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Hanbury Brown’s one-sentence abstract:
The talk will give a brief history of the early development of Intensity

Interferometry and its subsequent battle ogo/nst common sense.
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Outline

* Discovery of the “GGLP effect” & connection to HBT
* Relativistic heavy ion physics: motivation & importance of spacetime info
* Subatomic intensity interferometry (femtoscopy)

* Summary
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 Hanbury Brown & Twiss — 1954
* 1955 —discovery of antiproton
* 1960 - GGLP

PHYSICAL REVIEW VOLUME 120, NUMBER 1 OCTOBER 1, 1960

Influence of Bose-Einstein Statistics on the Antiproton-Proton Annihilation Process™

GERSON GOLDHABER, SULAMITH GOLDHABER, WONYONG LEE, AND ABRAHAM Paist
Lawrence Radiation Laboratory and Department of Physics, University of California, Berkeley, California

(Received May 16. 1960)

Gershon Goldhaber Sulamith Goldhaber Wonyong Lee Abraham Pais
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PHYSICAL REVIEW VOLUME 120, NUMBER 1 OCTOBER 1, 1960

Influence of Bose-Einstein Statistics on the Antiproton-Proton Annihilation Process*

GERSON GOLDHABER, SULAMITH GOLDHABER, WONYONG LEE, AND ABRAHAM Pa1st
Lawrence Radiation Laboratory and Department of Physics, University of California, Berkeley, California

(Received May 16. 1960)

n and Tt pairs Tt pairs
* [ow statistics! ?‘3 2-4; —— Stat Model 63 2-4; —— Stat Model
\g o of —— with BEC ‘8’ o of —— with BEC
e back-to-back preference lower for o O T
o i o [
. _ . . 2 2_
like-sign pairs % : Same sign _% [ Opposite sign
_ : 1.8} ion pairs 1.8F : :
e Statistical Model captures main : plon P i + pion pairs
features (phasespace dominates) 1.61 1.6p +
: 1.4F 1.4F
e Agreement improves [
when Bose-Einstein correlations l.2r 1.2
modify phasespace 1F 1F
* R=0.75 fm used [reasonable enough] 0.80 0.80
0.6 0.6 :
llllllllllllllll[ll [ll[lll[lllllllllll
-1 05 0 05 1 -1 05 0 05 1
cos(A6) COs(A0)

* until recently, in particle physics the “GGLP effect” is relevant mostly inasmuch as it distorts the W mass (o« hep ph/oz05202)
* in heavy ion physics, however, it plays a prominent role
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Phys. Lett. 44B (1973) 387

Evolution to heavy ion collisions

* early 1970’s: connection between GGLP and HBT [Shuryak. Kopylov, Podgiretsky...]

Identical non-interacting bosons U :% [U (Z1,p) XM =F) PR s U (2, ) e8T2—%2) P2/ RN
2
P1
—> | A + U (fg,ﬁl) 67;(7?1_552)'23.1/71 X U (fl,ﬁz) 67;(7?2_51).25'2/75’]
PN = UF Uy - Uy Up <[+ cos (B — P2) - (F1 — Z2) /1)
=107 Prob. #1 Prob. #2
P2 =
@ Width ~ 1/R
O
- P(ﬁl’ﬁZ) ~ =2
C(pl,pz)E ~ ~ :1+|P(6])|
P(p,)P(p,) T
T _ 4=pP1-P2
Measurable F.T. of pion source T 570
Qinv (GeV/c)
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N (p1,p2) -
d)=1+ Jd3 4 i — i -~ dominated by phasespace
C(q) rS(r)cos(q l’) N ix (pl ; p2> < MUCH more complicated than S|

Correlation expresses a conditional probability (~SllI)




Sanity check: Intensity Interferometry for 3 systems

C2(Qinv)

18
STAR
1.7 A+ B /syn =200 GeV —
16
15 at — gt Very cute....|But why?
Ty
14
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v
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12:—' o Y,
3
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Q;,, (GeVic)
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p+p: R~1fm

4_‘ d+Au: R~ 2 fm
‘—. Au+Au: R~ 6 fm



GGLP = Femtoscopy in heavy ion collisions

* 1960: GGLP observe small correlation between identical pions in p-pbar anhilation. Largely a curiosity

‘ :\' \ 2 ! \ . ,
A/ z

Miklos

Gyulassy Steve Koonin Scott Pratt Richard Lednicky
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e Theory of Strong Force between quarks: Quantum Chromodynamics (QCD)
e Strength of the Strong Force depends on momentum transfer (spatial scale)
e Complicated & least-well-understood interaction

0.5 -
Theory | © 3 <
Data 3 Z2 €
as(Q) m— . Z 4 =
Deep Inelastic Scattering a
ete” Annihilation o @
0.4 Hadron Collisions <o ]
Heavy Quarkonia - —
— J q q
Z % é A‘&’s o‘s(IVIzﬂ)N
cD 245 MeV ---- 0.1210
0.3 QD 2211 Mev 0.1183 | 7
O(a3)
181 MeV — — 0.1156
- I
Y’ S
9 02 Nt — - _
Sl ) q q
3
e ~ T -
[ el
0.1 ) T
1 10 .. ., 100
Q [GeV]

“Running” of the QCD coupling constant
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Particle Physics

Large Q : Asymptotic Freedom

0.5 -
o B “« ”
o (Q) o Thery | 9 2 £ e reduce “messy” QCD effects
D et e perturbative calculations work
0.4 Hach:on Collisions < n
Heavy Quarkonia =

4
4 AS) (M) /A /‘
245 MeV ---- 0.1210
oCD e A /
owd) 211 MeV 0.1183 /
S {181 MeV — — 0.1156
4 =
L. /

02| N § ‘7 \
SR .

v' Smaller/simpler is better
100 v' More energy is better

0.3 |

focus on fundamental particles
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Heavy lon Physics Particle Physics

focus on fundamental interaction
<€

Low Q: Confinement

* dominates mass in universe 0.5 Large Q : Asymptotic Freedom

i 3 ) “ ”
* theoretical insight limited o (Q) Data i I * reduce “messy” QCD effects
’ D et e perturbative calculations work
0.4 t\\ Hadern Collisions o 7
Heavy Quarkonia

0.3 |

4
4 ALY o (M) f /‘
245 MeV ---- 0.1210 /
8((;3) {211 MeV 0.1183 || 7
1181 MeV — — 0.1156 /
4 =

i

v' Smaller/simpler is better

0.2 |

0.1}

lntrlnSlF scales of QCD—> 1 0 Gev] More energy is better
v’ optimum energy range >
v' bigger is better (>> 1 fm) focus on fundamental particles
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Deconfinement transition

/': ; 2:,‘,4: -u e Al
Higgs
Deconfined color charges
...~ [ J
Quark-gluon plasma ) ‘ .
* first ~3 us after Big Bang ‘s ‘:.::' “§e
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racy
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4 Color confined inside
net-color-neutral hadrons
(e.g. proton)
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The Universe

Dark Energy
Accelerated Expansion
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Pattern  Dark Ages
400,000 yrs.
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Inflation
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Big Bang Expansion

|
Credit: NASA
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Deconfinement transition TheUniverse e

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

kinetic produced particles
freeze-out

hadronization

Lattice QCD calculation: e ..
I8
* T<150 MeV -> interacting hadrons yﬁ l
* T>150 MeV > deconfined quarks “- | "
i =I

Inflation

Fluctuations
) 1st Stars
about 400 million yrs.

150 MeV =2x1012 K~ 10° Tg

|

Big Bang Expansion

|
Credit: NASA

13.7 billion years
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Equation of state — characterizing bulk matter

Lattice QCD calculation:

T T T T T

z} 16 B Tro ESB/T‘ ,

g d m » |
- . El = = A

= 14 Vi Em.l' L

S0 12 | |

S §

> 10 = N

= al :ﬁ e Np=4 —5—

g 6 —ea—

> - -

z ° .

=

: e 4 -

S 2

= L 4

H O ﬁ 1 1 IT[MelV] 1 1

l 100 200 300 400 500 600 700

Mike Lisa - Stellar Intensity Interferometry Workshop - Porquerolles,

France - 10 Sept 2024

[1e]-day] 9690 TTLO:AIXIE ‘YIste)

S
v
=
-
v
S
3
-t
©
S
()
o
5
[

sianlun Ae3

D. Blaschke

X ‘- ¥ /. 4
RHIC-BES " 2" Quark-Gluon »,
£.» Plasma_“aoa~ ®
- » » b

Critical
»
»

point?

Nuclotron-M

N . !
Quarkyonic phase " #

?1 00
" \Color Super-

y stars conductor

baryon density /n,




Equation of state — driving dynamic evolution

Ehe New York Times

At One Trillion Degrees, Even Gold
Turns Into the Sloshiest Liquid

SCIENTIFIC

AMERICAN

RHIC serves the perfect fluid

D. Blaschke

. \'.‘ NP L)
RHIC-BES * o *? Quark-.GIl..lon¥ >
Critical A @ Pl.a_sma 5
SPS ®

From a (lumpy) initial state, solve hydro equations:

Temperature T [MeV]

dT" =0 T" =eu"" - (p+P)D" + p”

2
3 _+ Nuclotron-M

N\ :
Quarkyonic phase 2

Color Super-
1 stars conductor

baryon density /n,

Mike Lisa - Stellar Intensity Interferometry Workshop - Porquerolles, France - 10 Sept 2024



Macro-scale reality

Femto-scale simulation

Run: 17109002, Event: 3035110, EvtTime: Mon Apr 18 2016 02:03:(
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* No direct spacetime information

* “angular diameter” ~ nanoarcsecond

* Two-hadron intensity interferometry (femtoscopy) is crucial

21
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Geometry — the hallmark of heavy ion physics

degenerate fermi gas (supercooled °Li)
e Size matters — need a bulk system released from anisotropic magnetic trap

e Shape matters — anisotropic geometry key 100
us

200 pus
hydro calculations: Kolb & Heinz

T-T,= 8 fm/c 400 ps

600 s

800 us

1000 ps

1500 ps

* “Elliptic flow” driven by anisotropic pressure gradients: sensitive to E.0.S. & viscosity

* universally observed for strongly-interacting systems 2000 ps

Bldololelo-I-

O’Hara et al, Science 2002
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Spatial aspects of elliptic flow

e Size matters — need a bulk system

25

complementary spatial information

+«+—— (Central collisions

e Shape matters — anisotropic geometry key tightens constraints on hydro transport
STAR, PRL93 012301 (2004) '
:_i*_;_t##*i.;_}i?k_: ‘ ¥ % kg kg kk koL __

\
W\ 1/
N\ L1/ 7/
LA e
™ >
- o
] NA
> .
'y SN g
TNy o
A1 «

T 0 w2 T
d (radians)
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+«——— Mid-central collisions

+<— Peripheral collisions



Geometry — the hallmark of heavy ion physics

e Size matters — need a bulk system
e Shape matters — anisotropic geometry key
e Substructure matters

Intensity interferometry probes spacetime
substructure in subatomic collisions
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Geometric substructure

What type of system is formed?
Indeed, is it a system?
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Geometric substructure

Size Independent of momentum

A collection of nearby, independent
p+p collisions. Not “matter”
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Geometric substructure

Hydrodynamic expectation: selecting
fast particles

@ pion

® kaon

Matter is characterized by

A collection of nearby, independent _ _
fields of bulk properties

p+p collisions. Not “matter”

selecting
slow particles
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Beyond pions C(q) = [ d’rS(7)(1 + cos(¢- 7)) € non-interacting bosons

R A A R B C(cjjzfd37“5(f')|q§(cj’-77)|2 < in general (Koonin-Pratt eq.)
25 ff R, =3.0+02fm T L . . .
i “BA®DA E o(q,7) = rel. wavefunction in pair c.m. including:
i “pA®PA . — - - . o
< 15l Sy E T 13F c 313 e (anti)symmetrization
o I . O 1.2F  Vinclusiv 1.2 . . ]
| : © ik o 1x[C ] 13 (for identical particles)
11 ~ 1F 41
i i 09 | 109 : : :
05 L E 08 F Epy * final-state interactions
E E 0.7 i proton-proton —f 0.7
I N R PRI I I 13 —1.3
0 005 01 015 0.2 0.25 12 E| A% — G clusive E
k* (GeV/ic) STAR, PRC 2006 | 1'1 E % . 1+xp'p[c 1 1'1
. D falel .
g + + -+ + 7-0 0 - = + + —
| ALICE Pb-Pb
O 18 .KgKfn' -n ,K-K ,K;—K;,p—p,p—p,A—ANK -7 ,p—ANE-T..
1.6 - :_8, j antiproton-antiproton _f 2_8,
K°-K? o~ F 1
14 S S X 14 41.4
O& 13F 313
= 127 41.2
2 X 11E 0, 1.1
\/& 1E W,“%‘MW 1
- O g-g : STAR Nature 2015 - g-g
0 0.65 01.1 O.;S 0.12 0.125 . 0 005 0-1 015
q (GeV/c) k* (G eV/ C)
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Geometric substructure

Sizes for particles of different momentum & mass

200 GeV central collisions

\

-
E
g 7
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- e -
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B 0 1,0
- " KgKg
3 » KK
L 4« ApPDAD
2 v AP @ AP
1 :_ - mij/Z
- Y A-p ® A-p accounting for RCs
n | I l | I [ | I | I 11 1 I | I | I | I l | I - l 1
0O 02 04 06 08 1 1.2 1.4
\_ m, (GeV/c?) /
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Hydrodynamic expectation:

- -
™

Matter is characterized by
fields of bulk properties

@ pion

® kaon



Geometric substructure

Femtoscopy provides strong evidence for
e formation of a bulk system
e flow-generated space-momentum correlations
- confirms/refines hydro treatment = access to EoS
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3D info and timescale

Bertsch-Pratt decomposition: R,, Rsiger Riong

A long emission duration

results in R, ; > Rgige

A
v

RO ut
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Phase transition? Order?

Stages

Stagel Stage2 Stagel Staged

Water

o . . » -
e e e e e e T S e s

mol

540 cal

4.184 1

o
o

Heat Addition —"

Probe for phase transition = vary conditions

RHIC Beam Energy Scan

A long emission duration

resultsin R, ;> Rqige
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Early expectations at RHIC 200 GeV

-

Figh

12
d./d, =37/3

Al

(a)

4

AT=0.1T,

(b)

Rischke & Gyulassy nucl-th/9606039



http://arxiv.org/abs/nucl-th/9606039

(fm?)

2
side

2
out

R

Multi-year program (BES) to vary the collision energy
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Phase transition? Order?

Early expectations at RHIC 200 GeV

STAR Phys. Rev. C 103 (2021) 34908
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http://arxiv.org/abs/nucl-th/9606039

Phase transition? Order?

STAR Phys. Rev. C 103 (2021) 34908
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300

Temperature (MeV)

Hadronic Gas

0 250 500 750 1000
Baryon Chemical Potential g (MeV)

Evidence for
e cross-over at high energy (low chemical potential)
e first-order phase transition ~ 15 GeV




Summary

e Subatomic intensity interferometry (femtoscopy) deeply connected to HBT
— Through Koonin-Pratt equation, sll has more probes than Sl (“particle zoo” to correlate)

* Experimental access to spacetime features of relativistic heavy ion collisions is essential to
understanding the quark-gluon plasma and QCD phase structure

* Active community of femtoscopists measuring
— size, shape, orientation, emission duration, evolution time, flow substructure

 Cross-disciplinary discussion is interesting and can be fruitful!

| e OHIO @ ) AN , welcomes you in Toulouse

BIRTHPLACE OF AVIATION g AN Fran ce

XVII*" edition of the Workshop
on Particle Correlations
and Femtoscopy

4% to 8th November: 2024
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Scales of Sl and sl

Sl — example: y Cas

R~10Rg ~ 10 m
d~500ly ~5x10' m
b~ 100 m

A~ 4x107 m

2R/d ~ 4x10° ~ milliarcsec

A/b ~ 4x10~° ~ milliarcsec

sll (femtoscopy) — example Au+Au @ RHIC

R~5fm~5x101> m

d~1m

b~1m

A~ hc/(400 MeV) ~ 5x1016 m

2R/d ~ 101* ~ 2 nanoarcsec

A/b ~ 5x101®~ 0.1 nanoarcsec
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