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1974 ,..vacuum... resembles a medium
whose properties can be changed”

PHYSICAL REVIEW D VOLUME 8, NUMBER &8 15 APRIL 1974

Vacuum stability and vacuum excitation in a spin-0 field theory If the spin-0 field has a large ¢° coupling con-

QJ?E,,;E;,-‘T; Eu;f,f;;:':fri‘m 100 stant b, then the function U(d), defined by (1.2),
e can have another local minimum at ¢ = ¢wx#0. In

The theoretical possibility that in a limited domain in space the expectation value (f(x)) of a

neutral spin-0 field may be abnormal (that is to say quite different from its normal vacuum expectation a
value) is investigated. It is shown that if the $* coupling is sufficiently large, then such a configuration ﬂ'llﬂ case, even i ﬂiﬁ'ﬂ!t thE p],'EE:-E:]']E.E of nuelear
can be metastable, and its physical size may become substantially greater than the usual microscopic .
dimension in particle physics. Furthermore, independent of the strength of the ¢’ coupling, if $(x) has matter, there could be the possibility of a pure
sufficiently strong scalar interaction with the nucleon field, the state that has an abnormal {d(x)3 . . .
inside & very heavy nucleus can become the minimunrcncrgy state, at least within the tree vacuum excitation state, in which the expectation
approximation; in such a state, the “effective” nucleon mass inside the nucleus may be much lower P
than the normal value Both possibilities may lead to physical systems that have not yet been observed. 'graluE { ¢{I.:|} o= ':}"m Ovar An E'H‘tEllﬂEﬂ Him 11..
space. This leads naturally to the physical pic-
I. INTRODUCTION {a) The Lagrangian of the system is invariant tl.lI"E! ﬂ]ﬂ - -
{or sometimes nearly invariant) under a certain hl I: thE E;) Eﬂ.].lﬂ'd vacuum H,l:‘l‘llﬁ.lljl' more re
In a relativistie field theory, the vacuum state group of transformations of the field variables. sembles a me i'LI Im
is defined to be the lowest energy level of the (b} In the (observed) lowest state of the system, Whﬂﬂﬂ Frﬂpertie'ﬂ can E
system. In analogy with other gquantum-mechan- some of the field variables have expectation val- chan gﬂd . If this is true w'h_i Eh -I'Jf COouUrse we I:iﬂ
ical systems, however, a relativistic field may ues which are not invariant under all transforma- ’
possess a degenerate lowest state. Perhaps the tions of the symmetry group. Because of (a) not know at FI'E'E'E‘]“.', it must ulti mﬂtﬂ'l}' lead to
best known and simplest analogy is to Heisenberg's we must envisage the existence of other possible er s .
infinite ferromagnet, in which case the degen- lowest states, or nearly lowest states, in which rﬂ.th.'er EtthﬂE [III‘I}’EIL'H.I ﬂﬂ“ﬂEﬂ“E“ﬂE‘ﬂ'
eracy of the ground state is due to rotational the expectation values of some of the fields are
invariance. The assumption of a degeneracy of different; such states represent the abnormal
tha varnnm state connected with a svmmetry vacuum states.

T.D. Lee and G. C. Wick, Phys. Rev. D 9, 2291
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1984: RHIC Proposal: One or two transitions
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Phase diagram of Nuclear Matter (G. Baym, ref. 3). Temperature is

plotted vs. net baryon density for an extended volume of nuclear mat-
ter in themmal equilibrium. Normal nuclear matter appears at the

point Do at zero temperature, and this is the neighborhood explored

by low energy nuclear physics. The region of the phase transitions
corresponding to deconfinement (at temperature Tg) and chiral symme-
try restoration is indicated Tp. The two critical temperatures may
well be coincident. The confinement force couples quarks to form

hadrons. The chiral force binds the collective excitation to
Goldstone bosons. Above Ty, hadrons dissolve into quarks and
gluons. Above Tp quarks are massless. The 1ndicated trajectories

show two avenues for probing the quark-gluon plasma with high energy
nucleus-nucleus collisions: by reaching high baryon densities among
the hot, compressed fragments of the colliding nuclei, and at very
high temperatures in the central rapidity region among thermally
produced particles where conditions may approximate those of the
early universe.
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1998: Sensitive to in-medium n’ mass modification

Effect of Partial U,(1) Restoration on A.

02 | |
"l my= 403 MeV

_________

01 |
.l m=176 MeV

PR T E N T E N E AR B R
0 02 03 04 05 06 07 08 09 1

m, (GeV)

In-medium n’ modification: can it be switched on?
Centrality? Energy? System size?

NA44 S+Pb data + Monte Carlo,

PHENIX Phys. Rev. C 97
(2018) 064911:

NA44 E_, = 200 AGeV (SPS)
S+Pb data sensitive to

in-medium n’ modification, but

™ NO EFFECT
@ CERN SPS

S.Vance, T. Cs, D. Kharzeev,
Phys.Rev.Lett. 81 (1998) 2205-2208
e-Print: nucl-th/9802074 [nucl-th]
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2018: Sensitive to in-medium n’ mass modification’
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In-medium n’ modification: It can be switched on/off with Vs and/or system size



2024: ,This implies a second transition in QCD...”
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EDITORS' SUGGESTION

Centrality dependence of Lévy-stable two-pion Bose-Einstein

correlations in /syy = 200 GeV Au + Au collisions

20 DECEMBER, 2024

Color deconfinement and chiral-symmetry restoration have long been predicted by QCD
theory. Color deconfinement in the form of a nearly perfect fluid of quarks was reported by
all four RHIC experiments in 2005. Now, the PHENIX Collaboration details two-pion Lévy-
stable Bose-Einstein correlation data in Au+Au collisions at the top RHIC energy. They report
a significant reduction of the mass of the 5" meson in hot and dense hadronic, color-

confining matter. This implies a second transition in QCD by the return of the so-called
prodigal Goldstone boson—a specific kind of partial chiral-symmetry restoration—and calls
for further, challenging experimental studies, aiming at direct measurements of identified »’

spectra in high-energy heavy-ion collisions.

N. ). Abdulameer et al. (PHENIX Collaboration)
Phys. Rev. C 110, 064909 (2024)




The HBT-effect in Femtoscopy

« R. Hanbury Brown, R.Q.Twiss observed Sirius with radio telescopes
« R. Hanbury Brown and R.Q.Twiss 1956 Nature 178

« Intensity correlations as a function of detector distance
« Measuring size of point-like sources

« Goldhaber et al: applicable in high energy physics: (for identical pions)
« G. Goldhaber et al 1959 Phys.Rev.Lett. 3 181

« Momentum correlation C(Zq) is related to the source S(x):
C(q) =1+ |S(¢)|", where S(q) is Fourier transform of S(q).

Correlation function C(q)
Source function S(r)

. 1/R -
_IIIIlJI.l

Detector distance

Corralation strangth
I

T T 2 &l
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Lévy Distributions in Heavy lon Physics

« Usual assumption that S(r) is Gaussian — Gaussian C(q)
« Measurements suggest phenomena beyond Gaussian distribution

- Lévy stable distribution: £(a,R;r)=(2n)~3 [ d3geiare=1/214RI"
- From generalized central limit theorem, Gauss (0=2.0)  Lévy (a=1.2)

power law tail ~ r ~(1+)
« Special cases: a = 2 Gaussian, « = 1 Cauchy . .

- Shape of the correlation functions with Levy source:

C,(q)=1+21-e14Rl%; g=2:Gaussian; a=1:exponential

« A possible reason for Levy source: criticality, anomalous diffusion,

many others
Csorgd, Hegyi, Zajc, Eur.Phys.J). C36 (2004) 67 78



In this talk: centrality dependence of 11
. Bose-Einstein correlations in @a 2010 RHIC run
PRENIX Run HIStOI’y for Au+Au at VsNN = 200 GeV

Run Year

operation with 9 collision species 2001, 2002, 2004,
and 9 collision energies. Both Au+Au 2007, 2008, 2010,
geometry and beam energy scan. 2011, 2014, 2016
cudl | d+Au 2003, 2008, 2016
" ‘) A m Cu+Cu 2005
A @ > o U+U 2012
% p ptAu) ghAu) s
AW p) sta) erhu) Cu+Au 2012

Although PHENIX is no longer

actively recording data, analysis
continues, exploiting the p+Au 2015
discovery potential of PHENIX. p+Al 2015

3He+Au 2014



« Rapidity coverage: 1.2<|y|<2.2
« Muon Tracking followed by Muon

Identifier

« Stainless steel and copper absorbers for

Muon Arms

hadron rejection

« BBC measures collision vertex along

beam axis

2008
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Rapidity coverage: |y|<0.35

Charged particle tracks and momentum
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Ring Imaging Cherenkov detector for
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Energy / momentum matching of
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Data sample

« vVsNN = 200 GeV Au+Au, half field in PHENIX central magnet allows
pion id down to transverse momentum p; > 0.16 GeV

« Min. bias data sample ~ 7.3 billion events.

* 0 - 60 % centrality selection ~ 4.4 billion events. Centrality vs N,
determination with PHENIX Glauber calculations.

« Six centrality classes: 0-10%, 10-20%, 20-30%, 30-40%, 40-50% and
50-60%

« In each centrality class: 23 bins in m; = V(m?2 + p;2),
from 0.248 GeV to 0.876 GeV

 Due to broader central range, more stringent pair cuts, as compared to
our 0-30 % results published in Phys. Rev. C 97 (2018) 064911. Other
details similar.

13



Example Correlation Function

14

* Fit with calculation based on
Lévy distribution

* Physical parameters: R, a, A
measured versus pair my

* R: homogeneity length,
dynamics, sizes

« . shape, criticality, anomalous
diffusion

* A: particle creation
mechanisms, in-medium mass
modification

Levy works well: CL=63.8%

~1.6
O

I |:I T | [ TT1 | T TTT ll_l__l_l_l_l_l_.l-l..l-.-

1.5

1.4

. PHENIX 0-30% Au+Au @ \Sy, = 200 GeV, T T, m_= 0.331-0.349 GeV/c

A=0.81+0.04

o=1.24+0.03

R=7.71fm £ 0.27 fm

—+— Raw corr. function

—f— Raw corr. x Coulomb factor

£ e =-0.0294 + 0.0017
N = 1.0072 £ 0.0004

Coulomb factor

13 /ANDF = 78/83 C,(A,R,x;Q) x N x (14 Q)
A conf. level = 63.8% " Cy'(L,R,0;Q) x N x (1+¢ Q)

120 ---- Nx(1+Q)
1.1 C; =1+1 exp(-R"™ Q")

1

| | | | |
2
=

(data-fit)/error

o
[ 1]

—s
Q [GeVic]



M. and centrality dependent results

15
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m- and centrality dependence of Lévy 4

0.6}

F T+ T

[ PHENIX Au+Au VSNN =200 GeV

Al bttt + o

HHQHHHHHMMM

- PHENIX Au+Au VSNN =200 GeV

HHHHHHM%M_M—

10-20% n

==
|

 PHENIX Au+Au VSNN = 200 GeV

IR F A AR

20-30%

|
mllll“"
HH Ul uw

——

30-40% [ |

' NI A
. PHENIX

AU+AU |5y = 200 GeV

40-50%

I 1L
o[y

F PHENIX AU+AU Sy = 200 GeV

50-60%

Results for Lévy A

saturation at large m;
and
suppression at low m+
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m. and centrality dependence of Lévy R
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- PHENIX Au+Au |, = 200 GeV

Results for Lévy R

monotonic decrease
with increasing m+
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m; and centrality dependence of Lévy «
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Results for Lévy «a

m; independent
constant a, value
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Parametrization of m; dependence
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m; and centrality dependence of Lévy 4/Amax
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0.45 < m; < 0.9 GeV
average value: i, .,

Unexpected,
centrality
independent scaling
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Centrality dependence of Lévy g and H

— 0.451
- PHENIX Au+Au s, = 200 GeV g -
- O 04t
B [ ] (a) o -
= - 0.35-
5 0.3F
= - 0.25F _
- i — 0.2F
B — m 1 l E +
— T : i 0.15F
- - L ! 0.1 -
- ) 0.051
I R B B B S RS T
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Npart
A ms —m2
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(b)

| %
+Um

ca b b by b b
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N
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Values of o and H are (within errors) independent of centrality, with a CL> 0.1 %
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2024: ,This implies a second transition in QCD...”
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"""""""""""" Centrality dependence of Lévy-stable two-pion Bose-Einstein
= PHENIX Au+Au correlations in /syy = 200 GeV Au + Au collisions
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dependence of in-medium mass of n’ ”

pa rt
— 1000
% pHH g ||||||||||||m|||||||||||||||||||||||||||||||||||||||||||||||||||||||||| + Best values from PHENIX Mlmax fits
z 900 :— Centrality average
= s m*= = 581, (stat)"**(syst) MeV
¥E 800E- (stat), “(syst)
— i I . Vacuum value of m“
700;:——_-'. === B E R F M h b s b Emm ok R mmm ks mmm o h Emm o om0 o on
— ] — - - = - Vacuum value of m,
600 |= e W -
;_-_.1_-F__ *_____T' ------ !- —— — Upper limit of Weinberg
500 n |
=T . — | - Lower limit of Horvatic, Kekez, Klabucar
400
E L —— Lower limit of Pisarski and Wilczek
300
— —_— Range of Kapusta, Kharzeev, McLerran
200
— —— Lower limit of Huang and Wang
100
— PH EN'X AU"‘AU V 200 GGV ——— Lower limit of Kwon, Lee, Morita, Wolf
] eri—
50 100 150 200 250 300 350
Npart

In-medium mass of n’ is determined with the help of Levy Bose-Einstein correlation measurements to be
similar to the vacuum mass of 1 in each centrality class: indirectly, return of the prodigal Goldstone boson n’
Centrality dependent selection power, successful: KHM, KLMW, PW: m*(n’) ~ m(n)
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Summary and conclusions

* Centrality dependent BECs in
VSNN=200GeV Au+Au collisions by PHENIX 2000 000 000 000 °C

1 < a < 2 significantly,

decreasing with increasing N

part -273.15°C 37

e Unexpected scaling laws found

* Data not inconsistent with U,(1) symmetry restoration: in-medium mass modification
of n” with indirect method

* Direct observation is particularly challenging, but also particularly rewarding:

* Challenge for sPhenix?

Thank you for your attention!
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Back up
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Direct and indirect observation




Can A/\, .. Us(1) restoration signal be switched off?
Yes, as known from the first papers, but confirmed by NA61!

~ 2 1.4
\S; : Fit to data

N , , ----- Extrapolation =N
= S<-INE

el / / Be+Be at 1504 GeV/e 0-20% 1

. _— B ik
i K;=0.20 - Oﬁ)SﬂGeV/c < 08
i A=0.63" I L]

1.4 —-, -0.08 o T
| R=2.18fm % fm | (¢
H \ _ 130 013 '

1.2 l| ||i||| 0= 1.9U 01
N X2/NDF = 137/103 041~ o rrtinm
H P, | Confidence level = 1.5% ”

1 _: ! {ii“lllli"l' I‘ﬂ”:i!'”"uifli'”::lﬁ-:i||’-“'lll‘:5'||:'I:ii'l:“H:'."lnf“i 0,2 B S..INE

1 . @R Be+Be at 1504 GeV/c 0-20% I
;| Fit funct1o|n: No(1-7\.+(1+|e ) A -KCP l(q)) | ol o v o, e

0.8: ! L L 1 L 1 ! 1 l ul -, ] |
0 Y 0d Y g 01 0.2 0.3 0.4 0.5

q (GeV/c) m, (GeV)

NA61 data: no signal of decrease of A/\, ., for m; < 0.5 GeV, no signal of U,(1) symmetry restoration
Small systems (Be+Be) and relatively low energy, Vs < 20 GeV.

NA61 data on charged =r correlation in 150 AGeV Be+Be collisions
Eur.Phys.].C 83 (2023) 10, 919, e-Print: 2302.04593 [nucl-ex]


https://arxiv.org/abs/2302.04593
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Kaon Lévy shape - a

= PHENIX Au+Au @ ISy = 200 GeV B KK +K'K' * Does not exhibit strong dependence
= PRcorosaot1|  ON transverse mass
- =2 I — ) : :
E & 1 ® Kaon a consistent with pions, weak
= N ~ L
= PH ENIX a(K) = a(m) indication
= preliminary r + + « | * Anomalous diffusion suggests
;— ':5:;‘§:=-3:': &ﬁf l + L a(K) < a(m)
= JUREER ik il 1 : — [M. Csanad, T. Cs6rg8, M. Nagy, Braz.J.Phys. 37 (2007)
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Earlier Experimental Applications of Lévy
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