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HBT in high energy physics

R. Hanbury-Brown, R. Q. Twiss - observing Sirius with radio telescopes
° Intensity correlations vs detector distance = source size

o Measure the sizes of apparently point-like sources! -

Goldhaber et al: applicable in high energy physics

Understanding: Glauber, Fano, Baym, ...

> Momentum correlation C(q) related to source S(r)
(under some assumptions):

Clq) =1+ |fS(r)eiqur|2
> Also with distance distribution D(7):
Clq) ~1+ |fD(r)eiq’"dr|2

° Neglected: pair reconstruction, final state interactions, multi-particle correlations, coherence, ...

Correlation strength

[ T T
Detector distance

What is the source shape? Can be explored via femtoscopy



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 — the core-halo model

Usually pions, kaons, protons are measured

Resonance contributions are considerable: core-halo model
Rp

S(x,p) = VA Score(x,0) + (1 = VA)S, 1 (x,p)
Let’s introduce the pair source function as
_ (43 x _*
DAB(x;p)—fd RSA(R-I_ZJP)SB(R ZJP)
With this the pair source function in the core-halo model:
2
D(x,p) = AD..(x,p) + Zﬁ(l — \/Z)Dch(x, p) + (1 — \/Z) Dy, (x,p)
}

\
!
Notation: D,y /(1 — 4)




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 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




Final state interactions — about the LPZ(Q) (1)

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



Femtoscopy — two approaches

2
C(Q.K) = 1=+ 2] d*rDec(r, K) |93 (1)

Assume the source shape: § ~ Gaussian Assume the wave function: free planewave
: : : %2 =1 —
Measure in a clean environment, e. g. in pp el * cos((p1 pz)x)
: : : Not to realistic: Coulomb (and strong) FSI

Learn about the final state interactions
encoded into the wave function What is the interacting wave function?

p, ~ S foikrp(_ip 1, i(kr — k1)

e 2

Program in ALICE: +r - —r
p—Kp—pp—AMNA—APp—Ep—Q, (more complicated with strong interaction)
p—3p—¢ N—X N —A, etc. Learn about the source size and shape




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 interpretation of the R:
> Important: Ryeyy # Requss

° |s it related to the size? Check hydro-like scaling: Ri =

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

Possible interpretation of the a:
o Surprising similarity with the critical exponent

of the spatial correlation in 3D i e T
. —1— . —1— 0.8 * STAR preliminary 0-10% Au+Au, 'r* % 30-40%
© spatlal Corr.~r 1-n Symin. Levy dist. ~ r 1-a 0 6:_ i CMS ofs% Pb+Prz, h'he, PRZ10;(2024)2,024914 % 30-40%

"~ 7 NAG61/SHINE preliminary 0-10% Ar+Sc, n'n*

> Sudden change in @ might be a sign for critical behavior — 0.4- + nasusHINE 0-20% BetBe, 7', EPJ.C83(2023)10,919
0 2:_ é PHENIX 0-30% Au+Au, n'n*, PRC97(2018)6,064911
i | e s

1 10 102 10°
\[sNN[GeV]

> Could be the sign of anomalous diffusion or jets



Physics in the parameters

Possible interpretations of the A:

1. Specific my suppression linked to
chiral restoration:
— decreased 1’ mass
— more 1’ produced
— more decay pions
— my specific suppression of 4

= 2™ transition besides the free quarks

2. Measuring two- and three particle
correlations could shed light on
partially coherent particle production
(see core-halo model)
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MEASURE HBT WITH THE PROPER PARAMETRIZATION



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

PHSENIX
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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



Centrality dependent HBT analysis from PHENIX

Au+Au @ 200 GeV fromRun 10, ttnt + m ™

1 1 A
, R; /1;_2;7;

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

1D variable Q = |q;cus| (instead of qiny = [qpcus|)

Fit function incorporates CC FSI (weighting for var. change)

Costume track and pair cuts to obtain clean sample

Check Levy shape validity: 15t order corr. zero (APP.Supp. 9 (2016) 289)
PRC Highlight: Phys. Rev. C 110, 064909



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.064909
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e Suppression and saturation in every centrality class
* Normalized to mt > 0.45



gar PHENIX Au+Aul \s., = 200 GeV
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Sign of the n' in medium mass modification?
Let’s compare the results to Monte Carlo simulations
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n' mass modification and U,(1) restoration ?

PHENIX Au+Au

M

09F

0.8 — — Mass drop
0.7 _ ----- No mass drop

0.6 — ¢ Measured AA

e Calculate A from SHAREv3 for
resonance production
* Resonance chain decay included



n' mass modification and U,(1) restoration ?

%1 PHENIX Au+Au 900
&E'I 800F
> 1 700
0.9 4005— =590 (stat)*®' (syst) MeV
0.8¢ — Mass drop 300E e S
- . B'=3307 “(stat)*(syst) MeV
0.7 - No mass drop 200F (.10 =
| .0-6 3 ¢ Measured AA 1002‘(3} PHENIX Au+Au

e Calculate A from SHAREv3 for
resonance production

* Resonance chain decay included

 Scan the CL with different n" masses



n' mass modification and U,(1) restoration ?

&é 1 _ PHENIX Au+Au zgg:

Qe 7% %l 1‘000: o 000 000000000 + Best values from PHENIX A/A__ fits
09 =00 ] e oy v
0.8 5~ — Mass drop o ;“:jj{(r;((yy}}“” | E 8000 o Vacum value of .

g; : + :Io mass drep 2002_ 0‘109:0 h 700; — — — - Vacuum value of m
B A sasured Mimar 190a)  PHENIX Au+Au 6005 !
500° |
e Calculate A from SHAREv3 for 4000
resonance production 300-
* Resonance chain decay included 200
e Scan the CL with different n" masses 102:...|......|....|...|..|..|

* Obtain the best value for my, 50 100 150 200 250 300 S50




n' mass modification and U,(1) restoration ?

Best values from PHENIX /4 fits

Centrality average
m*,= 58 f;c,z(stat)f;%(syst) MeV

mnnmn Yacuum value of m,;

— — = - Vacuum value of m,

i | I Upper limit of Weinberg

Lower limit of Horvati¢, Kekez, Klabucar

Lower limit of Pisarski and Wilczek

Range of Kapusta, Kharzeev, McLerran

- Lower limit of Huang and Wang

Lower limit of Kwon, Lee, Morita, Wolf

é 1. PHENIX Au+Au 900
1 800F
§ 1 700:_ S‘ 1000 H_I'IIIIII TRRL R e
T = 900 |
ggg . Mass dro 4002— m, =590 (stat)"”] (syst) MeV "‘E—: 800 f_
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e No mass drop 2005 0.109% 700 ==d0E=1=
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500E- | 1;_
e Calculate A from SHAREvS3 for 400 =
resonance production 300~ B
* Resonance chain decay included 200E”
 Scan the CL with different n" masses 05_ - PHENIX AutAu |5, = 200 GeV
* Obtain the best value for my, 50 100 150 200 250 300 N35°
part
[ ]

Compare to model




%‘ g""“' i L + Best values from PHENIX /A, fits
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300 E_ —_— E Range of Kapusta, Kharzeev, MclLerran
200 g_ - Lower limit of Huang and Wang
100 g_ PHEN'X AU +AU v_ 200 GeV - Lower limit of Kwon, Lee, Morita, Wolf
0™""50" 700 150 200 250 300 350
Npart

Results suggest in-medium partial U, (1) restoration: m,, ~ m,,
Sign of a second transition!




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 a second, chiral transition
Significant in medium mass modification of " meson

Indirect sign calls for dedicated dilepton spectrum measurements

PRC Highlight Phys. Rev. C 110, 064909

THANK YOU FOR YOUR ATTENTION!



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.064909
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The effect can be turned off
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EPOS simulation — event-by-event correlation
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The tree of the Levy analyses
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The first results — PHENIX 0-30%, Au+Au
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\/Syy dependence — PHENIX Au+Au
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3D correlation — PHENIX 0-30% Au+Au
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3 particle correlation — PHENIX 0-30% Au+Au
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PHENIX @ 200 GeV — kaon correlation in Au+Au
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