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ALICE Physics Programme ALICE
» Characterize the quark gluon plasma, a
deconfined state of matter at high
temperatures
* Formed in heavy-ion collisions at the LHC
— Temperature of the order 10" K or ~1 GeV
* (Almost) all observations rely on the
detection of final state hadrons
— l.e. pions, kaons, protons, hyperons ...
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A Pb-PDb collision ALICE

Over 2000
particles can
leave tracks in
the detector
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Schematic of the collision evolution ALICE

collision evolution particle
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ALICE Detector
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TPC dE/dx (arb. units)
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ALICE Particle Identification

ALICE performance
Pb-Pb sy, = 5.02 TeV
| 1 | | ll””10
p/z (GeV/c)
* In TPC gas, energy loss
vS momentum
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Hadron Physics ALICE

* How and where can ALICE contribute
to hadron physics?

* Final hadronic yields described by a
statistical model with minimal
parameters

—Iincludes also light nuclel
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Thermal model
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Hadron Physics ALICE

e How and where can ALICE contribute to
hadron physics?

* Final hadronic yields described by a
statistical model with minimal parameters

—includes also light nuclel

 ‘Factory’ for antimatter and hypernuclel

 Hadron phase with many hadronic
iInteractions
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ALICE

LHC Heavy-ion collisions as an
anti-matter and exotic hadron factory
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Nuclei and anti-nuclei detection

ALICE
Pb-Pb, s, =2.76 TeV -
2011 data taking
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Nuclei production — momentum dependence
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« Both d and 3He transverse momentum spectra
measured for different centrality (system size)

» Shows that they participate in collective dynamics
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Nuclei production — mass dependence ALICE
S~ E * Production
D 10%E ALICE Preliminary
2 b= follow an
L exponential
107 S decrease
107F — Predicted by
10" ¢ s simple thermal
18_5 3 model
10°F . * In Pb-Pb
107k collisions
8L e -Pb, = 5.02 TeV, NSD ‘ y
107 e P VoS penalty factor
107 ™ Pb-Pb, \ s\, = 2.76 TeV, 0-20% central :
10710 bl L Lt L [t [ [t L for addlng one
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—In p-Pb ~600
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(B

Mass Difference between light nuclei and anti-nuclei ALICE
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Nature Phys. 11 (2015) 811

A'u—# =[-1.2+0.9 (stat.) + 1.0 (syst.)] x 1073 3He- 3He
% =[0.9 + 0.5 (stat.) + 1.4 (syst.)] x 10~* d—c_i

» Highest precision direct
measurements of mass

differences in the nuclei
sector

* One to two orders of
magnitude improvement
over the results from 40+
years ago
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Mass Difference between light nuclei and anti-nuclei ALICE
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Ae 3 317
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CPT Experimental Tests ALICE
VECTOR
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Hypertriton “H — °He + 7~ ALICE
&J B & -
S 905 * Data < ankE e Data
© [ ALICE 10-50% 5 Background > 905 ALICE 10-50% 5 Backaround
= 80 S 80 grou
o _ [ Pb-Pb\sy =276 TeV —compined Fit o [ Pb-Pb sy =276TeV —Combined Fit
N 70:_ a 70
ki 60§ AH— °He + E 602— °H — *He + =*
& 50 | g 50
40" | i i 40:
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20 + tTt 20
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[ Ll Ll Ll L] C | Ll
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Invariant mass (*He,n')(GeV/c?) Invariant mass (*He,n*)(GeV/c?)
* Lightest hypernucleus: pnA « Small binding energy,
 Reconstruct weak decay with /\ separation energy
displaced vertex — 130430 keV
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Hypertriton model comparison ALICE
* Branching ratio
g = — Da Thermal models (BR) nOt SO We”
: - -+ GSI - Heidelberg determined
e ~ Hybrid UrQMD Model -.- SHARE .
= [T * Shows yield
e ALICE B.R. vs B.R.
1070 Pb-Pb | s = 2.76 TeV around preferred
B 0-10% centrality value Of 25%
* ———== « Equilibrium
e nodel with
e iH — (*He+n) T=156 MeV
o T T R -
description

Phys. Lett. B 754 (2016) 360-372
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Hypertriton lifetime
ALI-PREL-130174

ol ©
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* New 2015 Pb-Pb data

« Two methods for estimation determination to date
e UNIVERSITY ALICE | EXA 2017 | 2017/9/14 | Lee Barnby
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Hypertriton lifetime

(B

ALICE
ALI-PREL-130195

Tg_ S00F
Y R. E. Phillips and J. Schneps == Free A (PDG)
= I PR 180 (1969) 1307 3H World A
'6 400+ G. Keyes et al. ar yYorid Average
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c STAR Collaboration ALICE Collaboration
_..g - Science PLB 754 (2016)360
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G. Keyes et al.
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HypHI Collaboration
1001 & G. Bohm et al. NPA 913(2013)170
i NPB 16 (1970) 46
-R. J. Prem and P. H. Steinberg
O - PR 136 (1964) B1803

* World average unexpectedly below the free A lifetime
* Further improvements on precision are possible in future
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Strange di-baryon searches ALICE
(A_n)b —~d+7nt

% = Aty : v Upper limits (99% CL, 0-10% central) o W k d
= - Pb-Pb ! ° k-, Uil 7o
% 10" =\ 5 = 2.76 TeV  --- Thermal model prediction (156 MeV) €a ecay
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Strange di-baryon searches ALICE
« Comparison of

g o ;_ALICE Pb-Pb | s = 2.76 TeV (0-10% central) limit to
E%m-z - predicted yields
10 _ Upper limit An (99% CL) x B.R. from

104 Iieferred BR from theory thermal model
gm"‘ z— ) Only very small
ém_s : ---------------- u -;-)-r-)-e-;-l-i-r;it H-dibaryon (99% CL) 5.R. values are

104 § Preferred BR from theory not ruled out

000z 04 06 08 1+ Or production is

Branching Ratio (BR
not thermal

Phys. Lett. B 752 (2016) 267-277
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ALICE

The hadronic phase
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Evidence for hadronic phase ALICE
e Factor 2
% ; " ALICE Prelliminanl( K*/K <|1)/K: reduction In
Sl o Ty « « 1 K*(892)/K ratio
Cctts Tt p-Pb5.02TeV[1] o o ; from pp tO
Pb-Pb5.02TeV m o |
03l f!“ W I [1]: EPJC 76 245 (2016) i Central Pb'Pb

collisions

MHEHJH H
0.2F H H H H _
S . . s ¥ 1 * Evidence for
PR * % 81 gcattering of
| | 1 and K decay
Uncertainties: stat. (bars), syst. (box)

roducts
O T T e T e 0 P

(AN _/dn Y3

ch lab mlabl <0.5
ALI-PREL-132043
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Evidence for hadronic phase ALICE
<015 -Factor_2_

= R oty mertev ] reductionin
S | Shormacanre | N\*(1520)/ A ratio
% - g STAR, |5, = 200 GeV - frOm pp tO

o U, " " ™™ central Pb-Pb
H*% NG ! collisions

M TS
PO Ta-tseev : 1+ Evidence for
- —— THERMUS Y% | _
- anes H : scattering of
. T,=138MeV,y =163, =208 | P and K decay
0]"I".STAIRE.B.Ml.ll..i...ll.lil prOdUCtS
0 2 4 6 8 10 12
(dN_ /)™
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Hadron-hadron correlations - concept ALICE

M.Lisa et al, Annu. Rev. Nucl. Part. Sci. 55 (2005), 357

if a identical to b

I *
q=p,— Dy, q=2-k

r=T,—T,
C(q) =14 Acos(q.r) C @) 1
R
2
 Correlation function C(q)
* Ris the "HBT radius” K
» Correlation function inversely from J. Pluta
proportional to R 1
q (GeV/c)
mUNIVERSITY
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Hadron-hadron correlations - examples ALICE
5 [ rcerarore—arorm * Experimentally
,‘ :7;:*,5-10%,0.3<kT<O.4GeV/C C(q) = A(q)/B(q)
where A is formed by
Identical pions pairs from same event
and B background pairs
from mixed events

T
O 1gl— ALICE Pb-Pb \s, =2.76 TeV O 1.2l— ALICE Pb-Pb \s,, =2.76 TeV

® KIK, 0-10%, 0.2<k;<0.6 GeV/c ® K'K*,0-10%, 0.3<k;<0.4 GeV/c
— Fit

|dentical
neutral kaons

al Identical
charged kaons
0 0.05 0.1 0.15 0.2 . (Geo\ﬁg) 0 0.05 0.1 0.15 0.2 . (Gé)\./2/5;)
PP N UNIVERSITY PRC 92 (2015) 054908
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Hadron-hadron correlations - examples ALICE
L ALIGE Pb-Pb \IsNL,=I2:76ITIeVI i

— ?.'- 7;?zzlJ’;istical uncertainty only E ’ ECX(pe)rlmAe (n t)al”By ( ) h A

L T = q) = A(q)/B(q) where A is

= Faz "y ]

TN, el @) : formed by pairs from same
T Tedlatecteprerssnriny event and B background
oty w02 pairs from mixed events

q eV/c
L0 05%02<k <03(GeVi) | |
Pl mtachasrem + Flgure shows 3-C

RIS R _‘ decomposition of g and R

S i

R - Demonstrates dependence
; e ""i of width on centrality (system
0 005 'q'.ol.zée\'//c') 015 02 Size)

T * Itis possible to measure
et ; volume and lifetime of

T S - system

o [ l‘ﬂ.h:‘:“m | "uy = _

1__ %o .F;Uﬂa.wdméi B ﬂ-
0o 005 'o'.gG'e\'//C') 015 02
o PRC 93 (2016) 024905
PN UNIVERSITY
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Extracting interaction parameters ALICE

q)=J S(r)|w(q,r)fd'r

/ | AN

Measured correlation Emission function Pair wave function
(size and shape) (includes cross section)

* Following derivation, assuming final state interaction (FSI), by
Lednicky & Lyuboshitz

— Sov. J. Nucl. Phys. 35, 770 (1982)
» 3 parameters characterize C(Q)

— radius R

— Scattering length fj,

— Effective radius d,

, l\\l %I\II)IE/I]{%{? . ALICE | EXA 2017 | 2017/9/14 | Lee Barnby
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Non-identical kaon correlations ALICE

e Correlations sources
—Quantum statistics - KOgKO

1
Lednicky fit

+ Data stat. unc.
I+ [:] Total unc.

and KiKi 0.99 ALICE Pb-Pb [5,, =2.76 TeV |
—Coulomb FSI - K*K* - o kK
—Strong FSI - KO KO via 0.98 & Al k,
f(980) and a0(980)

resonances

« What about K°.K* pairs?

—Only strong FSI and only
a, has isospin=1

0.97

pa—
1

S
0
O

C(k') / (Linear fit to baseline)

—Possibility to study a, 0.98 |
—Fits to data using a, FSI
parameterization o
P UNIVERSITY arXiv:1705.04929 k™ (GeVic)
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Baryon-(anti)baryon correlations

A~~~
.k
S—"

PPN UNIVERSITY

<12 PP

-~ Centrality: 10-20%
0.8~ Pb-Pb |5, = 5.02 TeV

1w

ALICE preliminary

—e— data stat. unc.
[ ] syst. unc.
== fit

1.2

0.8—

1W
Pl<0.8

0.7 < p$ < 4.0 (GeV/c)
0.5< p¢ < 5.0 (GeV/c)

n
mM*l < 0.8

1.2

0.8

||||||||||

1 - NP PP PSP SPS

|||||||||

ALl PREL-136762

AN DERBY

(B

ALICE

. Multiplicity of p, A\

and their anti-
particles permit
correlation studies

Three correlations
functions formed as
b—anti-b are
combined

This Is an example
for one centrality
Interval at one
centre-of-mass
energy
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Baryon correlations - extracted parameters ALICE
—~ 3.8 -

§ 503.6 Aililcf)\EKXd@tﬁ.A ALICE preliminary ° |nteraCtIOn

g | = parameters extracted

g a from simultaneous

0 SN fits to correlation

0 2.8| — systematic i . .

S “"«‘ functions in different
24 centralities and
R energies
-1.8 -1.6 -1.4 -1.2 —1 -0.8 -0.6

% fo (im) — R will vary but
E "°[ALICE data: Interaction parameters

SEC NS have to be common

(o + bb

2 O rconamy Results favour

Dl g ge| - sttt slightly repulsive

S| s emae Interaction between

< osE baryons and

sk antibaryons
18 = 08 0.6
R f, (fm)
PPN UNIVERSITY

AN DERBY
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Baryon correlations - extracted parameters

AN DERBY

E 12 ALICE data: Measurements: ESC08c model:
= 10| % PA®PA Y AA (STAR) O pA
E 4 AA pp (LEAR) 1 AA
~| 8|+ bb A pA (PS) G ==
8 6|Uncertainty: * px
—
Y 4 ---- statistical
LLJ - ; S
o — systematic SER A
a| °F i
1 -
] s -
< -
2 e .
- ALICE preliminary
C I | 1 1 1 1 1 1 1 I 1 1 1 1
-3 2 — 2 3
R 1, (fm)
P 2 :
E |ALICE data: Measurements:
WO 1.8 * pA @ EA AT (COSY)
Dl 16 + AR P
I~ 4L+ bb pp (LEAR)
(o .
™M {5 Uncertainty:
Sl | statistical
N ] statistica
IEIEJ 0.8 — systematic
& 0.6 'Q}.\‘
— = N
< 0.4:
0.2— ALICE preliminary
= | ! !
-3 -2 - 2 3
R £, (fm)
PP N UNIVERSITY

ALICE

* d, vs Re(f,)

— Comparison to
other
experimental
results and to
model

* Im(f,) vs Re(f,)

— Comparison to
experiment
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Baryon-meson correlation (example)

1.5
x
~ 1
O
0.95
0.9

1.05

x%/NDF = 425.8/336
1 1 1 1 | 1

ALICE Preliminary AK+ 0-10%

Pb-Pb \s,, =276 TeV AK- 0-10%

val. * stat. £ sys. A =0.38+£0.09+0.22

R=4.04+0.38+0.83
Re[f0] = -0.69 + 0.16 + 0.22
Im[f0] = 0.39 +0.14 + 0.11

d0=0.64+0.53+1.62
- |

A =0.37+0.08 £0.22
R=4.04+0.38 +0.83

l 1 1 1 1 I 1 1 1 I

AK- 0-10%

F o Il..l---lll.lll
val. * stat. £ sys. A =0.45+£0.16 £ 0.19

AK+ 0-10%

A =0.48%+0.17 £0.15

O_III|IIII IIII!IIIIlI_III|IIII|IIII]IIII|I_I_I.I_lIIII|IIIIIIIII|I

o_llllllll llll!llllll_III|IIII|IIIIIIIII|I_III|IIII TTTT IIIIII

0.95 R=479+0.79£1.38 R=479+079+1.38
Re[f0] = 0.18 £ 0.13 £ 0.10
0.9 Im[f0] = 0.45 +0.18 + 0.18
x2/NDF = 284.0/288 d0=-5.29+294 +7.66
1 1 1 1 I 1 I 1 1 1 1 I 1 l I 1 1 1 L I 1
0 ~wo
1.05 AKg 0-10% AKg 0-10%
1
val. + stat. £ sys. A =040+£0.19+0.12
0.95 R =3.02+0.54+0.33 A =040£0.19£0.12
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Can learn
about \-K
Interactions
too

All
combinations
of A\, anti- A\
and K*, K-,
K% available
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Outlook and conclusion ALICE

» ALICE has demonstrated ability to use high-
energy collisions to make some unique
measurements in

— Properties of exotic hadrons
— Constraining matter—anti-matter differences
— Measuring hadron-hadron interaction properties

* Many of these became feasible, or were much
improved, during LHC Run 2 (2015-present)

» Expect further progress in Run 3 (2020-) when
ALICE will be upgraded to record up to 100
times more data!
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ALICE

Stay tuned and thank you
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