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NA61/SHINE detector
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@ coverage of the full forward hemisphere, down to pr = 0 GeV/c
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MTPC-R

e ion (Be, Ar, Xe, Pb) and hadron (7, K, p) beams



NA61/SHINE strong interactions program si;!mE

NA61/SHINE explores the phase diagram of strongly interacting matter by performing a 2D
scan in collision energy and system size.
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Onset of deconfinement
S o0 I N E and onset of fireball
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K™ /7" ratio and inverse slope parameter e
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@ No horn-like structure in Ar+Sc @ Plateau visible in p+p, Be+Be and Ar+Sc
@ Be+Be close to p+p in K /7" @ Ar+Sc significantly above Be+Be

p+p =~ Be+Be # Ar+Sc < Pb+Pb
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K* /7" and T vs system size at 150A GeV/c

dynamical models statistical models

I
N
a

& 025 T T s T T
u [ ] u [ ]
T:b [ Sw =17 Gev 1 f [(Sw=17Gev  CEHRGVAL 1
L 021 PHSD . L ozr 7 cocceswes. ]
E e O A E // N
[ ot -] [ - -]
i ¥ 1 i ¥ 1
015 * B 015 & B
[ e ] 5 ’ ]
01- @ T G o1 @ M 1
r Bet+Be 1 r BetBe A
FpH +C Art Pb+Pby r +C Art Pb+Pby
0ol PP TG AT POYPE ool PP TG AT PPt
1 10 10 wo 1 10 10° wo

@ Onset of fireball — rapid change of observables when going from small systems (p+p , Be+Be) to

intermediate (Ar+Sc) and large ones (Pb+Pb).

@ None of the models reproduces neither K™ /7" ratio nor T for whole (W) range.

PHSD: Eur.Phys.J.A 56 (2020) 9, 223, arXiv:1908.00451 and private communication;
SMASH: J.Phys.G 47 (2020) 6, 065101 and private communication;

UrQMD and HRG: Phys. Rev. C99 (2019) 3, 034909

SMES: Acta Phys. Polon. B46 (2015) 10, 1991 - recalculated

Wojciech Brylinski (WUT)

T [MeV] (y=0)

g

8

150

[ 150A Gevic -]
K* |
° ]
PHSD -
rrrrrrr Y _.-EPOS
1 ® » WNM
ptp  BetBe Ar+Sc  PbtPDb |
ool ool Lo
10 10°
wo

p-+p: Eur. Phys. J. C77 (2017) 10, 671
Be+Be: Eur. Phys. J. C81 (2021) 1, 73
Ar+Sc: NA61/SHINE preliminary

Pb+Pb: Phys. Rev. C66, 054902 (2002)
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K™ /7" ratio and inverse slope parameter in p+p
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@ Rates of increase of K* /7t and T
change sharply in p+p collisions at
SPS energies

@ Models assuming change from

resonances to string production
mechanism follow similar trend



Uniqueness of ion results from NA61/SHINE
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Charged/neutral
S N I N E kaon-ratio puzzle
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K2 production in Ar+Sc at 75A GeV/c
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o Mean multiplicity: (K2) = 6.25 + 0.09(stat) 4 0.73(sys)
@ Good agreement with EPQOS predictions
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K® — comparison with K* and K~ sfme
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K? — comparison with Kt and K~ — summary serE
g\o, = o NABL/SHINE; Ar+Sc; centrality 0-10%; dN/dy at y=0 CERES: M. Kalisky, PhD thesis 2007,
ou 100[— FOPI; Al+Al; mean multiplicities https://cds.cern.ch/record/1497739
% o T I total uncertainty HADES; Ar+KCI: mean multiplicities ) STAR BES: Phys. Rev. C 102 (2020) no.3, 034909
ix X C statistical uncertainty S :ggf;;’;ﬁ*::;:em":‘:'gc‘;::%; mean muliplicites Phys. Rev. C 96 (2017) no.4, 044904
80— % STARBES; Aushu; cenrlty 05%; dNKy STAR: Phys. Lett. B 595 (2004), 143-150
C = NA49; Pb+Pb; centrality 0-5%; mean multiplicities Phys. Rev. C 83 (2011), 024901
u T Ao e ehgned mean malpicies Phys. Rev. Lett. 108 (2012), 072301
60— x STAR; Au+Au; centrality 0-5%; dN/dy Phys. Rev. C 79 (2009), 034909
B 2% STAR; Au+Au; centrality 0-6%; dN/dy for [y|<0.1 ALICE: Phys. Rev. Lett. 111 (2013), 222301
r 2 ALICE; Pb+Pb; centrality 0-5%; dN/dy for [y[<0.5 Phys. Rev. C 88 (2013), 044910
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Comparison of isospin asymmetry for D mesons and kaons SB”INE

1P) = 3(07) 1Py = 30)

Mass m = 1869.66 = 0.05 MeV/ Massm 1864343;2103 STSVM v
o 15 Ly o 10
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°)

1UP) = §(07) I0P) = 30)

Mass m = 493.677 = 0.016 MeV [l (S = 2.8) 50% Ks, 50% K
Mean life 7 = (1.2380 + 0.0020) x 1085 (S = 1.8) Mass m = 497.611 + 0.013 MeV (S = 1.2)
cr =371l m Myo — My = 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

1Py = 3(07)
Mass m = 1869.66 + 0.05 MeV

Mean life 7 = (1033 = 5) x 107 1% 5
cr = 309.8 um

Mass difference: Am

Multiplicity: (D* + D) <

D*(2007)° 14P) = 3a7)

1, J, P need confirmation.
Mass m = 2006.85 + 0.05 MeV (S = 1.1)
mp. — mpo = 142.014 £ 0.030 MeV (S = 1.5)
Full width I < 2.1 MeV, CL = 90%

D*(2007)% DECAY MODES Fraction (;/T) p (MeV/c)
D070 (647 £0.9 )% 3
DO (353 £0.9 )% 137
DOt e~ (3.91+0.33) x 10-3 137

1Py = 4(07)

Mass m = 1864.84 + 0.05 MeV
Mps — mpy = 4.822 % 0.015 MeV

Mean life 7 = (410.3 + 1.0) x 10~ s
cr = 123.01 um

=5 MeV

(D°+D°)
14P) = }a7)

D*(2010)F
1, J, P need confirmation.

Mass m = 2010.26 =+ 0.05 MeV/

mor oy - mpy: = 140.603 £ 0.015 MeV
D (2010)+ — Mpo = 145.4258  0.0017 MeV

P T~ 84 = 16 keV

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

D*(2010)* DECAY MODES Fraction (I;/r) p (MeVc)
D=+ (67.70.5) % 39
D*x0 (30.7£0.5) % 8

@ 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.,
Wojciech Brylinski (WUT)

Phys. Rev. D54(1996)1], the result is roughly: Z



Isospin asymmetry for D mesons

S+<INE
10P) = 30) 10P) = §0)
_ Mass m = 1864.84 + 0.05 MeV
Mass m = 1869.66 + 0.05 ME\CIE M — i = 4822 % 0,015 MeV
Mean life 7 = (1033 & 5) x 107 1% s Mean life 7 = (410.3 + 1.0y x 10-15 s
cr = 309.8 um o7 =123.01 yum
Mass difference: Am =5 MeV
Multiplicity: (D* + D7) < (D° + D°)
2007)° 1Py = 1~ + Py_ 11—
‘ /,( 72 I)’ nezd( con)ilrma(ion ;(JJ 2, ;eéd( Im,fmmation

Mass m = 2006.85 = 0.05 MeV (S = 1.1) x“s m= 20“3"25 £ °1°4~':)"é':¥+ R,

mp.o — mpo = 142.014 + 0.030 MeV (S = 1.5) D (20100* ~ "ot T

Fu idth < 2.1 MeV, CL  90% 0 uin i mos SRR 0. 017 M

D*(2010)~ modes are charge conjugates of the modes below.
D*(2007)0 DECAY MODES Fraction (;/F) p (MeVc)
DO70 (64.7 £0.9 ) % 43 D*(2010)* DECAY MODES Fraction (I;/T) P (MeV/c)
DO~ (35.3 0.9 )% 137 DOr+ (67.7+05) % 39
D“e*e (3.9140.33) x 103 137 D+ 0 (30.7£0.5) % 38
@ m(D*) 4 m(n~) = 1869.66 MeV + 139.57039 MeV = 2009.23039 MeV > m(D*(2007)°) — decay not
possible
@ m(D°%) + m(7°) = 1864.84 MeV + 134.9768 MeV = 1999.8168 MeV < m(D*(2007)°)
o = = EZ= Dace
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Isospin asymmetry for kaons s/-/’-’me

10P) = }(07) 10P) = 307)

Mass m = 493.677 + 0.016 MeV [3 (S = 2.8) 50% Ks, 50% K,
Mean life 7 = (1.2380 = 0.0020) x 10~%s (S = 1.8) Mass m = 497.611 £ 0.013 MeV (S = 1.2)
cr =3711m Mo — Myex = 3.934 & 0.020 MeV (S = 1.6)

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

e 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).

Wojciech Brylinski (WUT) 07.02.2023 17/23



(Multi-)strange hadron

production in p+p
S o0 I N E interactions

at /s =17.3 GeV
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K2 meson production in p+p interactions
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e EPJC 82, 96, 2022 (158A GeV/c) and

NAG61/SHINE preliminary
p+p at 80 GeV/c

eData
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-"PHSD
~SMASH 2.0

dn/dy
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preliminary results (80A GeV/c).

o New high-precision measurements of K2 in
p+p interactions at 80A and 158A GeV/c.
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K*(892)° meson production in p+p interactions SI)”INE

Eur.Phys.J.C 80 (2020) 5, 460

En pr— Y500 Eur.Phys.J.C 82 (2022) 4, 322
3 004 Kso) ~
3 T=(175£6) MeV' Ed NAG1/SHINE A (K (892)/K"), p+ o
= x 1 i Yoo @ NAGUSHINE: (K(892))(K')
g 0021 p+pat 158 Gevic = ¥ K (B892, pep < W NAGUSHINE: (K*(892)/(K )
L pd o B (K892 0 1 K )
B S osl ] | o (i
0.00 & 0 g 0.8| (©92) ) unt0 ' K hunts e mscy
oo ¥ < (0.0:05) % <
: T=(17353) MeV 0.6 * + 0.6 ++ il l
0.02
ot S
0.00 A EO
1 A 02 Lo 1
onel vy £(051.0) 0.2 4 4
) T=(16622) MeV o
002 Us | | | ‘ ‘ 1‘2 10°
5 10 15 20 : 10 o " >°
0.00 w
/S (GeV)
ye(LoLs) b
0.04

T=(165:2) Mev'

{mzm @ Results on K*(892)° mass and width were included in PDG

ok yeas2o @ time between chemical and kinetic freezeouts at 158 GeV/c
ol T=(136:2) Mev estimated to be At ~ 5.3fm/c
000 @ Atsps > Atruic — lifetime of hadronic phase longer at SPS
ot Y ey and/or regeneration more important at RHICﬂgnergies -
o = El= DA
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=~ and =" production in p+p interactions at 158 GeV/c SB”INE

. x10® . x10® %10° L 15x10°
S 14- = § 1.4- = ? - T wweusne 3 _+ © NASUSHINE
3 ® NAGISHINE L c — S / |—epostes c = — EPOS 199
Q 12- —EPOS 1.99 Q 12 ° 15 / ./ |~ uawoaa ° — UraMD 3.4
=  romoa = N / R a1z
g 1o CEE L g [ e s T
X PHSD =3 \ PHSD PHSD. PHSD
2 o8t \veemm | 2 08T [ e i :
© 06 S o6 |/
o4F oa /74 osr
02 020
0.0 T . N
0 0.5 1 1.5 2 O.GO 0.5 ‘1 15 2 0
Py (GeVio) p, (GeVic) y y
_ & o s
@ The only existing results on =~ and = production in SPS energy ¥  ovoes
. . . s PR e
range in p+p interactions n N s
— — > /
@ Strong suppression of =*: (=1)/(=~) = 0.24 +0.01 £ 0.05 £
0.5
@ Transport models fail to describe the results on = production in
p+p collisions
0
Eur.Phys.J.C 80 (2020) 9, 833, Erratum: Eur.Phys.J.C 82 (2022) 2, 174 - .
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=0(1530) and =°(1530) production in p+p interactions at 158 GeV/c SI)”INE

Eur.Phys.J.C 81 (2021) 10, 911

PR PR
B B § P+p — =(1530)°+X a 158 Gev/c § p+p - =(1530)°+X a 158 GeV/c|
o x10 o x10 @ é’ 10
2 osf ¢ =1s20) 2 o8k $ 530 & s
5 5 2 :
— EPOS 1.99 — EPOS 1.9 = = 1072
o6 =0 06 = s s
-— — UrQMD 3.4 |— UrQMD 3.
107
0.4 0.4r
10
0.2f + e 02F
Sk P y=
0 ) ) ) 0 f 10 L ayos
8 =2 4 0 1 2 3 83 2 A 0 1 2 3
1078 L L L L 10 L L i I
y y 0 05 1 15 2 25 0 05 1 15 2 25
p, (GeVic) p, (Gevic)

@ The first results on =°(1530) production in p+p in SPS energy range

@ The second result on =%(1530) production in p+p (other measurement was provided by
ALICE at 7 TeV Eur.Phys.J.C 75 (2015) 1)

e Suppression of =°(1530): (=°(1530))/(=°(1530)) ~ 0.40 + 0.03 + 0.05
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Summary s/-/’-’me

NA61/SHINE 2D scan in system size and energy is completed.

NA61/SHINE data delivered rich information related to the onset of deconfinement.
Unexpected system size dependence was revealed — onset of fireball.

KKé ratio to be significantly higher than 1 in Ar4Sc at 75A GeV/c -
unexpected isospln symmetry violation.

Unique and precise results on strange baryons production in p+p interactions.

Observation of

, , Thank you!
IN E wobrylin@cern.ch

// Have a SHINY day!

This work was supported by the Polish Ministry of Science and Higher Education (grant WUT ID-UB), the Norwegian Financial Mechanism 2014-2021
(grant 2019/34/H/ST2/00585), the Polish Minister of Education and Science (contract No. 2021/WK/10).
Wojciech Brylinski (WUT) 07.02.2023 23/23



Se.INE s

o F = = El= DA

Wojciech Brylinski (WUT)



-
K2 production in Ar+Sc at 75A GeV/c

K%

primary decay
vertex vertex

@ Reconstruction based on decay topology
o K9 decays into 7t and 7~ with BR~69.2%

o A set of quality cuts is imposed onto KO candidates
to improve SNR

@ Lorentz function is used to describe signal

Wojciech Brylinski (WUT)

S-+INE

delia= 00249 +0.0034

gam =-38.44 £ 52

mu = 0.43098 + 0.00076

— signal sigma = 0.00928 + 0.00039

Q%}R}{}H}{}i};%}{}};ﬁ#}};HH%#{{}};{;}H}W}ﬁ}{}}ﬁ;};&

0.44 0.46 0.48 0.5 0.52 0.54 0.56
m(reTr) [GeV/c?]

07.02.2023
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K*(892)° meson production in p+p interactions s[/’-’lNE

T
_________._.Is——""".-< ¥ €(05;1.0), p, €(0.2,0.4) GeVic, p+p @ 158 GeVic Y €(0.5;1.0), p, €(0.2,0.4) GeV/c, p+p @ 158 GeVic
K o) £ e daa :‘E 4000 * data
K/ 1 S 0o — total it 1 S 3500k — potalfit2
& 12000 = fitted background g 3000 —— polynomial background
< oooof- £Ind=229 & s00b ¥? 1 ndf=1.35
» e E
E E N, 20363532
\K g 8000 -;:J 2000F X

K 5 F & 1500E
W 6000 E
© s Ee E
1000
4000—* E
_< 500

LS K 20k agthabipebyt®sy

Chemical Kinetic D;i 0‘7 O‘S 0‘9 ;‘l 1‘1 1‘2 1‘3 1‘4 1‘5 16 . - v - - :
- - 607 0 4oz L . 07 08 09 1 11 12
freeze-out freeze-out Mg, (GeV) me.. (Gev)
time

o K*(892)° was reconstructed in K* — K+ + 7~ channel

@ The resonance yield is affected by regeneration and rescattering processes

@ We have observable sensitive to time between chemical and kinetic freezouts At:
K* K*

—At/T _
— — -e , T=417fm/c
Ki kinetic Ki

chemical

Wojciech Brylinski (WUT) 07.02.2023 3/11



=~ and =1 production in p+p interactions at 158 GeV/c Sﬁl’INE

1000Fm=1322+1 MeV
I =3.50 +0.01 MeV

Entries

800

600

400

200

126 128 13 132 134 136 1.38
M(ATT) (GeV)

m=1322+1 MeV

Entries

@ Reconstruction based on decay topology S00FT =3.83 £0.03 MeV
- 400
o =7 decays into 7* and A(A) with BR~99.9% 200
@ A set of quality cuts is imposed onto = candidates 200
to improve SNR o
. ) . . ) ) 0 126 128 13 132 134 136 1.38
@ Breit—Wigner function is used to describe signal M@AT) (GeV)
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Reconstruction based on decay topology
=%(1530) decays into = and 7 exclusively

A set of quality cuts is imposed onto = candidates
to improve SNR

Breit—Wigner function is used to describe signal

Wojciech Brylinski (WUT)

=0(1530) and =°(1530) production in p+p interactions at 158 GeV/c '

y 0[-0.25,0.25)
p, 0[0.30,0.60)

17 18
M(ET1) (GeV)

=(1530)°

17 18
ME 1) (GeV)



HRG model and p+p data

Fitted Total Multiplicity

1O§ CE Fited parameters: A
F T=104.90 +0.24 MeV
[ RZ3602015Mm i
1y =1 (ixed) up
E XNDF =29 . mg
10 Pl
Bk (892)°
102 W(1020)
|_=3
10°F W (1530)°
uy
107¢
10*5 L
107 -
10 10

Measured Total Multiplicity

Fitted Total Multiplicity

E Fited parameters:

93 + 17 MeV ‘771"

106 +0.27 fm
434 +0.028 o

KK
P mli " (go2)
W(1020)

./ m=
>l=(1530)°
B=(1530)°

10" 10
Measured Total Multiplicity

S-+INE

Eur.Phys.J.C 81 (2021) 10, 911

Fit done with different
variants of HRG
(THERMAL_FIST1.3):

@ Canonical Ensemble
with fixed vs =1

@ Canonical Ensemble
with fitted s

@ Statistical model fails when strangeness saturation parameter s is fixed
@ The fit with free s finds vs = 0.434 £+ 0.028

@ Disagreement between model predictions and data is slightly reduced by allowing for
out-of-equilibrium strangeness production
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Onset of deconfinement S INE

Strangeness — key property for key goal of NA61/SHINE
produced strangeness — number of pairs of strange and anti-strange particles
Phase Transition: T, ~ 150 MeV

confined matter — quark-gluon plasma
K mesons — (anti-)strange quarks
gk =4 — gs = 12
H

2M =~ 2 - 500 MeV 2m ~ 2 -100 MeV

Thanks to these properties of strange mesons and strange quarks the strangeness
production is sensitive to phase transition!
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Statistical Model of Early Stage si;!mE

hadron gas é quark-gluon plasma
[
‘. S L3 < .'& &
®c <.t e g
. -
‘@, POATE
¢ e © 2 e <
14 _y\ © N « v & [
A
K) o M2 —M/T 2 (s)
% X M¥ e MIT \ (urd+g) = = const( T)
T
R gvﬂg; T3 for light particles

(n) = %5 f d3PeE?:'}':|:1

3/2
~ gV (%) / e M/T  for heavy particles

Gazdzicki, Gorenstein, Acta Phys.Polon. B30 (1999) 2705 °

Wojciech Brylinski (WUT)



Statistical Model of Early Stage sfme

In SMES temperature depends on Then, the strange/non-strange particle
collision energy as follows: ratio looks as follows:
3 o g
= c
= 250 E
200 5 QGP
v
150 N
A
9
100 =
. . . . \
0 5 10 15 20 25

{5, [GeV] e

e Crossing the phase transition leads to a decrease of the strange/non-strange particle ratio
— the horn-like structure

= = = E El= DA
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Onset of fireball — measurements after LS3

The very first idea
for future scan
A=40
§ A=30
§ A=15
2
A=5

Example ion:
wcg Synergy with
Gamma Factory

“p

10 Synergy with
Cosmic-Ray LHC

‘He

13 20 30 40 75 150
beam momentum [A GeV/ ]
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NS
K* spectra parametrisation

S--INE
@ In order to obtain the dn/dy yields, the data is extrapolated beyond the detector acceptance
@ Exponential dependence in pt is assumed:

Vo a—
+m, —m
f(pr)=5-pr~e><p<— R
function:

T >
@ To obtain mean multiplicity of produced particles rapidity distribution is fitted with following
A
fie(y) =

)2
exp <_(y Yo)
ooV 2T
@ A, yo and og parameters are fitted

2
204

)+ A (-0

2 )
203
= = = E = DA
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