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= Outline

m HADES setup

C(q)

m Method

— extraction of source size from
Bose-Einstein correlation signal

Thermal Bosons A=1

~1/R
= Partly coherent Bosons

+ contamination A<1

m Two-pion intensity-interferometry
results

— azimuthally integrated
— azimuthal dependence a

— comparison with world data
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High Acceptance Di-Electron Spectrometer
at Heavy lon Synchrotron SIS18 at GSI (Darmstadt, Germany)

fixed-target experiment,
16 < 6 < 88 degrees

Au(1.23A GeV)+Au
V3NN = 2.4GeV

high performance

557 beam hours with
(1.2 — 1.5) x 10 ions/s
trigger rate up to 8 kHz

2.1 x 109 events analysed
(0-40%)

MDC i

Magnet




- PID, phase space distribution

Velocity vs. Rigidity
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Conditions
Two particle conditions

m binning in centrality 4+ pair transverse
momentum pi,, = [pi.1 + Ptz
(+ (¢ — ¢Ep) in azimuth. analysis)

m midrapidity |y12 — Yem| < 0.35
m data-driven close-track pair cut

— not same TOF/RPC cell
— not same MDC wire +1

track 1

track 2

N~—

wires

experimental C-function:

_ > Yia(q)
C(q) =N > Y12, mix(q)

Event mixing conditions

m same multiplicity:
|mult; — mult;| < 10
m same event plane:
l¢i — ;] < 10°

m same target slice:
|[VerZ; — VerZ;| < 1.2 mm

m all other conditions:
as for true yield!

relative momentum
q=(p1 —p2)/2 (")

norm N: C(q) — 1 for ¢ — oo
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= 3_dim fit function

m including FSI — Coulomb (strong interaction neglected)

. . C 2
m assuming Gaussian source distribution S(r) = W exp(—75z)

B
Bertsch-Pratt parametrisation: ¢ — (¢o, gs, q1) ! '
boost into longitudinal co-moving system (LCMS), p1. = —pa2» ! z

Sinyukov-Bowler formula: [Phys. Lett. B 432 (1998) 248]

C(q_) = CO [(1 - )‘) +A- KCOUl(é: Rinv) . (1 +e Zij 4qiqui25)]
Bose-Einstein(BE) part

R? R?, R? = 3 diagonal + 3 nondiagonal geometrical variances
R} =|Ri R: R

R?> RY} R} A < 1 — incoherence + contamination
Riny from 1-dim fit 4 = {qinv) (o, Gs, q1, Dtrs)

Gaussian momentum resolution correction — R increases by ~ 2%

R. Greifenhagen for the HADES c




¢-dependent analysis

Fit formulas (81 =0) R? = 8y 5in% ¢ + Spo cos? ¢ — Sy2sin 26,
[PLB 496 (2000) 1, PRC 57 (1998) 266]: R} = S11cos® ¢ + Spasin’ ¢ + Siz sin 20 ]
—21 So1 cos ¢ — 231 Spzsin ¢ + 87 Soo
R} = S33 — 281503 + B7S00 .
RZ, = S12c082¢ + 5 (S22 — S11)sin2¢
+61So1sin¢ — B Sp2cos ¢,
R2 = (S13 — BiS01) cos ¢ — 31.Sos

accounts for explicit ¢ dependence arising from
the azimuthal rotation of (osl) system relative
to RP-fixed (xyz) system

Sy contains complete 3+1 dim. geom. info of + (S23 — B1S02) siné + Bi181 S0 s
elliptic region of homogeneity R2, = (Sa3 — (1S02) cos ¢ — (S13 — 5S01) sin ¢
e 1
0.8
Strue — Gmeas me A/2 1
(= (= sin(n - A/2) - Fy 061
0.4
A: finite ¢-bin width 02 ol s
" n=1, used classes
Fy = {cos(n - [¢gp — érp])) % o7 used casses | |
(method by J.-Y. Ollitrault, [nucl-ex/9711003])

L 1 L | L | L 1
Cb 10 20 30 40
centrality [%]

some details — backup, all details — [arxiv:1910.07885]
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.qb—dependent analysis Il

out &

spatial tilt in xz-plane:

1 28
0 =  tan—1 (i)
2 S33 — S11

Sdiag — R§(95) . Gtrue | Ry(es)

— diagonal elements of rotated S-matrix are geometrical variances o, o2, af,, o2

£€=0.36 €=0.6 £=0.8
eccentricity i; xy(;y)—plane:
Cay(zy) = w @ @
o +ax(z)

initial nucleonic participant eccentricity €initiai — deduced from GlauberMC
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- HBT parameters, ¢ integrated
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///%
decreasing R; for increasing m¢ — radial flow ot
+ resonance contributions
(mainly A’s)

charge-sign differences clearly visible!
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- 'Central’ Coulomb pot.

o ‘ — ‘ T
DCE .7//@// %?% n:g
3
% W,
%,, 1
inv out
e R —
S| ey 0-10 % :jrfrfr =
< ’QZE/, 4 <
o ey T en I
a- SRt &//; a
side long
100 200 300 00 200 300
k, [MeVi/c] k; [MeV/c]

First time observation of
substantial charge-sign difference!

constructed 7070 radii:
2 _1(p2 2
R,}O,}O - E(Rﬂ'+7r+ + RTF77I'7)

[PLB 795 (2019) 446]
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excitation functs.

Au+Au, Au+Pb, Pb+Pb

HADES 1t
HADES 11t
E895 It
E866 Tt
E866 ' ]
NA49 17t
CERES mm+m'nt
STAR T+t
ALICE mr+mn’

VVO [fm3]

6000~

4000~

B <e> SO

4 v

20001 "0 & B
L %
x 2 m, = 260 MeV

10 10? 10°
(s [GeV]
3 p2
Vio 1= (27")2RsideRlong

HADES follows trend from STAR/NA49
more than trend from E895
— room for structures?

Routa Rsid67 Rlong — backup



.gb—dependent HBT parameters, 7 7~
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Geometrical results, 10-30%

oy > ox > 0, — “almond” shape

[arxiv:1910.07885]
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P [MeV/c]

P [MeV/c]

P [MeV/c]

Ox, 0y, 05 clearly depend on pion charge, 6, does not!



Excitation function, nearby energies (AGS)

[arxiv:1910.07885] Os — 05 +90° = 0, <> 0, !
5 E[* 5
s * . < o + o o g
5F ¢ 5 ¢ i 5
L] b 4
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K HADES 10-30% +
3t | ! 3k | \ 3k . )
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mean k; = 110MeV/c at low ¢ HADESQSIS18 follows trend from E895@AGS!
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Excitation function on a larger scale

— 2
‘o 0 @ £895 k=110 MeVic, 7.4-30%
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Geometrical results, all centralities, 77—
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0x, 0y, 0, increase with more central collisions and decreasing py, 12!
|0s| decreases with more central collisions and increasing p,12!
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€final VS. Einitial

® .27 ~ (Efinal
£ - i
& [ | * p,,=105MeVic < SR, .
' o / \ +
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0.3- 112 + ) i\nltlal /, ’,
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0.1- + + Dt,12 > time
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ellipsoid becomes circular

final ecc. recovers initial (nucleonic) ecc. at high pe!
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Summary

m multi-differential HBT analysis

m 7 7 and 77T separately

m k¢ and centrality dependent

m ¢-integrated and ¢-dependent analysis

m excitation functions including HADES data
— HADES mostly confirms existing trends!
— comparable only at same k!

m first time measured in HIC

— substantial charge-sign difference of HBT radii
— multi-differential analysis of tilt angle in zz plane

6, [deg]
2

-100

00 200 300 400 500
k, [MeV/c] P, ,, [MeVic]
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Backup material




Phase space binning Centrality
_ 1000 centr. determ. with GlauberMC
i %122 =R ER e e,
] o oS anind .
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Fl Impact parameter b [fm]
€ rtnt
centr. (%) (b) [fm]  (Apart)
0-10 3.1 303
S 10-20 5.7 213
. T 20-30 74 150
sowr 30-40 8.7 103
10-30% Qinv < 50MeV/c ‘912 — ycm\ < 0.35 10-30 6.5 181
~ . o 25-35 8.1 125
Pt1y = |Pr,1 + Pr,2l , y12: pair rapidity 30-45 9.0 93

aside: out-of-plane elliptic flow visible HADES [EPJ A 54 (2018) 85]
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Freeze-out volume
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- Excitation function, m; = 260 MeV /¢, ¢-integr.
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Excitation function, ¢-dependent

azimuthally dependent analysis only:

E895, k=110 MeV/c, 7.4-30%
HADES, k =110 MeV/c, 10-30%
CERES, k =230 MeVic, 15-25% n
HADES, k =230 MeVi/c, 10-30%
STAR, k=310 MeVIc, 10-30%
ALICE, k=310 MeVic, 10-30%

HADES, k =310 MeV/c, 10-30%

3000(—
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!
@

2000

Dt <Oto %0

L]
*

1000 v

\**\
<
<
«
<
<
<

. |
10 10* 10°
Vs [GeV]

strong variation at low k!

at higher k:
m volume increases smoothly with
SNN
m oy, 0, increase with energy, but oy
decreases at low /sy
= similar observation as squeeze-out?
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Excitation function, &g, |l

Tilt angle has to be taken into account!

;.0 6 g ------- major axis tranformation nn
i . :. — tilt angle 6, ignored
L " © -
Q . $
0.4~ 9 (:)
I SR ¢ 9|
0.2 ) T o, HADES
O 6-m2 V o, STAR
[ 2R R, 10-30% z
¢ = 1-2R n}(Rg JH2R R *G, HADES
o — k:=310 MeV/c v o, STAR
vl b T e T o T
200 300 400 500 600 E— S

P, [MeVic] 10

10?
VSun [GeV]

trends of blue and green data points (blue dashed lines) cross at tilt angle
0y ~ 45°!
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Excitation function 6, (with model calculations)

® Experiment

- UramD
j& == RQMD - cascade
40 == RQMD - meanfield

= Hydro[BM] + UrQMD

6 (°)

== Hydro[HG] + UraMD

I\

o1 10 100 1000 10000
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050 ® Experiment
€ ' — uramp
0.40 } = 20 hydro EoS-H
—— 20 hydro Eos-|
030 = 2D hydro EoS-Q
= Hydro[BM] + UrQMD
0.20 RN —— HydrolHG] + UrQMD

. about major axis:
~(}*§ \§—~ O Experiment
0.00 = uramd
/ = = RQMD - cascade
-0.10 - = = RQMD - meanfield
1 10 100 1000 10000 == Hydro[8M] + Uravid
VSyy(Gev) = Mvdrollcl + uramo

[New J. Phys. 13 (2011) 065006]
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Kawamura for STAR, WWND2019, prelim.
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= affirms that there is no crossing of
eccentricities!
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.gb—dependent HBT parameters, 777", fit
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Geometrical results, all centralities, 77
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time components, 7 1~
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time components, 71
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A parameter
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W1 dim projections, 0-10 % (y-integrated)
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example C-fct.,
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example C-fct.,
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example C-fct., projections
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Tilt 04(b)
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- Interpretation of HBT results, 2 slopes

— recipe from U. Wiedemann, U. Heinz, Phys. Rept. 319, 145 (1999)
d*zS(z,K)etd%|?

B4 = Pi(p) = [d'zS(z,p) & Ca(q, K) ~ 1+ LG50,

A2
& B =< @’ >= [fz8lsen

[d%z S(z,K)
motivation: determ. flow velocity n <> _
kin. freeze-out Temperature Tt 102 * it (d-decay)
— F fit (direct)
g ok fit (all)
3
3
=F
zZe
S0k N
Tk o':o"/ \\
£ 0-10% .
1005, | | | | L
14 F
= 2 f S
R
T o8 |
0.6 E
100 200 300 400 500 600 700 800 900
. . 2
- S = SA + Sdlrect m-m, [MeV/c?]
Single-part. spec. in SIS/AGS* energy
o _ PiaRIA+ PranREg, regime best descr. by sum of direct +
= Ri = Pra+ Pra ' '
(P1,a+ P1air) (mainly)A decay pions

* E895 [Phys. Rev. C 68 (2003) 054905]
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Relativistic model, combined fit
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B HADES mtit
® HADES '’

3 R§r: 7.8(3) fm
RAT = 2.4(4) fm

260 460 660 860
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p|, 12

W HADES it
[ ® HADES 't
A E
Ty, = 11.5(1) fm/c
v — 3.8(1) fm/c

Il Il Il
200 400 600
p

800
[MeV /c]

1,12

Aj'dir =ATA =0
vdir = 0.1

v =0.27(5)

Vi =8.4Mev

v = 27(2)(1) MeV

2 Coulomb potentials V-,
2 flow velocities vy,

2 geom. radii Rg,

2 frezze-out times 79,

2 freeze-out durations ATt

— too many parameters, w/o further constraints no meaningful param. determ. possible!

+ proof of principle: pion species chronology affects p dependence of HBT radii!
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Event plane reconstruction and resolution

full symbols: Z-Weighting & imp. Re-Centering
open symbols: status QM18
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QEP = E U; up to 4% improvement in R4

Z-weighting up to charge 6 in FW sub-event method
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Excitation function, mi-dep. of world data
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