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(Hyper)nuclei in the laboratory

®

ALICE
e Light nuclei are observed in high-energy
heavy-ion collision experiments 1opp BT 2011 run. {5, =276 Tev negative particles
o Hotand dense medium, T = 0O(100 MeV) — 900E, e CE
oo 8005 \\ July 4™ 2012 3
o . . @ = —
o Binding energies O(1-10 MeV) = 700k | e
c "UE 2 E
o How can loosely-bound states emerge from -3 600f 3
such extreme conditions? S 500F =
IS 4005_ 5522(2;/25‘)4 E
e Light (anti)(hyper)nuclei at the collider as a % 3005_ i 3
doorway to the Cosmos 'é 2005_ E
. : ~
o Constraining models of astrophysical 100F~
backgrounds in indirect dark-matter 0t — - -
searches [1] 0.1 02 03 1 2 3 45
P (Gevro)

o Hypernuclei properties — hyperon-nucleon

interactions — input to model neutron-star [1] Donato st al, Phys.Rev.D 62 (2000} 043003

matter [2] [2] Logoteta et al, Eur.Phys.J.A 55 (2019) 11, 207
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Nucleosynthesis models

®

ALICE

e Statistical hadronisation

o Yields of light-flavour hadrons
including light (hyper)nuclei are
instantly fixed at the freeze-out of
inelastic interactions

o Yields only depend on the mass
and common thermal parameters
Tand V
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(mod.-data) (mod.-data)

mor K K K 0 p P A T F @G d 3@ *HeFe (H IF ‘He ‘Fe
e t FUR N W00 IO IO OO | ALICE, 0-10% Pb-Pb, {5oi= 276TeV E
z **..‘-0""‘ P m[drapldlty : S T :
L S B Rt P
Eoo : P -‘- -.- ; E 3
[ | Model TV V () NDF] L R 2s E
F |—THERMUS 3.0 15552 568254411 45519fwriwri g i e §
- {-.-SHARES3 15643 4476696  27.6/19]
1. Thermal-FIST (energy dep. BW)  155+2 4962 +363  22.1/19] R N
- {- - GSl-Heidelberg (S-Matrix) 157+2  4175+380  17.1/19] Sl 2

[1] Eur.Phys.).C 84 (2024) 8,813
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Nucleosynthesis models (2)

e Statistical hadronisation

o Yields of light-flavour hadrons
including light (hyper)nuclei are
instantly fixed at the freeze-out of
inelastic interactions

o Yields only depend on the mass
and common thermal parameters
Tand V

e (Coalescence

o Light (hyper)nuclei are formed by
pre-existing nucleons overlapping
in phase space

o State-of-the-art models rely on
Wigner function formulation
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(Anti)nuclei production in LHC Run 1 and 2 %

ALICE

e Extensive studies of (anti)nuclei production across different colliding systems
o A=2 — less separation power for different models within experimental uncertainties
o A=3 — slight preference for coalescence with respect to statistical hadronization

e In the precision era of (hyper)nuclear physics at the LHC, can we pin down nucleosynthesis
mechanisms?
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®

Antideuteron production vs. rapidity in pp

ALICE
e First measurement of the rapidity
dependence of antideuteron production F’G = T T v ' (') 1' (' 2'6) -
. . . = (X ]
in pp collisions up to |y| = 0.7 3 - ALICE % gy, Y < 0.2 (x 25
o g 1wy PP /s =13 TeV 0.2 < |y| <03 (x 2%)
e 05<|y|<15 - crucial input to model = - antideuterons 8.2 <ly| < 8.;1 (x %2) E
the flux of cosmic rays produced in N % 0'5: ¥ :0'6 gi 2)) .
interactions with the interstellar 2 10 E‘M%m @ 06<]yl<0.7 (x1) 3
medium [2] g Ex) ’aw':&';&,, == Lévy-Tsallis fit ]
< 10° ;““""ﬂ.k T T E
© Coamimimiy,, m%‘”?, Nia : ~, -
= [® Ny ~,. =.:=|. LS - -
5 o u""""'.,.,.%‘eﬁz <, S, “ay -
2 10_4 _ .I.I.’*m&?é-?%, Tw, ’ﬁz'? LIPS . LIS e
= = S 0 “Niiwy Ve 3
~— - é-#'ﬁgl.lﬁ-?.l. ."’m.l ~ “d]
L éﬁ;] .l.’.ll:ll.,.l.l:’.l.l.l., -
10_5 = 'l.,. l.'~,.,:"'.,.l:""§
| 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 ‘ay | il 1Pl 7=
1 2 3 4 5
P, (GeV/c)
[1] Phys. Lett. B 860 (2025) 139191
[2] Blum, Phys.Rev.C 109 (2024) 3, L031904
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Antideuteron production vs. rapidity in pp (2)

ALICE

e First measurement of the rapidity

-3
dependence of antideuteron production S x10" s
in pp collisionsup to |y| =0.7 g 0.4 "

= ]

e 0.5<|y|l<1.5— crucial input to model i
the flux of cosmic rays produced in 0.3f 2 "
interactions with the interstellar - - ]
medium [2] 0 2__ \\ 04 ——g2 =04 0% 08 1 N

e 2 Iyl i
The antideuteron yield is independent -[e] data ALICE ]
- oy A ~— PYTHIA 8.3 (norm.) pp Vs=13TeV 1
of rapidity within uncertainties 0.1L- - PYTHIA 8 Monash antideuterons ]
. . : b 2013 : . .
o Limited sensitivity to different s Eposf?i\”fgi;nf ?,18 WE :
models (with/without coalescence) Nl (norm.) +coal. | i
: : : 0 2 4 8 10
e Tighter constraints on models will
4

require more forward measurements
— LHCb and ALICE 3

[1] Phys. Lett. B 860 (2025) 139191
[2] Blum, Phys.Rev.C 109 (2024) 3, L031904

mario.ciacco@cern.ch


mailto:mario.ciacco@cern.ch

Hypertriton production in pp %

ALICE
e 3 H— loosely bound “halo”
hypernucleus 05x10°
< - L T T T T T T T T T T T T ]
e High sensitivity to the production T L ]
. . o < - o
mechanism in small systems 0.5 ~
o Strong suppression in coalescence oul k
due to its large wave function - .
compared to the source size 03 ]
- ALICE Preliminary :
osl ¢ Run 3, pp Vs=13.6 TeV -
T #Run2,pp Vs=13TeV -
01 —— SHM, Ve = 1.6 dV/dy -
- [ ] Coalescence, 2-body -
B 1 Il 1 1 1 | | | 1 1 | 1 1 i

10
(dN_/din)

In|<0.5

[1] Vovchenko et al, Phys.Lett.B 835 (2022) 137577
[2] Sun et al, Phys.Lett.B 792 (2019) 132-137
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Hypertriton production in pp (2) %

ALICE

e 3 H— loosely bound “halo”
hypernucleus

< O.6X1046 T T T T T T
e High sensitivity to the production f< - ]
mechanism in small systems ® " osk -
o Strong suppression in coalescence 0_4:_ -
due to its large wave function - .
compared to the source size 03l -
- ALICE Prelimi ]
e Dedicated asynchronous software o + Run 3%;;“;%3313_6 TeV |
trigger in the Run 3 pp data taking 0'2;_ %Run2,pp (s=13TeV -
o Statistical uncertainties reduced 0.1 E SHM, Ve = 1.6 dV/dy -
- Coalescence, 2-body
by a faCtor > 2 B 1 Il 1 1 1 | | | 1 1 | 1 )ll i

: 10

o Coalescence is strongly favoured AN /dm) . s

by the data
[1] Vovchenko et al, Phys.Lett.B 835 (2022) 137577

[2] Sun et al, Phys.Lett.B 792 (2019) 132-137
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Hypertriton production in pp (3)

e First precise measurement of the
p, spectrum of 3 Hin pp

e Constraints on the wave function
using realistic coalescence
afterburner code [1]

o 3 Hasad-Asystem

o Congleton wave function
favoured by the data with
respect to Gaussian
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ALICE Preliminary
Run 3 pp, Vs=13.6 TeV
L =63 pb1

arXiv:2504.02491 (2025)

1 10% global unc. not shown
+ A - He+ v, [y] < 1

DCongIeton Wave Function

= d-A Gaussian Wave Function k. N =
C 1 1 1 | 1 1 | | | 1 1 | | | 1 1 1 1 | 1 1 1 ‘I I 1 1 N
1 2 3 4 5 6
P, (GeV/c)
[1] Mahlein et al, Eur.Phys.J.C 84 (2024) 11, 1136
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Hypertriton production in Pb—Pb %

ALICE
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e The p, spectrum of * \H has = | /-' **\ T /,-\., T —.— BlastWaveft -
. Q . 3| 1 " 1 ﬁ —

been measured also in Pb—Pb 0. . ) : E
collisions as a function of = E/ B T b 1/ . :

) % \ 0-10% _/ - 10-30% L % 30-50%

centrality £ 1074 . L 4+ ! -

e The p, shape is consistently

| ; fs_% TN 5
described by the blast-wave 10 /Edﬁ%m‘&\ éf = X\

modgl across different nuclear \ _:/ K4 [EB]L*\ ¥/ DZ% .
species within present 0oL ﬁ ns R\ v \*\\ i
uncertainties E \\\EE. - T
L % I
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[1] Phys. Lett. B 860 (2025) 139066

11
mario.ciacco@cern.ch


mailto:mario.ciacco@cern.ch

Hypertriton production in Pb—Pb (2)

®

ALICE

e The uncertainty on the 3AH/3He ratio
is reduced by a factor > 4 compared
to the LHC Run 1

o Coalescence predictions with
world-average B, input agree
with the data

o ALICE measurements are in
agreement with STAR data in
other ion-ion systems at lower
centre-of-mass energy
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[1] Phys. Lett. B 860 (2025) 139066
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Hypertriton production in Pb—Pb (3)

®

ALICE

e The? H/’He ratio is also
measured as a function of p.

o Different trends
expected by coalescence
with respect to
blast-wave [2]

e Uniform p_ trend within
current uncertainties

o Could be further
explored leveraging the
data samples collected
during the Run 3+4
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Elliptic flow of A=3 as a probe of nucleosynthesis %

ALICE
e Azimuthal momentum anisotropies
in heavy-ion collisions are driven by & 8T T T T T T T
the initial system geometry I 052_ ALICE Preliminary E
A osp T ; ! .
e These anisotropies can be modified & [ 23_3222 F@;Sﬁng —— — 1
by the nucleosynthesis process o 04 E
W r B2 e ]
o Hydro + coalescence = 03 o i =
hypothesis describes 3He - P .
elliptic flow Rl =3 B
0.13_ :‘:‘: Izl He, | < 0.8 E
E c*:w# Lplﬁglﬁllrr[])a:C'\gglgﬁe;ce E
0.0 =
SN T I I I T S R R

2 3 4 5 6 7 8 9 10 11
P, (GeV/c)
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Elliptic flow of A=3 as a probe of nucleosynthesis (2) %

ALICE

e Azimuthal momentum anisotropies 0.6

in heavy-ion collisions are driven by & aTGE T T T
the initial system geometry A 05 20-60% FTOC centrality k

e These anisotropies can be modified g - [+] 3H .
by the nucleosynthesis process 0 0'4:_ [¢] °He B

T i )

o Hydro + coalescence =~ 0.3F -
hypothesis describes 3He = B I )

elliptic flow 0.2f % 5

e First measurement of the 0_1:_ ;; E
hypertriton elliptic flow enabled by . ]
large Pb—Pb samples collected in ok ]
Run 3 with continuous readout S T TP PP S I ., o

o Consistent with *He within p. (GeV/c)
current uncertainties T
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Search for exotic A=3 bound states %

ALICE

e |arge data samples collected in the

Run 3 al.so enable exotic States % GOO_I LI | LI I L | LI I LI | LI | LI | LI I LI I_
searches S . 1

, & 500k : Lttt mﬁ

e Ann (bound) state — unconfirmed - 4 4 4 +T++f ¢ 4 i
signals obtained by HypHI [1] S soob- B

. g N Phys. Rev. C 88, 041001 (2013) 7]

® SearChed by AL|CE th rough Its ..g B == Background Parametrization (pol0) ]
charged-mesonic 2-body decay g = .
channel in the phase-space region O - ALICE Preliminary :
with highest expected significance 200 Run 3 Pb-Pb, s, =536TeV ]

N 0-50%, 4.5< p_<8GeV/c 7]

100E- N, = 2.86x 10° ]

B x? = 0.86 (NDF = 41) :

O_I 111 | | I T - ] 1111 | | I I 111l | 1111 | 1111 l | N T | I 111 l_

2975 298 2985 299 2.995 3 3.005 3.01 3.015 3.02
M, . (GeV/cd)
+ T + C.C.

[1] Rappold et al, Phys. Rev. C 88, 041001 (2013)
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Search for exotic A=3 bound states (2)

®

ALICE
e |arge data samples collected in the .
Run 3 also enable eXOtlc states ':G 3?]9 AL L I 515 L I L I ) L L ) BB
searches > [ ALIGE Praliminary | = s ]
S 5 g[[RuN3Pb-Pb, |5 =536TeV ; g:{\%;gﬁ MPzV) 5 00 Tev _]
e /Ann (bound) state — unconfirmed S|g"  [O80% 45 pr<8Gevic I T fiat, + eyet, unc) ow=s02Te :
signals obtained by HypHI [1] ol 22“9“2'86“0 | T st E
, 2k : N
e Searched by ALICE through its - | :
charged-mesonic 2-body decay 1.5 : -
channel in the phase-space region - | :
with highest expected significance 1 | ]
i - ' I i
e No evidence of Ann from the LHC 0-5_—TTTTTTTT TT;}T . TTWTT TI—
o Yields lower than a half of the C | | | TTTTI 37 | [ T'FlT 1
3 AH yield excluded by 95% CL 298 2985 299 2995 3 3005 3.01 3.015
MBH + T +C.C. (GGV/CZ)
[1] Rappold et al, Phys. Rev. C 88, 041001 (2013)
17
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Anti-alpha production in pp

ALICE
e Asynchronous software triggers for
highly-ionising particles in the TPC 2 S L B B I I L
e First observation of anti-*He in pp S 1P ALICE Performance . Data .
collisions thanks to the high pp Vs=13.6 TeV : =
. o 1 ’ — Total fit .
inspected luminosity O(50 pb™) A L. =51.1pb e ]
, 1.4<p_<3.0GeV/c = e
10°F —°He E
3 E
C L1
4 3 4
Nz °(‘He)
18
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Anti-alpha production in pp (2) %

ALICE
e Asynchronous software triggers for
highly-ionising particles in the TPC 2 F0-18§1Q_?' ]
- - C AL S - ALICE Preliminar .
e Firstobservation of anti-"Heinpp ~ ' 0.16}- Y . paa =
collisions thanks to the high —Zo.14f IIOIT GO=513'6 Tev - o
. . . 1 C |yl <O. —— Fit m; exponentia ]
inspected luminosity O(50 pb™) 0.12[=  + 10% normalization unc. not shown -
o Enabling a p, differential = 3
measurement in 3 intervals E gk E
0 ; 2
0 1 7
P (GeV/c)
19
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Anti-alpha production in pp (3) %

ALICE
e Asynchronous software triggers for
highly-ionising particles in the TPC = 1§<1-0_-9 e :
e First observation of anti-*He in pp s 09F ALICE Preliminary E
collisions thanks to the high 2 osf Daia, bp &= 15.6 oV =
. . . -1 7 :_ ® y = . _:
inspected luminosity O(50 pb™) 2.65 CSM, T, = 155 MeV E
o Enabling a p, differential 0'5 E ——— Ve=1.6dVidy E
measurement in 3 intervals 0'4§ — V. =3.0dVidy =
e Differently from A=3, canonical 0.3E . E
statistical hadronization in 02E 3
agreement with dN/dy 0.1E 3
o Canonical volume V=3 dV/dy 0_2 é 4', sels;sF
similar to other light-flavour (AN fdm), oo
hadrons [1]
[1] Vovchenko et al, Phys.Rev.C 100 (2019) 5, 054906
20
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®

Alpha production in Pb—Pb

ALICE

50><1 0°

IIIIIIII T IIIIIIII T T T TTTI T

e “He production in Pb—Pb using the

~~
()
0-10% Pb—Pb \/s, = 5.02 TeV
T 45F° NN
Run 2 sample =49 0-10% Pb-Pb |/, = 2.76 TeV
0-100% p—Pb \/ Sy = 5.02 TeV (upper limit 90% CL)
nalytical coalescence CSM 155 MeV
p-p-n-n V. = dV/dy
s (1-P-N — V. =1.6dV/dy
e 0-d —— V. = 3dV/dy
*He-n
3
— “H-p
UrQMD hybrid coalescence

e The average “He/p yield ratio is 40
consistent with Run 1 with
uncertainties improved by a factor of 2

> —

35
30
25

20

(0202) 906¥%0 ‘TOT D A9y "sAud [Z]
EV68ET (¥20T) 858 9 M2 'sAud [T]

15
10

IIII|III|IIII|IIII|IIIIIIIIIIIIIIIIIIlIIIIlIIII
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102 10°
@MWU>

lab |T]Iab| <05 21
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®

Alpha production in Pb—Pb (2)

ALICE
50><10_9
4 . . . IIIIIIII T IIIIIIII T T T T TTTT T
e “He production in Pb—Pb using the S [ALICE -
e 0-10% Pb-Pb |5, = 5.02 TeV
Run 2 sample =8 0-10% Pb-Pb |5, = 2.76 TeV

0-100% p—Pb \/ Sy = 5.02 TeV (upper limit 90% CL)
nalytical coalescence CSM 155 MeV
p-p-n-n V. = dV/dy

s (1-P-N — V. =1.6dV/dy
e 0-d — V. = 3dV/dy

*He-n

3
— H'p
UrQMD hybrid coalescence

> —

e The average “He/p yield ratio is 40
consistent with Run 1 with
uncertainties improved by a factor of 2

35

30
e Statistical hadronisation is consistent

with the data 25
20

e (Coalescence calculations underpredict
the yield 15

(0202) 906¥%0 ‘TOT D A9y "sAud [Z]
EV68ET (¥20T) 858 9 M2 'sAud [T]

e Multiplicity-differential measurement 10
— understanding the nucleosynthesis
of compact states

IIII|III|IIII|IIII|IIIIIIIIIIIIIIIIIIlIIIIlIIII

|I[I|IIIII]III|III[|IIII|IlII|IIII|IIII|IIII|II

| 1 | I I | | | I |
>1 0°
lab |T]Iab| <05 22

10
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A=4 hypernuclei production in Pb—Pb

®

ALICE

e (Ant)* Hand (anti)* He
reconstructed in Pb—Pb through
charged 2-body and 3-body decay
channels

o Identification of the candidates
relying on machine learning
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N

Counts / (0.0031 GeV/c?)

rr 11| rrrr | rrrrJyrrrryrrrr|yrrr 1| rrr1rr14
I I I I I I

ALICE

%ﬁ — “He + &t
| <0.5

Significance: 4.5¢

local p-value: 4.26 x 10°

0-10% Pb—Pb |5y = 5.02 TeV

1]||||1||||||||

| T -

1 1 T

3.9 3.91 392 393 394 395 396 3.97

M., . (GeV/c?)

[1] Phys. Rev. Lett. 134 (2025) 162301
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A=4 hypernuclei production in Pb—Pb (2)

ALI

e (Ant)* Hand (anti)* He

reconstructed in Pb—Pb through
charged 2-body and 3-body decay
channels

o Identification of the candidates
relying on machine learning

o Anti“AHe —> first evidence of
this antimatter state

Counts / (0.0036 GeV/c?)
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ALICE

0-10% Pb-Pb {5, = 5.02 TeV
2He —» *He +p+

ly|<0.5

local p-value: 2.73 x 10
Significance: 3.5¢
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A=4 hypernuclei production in Pb—Pb (3) %

ALICE
e (Ant)* Hand (anti)* He .
reconstructed in Pb—Pb through S -
charged 2-body and 3-body decay 2 5| ALICE I SHM, T, =[155 + 1.5] MeV |
channels S [ 010w rbpo sy -soaTey | (eenoediedsaes |
ly|<0.5 (ground state only)
o ldentification of the candidates &
. . . 1.0 10.60 4 T .
relying on machine learning I AHe 1 0.20 ﬁ:
0.7t T 4
o Anti* He — first evidence of 067 T AH
this antimatter state 8'2: 2.26 2.30
e The yields are enhanced with 0.3}
respect to statistical hadronisation i I
predictions for the ground states 02 1
| | N | [ I B | | N I N | | i1 1 | 1 | | | | | 1 1 | | 1 |

e Including excited states improves the 3.9215 3.922 3.9225 3.923 3.922 39225  3.923

agreement M (GeV/c?)
[1] Phys. Rev. Lett. 134 (2025) 162301
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A=4 hypernuclei in the LHC Run 3 %

ALICE

IIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII

e Larger integrated luminosity in Run 3
— observation of anti*,He with > 50
significance

(&)
o

ALICE Performance -
0-30% Pb-Pb |5, = 5.36 TeV_
4TS =, = N
sHe — "He+ p+ =
ly|<0.5

e Enabling precision study of strong siani -
Igniticance: .06

interaction properties, e.g., charge
symmetry breaking of A-nucleon
interaction [1]

Counts / (0.003 GeV/¢?)
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N
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g4 1067008 | ab e *—0.08310.094 10 4 ‘lb
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o [1] Gal et al, J. Phys. Conf. Series 966 (2018) 012006 26
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Summary and outlook %

ALICE
T F T T T T T T
e A wealth of new precision measurements is S el ALICE Preliminary _
. . . & 2 % Run 3 pp, Vs=13.6 TeV 3
becoming available to the community Ja L= 63 pb" 1
& ‘g - + 10% global unc. not shown E
o Coalescence models are favoured up to A=4 - | i
e Novel constraints to nucleosynthesis models SRR kel :
. . . . [ arXiv:2504.02491 (2025) n
coming from hypertriton and antialpha in small " [ Congleton Wave Funciion )
systems and A=4 hypernuclei in Pb—Pb 100F EleAGassantave Functon Ny gy E
1 2 3 4 5 6
P, (GeV/c)
o The upgraded ALICE apparatus plays a g
. . el U GELELELEN LR BN NLELELELE B BLELELELE BLELELEL
central role in (hyper)nuclear physics atthe g8 ,.E ALICE Preliminary E
LHC _ 50145 pp V5= 13.6 TeV * Daa 3
=z Y TE <05 —— Fit my exponential ]
.. 0.12F  + 10% normalization unc. not shown =
e Many opportunities ahead thanks to the full array 3
of data samples collected in the Run 3 3
o pp, p-0, 00, Ne-Ne, Pb—Pb E
6 7
pT(GeV/c) 27

mario.ciacco@cern.ch


mailto:mario.ciacco@cern.ch

Bonus: nucleosynthesis unveiled through femtoscopy %

ALICE
1.20 T T T T
115 ALICE pp Vs =13 TeV
e Observation of A resonance ' high-mult. (0-0.17% INEL>0)
contribution in pion-deuteron LB PP N 1
correlation functions 1050 A “‘3 1 &
/' N 2
V7 e N N
o Deuterons must be formed from  ~1.00f P e eocoocos el
- X i
pre-existing nucleons S 0.851 1k
. . (e}
o Direct evidence of the nuclear 0.90L R |
coalescence process in the Total Fit (x2/ndf = 14/15) g
deuteron formation 0:85T s A resonance 1 o
o o 0.80% Bl Coulomb interaction
e More details in Maximilian’s talk vt Background
o : : : | ]
o]
c Of I
—2' 1 1 1 1 7
0 100 200 300 400 500
k* (MeV/c) -
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More ALICE results at this EMMI workshop %

ALICE

e (Anti)nuclei production in jets
o How does the dense and boosted jet-cone environment modify light-nuclei

formation with respect to the underlying event? )

e Pion-deuteron femtoscopic correlations
o Can we disentangle the deuteron formation mechanism by analysing the correlation
with nearby light mesons?
Maximilian’s talk

e Hypertriton 3-body decay and R,
o How do we separate and reduce the different background contributions in the data

to correctly identify the hypertriton signal?

o 29
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Additional slides




3He flow: hydrodynamics w/ and w/o coalescence %

ALICE
F’m‘\ 0.7 : l T T 1T l T T 17T ] ] OO R B l T T 1T 1T 1T l L l T T 17T 1T l | I T | :
A 06 ALICE A
= = Pb-Pb, |5, =5.36TeV a
<L 0.5 20-30% FTOC centrality =
o - 1
% 04— i
> - i
0.3 —
0.2 =
I MUSIC + UrQMD + -
m . + Coalescence il
0.1 4
_7 MUSIC + UrQMD il
0.0 =
'_l’ I L1 1 1 I | I i i } I | il i | I 111 I 111 I L1 1 1 I L1 1 1 I L1 1 1 I | L i | l:

2 3 4 5 6 7 8 9 10 11

P, (GeV/c)
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