
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Multiplicity-dependent spectra: 7 TeV pp collisions

T

1/N,, &N/(dp_dy) (GeV/c)"

ALICE Preliminary - pp \s=7TeV

VOM multiplicity event classes

** ='+¥’
, "*"s.‘".“%* ‘*‘ l '<°5
ol .“_‘_ -‘.-‘ e '/ v
o R B -
PR S - . w
‘.‘ "\‘ L“A - -
p——— e R ~ - =
"*‘ ~e ~E. '\‘\\ E\\*\
~ i " ‘*_\ -~ 3 ' . -
** Y Sk - \~\*\
Le .‘*\ ~. ~ - ~..
L~ e *** “‘\. > - ‘\\:4*__‘_-\
cb‘- S N ~ N
£ e ~ s S
S S i Segetae
:q * - S~
e ~ L >
e — — e -~
~. . - X Sao
EEN— \‘~\
- - - Levy-Tsallis fit . -

E - 0-1% (x 27) —#— 1-5% (x 2%
C A 5-10% (x 2°) 10-15% (x 2°)
107 + 1530%(x 2% - 30-50% (x 2°)
= 4 50-70% (x2) ~¢- 70-100%
.-l 1 0 1 l L1 2 1 l .0 1 1 l 1 1 1 l 2 1 l 1 1 1 l L2 1.1
\T L AN S 2 2 ] T [ e ] T I LA 4 l T ‘ e
o
8 10 . e e e . =
vy - 80 P — ~ -
o - ’.’:"'-‘- s - -
~5‘ - —;—':‘ AAA-A-AA A A A .
‘6 1l s b S S £ S b ga G - e * % 1
£
| 1 cromommsesrsrs e 8 - ) =3
oc e _+_* 0 ¢ & & -
. * =
n o ++¢‘.‘+ + 4 X
L o — ¢ J
OO
Al oo 2
10 E O O o 5
- (@ ] Tot. Syst uncertainty on ratio x
a_a 3 o B o o g o 1) 2 o 2 2 0 o 2 2 g § o2 2 o 2 0 o 2 2 o 8§ o 2 2 o

o

1

2

3

4

5

6
P, (GeV/c)

~

e
<

T

1/N,, *N/(dp_dy) (GeV/c)"
S

10"

10

Ratio to [0-100%)]

—h
Q

o

ALICE | CERN LHC Seminar | 10 November 2015 | Lee Barnby

Tl‘l']TTTY‘[YTYT]'TI'T]YUIYI’T“II’

= ALICE Preliminary - =7TeV "=
2 i — CE Pre ary - pp \s=7TeV =
rd - - —4
e % Q"'ﬁ. .
v—" ’4—-‘-s‘~ m\ |y|<°-s "I
' ’ 5.‘-
T ey oL -
Lo e el = e -
E/ ~ \\s! e -
- L -
.'l‘, /"-‘~‘~ A ‘\\ \‘E “f‘ } —
I' ’ * . RN \‘\ [
;7’ \‘\‘ \“ ™ s =
'r;‘l \\t 1 ‘\\ \\'\ \‘\‘E
s i S o o ol
Ll’ Y Y\‘ \\\ \\‘ .
.I-Ji \‘ ‘: s‘\ \\\
= = S~ =
14 = V=] RN A -
- \\ ‘\ \\ —
- ~ ~ 1S e
- m ’\\ S
= - -~ Levy-Tsallis fit s -
-~ VOM multiplicity event classes . r
= 4 0-5% (x 2°) + 5-15% (x 2°) S~ 7E
g 15-30% (x 2% -+ 30-50% (x 2') -
| ~4- 50-100% :
L L 1 L l L L L 1 1 L L L L l L L L ' l ' L L L l L 1 1 L
bbb
- — * -
— Y — —
- " -
- " 2 L 3 =
— [ —— —— - ) | - ] o
= v Y -
E Y ? Y 3
- 3
L “ o— L
- v ? -
- [®_1 Tot. Syst uncertainty on ratio -

PURETUNET ST (SN S ST TN (SN S SN U S U S S SH S T U S "

1 2 3 4 5
P, (GeV/c)

(2]

ALICE

38



ALarge lon Collider Experiment %

Nr ALICE
* Clear rise with multiplicity
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A/t
* Rise with multiplicity not reproduced with

PYTHIA Monte Carlo
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|

=/1T ALICE

» Excellent agreement between pp (green)
and p -Pb (blue) data pomts
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Q/1r ALICE

» Good agreement between pp (green) and p-
Pb (blue) data points
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Baryon/ir ratio compilation ALICE
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Conclusion on yields ALICE

» Ratios of baryons to pions show rise with
multiplicity in both pp and p-Pb collisions

* dNcn/dn Is a good scaling variable
—to be checked with 13 TeV collisions

» A statistical model calculation, including
extensive system properties (volume/

number of particles), reproduces
qualitative features of the data

— further details can be extracted from
upcoming large minimum bias Pb-Pb data
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Investigating collectivity in p-Pb

* High muiltiplicity p-Pb collisions blast-wave fit
* Parameters for 11, K, p and A fit describe the multi-strange

baryons spectra well
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Addendum on collectivity ALICE
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ALarge lon Collider Experiment

Blast-wave fit ALICE
» Extract freeze-out temperature and velocity

» Similar dN¢n/dn have different parameters
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ALarge lon Collider Experiment

Blast-wave fit ALICE
» Extract freeze-out temperature and velocity

» Similar dN¢n/dn have different parameters
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S

Blast-wave fit parameters ALICE
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Other explanations ALICE

* It may be possible for other processes to mimic
expansion

* E.g. colour reconnection mechanisms
—implemented in PYTHIA (it is not a hydrodynamic model)
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Conclusions on collectivity ALICE

* Transverse momentum spectra in p-Pb
collisions show similar features to Pb-Pb

* Necessary but not sufficient to
demonstrate collective behaviour seen Iin
heavy-ion collisions and used as evidence
for de-confinement
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Final conclusions ALICE

» Features of the production of hadron species relative to
one another — chemistry — show close connection to
number of particles produced by the system

 The momentum spectra are less closely tied to this
number and suggest that the density play a role in any
expansion, or other physics mechanism

» Studying smaller systems is a rich source of information
to connect the thermodynamic and microscopic pictures

* Were able to trace the development of strangeness
enhancement with system size
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ALICE

BACKUP SLIDES
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Npart to multiplicity relationship
* p-Pb left and Pb-Pb right

Multiplicity
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p-Pb dN/dn distribution ALICE

* dNcn/dn for multiplicity classes selected with
the zero degree (neutral) calorimeter |n|>8.8
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Multi-strange mass plots for p-PN ALICE
» Particles to go with anti-particles shown
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N1 with RHIC ALICE
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Yield,,AN ) relative to Yield ,,/2
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Core-corona effects
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