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The PHENIX and the BES

Collision energies: 7.7 to 200 GeV
20-400 MeV in ug, 140-170 MeV in T

This talk: 200 GeV Au+Au
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Femtoscopy — introduction

Originates from radio astronomy
° Hanbury-Brown and Twiss observed intensity correlation
° In high energy physics, Goldhaber, Goldhaber, Lee and Pais

Technique to access the spatio-temporal structure of the particle emitting source

N, (p1,p2)
N; (p1)N1(p2)

where we can use the Yano-Koonin formula to relate the mom. dists. to the source:

N,(p1,p2) = J dx1dx;S(xq,p1)S(x2, p2) | Wo (x4, 2x3) |2

C,(p1,p2) =

S: source function, ¥, two-particle wavefunction



Femtoscopy — two approaches

Assume the source shape: § ~ Gaussian
Measure in a clean environment, e. g. in pp

Learn about the final state interactions
encoded into the wave function

Program in ALICE:
p—K,p—p,p—ANA—ANp—Zp—,
p—2p—¢,N—2%2,N—A

Assume the wave function: free planewave
W,1% =1+ COS((P1 - Pz)x)
Not to realistic: Coulomb (and strong) FSI

What is the interacting wave function?

¥, ~ F(1+m) let* " F(—in, 1,i(kr — kr))]
2
’ +r - —r
(more complicated with strong interaction)

Learn about the source size and shape




Final state interactions

Like-charged pions = Coulomb correction
Strong final state interaction may play a role

Effect of the resonances: core-halo model
> Long-lived resonances contribute to the halo
> In-medium mass modifications could cause specific m; dependence

Partially coherent particle production (core-halo model)

Aharonov-Bohm like effect: the hadron gas acts as a background
field, the correlated bosons paths are the closed loop



Levy parametrization of the C,

Generalized Gaussian — Levy distribution

p 1 a
L(a, R,T‘) — fd3q elqre—§|CIR|

(2m)3
a = 2: Gaussian, @ = 1: Cauchy, 0 < a < 2: Levy

Assume the source to be Levy! A\ C,(Q) =1+ Le(RQO”

A(K): core-halo parameter

R(K): Levy-scale parameter

Source density

a(K): Levy index of stability

R > S
Csorgd, Hegyi, Zajc Eur.Phys.J.C 36,67
distance



Physics in the parameters

Possible interpretations of the A: PHENIX, Phys.Rev.C 108, 4
1. Specific my suppression linked to @ . [ PHENIX 0-30% Au+Au ys, = 200 GeV
chiral restoration: T Tpenm
— decreased n’ mass R A |
— more 1’ produced F o h},ﬂ_;,_,.:.?_.___.:
— more decay pions C s C e D (EGINAR IR
— mr specific suppression of A 08l T AT %
0.6/
- ) - - - m,=958 MeV, B" = 55 MeV
ol S ERS E COi0) Dm0 Wev, 8= 168 eV
2. Measuring two- and three particle Resonances: Kaneta etal”™" iz o0 o B = 2 Mev

2 +0.23
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Physics in the parameters

Possible interpretation of the R:
° Important: Ry ¢y # Rgauss
1

° |s it related to the size? Check hydro-like scaling: —=Am; + B

RZ
o Seen in Gaussian parametrizations
° In 3D it is especially important to measure it precisely!

Possible interpretation of the «:
o Surprising similarity with the critical exponent of the spatial correlation in 3D

spatial corr. ~ r=177 symm. Levy dist. ~ r~17¢

o Sudden change in @ might be a sign for critical behavior
> Could be the sign of anomalous diffusion or jets

MEASURE HBT WITH THE PROPER PARAMETRIZATION



Centrality dependent HBT analysis from PHENIX

Au+Au @ 200 GeV from Run 10, t 't + m~ ™
1 1 A

in 6 cent bin (0-10% ... 50-60%) and 24 m bins

1D variable Q = |q; | (instead of g;p = |Gpems|)

Fit function incorporates CC FSI (weighting for var. change)
Costume track and pair cuts to obtain clean sample
Accepted for publication in PRC, available at arXiv:2407.08586

Let’s see the results!



https://arxiv.org/pdf/2407.08586
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T A(mz, Npare)
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T L) PHENIX AU+AU| {54,= 200 GeV (e)

e+ et * Sign of the n’ in medium mass modification?
1.4F -

* Let’s compare the results to Monte Carlo simulations
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F’HENIX Au+Au \'Snn = 200 GeV
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n' mass modification and U,(1) restoration ?
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Results suggest in-medium U 4(1) restoration: m, ~ m,,



Summary and outlook

Precise measurement of BEC requires Levy-
exponent

1<a<?2
Levy scale R exhibits hydro scaling — size?
Levy scale R linear scaling — size?
Strength parameter A indicates in medium mass
modification of ' meson

Accepted to PRC: arXiv:2407.08586

THANK YOU FOR YOUR ATTENTION ks


https://arxiv.org/pdf/2407.08586
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EPOS simulation — event-by-event correlation
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Femtoscopy — the core-halo model

Usually pions, kaons, protons are measured

Resonance contributions are considerable: core-halo model

S(,p) = VA Seore (r,p) + (1 = VA)Sit, (x, 1)
Let’s introduce the pair source function as
Das(x.p) = [ @R 5, (R+5,p) S5 (R =3.)
With this the pair source function in the core-halo model:
D(x,p) = ADec(x,p) +2VA(1 = V2)Den (x,p) + (1 - VA) D, p),
Notation: g(h)/(l —A)




Femtoscopy — general form

With K = 0.5(p; + p,) and Q = p; — p,! Also assume that p; = p,

2 2
C,(Q,K) = Af d3rD,.(r,K) “PZ(Q)(r)‘ + (1 =) d3®rD (1, K) “PZ(Q)(r)‘

If we take the R;, — oo limit the Bowler-Sinyukov formula is given:

2
C(Q.K) = 1=+ Af d*rDec(r, K) [93° (1)

The simple planewave case (i.e. no FSI):

D.(0.K
cVQ,K)=1+2 = (2(3 > )K)




On the 3D variable of the correlation function

2
C2(Q.K) = 1= A+ A d3rDe (r, K) |[¥5¥ (1)]
The K dependence is much smoother than the Q dependence

Use the Q as a variable and the measure the K dep. of the params.

—

N ¢
QK= —p)@1+p2)=pi—pi=0-0Q = QK_o
C,(Q) can be transformed to C, ((_j)

Go to LCM system where Q = (Qout’ Uside Qlong)



On the 1D variable of the correlation function

What about in 1D? Could be necessary due to the lack of statistics

Usual choice: q;,,, = \/—Q”Qﬂ , arguable choice!

Qiny = (1 — ,Btz)qut + Qs?ide + leong
But ¢, could be very small even if Q2,; =~ QZ% 4, ~ leong * 0

It is also known that the source approximately spherical at RHIC

I 1D variable! I

Qinv = lqpcusl = 1 Q = 1qrcus] _’

Here, sphericity preserved, so Q independent of the direction of q; -y




The tree of the Levy analyses
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15-62 GeV
0-30%
1D
PHENIX,
NA61

T pairs
200 GeV
cent.dep

1D

PHENIX,

STAR

( .
K pairs

200 GeV
0-30%
1D

)

PHENIX

T

)

T pairs
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T pairs
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The first results — PHENIX 0-30% Au+Au

| ‘:I [T ‘ | I-I-I-‘ [T LI‘I-_I_I_J.-I_I"I_I_J"_

A =0.81+ 0.04
R = (7.72+ 0.27) fm

: .= 1.24+0.03
£ e = (-0.029 + 0.002) c/GeV

N=1.0072+ 0.0004
v2INDF = 78/83
conf. level = 63.8%

-
- - —"J-ﬁ-—--—.---ﬁ

. PHENIX 0-30% Au+Au @ |S,, = 200 GeV, T 7T, m_= 0.331-0.349 GeV/c

—+— Raw corr. function
4’7 Raw corr. x Coulomb factor

------- Coulomb factor

C,(L,R,x;Q) x Nx (14 Q)

cP(,R,0;Q) x Nx (14 Q)
- === Nx(1+ Q)
C;°]=1 +)- exp(-R% Q%)

(a)

055
Q [GeV/c]

Measured correlation
function in 31 my bin with
0-30% cent.

Coulomb correction
incorporated into the fit
function

a*2 nora+l

The fits are acceptable in
terms of confidence level
and y?/NDF

Gaussian parametrization
cannot describe the data



The first results — PHENIX 0-30%, Au+Au

— 009 —— 2
E [ PHENIX 0-30% AU+AU {Sy, = 200 GeV S “L PHENIX 0-30% Au+Au |5y, = 200 GeV o S .
=008, " 0= 1.207 , 32/ NDF = 208/61 , CL < 0.1 % R exhibits hyd ro Scallng
[ S 1870 o T
= oorpo '’ i o n'n s l<a<2,{a)~1.2
r — Am-,- +B 16?
0.06/— - .
T A coses oo o e b s * A(my) suppressed which
= - +0.012 1 r %@@Q 0 5 i . . . fe
poaf. o O0E OO0 (e g 125 Wéiggé,,w; T H* ----- compatible with modified
© y2/NDF=34/27,cL=17% - | [I01% e .- - 0 ifb ;;ﬁ% : ; / in th di
0031 ' - n mass in the medium
0.02i - .
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001 . 06:
OZI\\\‘\\\\ll\\\‘\\||‘\\\\ll\\\‘\\l\ll\\\‘\\ll l 7\ | | | | ‘ | ‘ I ‘ I ‘ I | ‘ I | ‘ resonance model)
0 o1 02 03 04 05 06 07 08 09 02 03 04 05 06 07 08 o_g]
m; [GeV/c] m; [GeV/c
= 06 5 F —
E [ PHENIX 0-30% Au+Au \'s,, = 200 GeV £ 4—_PHENIX 0-30% Au+Au ysy, =200 GeV .
R - S M e * New scaling parameter
<E 0'550 ot ég é < 12;0 ntrt .
A S S o~ Wosoncone || Ly % At * Interpretation?
04— 1? | el Il u\}lﬂ e Loy g .
: RS ! T * Interpretation of a ?
T R R Charge averaged fit: B 1_:-""“ 3 o
B 06— -
- 72/ NDF =54 /26, CL=0.12% S o il . e
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| L ./: esonances: Kaneta et a S m:=250 MeVZ B_1 = 55 MeV
o1 B = (0.0312 0.001 (stat) 2% (syst) —S— 021 He(0.590.026 SR 4 xprimimizon VSNN de pe ndence
= | l | | | l :— | 0=(?.30i0.01(‘8tat)_obg (sl,yst))?‘ XQ/ND|F=83/6O C‘,L=2.7% |
I I I I I [ | [ I L L 11 L1 1| L1 11 L1 1| R I N R

O

09 . .
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\/Syy dependence — PHENIX Au+Au

£ g5F PHENIX 0-30% AutAu,(m,) = 0.420 GeV/c”, ' +r°n* S | PHENIX0-30% AutAu,(m,) = 0420 GeVic”, n 4 o |ntegrated in mr due to
lﬂ_:. | ; s [GeV]: o - . .
B v fuevics 300 300 200 120 S0 12 L o the lack of statistics
=E h: } * « does not really
E e 130 ! PHENIX
oo P ENX 5 H | preliminary depend on /Syn
o h: « Non-monotonic
5'5:_ ‘} 1'1__ Vo [GeVI: 146 196 27 39 624 200 behavior of R observed
5? | o | | 1—7' I‘AmT [MeV/C‘]: 300I 309 2I00‘ 1‘50‘ ‘5|0 12 | | ° Interpretation?
10 107 sy [GeV] 10 10 s [GeV]
E 48 PHENIX0-30% AutAu,(m.) = 0.420 GeV/c” m+r'n*| 1.2 PHENIX 0-30% Au+Au, (m_) = 0.420 GeV/c?, ' +m*n*
= B o < B T
PN _ + Vs [GeVE 146 196 27 39 624 200 145 \so[GeV]: 146 196 27 39 624 200 * For VSNN = 39 GeV
C Am; [MeV/c?]: 300 300 200 150 50 12 - Am; [MeVicY:
4.4; ? Am; [MeV/cT]: 300 300 200 150 350 12 there are mT
42 + . o 09 . dependent analysis but
- = T E 0.8F PHENIX
3: 4l preliminary E D ey the trends are not clear
36~ H 0.6 dﬂ H +
4 R=_R H a
3 R= R 0.55
[ L ! I R R | I L

10° sy [GeV]



3D correlation — PHENIX 0-30% Au+Au

z 18 N :
PHENIX I 0-30 % Centrality ! AutAu S, = 200 GeV [ prSNIX0-30% Centrality
= } R B [ NN
"'E. - " Rout (mm) 3D - * Ry () 3D - ] . Rlong (rm) 3D 16 L = nmw3D PITI\XKE\II)(
12 a Ry (r'n") 3D = o Rgge (n'n*) 3D 1] 2 R (r'n) 3D °L o x'z’ 3D preliminary
- + R(xm) 1D Phys. Rev. C 97, 064911 | + R(mm) 1D Phys. Rev. C 97, 064911 | + R (nm) 1D Phys. Rev. C 97, 064911 - v nw 1D Phys. Rev. C 97, 064911
i + R(mn*) 1D Phys. Rev. C 97, 064911 © R(m'n') 1D Phys. Rev.C97,064911 [ fd « R (n'n") 1D Phys. Rev. C 97, 064911 L v @' 1D Phys. Rev. G 97, 064911
10p = - r J
3 [ [ 1ol
8l - - i
[ T
6_ - — -
- 0.8— -
- 1 T ;
af | 1 [ PHIENIX ! T
i 4 “ preliminary = , 4~ PHENIX 0-30% Centrality
7 © AutAu s, =200 GeV M
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. .. 16 0 S
* 3D measurement gIves very similar results compared to 1D e
* The source appears to be spherical 12
. . . . . 1; II o | T
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08 8l o
* Preliminary data! e W
I \I\\I\\\‘\\I\‘\
0.2 0.8 0.9
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3 particle correlation — PHENIX 0-30% Au+Au

< [ PHENIX 0-30% Au+Au @ |y = 200 GeV __
I e
°F |:| Core-Halo allowed range N __; + # }' - Ky = (/13 R 3}{2)
i3 mﬂﬂmﬁma,mié i T
4 ]
ZE' R 2
F L

L
— S

= A R * From the definition:
K;=0.5(1;-31,)/A>% vs. m.

= PHENIX 0-30% Au+Au @ s, = 200 GeV * No coherence: Pc = O=k=1

§22_ﬁ’ﬂ m fﬂ _E{ * Coherence:p, > 0>k <1
éj 1.52— + T:_
) O-Q;ZJHH @+ | lﬁﬁmﬁ@uﬁﬂ TH i_ % * The source seems to be chaotic
_0.2;_+_ U RN _*i
_E —— T prellmlnary ]
_15E Core-Halo + chaotic emission value i

0.3 0.4



PHENIX @ 200 GeV — kaon correlation in Au+Au

St D T el iy ° zj = PHENIX Au+Au @ (S, = 200 GeV b KKK :11;§—PHEN'X Au+Au @ sy = 200 GeV # KK
e 22, L L o] ® . o o
C g T @=1.21+019 2F = = i
13- PHFI};\Erl:Ialé = (0.05 £ 0.05) c/GeV 185 &[ ENIX 8 iy *
- g Rreimi N =1.01 +0.01256 e H:= ] =
Cwiheen | b prelminary i3 i‘“’mg# if%
E fit statgs; convc;rged . 14 ;_ . 6 ? * i $
1'15_ cov. matrix: accurate 1.2;_ ¢ ..."...iiizti;gili * ‘ + || | 5;_ —~—— il N *
P — - EH .= PHENIX ! m
- 08"~ o ,E  preliminary H
0'90—'.' l '0.55' T 'o.'15' g 'o.|25' - '0!3 O.GE—I L L ;_
Bl 0.2 0.4 0.6 0.8 1 12 2_0!2 o4 Tos T os 1T T2
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* ag = a, underlying Levy process? <*°F prEnix Aum@m:zoo Gov T
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- . . .o N reliminar -
* A exhibits decreasing trends — unidentified hadrons e © Y f | {
" .,!si*miiiil%T : * ‘l H
. . . . N Ch L
* R SUppOftS Its geometrlcal mterpretatlon as before osE gese®® . = H
. . 0: I S R RS R
* Preliminary results 02 o4 o6 o8 o (GeVI
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