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NA61/SHINE detector setup

@ General purpose hadron spectrometer

o Fixed target configuration — large acceptance of produced
charged particle (up to 50%) with high tracking efficiency
pT 20

@ Precise centrality selection based on forward energy measured
in Projectile Spectator Detector

~13m

EPSD, Ar+Sc, 75 AGeV/c

events

<
0-1%,

N T2:20%
\

New stage of SHINE! Vertexmagnet Vertexmagnet
Setup upgraded in 2022 by

Beam count VTPC-1 | GAP VTPC-2
set of new detectors as well e, T2 T
as new electronics which -am__ BT
allow an increase of data o B
rate up to 1.7 kHz

v
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NA61/SHINE program

SHINE stands for SPS Heavy lon and Neutrino Experiment J

heavy ions at CERN

@ Strong interactions

quark-gluon plasma

> Onset of deconfinement & onset of fireball

> Properties of QCD matter (EoS)

» QCD critical point — see Haradhan A. poster
@ Neutrino physics

» Hadron production cross sections for neutrino
flux predictions

T (MeV)
oxr

o Cosmic-rays 100

» Hadron production cross sections for
air-shower modelling as well as fragmentation
cross-section

This talk focuses on the strong-interactions

program 500 M (M eV)
o B
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Onset of deconfinement & onset of fireball

Hadron Resonances

Gas (HRG) QGP ]
A (atomic mass) @ Onset of deconfinement
- g . .
= Gk QGP formation by heating up the QCD
£ matter with increasing collision energy
_GEJ Rikike » temperature (plateau-like structures)
= > increase of entropy (new degrees of
~ (o]
~10 | Onset of O fireball freedom)
= > strangeness to entropy (non-monotonic
.= Be+Be energy dependence)
o
» - » @ Onset of fireball
» . 2 - . - QGP formation as a large equilibrated cluster
e) of the QCD matter with increasing size of
- V/SNN [GeV] colliding nuclei
~ 10 (collision energy)
Requires two-dimensional scan in collision energy and system size )
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Onset of deconfinement: horn

8 0,3 T T T T T T T T T T TTTrT T T T SMES model
g‘ L 4 §0.2 N
L i -1 2 g
£ | ] 5 s
Iy . B ﬁ QQP/A N— §‘
£ s/ GP ®
X 02F - ANA T
+ - z MIXED PHASE 2
F ' R o 3
0 1 2 3 4 5 68
L ?? + 4 F(Gev?) =
L 3 - i
=l _|
01 3% F o a2t 1/
i % ] T Gaw T
: xetxe Ni+Ni Ar+Sc: @ Rapid change of K™ /7" in Pb+Pb collisions
| S+Al C+C  BetBe | indicated onset of deconfinement in the SPS
0 A el energy range
1 102 10* @ No horn structure in Ar+Sc collisions — onset

ISu [GeV] of fireball?
@ Be+Be very close to p+ p
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Onset of fireball: system size dependence of K /7 ratio

Statistical models Dynamical models
& 03— = e
> Sy = 7.7 GeV > Sy = 17 GeV
S &
7 =
N I PHSD - PHSD~
02 L %02 P
I ] " e
§ SMASH 7 i N SMASH N
01 § o 01 o  c@1 oo o
i BetBe FAu 1 Be+Be
ptp Ar+Sc 1 p+p Ar+Sc
0 - e 0 I I
1 10 10° 1 10 102
W) (W)
None of the models reproduces K™ /7T ratio in the whole (W) range )
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Possible explanations - references

AA
'ONSET OF DECONFINEMENT

200 - Onset of strings:

4] — @ PHSD: pre, 78, 034919, 200; and NPA, 831, 215-242, 2009
| 3 "
150 Z @ SMASH: pre, o4, 5, 054905, 2016 and J. Phys. G, 47, 6, 065101, 202
»Z
%% o UrQM D: Prog. Part. Nucl. Phys.,41,255-369, 1998 and NPA, 936,1-5, 2015
L | 2= <3 .
100 g . £ Onset of deconfinement:
E (] SM ES: Acta Phys.Polon. B30 (1999) 2705; PHSDZ PRC, 78, 034919, 200; and
50 i BREAK & NPA, 831, 215-242, 2000
- £ 2 .
T i Onset of QGP fireball:
1 L = @ colour rOPES: NPB, 245, 449-468, 1984.

1 >
1()l (SPS) 1()4 (LHC) (] string fusion: NPB, 390, 542-558, 1993; PLB, 287, 154-158, 1992; EPJA, 51, 4,
44, 2015; Phys. Rep., 599, 1-50, 2015; and PRD, 103, 9, 094029, 2021.
VSyn [Gev]

core fragmentation: PRL., vol. 98, p. 152301, 2007.
string melting: erc, 72, 064901, 2005.

percolatlon * EPJC, 32, 547-553, 2004; and PLB, 640, 96-100, 2006.

AdS/CFT duality: PRC, 90, 1, 014901, 2014; PRD, 90, 2, 025031, 2014;
PRC, 92, 1, 014011, 2015
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Onset of deconfinement /fireball: kink

o

NAG61/SHINE
v Ar+Sc
¢ BetBe
® NN
MMP (WUT)

4
F (GeV'/?)

World
B Pb+Pb (NA49)
0 AutAu

3

$

entropy / system size
3 8

o

SMES model

R /
&
MIXED &

1 L " L L

1 2 3 4 5 6
F (GeV'?)

F— (VEam—2mu)**  1/4

(V)74 ~ Snn

@ Entropy to system's volume should increase when the
ndf increases (~ ndf1/4)

@ Ar+Sc systematically higher than other systems
@ Ar+Sc close to Pb+Pb at higher energies

@ Not conclusive with current data uncertainties
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Onset of deconfinement: strangeness enhancement factors

]

I, & NA4O (NAGLISHINE p+p) {5 (GEV) +'||_|' B NAS7 (NAGLISHINE p+p) VS (GEV)
= B NA57 (NAGL/SHINE p+p) 173 ° A STAR
L4 sTAR # ' ur |4 AucE
101 B 13 10 17.3
[+ Auce I [
r ‘ 4' L 200 r ¥ II
4 L L i 4200
+ E— _2 dn/dy(A+A) | i
i , (Nw) dn/dy(p+p) i
4 b4 2760 r ¥ ¢4 2760
‘ ¢
I3
P by
1 1
Ll Ll Ll Ll Ll Ll
1 10 10 10° 1 10 10? 10°
ENWD ENWD
The enhancement based on the new = reference from NA61/SHINE
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K* in p+p at 40-158 GeV/c

NA61/SHINE

[ kx892)°

o <)

pepat |5,,=8.8 GeV
PP at 5,,=12.3 GeV.
pep at {57173 Gev

EPJ C 80, 460

=
i 0.03 K*(892) p+p at 80 GeV/c ® NA61/SHINE
e +~ EPOS 1.99
0.02—
0.01—
O'OQ4 -2 0 2 4
y

0
HRG

[K*(892)°IK*(892)

A p*p(CE nog
27 ¥ p+p(CE, with g
XK p+p (GCE) + +
15 f
1 4 + i
0.5
0 I
5 10 15 20
Sy (GeV)

Ratio of K* to K= /K™ sensitive to freeze-out and properties
of hadron phase in A+A (p+p - reference):

KT* |kinetic[A + A] - KT* |chemical[p + P]

Ratio well fitted by GCE whereas CE fits only with ¢ excluded.
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z . x10°
E % 14~ =
8 3 s
=~ = 120 ~ — EPOS 1.99
o < / . — sanosa
g g1 [\ 125
. E
Many transport models fail to = S e / e
£ £ <tomam

describe NA61/SHINE results
on = production in p+p

o . ~
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=(1530)° in p+p

- 910 _ 9. 10%
. . Q 8 ¢ =s30) Q 8 ¢ 1s30)
Considerable differences 2 3 7
g —EPOS 1.99 g I—EPOS 1.99|
between models. Data -+ 6 + 6
— 0 = 0 . -g 5 —UrQMD 3.4 -g 5 —UrQMD 3.4
(=(1530)° and =(1530)°)is & , s
described by EPOS but not € 3 £ 3
UrQMD. 2 2
o5 T s 2 o5 T 15 2
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° sl + (1530 ° 8L + (1530
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HRG model in the CE formulation and p 4+ p data

2 105 CE Fited parameters: 2 105 CE Fited parameters:
k=] F T=104.90 +0.24 MeV i 2 FT= 19361+1g2M7€f¥n
s 1 ys;al’%?xié)jls fm 3 5 0.434 £0.028 P
§ E X?INDF =29 oK § =11 ke
g ; Bk (892)° g P andch
= 102k (#1020) 2107k #1020)
el E E
Q E = 2 £
a0 T 103 e -
10 (1530)° . . >=(1530)° . i i
104k 104k (1530 Fit by different variants of
ol the HRG model (THERMAL-
107¢ L5 E
£ m=(1530)° £ F | ST 1. 3)
10 Lot BT il -6/ il ool ol i vl 4ol 3l

10° 10° 10 10° 102 100 1 10
Measured Total Multiplicity

10° 10®° 10% 10® 102 10* 1 10
Measured Total Multiplicity
Canonical Ensemble with
fitted strangeness saturation
parameter s

Canonical Ensemble with
fixed ys =1

The statistical model fails when fixed vs. The fit with free s finds 0.434£0.028 and reproduces the
measurements well - a suppression of strange particle production in p+p collisions at CERN SPS energiesJ
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Charged/neutral kaon-ratio puzzle in Ar+Sc

3K
L —fittok?

(KQ) = 6.25 £ 0.09 + 0.073
in Ar+Sc at 75A GeV/c

Around 25% difference between charged and
neutral kaons in forward rapidity and whole pr

range.

1<y<2

L
18 2
[ [GeVic]
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Charged/neutral kaon-ratio - world data

X - - NAG1/SHINE; Ar+Sc; centrality 0-10%; dN/dy at y=0 CERES: M. Kalisky, PhD thesis 2007,
on 100— FOPI; Al+Al; mean multiplicities https://cds.cern.ch/record/1497739
s, C T total uncertainty HADES; Ar+KCi: mean multpitciies STAR BES: Phys. Rev. C 102 (2020) no.3, 034909
%, * L satistcal uncertainty S e deeiinbyiychnbionit Phys. Rev. C 96 (2017) no.4, 044904
80— x STAR BES; Au+Au; centrality 0-5%; dN/dy STAR: Phys. Lett. B 595 (2004), 143-150
C e NAA9; Pb+Pb; centrality 0-5%; mean multiplicities Phys. Rev. C 83 (2011), 024901
L G CERES PorAu mean mulipitics Phys. Rev. Lett. 108 (2012), 072301
60— S ST A e b ey Phys. Rev. C 79 (2009), 034909
C 2 STAR; Au+Au; centrality 0-6%; dN/dy for y|<0.1 ALICE: Phys. Rev. Lett. 111 (2013), 222301
L i ALICE; Pb+Pb; centrality 0-5%; dN/dy for ly|<0.5 Phys. Rev. C 88 (2013), 044910
40— AGS and NA35: Z. Phys. C 71 (1996), 55-64
C Z. Phys. C 64 (1994), 195-207
C : Z. Phys. C 58 (1993), 367-374
20— f } Ll 3 NA49: C. Strabel, PhD thesis 2006,
C H 1 1 3 https://edms.cern.ch/docunent/2693436/1
- I W HADES: H. Schuldes, PhD thesis 2016,
[0 e bbb oo m—— memmmmmmmmmmmmmmseseeses prmmmm———— https://publikationen.ub.uni-frankfurt.de/
C \ frontdoor/index/index/docId/42489
- Phys. Lett. B 793 (2019), 457-463
-20— Phys.Rev.C 80 (2009) 025209
I | ol | L Phys.Rev.C 82 (2010) 044907

1 10 10% 10° 10* FOPI: Eur.Phys.J.A 52 (2016) 6, 177
Phys.Rev.C 81 (2010) 061902

Sy (GeV)
Ki_Kg e . . . . P
—o— ratio significantly higher than 1 — unexpected isospin symmetry violation?
5]
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Summary

Unique 2D scan in system size and the collision energy is completed (keep in touch as analysis are
still ongoing)

Large difference between small (p+p and Be+Be) and large systems (Ar+Sc)
Unexpected system-size dependence was revealed - onset of (QGP) fireball?

> p+p ~Be+Be # < Pb+Pb
» further studies needed

So-called horn structure does not appear in p+p, Be+Be, and Ar+Sc
Unique results on multi-strange baryons production in p + p interactions in SPS

None of the present theoretical models can explain results from NA61/SHINE

Charged/neutral kaon-ratio puzzle indicates unexpected isospin symmetry violation.
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Thank you

Supported by WUT ID-UB
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NA61/SHINE detector setup@CERN

NAG1/SHINE

NA stands for North Area of the CERN accelerator complex connected with SPS accelerator. )
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https://shine.web.cern.ch/

NA61/SHINE: detector layout

~13m

DAQ / readout <

Vertex magnets

s
B

Target

GAP

MMP (WUT)

XQCD 2023, Coimbra

@ beams: hadrons and ions with
Pbeam = 13(8)A — 400 GeV/c

@ large acceptance detector which
coverages full forward hemisphere
from pr =0

@ precise centrality selection based
on forward energy


https://shine.web.cern.ch/

Unprecedented scan in system size

colliding nuclei

2016/18

2017

2015

2011/12/13

2012/14/16/17

2009/10/11

A
Pb+Pb J J
Pb+Pb| M [ | |
Xetla| il H H H H H
ArsSc| i H H H H N
BetBe| l H H H H N
p+Pb Y |
AN Y |
13 20 30 40 75 150 ”

beam momentum [A GeV/c]

MMP (WUT)

XQCD 2023, Coimbra

and energy

@ primary Ar, Xe and Pb

> Ar beam in parallel, in SPS,
with protons for LHC

» NA61/SHINE requested Xe
which went up to LHC

@ secondary and fragmented beams
(p. Be)

H2 beamline
vertical plane

|
beam instrumentation
rigidity selection-1 (detecton IDF,
3 C for Z-taggi
Bp ~ (A/2)*P Rrcedie)
rigidity selection-2
Bp ~ (A/2)*Ppey,

degrader
Cu, 1 or4em
dE/dx~ 2%

Pb beam
(13, 80AGeV/c)

July 26, 2023
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NAG61/SHINE in 2022-2024: motivation

@ What is the mechanism of open charm production?

@ How does the onset of deconfinement impact open charm »
production?

@ How does the formation of quark-gluon plasma impact J/W @ E/ [ 68%
production? SN
10 — —
E mmmm STATISTICAL MODELS
E mm= DYNAMICAL MODELS
B - o first measurement of open charm at SPS
o energies
TOF -— - o large discrepency between models
- - +— expected data precision (magenta band)
107 —
- HSD pQCD HRG QUARK COALESCENCE SMES
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Fluctuations - Intensive quantities

Independent of volume V in ldeal Boltzmann Grand Canonical Ensemble (IB-GCE)

K2[N] K3[N] 2 K4[N]
w[N] = , So[N] = , ko'[N]=
N =2 SeIM = P melIN =
where ; stands for i’th order cumulant of the distribution
There are two reference values: %M’ e éml Pl

@ 1 for Poisson distribution (e.g.
IB-GCE)

@ 0 for no fluctuations

-10 ) 10 . o
Experimentally we are only able to narrow centrality of the registered events and consider events from a given
centrality class. Thus, intensive quantities contain also fluctuations of the system size

@ For net-charge reference distribution is Skellam not Poisson —

@ Centrality selection differs between experiments and for not the most Intensive for net-charge
central events it leads to different sets of events

) ] Var[V] rolht — h7] ralht — h7]

© The simplest dependence is for w[N] = w[N]v + (n) =7y~ where n (alh 4 rlh ) rglbt — A ]

stands for particle density
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Data and analysis acceptance
Presented results refers to charged hadrons produced in strong and electromagnetic processes in:

@ p-+p — inelastic interactions corrected for trigger bias, detector inefficiency and feed-down

@ Be+Be — 1% most central collisions uncorrected with estimate of systematic bias (e.q. feed-down,
detector ineffciency, beam and target impurity)
All considered results have statistical uncertainty obtained either via sub-sample or bootstrap methods.
Acceptance: forward rapidity with pr < 1.5 GeV/c:
@ p+p acceptance - full acceptance of NA61/SHINE

0 Ar+455c, 1504 GeV/c
@ Be+Be acceptance: acceptance with additional rapidity cut: o} i E
0< Yr < Ybeam- E
1
Accepted fraction of particles 0.5¢
S e Vvsw (GeV) 6.1 76 87 119 16.8
BT = =2 = ] 027 03 03 04 05 % y
Note: non-uniform acceptance in ¢

MMP (WUT) XQCD 2023, Coimbra
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Search for QCD critical point: baseline fluctuations

Scaled kurtosis - expanding bin

éms 0.15 025 027 x

f s o o178y
When measured fluctuations are grand-canonical? E:LG, °
@ Fluctuations of particle number in acceptance s
AYaccepr around midrapidity 12 2 e
@ Scales: AY,ccept - analysis acceptance; AYioras - full oal minary
space; A Yiick.corr - diffusion and smearing 00102 ygifcen&fyzeﬁf
o ideal case: AVYipra >> AYaccept >> AYkick,corr Scaled kurtosis - expanding bin
o NAG61/SHINE as large acceptance experiment ideal = ii" = "_."ip?;g:ffze V’
for such studies g;z_;:. . 1017360
@ p+p interactions as a reference for A+A studies — ) :2 o
3
o o.;—
0.6

! I I |
0 01 02 03 04 05

bin centre /y, beam
yﬂ /yﬂ
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Search for QCD critical point: net-charge fluctuations
o (N?)~g (N*)~¢T

Special interest is devoted to net-charges as:

Cumulant generating Grand partition
function function
— §"(Inz8%)
890 90:(Mev9)ﬂ _> K‘/n o 67" <_
In order to study fluctuations in systems of different size one needs intensive
N S [ | K3 [p+ —1 Ka[pt -1 _ 2
¥ L - 2l 7 1 3 — 24 — =
£ hn quantities: ittt [h"—h7], 20" —h ] =Ko
r ep+p
51 ¢1% Be+Be . O
4? V1% Ar+Sc 5’ | hoh 'EE 1.2 ::»:;sm
t op+p ' v 1
3, 2 #1% Be+Be T-E‘N l:_tl 1 e
1 V1% Ar+Sc X C
7 ‘ + r + Sosfy
L. 4.0 A ° I 3
1 * ; * ¢ ® L ‘ ¢ 0.6- xz +
07 ot FY é ?* 04: ¢ 4
.4 ‘
-1 0 i
L L L L L L L I L 0.2
4 6 8 10 12 14 16 18 :
aF 0
M(Gev) 1\ | | 1 1 1 1 1 ; | | 1 1 1 1 1
476 810 12 14 16 18 47678710 12 14 16 18
Sy (GeV) Su (GeV)
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Search for QCD critical point: net-charge fluctuations
xc\LLO mans T w

h*h'

K,/

o
R R A I B
hﬁ%—ﬂ

@ no non-monotonic signal observed

o qualitative agreement with STAR

-5 N data
® oo ] @ Note: different acceptance and
-10 ’ 1% Be+Be ] centrality determination
2 V 1%Ar+sc ]
15 | 2L STAR Au+Au 0-5% n|<0.5
_ Lo | L] |

10 10°

/'Sy (GeV)

MMP (WUT) XQCD 2023, Coimbra July 26, 2023 27 /18



Search for QCD critical point: femtoscopic correlations

Measurements suggest Gaussian— Lévy-stable source distribution

g L — - Fitto data
1 w- i
E(Oz, R, r) o )3 f d3qe'q’ TlaR|™ J E ”INE Extrapolation
16l ” Be+Be at 150A GeV/c 0-20%
' Ky =0.20- 035 GeVic
. . . . L +0.11
@ From generalization of Gaussian, power-law tail: 1.4;..__LL g 988 o
r—(d—2+a) ‘ 1 | 1 +013021
12} M GZ/ND? 137/103
. . . . X
@ The shape of the correlation function with Lévy M,M Confidence level = 1.5%
. _ —(gR)“~ 1 1 ottt e e s A
source: C(q) =1 ™ Ae (.q ) ' l Fltfuncnon NEm.)\+(1+e(qR) )D\ EK (q))
where o = 1 — exponential and a =2 — os . S
Gaussian q(GeV/c)

@ We expect spatial power-law correlations at the
CP (~ r—(d=24m)) _ | évy-exponent « identical e Fit function: Bowler-Sinyukov
to correlation exponent 7 C(q) — 1_)\_|_1(1_|_e—|qR|“)~>\~K(q)

MMP (WUT) XQCD 2023, Coimbra July 26, 2023

28/18



Search for QCD critical point: femtoscopic correlations

524 <

—+— BetBeFina 12~ e BetBeFind
221~ —*— Ar+Sc Prelim. 1 v ArsscPraim.
5l
l 08—
o8 LIES 1
06—
16— + l
14— “r WEE §
B ol v L
1 + 01 02 03 04 05 06
08— m; (GeV)
06— ‘ | | . 54.5
T = - amoeria
m; (GeV) 35k H * { l e
(W +
. e sk !
e «a: far from CP prediction (0.5) % % '
25 %
Be+Be o ~ 1.5 — anomalous diffusion 2| l
Ar+Sc o ~ 2 Gaussian source? 151
@ R: Visible my dependence - sign of transverse flow b Tor s T e s s

m; (GeV)
@ \: no mt dependence '
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Search for QCD critical point: proton intermittency

Second factorial moment as function of momentum bin size

NAG61/SHINE
. . . S 3fF 0-20% Ar+Sc at 1504 GeVic
CP — scale invariance — power-law form of correlation S3 ® dita
function for large distances < small momentum transfer Ak = A mixed
s O EPOS
2 —
protons in midrapidity L
(R M2 M2 -
L . L 1 1 2 L
R OEINS Fa(M) = (e - mi(mi = 1)) / (532 32 o) _ d s
. o=l . i=1 13%@ @@éé
- . where (...) indicates averaging over events I (] ¢

T\ power-law dependence on M:

moma M)~ (M) oh

0 10000

P
20000
M2

Expected intermittency index ¢, at CP is 5/6 assuming the 3-D
Ising universality class of QCD. J

No indication for power-law
increase with bin size
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Search for QCD critical point: proton intermittency

0.5

0.0

NA61/SHINE

0-20% Ar+Sc at 150A GeVic|

protons

o -

0.5

0.0

NA61/SHINE

0-10% Pb+Pb at 30A GeVic|

protons

o -

-
1000
g

A
500

F(M)

No indication for power-law increase with bin size

There is a disagreement between NA61/SHINE and STAR measurements
analysis procedures ongoing

MMP (WUT) XQCD 2023, Coimbra

NA61/SHINE
r 0-10% Pb+Pb at 30A GeV/c|
=F,
-F, R
«F, h
dt "t ety T
[ ]
L 1 L L 1 L
0 500 1000
M2

- comparison of

July 26, 2023
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Properties of the QCD matter: softening of EoS
2
Relation between rapidity width and sound velocity: o2 = gl—ffc—;,ln( V;r’,":)
35 0.45
_g: NUV} [
=30 o
S 04 F
25 3
- [m]
20 0.35 =
[ [
15 L m] e °®
0.3 u Evy.‘—‘ ® :
10 3 U;&
5 0.25 |
(U 02' L e R |
1 10 10?
Yy \/SNN (GEV)
NAG61/SHINE World
v Ar+Sc B Pb+Pb (NA49)
¢ Be+Be O Au+Au
® NN

Minimum in energy dependence indicate possible
July 26, 2023

softening of EoS
Need to extend data to lower energies
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