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NA61/SHINE physics program

~heavy ions at CERN

S L quark-gluon plasma
Strong interaction physics: =
 study properties of the onset of deconfinement and onset of LHC
fireball 100}

 search for the critical point of strongly interacting matter

CP

- direct measurements of open charm BTy
Neutrino and cosmic-ray physics: s
* measurements for neutrino programs at J-PARC and . %'
Fermilab OO
« measurements of hadron production and nuclear e
fragmentation cross section for cosmic-ray physics R i
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NA61/SHINE detector

Fixed target experiment located at the CERN SPS accelerator
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Large acceptance hadron spectrometer —
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* ions (Be, Ar, Xe, PD)
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* hadrons (x, K, p)
Ppeam=13—400 GeV/c




Charged particle identification

Final results stand for primary particles produced in strong and electromagnetic
processes, they are corrected for detector geometrical acceptance and
reconstruction efficiency as well as weak decays and secondary interactions
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Onset of deconfinement




New particle spectra measurements

New, preliminary spectra of 7~ and K* produced in the 10% most central Xe+La
collisions at 304, 404, 754 GeV/c and in the 20% most central Xe+La collisions
at 1504 GeV/c obtained via dE/dx and h- methods
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Onset of deconfinement: step

Qualitatively similar energy dependence is seen in p+p, Be+Be, Ar+Sc, and
Pb+Pb. Magnitude of T increases with the system size
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NAG61/SHINE: Eur.Phys.).C 84 (2024) 4, 416 (Ar+Sc); Eur.Phys.).C 81 (2021) 1, 73 (Be+Be); Eur.Phys.J.C 77 (2017) 10, 671 (p+p)




Onset of deconfinement: horn
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Xe+La below Pb+Pb, while higher than Ar+Sc and Be+Be and p+p

Good measure of the
strangeness to entropy
ratio which is different in
the confined phase
(hadrons) and the QGP
(quarks, anti-quarks and
gluons)

Probe of the onset of
deconfinement
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System size dependence



K/mand T vs the system size

(p+p = Be+Be) < Ar+Sc < (Xe+la =

)
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Anomaly in charged/neutral kaon production
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Charged kaon measurments in Ar+Sc
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K2 production in Ar+Sc at 754 GeV/c
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K2 production in Ar+Sc at 754 GeV/c
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Excess of charged to neutral kaons in the whole rapidity and
transverse momentum range

NA61/SHINE: arxiv:2312.06572; Eur.Phys.).C 84 (2024) 4, 416 14



K? comparison with K+ and K- - world data
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NAB1/SHINE; Ar+Sc; centrality 0-10%; dn/dy at y=0
FOPI; Al+Al; centrality 0-9%; mean multiplicities
HADES: Ar+KCI; centrality 0-35%: mean multiplicities
HADES; Au+Au; centrality 0-10%:; mean multiplicities
AGS; Si+Si; centrality D-7%; mean multiplicities
STAR BES:; Au+Au; centrality 0-5%; dn/dy at y=0
NA49; Pb+Pb; centrality 0-5%: mean muliiplicities
CERES: Pb+Au; centrality 0-79%; mean multiplicities
NA35; 5+5/S+Ag(shifted); mean multiplicities

STAR; Au+Au; centrality 0-5%; dn/dy at y=0
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R significantly higher than 1
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Unexpected excess of
charged over neutral K
meson production in central
Ar+Sc collisions at 11.9 GeV
center-of-mass energy per
nucleon pair

Measured excess
corresponds to about
four additional K* or K~
mesons produced per central
Ar+Sc collision

For theoreticality see: Francesco
Giacosa talk Tuesday at 3 pm

NAG61/SHINE, arxiv:2312.06572 15



K9 comparison with K* and K- - n~ + € at 158 and 350 GeV/c¢
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Models fail to describe ratio of charged to neutral kaons even for
small asymmetric systems

NA61/SHINE, Phys.Rev.D 107 (2023) 6, 062004
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Search for critical point

Expected: hon-monotonic
behavior of CP signatures
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Proton and charge hadron intermittency

If the system freezes out near CP, its properties are
: o expected to be different from those of an ideal gas.
Q . Such a system represents a simple fractal and F (M)
Mo follows a power-law dependence

R .
- / SN Fr(M) = F(8) - (MP)*
7 'n ,number\;f 5, For a pure system exhibiting critical fluctuations,
MBI || particles in my, bin d = ¢, = 5/6 is expected for protons
<ﬁ Z nm(nm—l)...(nm—r—{—l)> o ] ]
(M) = —_m=1 ~ NAG61/SHINE used in intermittency analysis:
<% 2 ”m>  Statistically independent points

where (. ..) denotes averaging over events, M the number ¢ CumUIatlve Varlab|eS For details see: Tobiasz CZOPOWICZ
of cells talk Tuesday at 4:20 pm and Valeria

Reyna talk Tuesday at 4:40 pm

NA61/SHINE: Eur.Phys.J.C 83 (2023) 9, 881; arxiv:2401.03445 18



Proton intermittency in Ar+Sc

No signal indicating critical point
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NA61/SHINE: Eur.Phys.J.C 83 (2023) 9, 881; arxiv:2401.03445; arxiv:2211.10504 (Pb+Pb) 19 I



Negatively charged hadron intermittency

No signal indicating critical point

F, results -- cumulative uncorrelated points Pre[iininai‘y NA61/SHINE
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Symmetric Lévy HBT correlations

Shape of correlation function with Lévy source:
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Barnabas Porfy, PhD under preparation; Universe 9 (2023) 7, 298 21



Levy-stability index a

No indication of critical point (a« far from CP predictions)
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For details see: Tobiasz Czopowicz
talk Tuesday at 4:20 pm

NA61/SHINE: Eur.Phys.J.C 83 (2023) 10, 919 (Be+Be); Universe 9 (2023) 7, 298 22




K*(892)° production in Ar+Sc



K*(892)° in Ar+Sc at 40-158A4 GeV/c¢
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K*/K allows to estimate time between chemical and kinetic freeze-outs
STAR, PR C71, 064902, 2005;
C. Blume, APP B43, 577, 2012
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Future of NA61/SHINE
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NA61/SHINE after CERN LS3 (2028 +)

0.1

Continuation of 2D scan with B+B, O+0O and Mg+Mg collisions
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Unique 2D scan in collision energy and system size is completed
New preliminary results from Xe+La released
Unexpected system size dependence: (p+p = Be+Be) < (Ar+Sc < Xe+La < Pb+Pb)

Observed anomaly in charged over neutral K meson production in high-energy
collisions of atomic nuclei

So far no indication of the critical point

Plans for new measurements with light-ion beams (B, O, Mg) beyond CERN LS3
(2028+)
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Diagram of high-energy nuclear collisions

Hypothetical domains of

. theo: Acta Phys.Polon.B 46 (2015) 10, 1991
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Transition from resonances to strings
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Transition from resonances to strings
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Rates of increase of K*/m"and T
change sharply in p+p collisions at
SPS energies

The fitted change energy is =7 GeV -
close to the energy of the onset of
deconfinement = 8 GeV

Models assuming change from
resonances to string production
mechanism show similar trend
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NA61/SHINE in 2022-2025
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NA61/SHINE program for 2021-2024

 What is the mechanism of open charm production?

« How does the onset of deconfinement To answer these questions mean
impact open charm production? number of charm quark pairs, (cc),
produced in A+A collisions has to be

_ known. Up to now corresponding
 How does the formation of quark gluon plasma  experimental data does not exist and

impact ]/11) production? only NA61/SHINE can perform this
measurement in the near future.

(cC) and onset of

(cC) and models deconfinement (cc), {J/P) and QGP
Foreseen

NAG61/SHINE
resolution is
sufficient
to answer
addressed
questions
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Charged/neutral kaon-ratio puzzle
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Comparison of isospin asymmetry for D mesons and kaons

1P = 3(07) 14P) = }(0)

Mass m = 1869.66 - 0.05 MeV Mass m = 1864.84 + 0.05 MeV

Mean life 7 = (1033 + 5) % 10— 15 ¢ Mp+ — Mpo = 4.822 + 0.015 Me\{S
- Mean life 7 = (410.3 £ 1.0) x 107 s

cr = 309.8 um cr = 123.01 um

Mass difference: Am =5 MeV
Multiplicity: (D* + D) < (D° + D°)

I(JP) = 1(07) 1UP) = 1o-)

Mass m = 493.677 =+ 0.016 MeV [8l (S = 2.8) 50% Kg, 50% K
Mean life 7 = (1.2380 £ 0.0020) x 1078 s (S = 1.8) Mass m = 497.611 + 0.013 MeV (S = 1.2)
ct =3.711 m mKO — mKi = 3.934 &+ 0.020 MeV (S = 16)

Mass difference: Am = -4 MeV
Multiplicity: (K* + K) > (K° + K°)
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Isospin asymmetry for D mesons

1) = 3(07) D° 1) = 307)
e ' 15 mp: — mpo = 4.822 £ 0.015 MeV
Mean life 7 = (1033 £ 5) x 107 s Mean life 7 = (410.3 + 1.0) x 1015 s
cr = 309.8 um cr = 123.01 um

Mass difference: Am =5 MeV
Multiplicity: (D* + D) < (D° + D°)

D*(2007)° 10P) = $(17)

= D*(2010)* 1(4F) = 3(17)
1, J, P need confirmation. I, J, P need confirmation.
Mass m = 2006.85 = 0.05 MeV (S = 1.1) i e i 0'1[150 ng:;fi 0.015 MeV
Mpo — Mpy = 142.014 £ 0.030 MeV (S = 1.5) D010y — Mot = P : .
Full width T < 2.1 MeV, CL = 90% o) A e

Full \(,u]dth =834+ 18keV

D*(2010) ™ modes are charge conjugates of the modes below.

D.(mu DECAY MODES Fraction (I;/T) p (MeV/c)

Do 0 (64.7 +0.9 )% 43 D*(2010)* DECAY MODES Fraction {1 /1) p (MeV/e)
DO~ (35.3 +£0.9 )% 137 DO o+ (67.7405) % o
DOete~ ( 3.91+0.33) x 10—3 137 D+ x0 (30.7+0.5) % 38

@ Simple explanation according to Adv.Ser.Direct. High Energy Phys. 15 (1998) 609-706: "A simple model
for estimating the charged-to-neutral D cross section ratio is the following. One assumes isospin invariance
in the c—=D and c—=D™ transition. Furthermore, one assumes that the D cross section is one third of the
D™ cross section, due to the counting of polarization states. Using then the published values of the D* —D

branching ratios [R.M. Barnett et al., Phys. Rev. D54(1996)1], the result is roughly ?Tg;'% ~ 0323 % oo
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Isospin asymmetry for kaons

E' 1(JP) = 3(07) I(J7) = 3(07)

Mass m = 493.677 + 0.016 MeV [8] (S =2.8) 50% Ks, 50% K|
Mean life 7 = (1.2380 = 0.0020) x 10~ %8s (S = 1.8) Mass m = 497.611 + 0.013 MeV (S = 1.2)
er =3.711m mo — M. = 3.934 £ 0.020 MeV (S = 1.6)

Mass difference: Am = -4 MeV
Multiplicity: (K* + K-) > (K° + K°)

@ For any state going to kaons, there is always a bit more K™ and K~ because of mass
difference.

@ But masses of kaon resonances are much larger than sum of decay products (the higher
mass of decaying resonance, the smaller difference between charged and neutral kaons).

@ First preliminary estimation using statistical model gives the asymmetry < 5%
(thanks to Francesco Giacosa).
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Multiplicity and net-charge fluctuations in p+p, Be+Be and Ar+Sc

No structure indicating critical point

J18F S35F r = (N) 2 2
S E b 5% n ra = ((ON)?) = o?
<165 gpep < 3F epwp K3y = ((5N)3) = So? ‘
T 25f dine i = ((BN)*) = B(GON)?)? = Ko
1'2;_ . ¢ 1 2_ l where:
Fve 9 o _ o N —multiplicity; SN = N — (N
S 2o I A > anaprscovion
0.6 0.5;— ; t S — skewness:; K — kurtosis
0.4F Of1
Yo .. ] Negatively charge k;/x;: increasing difference
(5 (GEV) (S (GEV) between small systems (p+p and Be+Be) and a
) ) heavier system (Ar+Sc) with collision energy
“E"’ I h+_h- HE‘* :h*'_h' . . .
L &7 ee i 05D oo Net-charge k;/x;:increasing difference between
S + ap T Be+Be and other systems (p+p and Ar+Sc) with
C e T i L collision energy
1 oY ﬁ* """""""""""""""""""" K4/Kq : consistent values for all measured
4 -1 systems at given collision energy
R TR VRN T T S R R T VR R T
IS (GeV) S (GEV)

see NA61/SHINE, arxiv:2312.13706 for final p+p results 38



Levy-scale parameter R and Correlation Strength A

E 6:— B 1504 GeVie _ C < I 1504 Gt
% | vomove : v maoee
5 :_ 304 G:\’:ﬂ’c r :— 1 [ ] gi gz::z L |
e | 4, | | e | %
LI Rhf } Y { ] - [ ; _ } }
3F L ; {. . - 051 {, + Wi - §04 ;
: ; ; K ILE § wily . ¢
P T T T Ce v b v b b b e e b e b b I B BN SRR R B T T B R T PR S B
“ 5_ 5_ i ? i
¥ | R
: a2 ; B } ol e, L ] l
it ;' ] [t 1
%)_1 SR mTO'(SGeVO)_l SR E—Y mTOI(SGeVG)_l SRR — mTO'(SGeV% 01 02 03 04 ;IIITO.I(S(I}IEIVO).II ~ 0205 o4 'H;To.l(s('};v'ro).l' ~ 0205 o4 mTol(sGeVo)
Levy scale R: A correlation strength:
» Describes length of homogeneity « Describes core-halo ratio
 Visible m; dependence sign of transverse « Shows no m; dependence
flow

see NA61/SHINE, Eur.Phys.).C 83 (2023) 10, 919 for Be+Be results 39



Time between freezeouts

* K* lifetime (= 4 fm/c) is comparable with the

a time between two freeze-outs
K’ e ad
\ * Some K* resonances may decay inside the
T K fireball
K" * Suppression of observed K* yield
* Assuming no regeneration processes (Fig.)
K T the time At between freeze-outs can be
determined from (STAR, PRC71, 064902, 2005):
K- /
}\ —(kinet )=—(chem )-e *
K K
i o K* lifetime
Chemical Kinetic /
freeze-out freeze-out
> use Pb+Pb or Au+Au ratio use p+p ratio
time

see NA61/SHINE, Eur.Phys.).C 83 (2023) 10, 919 for Be+Be results 40



Time between freezeouts

(K*(892)°)/(K*")

(K*(892) (K™

= l?mﬁ 8.6 CeV @ MABUSHINE: (K'(892) V(K"
W NAG1SHINE: (£*(892) /(K )
0.8 NAGL/SHINE preliminary
0.6
0.4 + +
02 & é
p+p ArsSe
o~ ul Ll
1 10 102 10°
(N,
1 Vo = 12GeV @ MABTSHINE (K'(892) (K"}
B NAG1/SHINE: (K'(892)")(K)
0.8~ NAG6L/SHINE preliminary
0.6 +
0.4
0.2
L
p+p ArsSc
o- ", ul ul |
1 10 102 10°
N

B )
. NeW data on K* productlon "‘E‘- 10 @ NAB1/SHINE Ar+Sc; 1rorn(K“(892):;!(K*)
. _ 0 = B NAG1/SHINE Ar+Sc; from{K*(892)")/ (K
n O 10 /0 Central AF+SC g NA49 Pb+Pb; from(K'(BSZ]D),’(K')
collisions 5 8 I NA49 Pb+Pb; from (K*(892)°Y/ (K )
« Ar+Sc = Pb+Pb at E el
Vs, =16.8 GeV
- 47
* No K* suppresion at ol
r+ac
— ) I Ar+Sc Pb+Pb
Vs, =8.8 GeV ~ 2
0_
ALY NAG61/SHINE preliminary
i _ B R x | I I | | I
T Rl freetio 8 10 12 14 16 18 20
N RAEO21%), L I s _—
% 0.8 b 4 (K-(Bgzﬁmas”“.':mfmpm naGt) ‘USNN (GeV)
& :
0.6 ++ l i ':2‘?#?;";3‘5 K'(892)° data in Ar+Sc: NA61/SHINE preliminary
0.4 } ]| Other data: NA61/SHINE, EPJC 84 (2024) 416
o +* 4w ! EPJC 82 (2022) 322
02| L] 1 EPJC 80 (2020) 460
* . EPJC 77 (2017) 671
oL p+p C+C Si+Si Ar+Sc  Pb+Pb
N el NA49,PRC 84 (2011) 064909
1 10 10 10 PRL 94 (2005) 052301
Ny PRC 66 (2002) 054902

see NA61/SHINE, Eur.Phys.J).C 83 (2023) 10, 919 for Be+Be results 41



Time between freezeouts

A. Sahoo (for STAR), Acta Phys. Polon. Supp. 16 (2023) 1-A132 STAR, Phys. Rev. C 107 (2023) 3, 034907
8_ —_
- *  This Analysis (Au+Au) BES.| © gL AurAu(GeV) Pb+Pb (TeV)
- * STARdata (Au+Au) (15w=77-39 GeV) E - < ?976 ° ;175 Ll ;35 v 5.02
- C ® ALICE data (Pb+Pb) e - a19. * -
T 6F ’ § 6 x624 200
= C ~=° -
= 5 ' - +
£ — . .. -I—lx 4—
g ar niepewnosci I B
*7': - X *¥ calkowite (stat., sys.) = B + % * % +
*f 3 Central A+A collisions g 2
- * — B
b l (] -
<2 g 0
e STAR Preliminary | = L STAR
OEIlIl L ool L | L T W T Q _2_""I'"'l'"'l""l""l""l"“I""
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Vs (GeV)

.

see NA61/SHINE, Eur.Phys.J).C 83 (2023) 10, 919 for Be+Be results 42



