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NA61/SHINE detector

Fixed target experiment located at the CERN SPS accelerator
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NA61/SHINE physics program

Strong interaction physics:

 study properties of the onsets of deconfinement and
resonance-string transition

« search for the critical point of strongly interacting matter
« direct measurements of open charm
Neutrino and cosmic ray physics:

measurements for neutrino programs at J-PARC and
Fermilab

measurements of nuclear fragmentation cross section for
cosmic ray physics

heavy ions at CERN
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Onset of deconfinement




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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Kaons are only weakly
affected by rescattering
and resonance decays
during the post-hydro
phase (at SPS and
RHIC energies).

Connected temperature
of the freeze-out
surface and not the
early-stage fireball




Onset of deconfinement: horn

K/t (y = 0)

CERN-EP-2023-179 (Ar+Sc), Eur.Phys.J.C 81 (2021) 1, 73 (Be+Be), Eur.Phys.J.C 77 (2017) 10, 671 (p+p)

Plateau like structure visible in p+p, Be+Be and Ar+Sc
Ar+Sc is higher than p+p and Be+Be, Xe+La close to Pb+Pb at 150A GeV/c
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Good measure of the
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ratio which is different
In the confined phase
(hadrons) and the
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Probe of the onset of
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Strangeness enhancement factors

The enhancement recalculated based on the new p+p—E data from NA61/SHINE
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System size dependence



K*/mt* and 7 vs the system size at 1504 GeV/c¢
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None of the models reproduces K*/n™* ratio or T for whole (W) range

p+p: Eur. Phys. J. C77 (2017) 10, 671

PHSD: Eur.Phys.J.A 56 (2020) 9, 223, arXiv:1908.00451 and private communication; Be+Be: Eur. Phys. J. C81 (2021) 1, 73

SMASH: J.Phys.G 47 (2020) 6, 065101 and private communication; xe+L§rTﬂ%ﬁf&ENiéﬂﬁﬂi

UrQMD and HRG: Phys. Rev. C99 (2019) 3, 034909; Pb-+Pb: Phys. Rev. C66, 054902 (2002)|
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Search for critical point

Expected: nhon-monotonic
behavior of CP signatures
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Multiplicity and net-charge fluctuations in p+p, Be+Be and Ar+Sc

No structure indicating critical point
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see NA61/SHINE, arxiv:2312.13706 for final p+p results n



Anomaly in charged/neutral kaon-ratio production
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K2 production in Ar+Sc at 754 GeV/c

§ 2200 g To0oF NAB61/SHINE
B = -
c NAGB1/SHINE c L
© 2000 @ C -109 =
Ar+Sc, 0-10%, {Smi=11.8 GeV 000 Ar+Sc, 0-10%, Y5, =11.9 GeV
1800 E
— Signal

1600 --- Background 5000

1400
+ (.
11 E
1200
1000 ¥
KD 8001
5
- 600
primar Y decay

vertex vertex 400
200

m

Reconstruction based on decay topology
K2 decays into T+ and - with BR=69.2% :
Breit-Wigner function is used to describe the signal o e L N B

4000~ --- Background

."I | IIIIIIIIllIlI

3000

2000

1000

: b
St

ft

Vla o N o
I i a wl TTT

044 0.46 048 05 052 0.54
m,, (i) (GeV.

NAGB1/SHINE
Ar+Sc, 0-10%, \5,=11.9 GeV

see NA61/SHINE, arxiv:2312.06572 13



K2 production in Ar+Sc at 754 GeV/c
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Around 15-30% difference between charged and neutral kaons in
the whole rapidity and transverse momentum range
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K9 comparison with K+ and K- - world data
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Highlights from strangeness production in p+p
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K*(892)0 in p+p at 40-158 GeV/c

c Mean multiplicity of K*(892)°
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NA61 K*: EPJ C80, 5, 460, 2020; EP) C82, 4, 322, 2022 V. Begun et al., PR C98, 054909, 2018 17



= production in inelastic p+ p collisions at 158 GeV/ ¢
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The only results on 2~ and E* production in p+p at SPS energy
Suppression of =* production: (E*)/ (27)= 0.24 + 0.01 + 0.05

Eur.Phys.J.C 80 (2020) 9, 833 18



£ production in inelastic p+p collisions — model comparison
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£(1530)° production in inelastic p+p collisions at 158 GeV/c¢

1 T 1 x107 Eur.Phys.J).C 81 (2021) 10, 911
§ pp — E(1530)°+X at 158 GeV/c § p+p — S(1530)°+X at 158 GeV/e > 5
[0 ) ©
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The only results on €(1530)°%roduction in p+p at the SPS energy
The second result on £(1530)° production in p+p (ALICE at 7 TeV Eur.Phys.J.C 75 (2015) 1)
Suppression of £(1530)° production: (£(1530)") / (£(1530)°)= 0.40 + 0.03 + 0.05
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£(1530)° production in inelastic p+p collisions at 158 GeV/c¢
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Eur.Phys.J.C 81 (2021) 10, 911

EPOS describes well transverse
momentum and rapidity
distributions of £(1530)° and
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UrQMD significantly
overestimates all spectra of
£(1530)° and £(1530)°
hyperons
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HRG model in the CE formulation and p+p data

1 0 E i arameiers: -— 10 E arameters:
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saturation parameter ys

Significant discrepancies of the fitted parameters
The statistical model fails when fixed y,
The fit with free y, finds y,=0.434%£0.028 and reproduces the measurements well -
a suppression of strange particle production in p+p collisions at CERN SPS energies

Eur.Phys.).C: 74 (2014) 2794; 77 (2017) 671; 80 (2020) 460; 80 (2020) 199; 76 (2016) 198, 80 (2020) 833 22



Transition from resonances to strings
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NA61/SHINE in 2022-2025
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NA61/SHINE program for 2022-2024

Upgrade completed — increased data rate
First Pb+Pb data taking in autumn 2022

To answer these questions the mean

_ _ SR number of charm quark pairs, (cc),
What is the mechanism of open charm production® oroduced in A+A collisions has to be

How does the onset of deconfinement known. Up to now the corresponding
impact open charm production? experimental data does not exist and
. NAG61/SHINE will perform thi
How does the formation of quark gluon plasma will pertorm Ihis

. _ measurement in the near future.
Impact /iy production?

(cc) and onset of
(cC) and models deconfinement (cc), (J/P) and QGP
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Future of NA61/SHINE
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NA61/SHINE 2028 +

Continuation of 2D scan
with B+B, O+0O and Mg+Mg collisions (latter two are p = n symmetric)
after CERN LS3 (2028+) - addendum SPSC-P-330-ADD-14 submitted
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Unique 2D scan in collision energy and system size is complete

No horn structure observed in Ar+Sc data

Unexpected system size dependence: (p+p = Be+Be) # (Ar+Sc < Pb+Pb = Xe+La)
So far no indication of the critical point

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

Unique results on strange baryons production in p+p interactions
NA61/SHINE program with measurements of open charm production in 2022-2025

Plans for new measurements beyond CERN LS3 (2028 +)
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Spectra of charged particles

20% most central Xe+La

at 1504 GeV/c
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Strangeness production in p+p at 158 GeV/c¢
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Strangeness enhancement factors

J. Phys. G 32 (2006) 427-442 Eur.Phys.J.C 80 (2020) 9, 833
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NAG61/SHINE results give new base-line for
£ 2 dn/dy(A+ A) strangeness enhancement study in SPS energy
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NA61/SHINE

Fixed target experiment located at the CERN SPS accelerator

~13 m

- >
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- Beams:
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Large acceptance hadron spectrometer —
coverage of the full forward hemisphere, down to p+ =0
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Diagram of high-energy nuclear collisions
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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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1 change sharply in p+p collisions at
S o | SPS energies
* RHIC § @ SPS(NAGI p+p) A
¥ LHC(ALICE) O WORLD(p+p)
i —— UrQMD 3.4 — ;J;;QMD 34 A
" T " e T Thefitted change energy is =7 GeV -
B (G B@V close to the energy of the onset of
2 T Tl g [T deconfinement = 8 GeV
= Y ! | = ? f
200 {’ - 200 |- " .
[ ' [ | Models assuming change from
f S PP . | resonances to string production
100 - F e 0o ¥ e mechanism show similar trend
1 | 162 | 1“(1)4l 1 | 1(|)2 o 1(1)4
Vsax (GeV) [San (GeV)
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Exclusion plots for parameters of simple power-law model

using statistically independent points and cumulative variables

0-20% Ar+Sc at 150 GeVc 0-10% Pb+Pb at 30 GeVc
2 108 g 10 = 10 g !°
e | g |
4 02 =50 B8l S P2=50 1 g
) )
= = 05
3 0.4 3
Q. o

0.2

0.0 0.0

0 1 2 3 4

correlated/all (%) white area: correlated/all (%)
p-value < 0.01

The predicted intermittency index for a system freezing out at the QCD
critical endpoint corresponds to the 3-D Ising universality class, to
which the phase transition is expected

37



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 J/i 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
i Foreseen

NAG61/SHINE
resolution is
] ) sufficient
" T to answer
o T addressed
guestions

5= D Pb - Pb 1998 with Minimum Bias +

mmm STATISTICAL MODELS
=== DYNAMICAL MODELS

a(Jy) / o(m) » 105

Bo(Jhy) / 6(DY), 045

=
® Pb-Pb 1998 with Minimum Bias

(
|II|II| I IIIIHI| T IIIIlll|

2 T T
HSD pQCD HRG QUARK COALESCENCE _ SMES ST B R W T T T 618 8 oo a5 60 80 160 B0 45
m— e (GeV)
E; (GoV)
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Detector upgrade during LS2

Replacement of the TPC

_ read-out electronics
Construction of Vertex Detector (VD) to increase data rate to 1 kHz

for D°, DO decay reconstruction /

BSL»L_.

Target
ToF-R
MTPC-R

New trigger and data

acquisition system Upgrade of Projectile
Spectator Detector

New Time-of-Flight
detectors
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Proton and charge hadron intermittency in Ar+Sc and Pb+Pb collisions

No structure indicating critical point

A
Py
(5
P
M
ﬁ Z N (Mg, — 1) eoi(nig, — 7 + 1)>
EF(M) = m-l — -
(# 2 )

where (. ..) denotes averaging over events, M the number
of cells

1.5

0.0

1.0

05}

Ar+Sc at 13A-150A GeVic

® 0-10%: 13A GeVic
® 0-10%: 19A GeVic
0-10%: 30A GeVic
® 0-10%: 40A GeVic
® 0-10%: 75A GeVic
O 0-20%: 150A GeVic

0 5000 10000 15000 20000
MZ

F. (M)

Preliminary

NAB61/SHINE

| h- 0-10% Pb+Pb at 304 GeV/c
[——— F4 (M)
L F
- —a— F2 (M)

! | L
1000
M2

I L | I I L
500

Statistically independent points and
cumulative variables

No indication of the critical point
(power-law scaling of F,(M) ~ M%)

see NA61/SHINE, arxiv:2401.03445
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Symmetric Levy HBT correlations

== Fit to data

----- Extrapolation

Be+Be at 1504 GeV/c 0-20%

K;=10.00-0.10 GeV/c
_ +0.11
‘ﬁ 0.67 _0[]9+049
"i R=292fm .. fm
h“ o= 1.00 7

By +/NDF = 136/106
rﬁ" Confidence level 27‘375-

s oy

Flt functlon N(l .r*+(l+e “ j ) CPHI(Q)) |

[
CJ:[....5..,.-1-|.-|-|..j._|._ PV Y B B

=
=)

0.2 0.4 0.6 0.8
q (GeV/c)

I Be+Be, 0-20%, arXiv:2302 04593

¥ Ar+5c, 0-10%, Prelim

02

03

0.4 0.5 0.6
m_ (GeV)

= 24

22—

1.8
1.6 —
1.4
1.2

08—
0.6 —
04—
02—

I Bet+Be, 0-20%, ar¥iv:2302 04593

¥ Ar+Se_0-10%, Prelim.
1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1

System size scan progress: Ar+Sc and Be+Be done, next Pb+Pb

The Lévy scale parameter R characterizes size of the source

The Lévy stability parameter o describes shape of the source

0.1

02 03 0.4 0.5 0.6
m_ (GeV)

3D Ising model with random external field predicts o« = 0.50 £ 0.05 at critical point

No indication of the critical point (« significantly larger than 0.5)

Physical Review B 52 no. 9, (1995) 6659
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Charged/neutral kaon-ratio puzzle
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Comparison of isospin asymmetry for D mesons and kaons

1(4P) = 3(07) 104P) = }(07)

: o 15 mp: — Mpo = 4.822 £ 0.015 MeV
Mean life 7 = (1033 + 5) x 10 ’ Mean life 7 = (410.3 + 1.0) x 10715 s
cr = 309.8 um cr = 123.01 um

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

I(4P) = 3(07) I(4P) = (07)

Mass m = 493.677 + 0.016 MeV [2] (S = 2.8) 50% Ks, 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)
cr =3.711 m Myo — M. = 3.934 £ 0.020 MeV (S = 1.6)

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 D mesons

1(F) = 3(07) 1) = 3007)

Mass m — 1869.66 - 0.05 MeV Mass m = 1864.84 + 0.05 MeV
_ s ' 15 mpe — mpo = 4.822 £ 0.015 MeV
Mean life 7 = (1033 & 5) x 107 s Mean life 7 = (410.3 + 1.0) x 10~ 15 s
cr = 309.8 um cr = 123.01 pm

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

=
» 0 Py_ 14—
| D*(2007) o D*(2010)* 1(JP) = §(17)
—~cEm— I, J, P need confirmation. I, J, P need confirmatien.
Mass m = 2006.85 % 0.05 MeV (S = 1.1) Mass m = 2010.26 + 0&% i’gg;"i il it
Mpo — Mpy = 142.014 £ 0.030 MeV (S = 1.5) T B ey i L
; _ apt De(2000y+ — "po = : :
Full width ' < 2.1 MeV, CL = 90% Eull Suidth) [ — 8344 18keV
D*(2010)~ modes are charge conjugates of the modes below.
D‘(mo DECAY MODES Fraction (r,-fr) p (MeV/c)
Bt (64.7 +0.9 )% 43 D*(2010)* DECAY MODES Fraction (T';/T) p (MeVc)
D%~ (35.3 £0.9 )% 137 no ~+ K7 7Lam U a0
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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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