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(Anti-)(Hyper)nuclei production

Statistical thermal model

e« Thermodynamic approach to particle production in
heavy-ion collisions

« Abundances fixed at chemical freeze-out (T _ _ )
(hyper)nuclei are very sensitive to T __because of

their large mass (M)
e Exponential dependence of the yield «etm/Tehem
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(Anti-)(Hyper)nuclei production

Statistical thermal model

e« Thermodynamic approach to particle production in

heavy-ion collisions

« Abundances fixed at chemical freeze-out (T
(hyper)nuclei are very sensitive to T __because of

their large mass (M)

e Exponential dependence of the yield «etm/Tehem
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Coalescence

o If baryons at freeze-out are close enough in phase
space an (anti-)(hyper)nucleus can be formed

e (Hyper)nuclei are formed by protons (A) and
neutrons which have similar velocities after the
kinetic freeze-out
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ALICE particle identification capabilities are unique. Almost all known techniques are exploited: dE£/dx,
time-of-flight, transition radiation, Cherenkov radiation, calorimetry and topological decay (VO,

cascade)
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Nuclei Identification

Pb-Pb, 2010 run, | s, = 2.76 TeV

pos. particles, Idcawl <3cm

e ALICE
% < PERFORMANCE
a /072013

Low momenta

Nuclei identification via dE/dx measurement
in the TPC:

e dE/dx resolution in central Pb-Pb
collisions: 7%
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dE/dx signal in TPC (arb.units)

« Excellent separation of (anti-)nuclei from
other particles over a wide range of
momentum
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Nuclei Identification

Low momenta

Nuclei identification via dE/dx measurement
in the TPC:

e dE/dx resolution in central Pb-Pb
collisions: 7%

« Excellent separation of (anti-)nuclei from
other particles over a wide range of
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Higher momenta

Velocity measurement with the Time Of Flight
detector is used to evaluate the m?distribution.

o Excellent TOF performance: o__= 85 ps in Pb-Pb

collisions.

e +30-cut around expected TPC dE/dx for deuterons
reduces drastically the background from TPC and
TOF mismatch
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Nuclei Identification

Pb-Pb, 2010 run, | s, = 2.76 TeV

pos. particles, Idcawl <3cm

. ALICE
- : PERFORMANCE
072013

Low momenta

Nuclei identification via dE/dx measurement
in the TPC:

e dE/dx resolution in central Pb-Pb
collisions: 7%
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(*H) ° H Identification

(3Xﬁ) 3AH is the lightest known hypernucleus and is formed by (p,n,A).

Mass = 2.991 GeV/c? B, =0.13 +0.05 MeV Lifetime ~ 263 ps

PH->He+m
3 - 30 A ~F .
N +
> F > He+ (*He,v)+ (*He,x") Invariant Mass spectrum
RS 120: Data 2<p <10 GeV/c
> B
é’ 100~ —— Like-Sign Background
oy B Combined Fit (pol3+Gauss)
q 80 ALICE
59 B PERFORMANCE
c C
8 60 — (L 14/07/2013
@) B
401
Primary 1 DCA T 20
Vertex to PV
0_
APPLIED CUTS: -
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o DCA between tracks < 0.7 cm Invariant Mass(“He, nt) (GeV/c9)
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e lyl=1 W =2.992 + 0.002 GeV/c’
e ct>1cm

o =(2.08 £ 0.50)x10°* GeV/c’
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ALICE
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Deuterons and 3He in Pb — Pb
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e Spectra are extracted in different centrality bins and fitted with a Blast-Wave
function (simplified hydro model) for the extraction of yields (extrapolation to
unmeasured region at low and high p_)

Blast-Wave model: E. Schnedermann et al., Phys. Rev. C 48, 2462 (1993)
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Deuterons and 3He in Pb — Pb
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e Spectra are extracted in different centrality bins and fitted with a Blast-Wave
function (simplified hydro model) for the extraction of yields (extrapolation to
unmeasured region at low and high p_)

e A hardening of the spectrum with increasing centrality is observed as expected
in a hydrodynamic description of the fireball as a radially expanding source

Blast-Wave model: E. Schnedermann et al., Phys. Rev. C 48, 2462 (1993)
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(Anti-)deuterons in p — Pb
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« Deuteron and anti-deuteron spectra extracted in different multiplicity bins

and fitted with Blast-Wave functions for the extraction of yields
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(Anti-)deuterons in p — Pb
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« Deuteron and anti-deuteron spectra extracted in different multiplicity bins
and fitted with Blast-Wave functions for the extraction of yields

e Also in p-Pb collisions spectra become harder with increasing multiplicity
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Deuteron to proton ratio
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Deuteron to proton ratio
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Deuteron to proton ratio
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Deuteron to proton ratio
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Deuterons B2

_ poxi0° Within a coalescence approach, the formation probability
< 18F - VDA Moltiplistty of deuterons can be quantified through the parameter B
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Deuterons B2
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Within a coalescence approach, the formation probability
of deuterons can be quantified through the parameter B,

First order prediction of coalescence model:
« FlatB,vs p_ and no dependence on

multiplicity/centrality
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Deuterons B2
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Deuterons B2
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Within a coalescence approach, the formation probability
of deuterons can be quantified through the parameter B,

First order prediction of coalescence model:
« FlatB,vs p_ and no dependence on

multiplicity/centrality
v Observed in p-Pb and peripheral Pb-Pb

Second order prediction of coalescence model:
« B, scales like HBT radii

ofoicl 40-60% AL, > decrease with centrality in Pb-Pb is explained as
i an increase in the source volume
3 HO] . . . .
107F i = E e » increasing with p_in central Pb-Pb reflects the
- © k-dependence of the homogeneity volume in
: HBT
T T
(GeVic)
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Deuterons B2
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Yield extracted in two centrality bins B.R.
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model prediction from Andronic et al. for

T =156 MeV M. Petran et al., Phys. Rev. C 88, 034907 (2013)
chem A. Andronic et al., Phys. Lett. B 697, 203 (2011)
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3AH Lifetime determination

e - Pb-Pb \s,, = 2.76 TeV . —
S - W B A. E. Phillips and J. Schneps wews=» Free Lambda PDG
Z,§ B o PRI Glockle,PRC 57, 1595(1998)
5 02| 400 —— = Congleton,J. Phys. G18, 339(1992)
- g% ALICE g S R Dalitz, NPB 67, 269(1973)
: PRELIMINARY B G Keyes et al.
= Q — F PRD 1 (1970) 66
- ¢t = (5.5 +1.4 +0.68) cm Q0 350 - 6 Keyes otal
i | » NPB 67(1973)269
10k ¢ Stat Error | c 300 STAR Collaboration
S S - Science 328 (2010)58
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I W © 2501 W sy
- 13(2013)17,
0 5 10 15 20 25 D [ o e e e e e (e SRATENN
ct (cm) % B
I 200 L G. Bohm et al.
. . . o o NPB 16 (1970) 46
Direct decay time measurement is difficult 1501
(~ps), but the excellent determination of - [,h ALICE
primary and decay vertex allows measurement 100F | % S
of lifetime via: - Collaboration
B NPA 904-905(2013)551¢
L 50 LR, J. Prem and P. H. Steinberg H L I C E
N(t):N (0) exp| — ﬁ - PR 136 (1964) B1803 PRELIMINARY
yCcT

ct =(5.5+1.4 £0.68) cm
Where ¢t = mL/p (cm)

With m the hypertriton mass, L the decay length _
and p the total momentum T=1851+48 129 ps
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Thermal model fit to ALICE data
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Nuclei in Pb - Pb

Pb-Pb, 2011 run, |[Sy, =2.76 TeV negative particles
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« Each added baryon gives a factor of m (GeV/c?)

~300 less production yield
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ALICE

Searches for weakly decaying exotic bound

states

o H-Dibaryon : Hypothetical bound state of
uuddss (AN) first predicted by Jaffe in a bag
model calculation.

R.L. Jaffe, Phys. Rev. Lett. 38, 195 (1977), erratum ibid 38, 617 (1977)

e Bound state of An ?
e HypHI experiment at GSI sees evidence of a

new state: An > d+ 7

C. Rappold et al. (HypHI collaboration), Phys. Rev. C88, 041001(R) (2013)
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H-Dibaryon and AN bound state

Expected strongly bound and lightly bound Expected An bound states signal in (An = drm)
H-Dibaryon signal (thermal model prediction) (thermal model prediction)
¢ 12001 U BEARERAREE RARRE RAREN LARAE AARE RARLRE LS LUERE RARRE
> b Pb-Pb | s, = 2.76 TeV > 1200 |- - -
= 1000— 13.8 million events (0-80% central) = - ]
Q : - data Q 1000 __ I:l syst. error __
@ 8 LICE [] syst. error 2 e injected signal -
S 800 PRELIMINARY —— injected signal (m =2.21 GeV/c?) § C oyst. orror ALICE ]
8 - syst. error (m =2.21 GeV/c?) 800 I~ , PRECIMINARY ]
S0 — — injected signal (m _=2.23 GeV/c?) [ m._=2.054 GeVic sl -
- syst. error (m =2.23 GeV/c?) L PR e _
: ” T
400|— w b tﬁ% ﬁﬂ*ﬂm ]
“F 200 | f Pb-PbvSN=2.76 TeV ]
- 13.8 million events (0-80% central) 1
[l /\I/\I 1 L1 11 | - ?pl 11 | | T 111 1 :
R TR Y 2|2?3 ETRE YT 2.;6 AT Y R Y TR 0 N (TN TOOR VO F ST TURN TR T
H ' 2 2.01 202 203 204 205 206 207 2.08 2.09 2.1
Invariant mass Apn (GeV/c?) Invariant mass (@ 1) (GeV/c?)
No signal visible & upper limits
For a strongly bound H: For a lightly bound H: No signal visible - upper limit
dN/dy <8.4x10%(99% CL) || dN/dy <2x10*(99% CL) dN/dy < 1.5x1073 (99% CL)
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Comparison to different models

5 - Pb-Pb \s,, =2.76 TeV (0-80% central) ]
% " — Upper limit (99% CL) i e The upper limits for exotica are lower than
15——Equilibrium thermal model (Andronic et al.) 164 MeV —E the thermal mOdeI eXpeCtatlon by a factor 10
===« Equilibrium thermal model (Andronic et al.) 156 MeV HLICE .
| == Non-equilibrium thermal model (Rafelski et al.) PRELIMINARY | .
| 1388 Mev, v,=1.63, 7,208 1« Thermal model with the same temperature
4071 — Ouark coatescence (ERHIC Collaboration) B describe precisely the production yield of
; ==== Hadron coalescence (ExHIC Collaboration) E 3 3
: . deuterons, *He and ° H
10-2_ UEEEEEEEEEmEEEEEEEES, = SEEEEEEEEEmEsEEEEEE [ | 9 At Ieast factor 10 between models
and estimated upper limit
- T ) _ 1 = The existence of such states with
102 - the assumed B.R., mass and lifetime is
- ] questionable
104 E $ l \ 4 —
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Conclusions

e Excellent ALICE performance allows detection of light (anti-)nuclei, (anti-)hypernuclei and
other exotic bound states

e A hardening of the spectrum with increasing centrality is observed both in Pb-Pb and p-Pb
collisions

e« The d/p ratio rises with multiplicity in p-Pb collisions, while no significant centrality
dependence is observed in Pb-Pb collisions

« Coalescence parameter B_is independent from p_in p-Pb and peripheral Pb-Pb collisions,
while it increases with p_in central Pb-Pb collisions. A decrease with centrality is also
observed in Pb-Pb collisions

« The measured ® H lifetime (185 + 48 + 29 ps) is consistent with previous measurements

e Measured deuteron, 3He, hypertriton and anti-alpha yields are in agreement with the
current best thermal fit from equilibrium thermal model (T___ =156 MeV)

e H-Dibaryon and An search in Pb-Pb with ALICE: no visible signal = Upper limits are at least
an order of magnitude lower than predictions of several models
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Centrality in Pb — Pb

Centrality = degree of overlap of the 2 colliding nuclei

Central collisions:
e small impact parameter b
e high number of participant nucleons - high multiplicity

Peripheral collisions:
e large impact parameter b
e low number of participant nucleons - low multiplicity

Geometrical picture of AA collisions
—— with the Glauber model:
Glaltj)l_)se‘;,Monte Carlo: Ptﬂb;(:)t_}lg% =2.76 TeV @
0-20% =1 50-60% e Random relative position of nuclei in
transverse plane Woods-Saxon
distribution of nucleons inside
nucleus

e Straight-line nucleon trajectories
 N-N cross-section (o, =64 £ 5 mb)

T independent of the number of
N. of Participant collisions the nucleons suffered
before

-

L 11111l

[*2]
e
~
<
o
|

0-80% ALICE Performance
10/05/2011

oo~
o
©
N
o~
AT

[ lllIIII
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Centrality in p—Pb

Multiplicity estimator: slices in VZERO-A (VOA) amplitude
Central collision

@
@
;_\ | PR P | T T 11 L l T T 5 l L I L | T T 1 I | Y N O ! | UL I T 1 IE p Pb
: ALICE p-Pb at \s,,, = 5.02 TeV .
S 050 LW ] > e <
n i T 5-10% ALICE
c 10 — Nl CHTR
o E 40-60% -
L T 60- B
5 B 80-
10 E Peripheral collision
10? —= P $
= e Pb
| -«
N 8 ¢ E
3 1, =) u
Wt Ll

0 100 200 300 400 500 600 700 800 900
VZERO-A amplitude (a.u.)

Correlation between impact
parameter and multiplicity is
not as straight-forward as in Pb-Pb
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Rapidity definition in p — Pb e

Asymmetric energy/nucleon in the two beams - CMS moves with rapidity |Ay_ .| = 0.465
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Efficiency Correction

> i[=
- 0 95 p-Pb |s,, =5.02 TeV ALICE preliminary
:g 0.85 minimum bias “1<y<0
HG_J . g —.—_.__._ +++.__.—.+.—0‘—'——.—+—.—
:; 0.7 = _O_%}—o——O——o——O-ﬁ_O__o__o_—o——o—o—-O-—o——o—_o_
e 0.6F e
s 0.5F e o S ibd
@ E —0—0 —O——O——O——o—_o_—o——O——O—‘O“_O__O__O__Oﬂ_O_
S 0.4E -
e 0-35 - o —e— Tracking d
~E e —oe— Tracking d
0.2 had : -
"=E —e— Tracking + TOF Matching d
0.1 —o— Tracking + TOF Matching d
O:I zzj L1 1 I L1 11 I | . I L1 11 I L1 11 I L1 11 I L 01 1 I | I . | I
0 0.5 1.5 2 2.5 3 3.9 4 4.5

P, (GeV/c)
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Nuclei Identification : Secondaries %

ALICE

T — T T T T T T
1800 I I

T T T T T
Pb-PbW/SNN =2.76 TeV ﬁ
0.45 GeV/c < pT< 0.55 GeV/c |

| —-DCA, <20 cm
.% % |
f deuteron d

1600 —-DCA,<1cm

1400

1200

z_ ALICE i _z
*2 1000 = Performance / =
3 E 20.02.2013 1 E
Nuclei from knock-out reactions © o % . BE
: oo E (st Wity
constitute a large background at low : ; i "‘W.i A \ 3
momenta in all nuclei measurements. B/ 5 "u\_z
Knock-out reactions are not relevant for N 7 postrsmisstpimesiont’ Mo,
anti-nuclei secondaries ? 2 e ? °
Rejection is possible restricting DCA, e
2]
and fitting the DCA , distribution with s F © D ALICE preliminary
8 1OGE Primary template p-Pb | 5 = 5.02 TeV
MC templates E Secondary template minimum bias
10° [ = Fikresult 0.8 GeV/c < p_< 1.0 GeV/c
E —o——o— T
104 = S - —_
1()3 é_ —_ I
- — o
10— ————
.: PR T BT | PR | |
20.4 0.2 0 0.2 0.4
DCA,, (cm)
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Absorption Correction

ALICE simulation

-
d (TPC tracks) : d (TOF match)
——  GEANT3 + empirical model I ——— (GEANT3 + empirical model
EI.S:— —— GEANT4 [ ——— GEANT4
ARRANEERE REERIEEE R RERRA RN RN REERA T | NERE ENEREENERAEERRANEEREREREEEEENA RN
1 2 3 4 5 6 7 1 2 3 4 5 6 7
P, (GeV/c) P (GeV/c)

For the anti-deuteron spectra an additional correction is
necessary due to the absorption

28/08/2014 Ramona Lea
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H-Dibaryon

Two cases:
- m < AN threshold

* weakly bound:
measurable channel 2
H—> Apnm
¢ 2.2GeV/c*<m <2.231GeV/c

. mH>/\/\ threshold

* resonant state: HO <
measurable channel
H-> AA
e m >2.231 GeV/c’
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H-Dibaryon and AN bound state %

Expected H-Dibaryon vyield at the LHC (thermal model prediction):

N=3.1-10°x2x1.38-10" x 0.0385 x 0.64 = 2110 i’
—_— - ——— —— 06 [\ AR-SAHSER
dN/dy y  events Eff. BR(N) _ el U |
. B ASAPAMT Az |
lightly bound: 2041 X' —— 7
— 5 / ‘\\//"' v |
2110 x 0.64 = 1350 ; ZZ < _Emm\jn
strongly bound: or | X

2110x 0.1 =211 oo .

0 5 10 15

Binding energy [MeV]
Jiirgen Schaffner-Bielich et al., PRL 84, 4305 (2000)

Expected An bound states yield at the LHC in (An = dmt’) (Thermal model prediction):

0.8 ]
0.7 \p—n+p |
& 0.6
® 05
N=1.6-10%x2x1.38-10" x 0.0255 x 0.35 = 4000 2 04
N— — e e W—/ W—J E:“ i {
dN/dy vy  events Eff  BR(An) g ANSNHHE Ansnen
0.2
0.1 AN—=N+n+n

0

Binding energy [MeV]

Jiirgen Schaffner-Bielich, private communication
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Coalescence Model and HBT %

The size of the emitting volume (V_ ) has to be taken into account: the larger the distance between
the protons and neutrons which are created in the collision, the less likely is that they coalesce

b o

(small fireball) (large fireball)
In detail, it turns out [1] that the coalescence process is governed by the same “length of

homogeneity in the source” which can be extracted from two particle Bose-Einstein correlation
(HanburyBrown — Twiss (HBT) interferometry [2]): - B, ~ 1/V_

5 3 TC3/2<Cd> 2(m,—m)
*2m R (m)R(m,)

The strong decrease of B, with centrality in Pb-Pb collisions can be naturally explained as an
increase in the emitting volume: particle densities are relevant and not absolute multiplicities

[1]R. Scheibl and U. Heinz, Phys.Rev. C59, 1585 (1999)
[2]A review can be found in : U. Heinz, Nucl. Phys. A 610, 264c (1996)
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