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Thoeonetical Bascs: sFsoumptions
Complete Truth:

P(ﬁl te ﬁn) — ‘/d4$1 T d4xn T(xl T xn)¢p1"'pn (331, o xn)

6(pro — E(p1)) -+ 6(pno — E(pn))

Approximation 1 (of 4): Assume ¢ factorizes, integrate over other particles

2

P(p1,pa) = ) 0(p10o — E(p1)) - - 6(p20 — E(p2))

/
F12

/d4$1d4$2 Tr:, (21, 22)Pp, p, (T1, T2)

Ignores multi-particle symmetrization, correlations with other particles,
good if unlikely other particles in same momentum range and (f) < < 1



Theornetical Basis:  ssampitions

Approximation 2 (of 4): Assume emission is independent

S(p1, p2, 21, 22) = /d5$1 dows Thyo(x1 +021/2, 2 + 022/2)Tp12(21 — 021/2, 25 — du/2)ePr S71Hip2dwe

S(p,x) E/ddej}(m—l—(Sx/Z)TF(az—(536/2),

S(p1,p2,x1,22) = S1(p1,21)52(p2, x2)

Must be true if C(p, g) = 1 when particles are non-interacting
Ignores, energy/momentum conservation... , should be very good for large sources



Theornetical Basis:  ssampitions

Approximation 3 (of 4): Smoothness approximation
51(]01,331)52(192,332) ~ Sl(pl + 519/2,331)52(192 — 51?/2,332)

Should be good for hot thermal sources

Approximation 4 (of 4): Evolve between emissions
U(z1 — 22,q) = ¢¢(Tem,1 — Tem,2) in cm.

Not necessary for identical particle interference



Theonetical Basis: Roowin égmm

C(ﬁl ﬁ2) = P(ﬁlaﬁQ)
’ P(p1)P(p2) Evaluated in c.m.
Koonin Equation: %/dgr S 5 (Fom) |G, (Fom) /
S fd371d96281(p1,$1)82(p2,$2)5(f1 — Ty — 7)0(p1 — P2)
Sp(r) =

J dxidzasi(pr, 1)s2(p2, 22)6(Pi — p2)
- fd371d513281(p1,$1)82(p2,$2)5(f1 — Ty — 77)5(]9_1 — P2 — Cf)
J dz1dz2s1(p1, 21)s2(p2, 22)0 (i — P2 — §)

C(p'y, P ) represents | ¢ (7) > averaged over 7
If |¢|° =1, C=1

Goal of Femtoscopy: Determine S p(?) from experiment.



Theonetical Bascs: (Hasses of Tuteraction

1. Identical-Particle Symmetrization/Anti-symmetrization

1

(b(pl’pQ’Tl?/rZ) — E (6

\gb\2 =1+ cos(2q-7)

ip1-T1+ip2 T2 + eipl '7"2+ip2'T1)
9

For bosons
C’(]B,cj) =1+ /d?’r Sﬁ(F) cos(2q - 7),

S5 = 7 [ daic@n -1

Straight-forward to extract ALL of SF(?)’ in all 3 dimensions



Theoretical Basio: (Hasses of Juteonaction Z 14 | R.Ghetti et al, PRC 2000
512 | o Ni + Ni
> 10 « Ni + Au
§ 8 | o Ni + Al
LS,
o
8

2. Strong Interaction

O3, 7) = €77+ 3 (20 + 1) [Re(qr) — jelar)] Pe(cos ) !
V4

« Forr > 1 fm, R, determined by phase shifts ° 0 20 40 60 80 100

e For gR acteristic S 7T, dominated by s wave

* Relevant interaction mainly determined by scattering length

Relative Momentum, q (MeV/¢)



Theonetical Bascs: (Hasses of Tuteraction

3. Coulomb Interaction

For r < ay/2n and gr ~ ,
determined by Gamow factor

2 21
|¢| ~ 627”7 . 17
) Independent of 7!
me
n=——
q

Forgr > > mwand r > > q,, becomes classical

2
€

1 £ 58)(1+ cosb)

2€
—.J1=
B \/ 1+ cosf’
. 212262/7'

q*/2u

|¢(q’ r,cos 0 ‘classwal Z 1+ — [
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Tteonetical Badis: 7maqmq

Com(q) =1+ 47‘(’/ r2dr K¢(q,7)Sem(q,7)Sem (1),
0

Ky(q,r) = %/dcos@ Py(cos 0)(|¢p(q,r,cos)]* — 1)

Isolate £, m components
1-D inversion problem

Can be applied to any interaction!!

Panitkin et al., PRC 2000
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Tteonetical Bascs: (Yoalescence

Llope et al, PRC 1995

For deuterons:

3 ;5“10 - p+p—d 10 p+d—t
— 5 — s = N Q
Py(P) = 1 /d47°1d47°2|¢d(7“)|2s(P/2,T)S(P/2,7“) E 8l ’ﬁ?d;”* N S%WIP ,
. L s 6 T W
« Same as Koonin formula, ¢ — d Zj PR i) matateny
o If |gb|2 is localized same as thermal model 2> I -
applied to end of reaction aside from e BIT Els—dm—m + 15} pHt—o 4 :
. . . ~ c o .
- No shape information, but can infer R, 10} o oF + "t
48 ' '
from S #ﬁﬁ” | 5@.;#%
3/2 : | I : ‘ | {
R; (28.+1)  Pu(P/2)P(P/2) . dsa—'Ly 5 10 15
3 _ c a E1n. +o— Tl
fa = ( RZ + p? /2) (25, +1)(25, +1)  P.(P) “‘Jlg t+'He—"Li Vy (em/ns)
& #ﬁﬁr; 3 55 MeV/nucleon
6" T\H’l! Tl; ® 115 MeV/nucleon
s
2“ | i |
510 15



Vhesnetical Baoio: Wkt~ Pivn Symmetrization

Koonin eq. Ignored n—body terms in wave functions
For symmetrization only:

P(p) = G1(p,p) + G2(p,p) + G3(p,p) + - --
P(p1,p2) = P(p1)P(p2) + [G1(p1, p2) + Ga(p1, p2) + Gs(p1, p2) + - - 1[G1(p2, p1) + G2(p2, p1) + G3(p2, p1) + - -

Gn(p, q) = /d4$1 s d4:(:n dgkl s d3kn_1
S((p+k)/2,21)S((k1 + k2)/2, x2) - - - S((kn-1 + @) /2, %)
Expression and effects altered if pion number fixed

S.P. PLB 1993 1
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Ttoconetical Baocs: (Zounect toTransport

Cl, ) — / 0 S 5(Fom) [t (Fomm) 2

o fdasld:czsl(pl,xl)SQ(pz,$2)5(fl — £2 _ 77)5(]9_1 _172)

Ss(r) = 7
P( ) fd$1d513281(p1,$1)82(p2,$2)5(p1 — po)
S+(7) samples relative positions
BNC 1.0
. BNC 1.0 Positions, T - 15 f”]/c
4o foptions, T = B fmfe

1magnified [, .09 ;

=




Thoeonetical Basis: (Zonnect toTranspornt

2 different eq.s (same within smoothness eq.)
Cp1,72) = [ Si(im) o (Fon)

So(7) = [ dz1dzasi(p1, z1)s2(p2, x2)0(Z1 — To — 7)o(pi — Pa2)
P fd$1d39251(p17331)32(p2755'2)5(p_i — o)
_ J daidaasi(p1, 21)s2(p2, 22)8 (21 — 22 — 7)é(P1 — P2 = G)

- [ dzidzasi (p1,21)s2(pa, v2)0(P1 — P2 = §)



Tteonetical Bascs: (Zounect toTransport

Method 1
« Sum particles over p,
assigning binby P =2p + 6

« For given P bin, sum over q Method 2
sum over all pairs (regardless of g) * Sum P?rtifﬂ?s I:VGF all pairs,
2 assigning bin
CP,q) = {1$(g. ") gning Bin by

P=p +p, g=(p—p)/2
« C(P,q) = {1¢(q. )

Both methods can sample by mixing events with same b
Method 1: needs few hundred events
Method 2: needs few thousand events



Thoeonetical Basis: (Zonnect toTranspornt

To average | ¢ |*, In coral:

string wf_parsfilename="parameters/wfparameters.dat";
CWaveFunction wf=new CWaveFunction pp _schrod(wf _parsfilename);

wf->getqrctheta(pa,xa,pb,xb,q,r,ctheta);
iP
iq

N[iP][iq] += 1;
cf[iP1[iq]l+= GetPsiSquared(q,r,ctheta);

cfLiP1[iq] = cfl[iPI1[iq]/N[iP][iq]



Theonetical Bascs: (Younect toransport Other wave functions in coral:

CWaveFunction _pipluspiplus_nostrong(string parsfilename);
CWaveFunction _pipluspiminus_nostrong(string parsfilename);
CWaveFunction _pkplus_phaseshift(string parsfilename);
CWaveFunction _ppiplus_phaseshift(string parsfilename);
CWaveFunction _generic(string parsfilename,int gqlg2,double ml,double m2,double symmweight);
CWaveFunction Xipi_phaseshift(string parsfilename);
CWaveFunction_pn_phaseshift(string parsfilename);
CWaveFunction_plambda phaseshift(string parsfilename);
CWaveFunction_kpluspiminus_phaseshift(string parsfilename);
CWaveFunction_pp_phaseshift(string parsfilename);
CWaveFunction_nn_phaseshift(string parsfilename);

CWaveFunction pipluspiminus_phaseshift(string parsfilename);
CWaveFunction _pipluspiplus_phaseshift(string parsfilename);
CWaveFunction lambdalambda phaseshift(string parsfilename);
CWaveFunction_lambdalambdaantiparspin_phaseshift(string parsfilename);
CWaveFunction_lambdalambdaparspin_phaseshift(string parsfilename);
CWaveFunction _pipluspiminus_sqwell(string parsfilename);
CWaveFunction_kpluspiminus_sqwell(string parsfilename);
CWaveFunction pipluspiplus_sqwell(string parsfilename);
CWaveFunction_kpluspiplus_sqgwell(string parsfilename);
CWaveFunction _pkplus_sqwell(string parsfilename);
CWaveFunction_ppiplus_sqwell(string parsfilename);
CWaveFunction_ppiminus_sqwell(string parsfilename);
CWaveFunction_pp_schrod(string parsfilename);
CWaveFunction_ppbar_nocoulomb(string parsfilename);
CWaveFunction_optical(string parsfilename);



Phenomenology
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Phevomenclogy: .é’c'gez‘c'one

Lifetime stretches phase space cloud,
Both along v and along beam

Probability cloud of
particles of momentum p
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Higher momenta more confined to edge of fireball
& lifetimes shorter

R, (fm)
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Phenomenclogy: Plow

Non-identical particles
Heavier particles more confined to edge

S5(F) # S5(=F) — C(P,q)#C(P,-7q)
protons

ity
|
if

ity

Opposite behavior as non-explosive,
cooling source




“Principle axes of S7(7) not || to P

Elliptic Asymmetry / Flow

* 0-5% = 10-20% + 40-80%

n 0 a2
d (radians)

Direction of F



Stiffer EoS: shorter lifetimes, more flow

Ru (fm)
[e)]
[T T 71
| I B |

Original Calculation

+ pre-thermal flow ]

+ stiffer EoS (no 1st-order transition)O
+ shear Viscosity

+ improved wave function @
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Plienomenclogy. (Zowstraining EeS

Phase space density and entropy

ds dN [5 1 S.Pal and S.P. PLB(2004)
d—y=/d2pTE% la—ln(F(p))iWF(p)], 6000 —
1 (2m)3% _dN 1 [
P = T @ e _
4000
> !
S
)
5 !
2000

e, (GeV/fm')



Plenomenology: (Censtraining EeS

Bayesian Analysis
Spectra, v,, Femtoscopy

| Sample
calculations
From posterior

Sample
calculations
From prior

S.P. PRL 2008
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Dhenomenclogy

Bayesian Analysis
Spectra, v,, Femtoscopy
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Most resolving power for EoS
comes from femtoscopy

S.P.,E.Sangaline,P.Sorensen and H.Wang, PRL 2015






Zutwre: To-Do List

More theory/data
Interaction needed!

Non-identical particles
— compare to transport

Coalescence source sizes
— systematic
— compare to femtoscopic correlations

Understand n—body symmetrization
— realistic models

Imaging

— 3-dimensional

- D, 7T, K-

— compare to transport

Bayesian analysis of BES data
— global (spectra, flow,femtoscopy)
— models need improvement



R.L ,NPA 2018
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Priority: Improve modeling and perform Bayesian analysis for BES data

INT Workshop: Dense Nuclear Matter EoS from Heavy-lon Collisions
Dec. 5-9, 2022, Seattle



