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Femtoscopy

Goal - measure source's space-time characteristics and/or interactions between
particles.
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Absolutely no way of
measuring it directly!

T

emission

Timescales in heavy-ion collisions, .
Mike A. Lisa, Department of Physics, The Ohio State University t1| | |e
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Femtoscopy

Goal - measure source's space-time characteristics and/or interactions between
particles through relative momentum correlations.

Theory

Correlation function:

' ' - - P(ﬁlJﬁZ)
R o b= [ s > CE ) =

/ P(ﬁl)P(ﬁZ)

Two particle Lo L o .
emission function: P(P1,02) = | S(X1;X2) W(¥1, D1; X2, P2) |2 d°x1d°x;,

X :particle's position (not measurable)

p particle's momentum

W (%q,P1; X2, D2) - two-particle wave function (not measurable)

S()_f) : source function (not measurable) Experiment

q = |p1 — p2| : momentum difference Correlation function:

Ngame : same event distribution N
(q) CF(C[) _ same(q)
Nmixed (CI)

Npixea (@) : mixed event distribution
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Femtoscopy

[ Proton - proton correlation function, Rinv= 3fm |

-
=2

gu Effects and interactions:
g P « QS - gquantum statistics
* ~,. (Bose-Einstein or Fermi-

Dirac), identical particles
« Coul - Coulomb

0.6
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iy # QS interactions, charged
o* —s— QS+COUL :
0'2_% .". —e— QS+COUL+SI pa rticles

bR oo © | — Strong interactions,

Qinv [GeV/c
Hanna Paulina Zbroszczyk, PhD thesis : ] h a d rO n S

q = |p1 — Py| : momentum difference

= |¥; — X,| : relative distance
cro) - | 5

Determine the interactions

r =

(non-traditional femtoscopy)

MATEUSZ GRUNWALD | WPCF 2026, BUDAPEST | 20.05.2026 5
WPCF 2026



Motivation of photon femtoscopy

m° - yy (BR = 98.8%)
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J. Stachel. K. Reygers, QGP physics SS2015 6., I T e

. Space-time evolution of the QGP” 0 50 100 150 200 250 300
q [MeV/c]
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HADES experiment
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s High Acceptance Di-Electron Spectrometer

5gm Qeteghin plésena « Fixed target, few (1-2) GeV beam kinetic energy
gwoguammw * Dilepton pairs from vector mesons (w, ¢, P)

2 IR e srarpn » High angular acceptance (0°<$<360°, 18°<6<85°),

—_
o
o

split into 6 sectors
« High e* reconstruction efficiency (RICH, ECAL) and * /p
separation (TOF)

50

Eur.Phys.J. A52 (2016) no.6, 178
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Photons at HADES

Photon Conversion Method (PCM) Electromagnetic calorimeters
(ECAL)

N R

Eoe—
T 7

=
—
=

* High momentum and angular resolution
* Good lepton reconstruction at HADES
» Pure sample of photons

» High efficiency due to direct reconstruction
» Decently pure sample with suitable criteria

» Lepton close track effects » Calorimeter modules are big in transverse
« 2-step reconstruction (leptons — photons) plane — poor angular resolution

— low efficiency » Poor low-end energy resolution due to
 Low conversion probability due to very ~1/7E behavior

small material budget of HADES « Low q;,, might be affected, since:

(reconstructing 2y once per ~10° events)
Qinv = Myy = JZElEZ(l - Cos(ayy))

Not enough photons reconstructed via PCM
for femtoscopic measurements!
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Data & photon reconstruction

« Ag+Ag collisions at Vs = 2.565 GeV T = Taen
* 0-40% most central collisions:
- Data gathered by experiment: or < 300ps
1.19 - 10° collisions Oq,, = 2.2°
* Simulations (SMASH + detector response), ,_ — o,= 46 mm
without QS/FSI:
7.75 - 107 collisions NG ape, = \/(ﬁ_x)z n (g_y)z N
* Photons reconstructed with ECAL: ’ -
Variable Criterion g 8§_IAIgI+;Ac|g 'Vﬁ!é.éé Gev0-40% f
Matching to any charged 5 E 73_.'*2351"?32;2??’ E
track > O Omatch % ‘_. data (scaled) .'::..":. __
Opening angle with any sF S E
<28° - . . .
charged track +F | . E
Velocity (B) = 1%10 £ ' . E
Total cluster energy > 100 MeV of : ; E
Minimum module energy =~ > 50 MeV e s " -
Size of a cluster <4 T
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Photon reconstruction limits

 Cannot separate 2 y with a,, < 4.4 °
or <300 ps within the same event, but plausible within

mixed events

CIEC
CICO0C0 WO Oy = 2.2° |:> 1 module detects 1y in event
DDDD%» i

y triggers:
1 module — cluster size 1

2 modules — cluster size 2
3 modules — cluster size 3

* |Inavery rare cases ( once per 102 photons) we
falsely reconstruct single y as a pair with small
a,,, but above 4.4 °threshold

Yy’

'.v « The fake pairs appear within the same event,

S but not in mixed events
Clusters with size > 3

rarely come from a single y

] — T T T T T T I
" © Ag+Ag |[S,=2.55 GeV 0-40%
2= HADES preliminary —

E *  SMASH + HGeant ]
* SMASH + HGeant, good cluster
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Photon reconstruction limits

- (_-Abnormal de-enhancement of pairs
or < 300 ps within the rifomegpi=bmergingle within
mixed events

COHECO
S%% E % » Oq,, = 2.2° » - 1 module detects 1y in event
]

y triggers:

1 module — cluster size 1
2 modules — cluster size 2
3 modules — cluster size 3

¥

cluster, size
w

Solution:

a,, thresholds for
accepted pairs,
(estimated from split
clusters a,, distributions
for each centrality class) ‘
a.k.a. angle mapping

1 2 3
cluster, size
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Photon-photon

correlation functions
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Anticorrelation caused by uneven a,,
acceptance between same & mixed events

Qinv = \/(ﬁ - @))2—(151 - EZ)Z

SMASH + HGeant — HADES simulations.
No FSI/QS involved, no direct photons present.
Used as a benchmark of detector effects

data — real data gathered by HADES
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Photon-photon correlation functions
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Resolution correction
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Photon-photon

correlation functions

SMASH + HGeant

""h"‘*}-l .45_ L | L | LI | L | LI | L
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& F HADES preliminary correlation’
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Photon-photon correlation functions

PHYSICAL REVIEW D VOLUME 57, NUMBER 7 1 APRIL 1998
Real data / SMASH + HGeant _ o .
Unified approach to the classical statistical analysis of small signals
- 1 3 1T r ] T 1 Gary J. Feldman™
E — -1 Department of Physics, Harvard University, Cambridge, Massachusetts 02138
w-?: : Ag+Ag USNN = 2'55 Gev 0-400/0 'Y-'Y . : Robert D‘VCc;usivnsfr o
(Llj 1 -25 __ HA DES pre |im inary CO rrelatl On__ Department qfP.ﬁ)(‘:l{;.:;::‘dAZS.;lTgxﬁéﬁrr;ﬁ;?pﬁﬁ;{ﬁ:;;_:;: ;4':;,;1‘8:. California 90095
[ e data : E 1 .3_ rr 77 rrrrrr T ]
- — total fit 0., mapping 7 o [ Ag+Ag \s,, = 2.55 GeV 0-40% T ]
| _ . L B - .
1.2[—— Gauss, fit Resolution corr | O 1.25[- HADES preliminary correlation -
- — Gauss, fit , - [« data ]
- 2 Purity corr - - —fit to data o, mapping |
115 data/sim double ratio— 1.2 [ — UL,CL=0.68 Resolution corr |
B 1 - —ULCL=085 Purity corr |
- ] 115 [[] data/sim double ratio—
11— fit range: 17-100 MeV/c ] - ]
e § 1.1 .
1.09[— * ] i ]
R TN e o PSR RANRE 1.051- ]
b TR ea* o e ety s £
| — —=r— i
[ |_l| (RN AN NN RN I T N AN TN NN NN ot '1:‘---'-;-*¥ &
0 20 40 60 80 1 00 1 20 [ P R A S S KT NI N TH A S Wt B
q_ [MeVic] 0 20 40 60 80 100 120

q_ [MeV/c]

. p— _Rlzqmvz _RZZqinv2
CF(qiny) = 1€ t4ze 10 (CL=0.68) | 20 (CL=0.95)

Ry, R, are taken from fit to real data

X2/NDF 1.74 1.64 2.08
No visible direct photon signal. 0+ 0.06 0.08 0.53
Only upper limit can be derived. ] 0.04 0.10
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Summary & Outlook

Photon correlation functions at low collision energy
were measured using HADES calorimeters.

The necessary corrections for the detector effects
were developed.

Using the comparison between simulations and real
data one cannot see a clear evidence for direct
photon correlation. The visible low g;,, enhancement
seems to be an artifact of reconstruction algorithms.

The upper limits for two confidence level intervals
were derived using Feldman and Cousins method,
predicting the values for A .., below 10- 10“*and

the corresponding N, yect/N, 4 ratios

"WPCF 2026

MATEUSZ GRUNWALD | WPCF 2026, BUDAPEST

20.05.2026

16



Thank you for your attention!

° O ——
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« L1015
o

.Hanbury Brown-Twiss interferometry of direct
photons in heavy ion collisions”, D. Peressounko
PHYSICAL REVIEW C 67, 014905 (2003)
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. International Journal of Modern Physics E G (GEV)
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One makes inferences using the “posterior”™ pdf, which is the
conditional pdf P(p|xp) for the unknown gy, given the result xq of the measurement. It is
related to £ by applving Bayes’s Theorem. Bayes's Theoremm in elassical probability says that

the probability that an element is in both sets 4 and B is P(A|B) P(B) = P(B|A) P(A).

Bayesians apply this to pdf's for j, obtaining

Pluwo) = Llwolpe) Plp)/Plao).

) P(;t|p.]=\/lg_ﬂcxp[—(r—,u.)i/Q). (3.1)

(2.1)

Typically the denominator is just a normalization constant, so the major issue is what to

use for P(yr), which is called the “prior” pdf.

r

In order to specify uniquely the acceptance region, one must choose anxiliary
criteria, Omne has total freedom to make this choice, if the choice is not influenced by the
data xg. The most common choices are:

Plz = x|p)=1-a,

—
[
an

which leads to “upper confidence limits™ (which satisfy Plp > pa) = 1= a)

In analogy with the Poisson case, for a particular z,
we let fipesy be the physically allowed value of g for which P(x|g) is maximum. Then
[thest = max(0, ), and

[ 1V 20
P (| piest) = { exp(—22/2) V2w, x < 0.

We then compute R in analogy to Eq. 4.1i using Eqs. 3.1 and 4.2

Plap) { exp(—(zr — p)*/2), 20 (4.3)

P(x|pnest) explzp — ng}lz): z <0.

(4.2)

R(z) =

During our Neyman construction of confidence intervals, R determines the order in which
values of r are added to the acceptance region at a particular value of pr. In practice, this
means that for a given value of n, one finds the interval [z, 2] such that R(x;) = R(x)
and

fm Plx|p)dr = a. (4.4)

1
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0)We look for upper limit for A, — the Ry, R, 1)We have to choose the likelihood

and A, we treat as fixed values. To get a function to build PDF. Because we:
more accurate n°-n° residual contribution
strength we fit double ratio CF with double a) have Gaussian errors (Poisson with high
gaussian function (with fixed radi). count = Gauss)
b) assume errors are independent of R & A
values

the x*can be used

- - -

2) Since we don’t know the analytical form for the PDF the Neyman’s Construction can
be used.

This utilizes f.eg. the MC methods, where we simulate a sample (k) of “pseudo-
experiments” by varying each point (i) of our CF by the statistical & systematic errors

for a given A; value.

ko , k : .
C‘Fvar-’f — CFHWOW ( qi> A’l ) R ) + (51' ,stat + éf »Syst
(Sf_,smt =Gauss (.O ’ Oi,smr) - Original function Example variation
(Sf-’s}’sr:Gauss(-O’Of,sysf) E L NS AT



3)For each “pseudo-experiment” we:

a)find the fit for specific A1 — X*(A\1)

b)find the the best plausible fit (A, becomes a fit parameter) — X?(Aves:)
c)make a difference between them, which is in this case equivalent to

log-likelihood ratio
2 2 2
AX :X (;Ll)_x (;Lbest)
this value is (obviously) positive by definition

4) After repeating it k times (each pseudo-
experiment donates a value of Ax?) for specific A,
we get the simulated estimation of PDF

P(AX2M~1)

5)Based on a confidence level (CL) of choice we find the
highest accepted value of Ax2, so called AxZi

Ayz

2 2
| Plax|a)d(ay)=CL
0
6)For the real data we repeat steps from 3) and make AXZqaca
2 _ 2 2
A Xdam _Xdﬂta ( )L’l ) _Xdcrta ()Lbest)
7) We compare Ax2.i: and AXZgata:

o If A¥%0am < AX%er — We accept A as valid value
* else — we reject A

)\1 =10°
k = 20000

Jpp—

Entries 20000

Mean 1.608
Std Dev 3.358
Underflow 0
Overtlow 70

Integral  1.993e+04

o
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