GOETHE@

UNIVERSITAT CRC-TR
under extreme conditions

FRANKFURT AM MAIN

)

#
K\ '(",,“

4
AN

Dilepton anisotropic flow in
hadronic transport

Renan Hirayama and Hannah Elfner

October 2", 2023

HFHF Retreat + STRONG 2020, Giardini Naxos, Sicily



1. Dilepton as probes -

Pairs of single-origin, opposite charge leptons

e No stronginteraction = leave the medium undisturbed
& Multi-messenger: spectrometer, chronometer, barometer, thermometer, ...

§f Experimental difficulties:
o rareprobes BR(h —I*7) ~107°
o combinatorial background
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1. Dilepton as probes -

Pairs of single-origin, opposite charge leptons

e No stronginteraction = leave the medium undisturbed
& Multi-messenger: spectrometer, chronometer, barometer, thermometer, ...

§f Experimental difficulties:
o rareprobes BR(h —I*7) ~107° This work: Ag+Ag at s, =2.55 GeV, 0-40%
binatorial background
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2,the SMASHapproach .
Simulating Many Strongly-interacting Hadrons i

Hadrons

@
e Hadrons evolved with the relativistic
Boltzmann equation (BUU)

puaﬂf’i(‘x’p) + mW) = Céoll

/o Scatterings determined geometrically from N

“bottom-up” cross sections

T (@, 0) < ior(a, b) = Z Tab—R + Zaab—md ‘ P
X
e Mass-dependent width for hadronic decays \\Q )

Prob(R dzz:ys in At) = T Z Troap(m ‘
S J

Vacuum properties a priori

[J. Weil et al, PRC 94 (2016) 5, 054905]


https://smash-transport.github.io/

2. the SMASH approach b, oot

Simulating Many Strongly-interacting Hadrons

Hadrons Dileptons

e Hadrons evolved with the relativistic e Electromagnetic coupling is much

Boltzmann equation (BUU) smaller than strong coupling

PO, fi(z, p) + mW) =C'y e Stable hadrons decay at the end

e Time-integration: perturbative

/o Scatterings determined geometricallyfrom\ treatment for dilepton emission
“bottom-up” cross sections T— to
WR—1+1- / — T'roi+1-(mRg)

Wdfra_n&(a b) < o-t()t a, b Z Oab—R + Z Oab—scd

[U. Heinz and K. S. Lee, Nucl. Phys. A 544, 503 (1992)]
[6.-0. Li and C. M. Ko, Nucl. Phys. A 582, 731(1995)]

e Mass-dependent width for hadronic decays e At every time step the particle
radiates a lepton pair, carrying
the shining weight

Prob(R decays in At) e
- N =T ZFM@ )
Vacuum properties a priori

[J. Weil et al, PRC 94 (2016) 5, 054905] 5
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2. the SMASH approach

Simulating Many Strongly-interacting Hadrons

Hadrons

e Hadrons evolved with the relativistic
Boltzmann equation (BUU)

puaﬂf’i(xvp) + mm) = Céoll

/o Scatterings determined geometrically from N

“bottom-up” cross sections

Trdthlns(a b) < JtOt a, b Z Oab—R + Z Oab—cd

e Mass-dependent width for hadronic decays

Prob(R decays in At)

N = T3( Z L Rosap(m

- /

Vacuum properties a priori

[J. Weil et al, PRC 94 (2016) 5, 054905]

Dileptons

e Electromagnetic couplingis much
smaller than strong coupling

e Stable hadrons decay at the end

e Time-integration: perturbative
treatment for dilepton emission

dt
Wr—+1-(T) = / o I'roi+i-(mR)

[U. Heinz and K. S. Lee, Nucl. Phys. A 544, 503 (1992)]
[G.-0. Liand C. M. Ko, Nucl. Phys. A 582, 731(1995)]

e Ateverytime step the particle
radiates a lepton pair, carrying
the shining weight

https://smash-transport.github.io/

A&


https://smash-transport.github.io/

3. SMASH dileptons C caem
Medium modifications are not fully reproduced by

collisional broadening from vacuum interactions

ArKCl at 1.76A GeV

pp at 3.5 GeV — all -- poqete
103 — all -- poete 1072 — p—oete - wonlete — SMASH 7\
L o s o o 51 A up = 330 MeV
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Wee [GEV] [ gaudenmaer, H. Elfner, PRC 98 (2018) 3, 054908] Moo [GEV]

[R. Rapp, J. Wambach, Eur.Phys.J.A 6 (1999) 415-420]
[H. van Hees, R. Rapp, Nucl.Phys.A 806 (2008) 339-387]
[RH, J. Staudenmaier, H. Elfner, PRC 107 (2022) 2, 025208]
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3. SMASH dileptons C caem
Medium modifications are not fully reproduced by

collisional broadening from vacuum interactions

ArKCl at 1.76A GeV

pp at 3.5 GeV — all -- poqete
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. . ArKCl at 1.76A GeV [R. Rapp, J. Wambach, Eur.Phys.J.A 6 (1999) 415-420]
Alternative: Coarse-graining 107 poete e Multi—z | [H.van Hees, R. Rapp, Nucl.Phys.A 806 (2008) 339-387]
7 Sqete — all [RH, J. Staudenmaier, H. Elfner, PRC 107 (2022) 2, 025208]
. . . 1073 e psmetes M non-CG
e Localaverage of T%" and gg over several collisions = oo i § HADES
& 10" N
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Use EoS to determine ensemble thermodynamics P . \ | Assumption here:
6 [ e T L.
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[see Tom Reichert’s talk]
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HADES UPGRADE

\

Forward Detector

4. Anisotropic flow 101

Azimuthal Fourier decomposition of yields:

dN =
W o 1 +22vncos (¢ — ¥g)]

#=l

Anisotropic flow coefficient

v, = v {RP} = (cos[n(¢ — YRr)])

Reactionplane Wg : spanned by beam axis and impact parameter

0.1
nuclear attraction
0.00 vz /
' AutAu at ,
N |.23A GeV 0.05 S ¢
-0.05 '.},,% -
N =
in-plane \
-0.10 ¥ FOPI pressure gradients
® EOS .
A E895 from eccentricity
N « EPHES
‘ -0.15 -0.05 * SR
0.6 5|\3/-\655H 3.0 oo V¢ p 2 « Phobos
— —065=y=-0.
—— —025=y=-0.15 -0.20 SMASH 3.0 A bl e e
—— -0.05=y=0.05 —— -0.05=y=0.05 10° 1 010 10 10
081 __ Hard p — dependent AutAu at 0251 Hard p — dependent Epean/A (GeV) .
---- Medium p — dependent | 23A GeV - ---- Medium p — dependent ®00,44 squeeze-out [Paul Sorensen, QPG series]
—— Hard —— Hard t
-1.0 . e e
0.0 05 RO 20 00 05 T 20 In particular: v, follows from initial geometry
priGevl [Justin Mohs, SMASH preliminary] priGeV]
[B. Kardan Nucl. Phys. A 967 (2017)] 9
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5. Comparisons to HADES (preliminary)

TTTTT T T T TTT TTT T RN R

> L Ag+Ag |5,,-2.55 GeV ]
>N0.151HH|"H|H"|HH|'H'JHH|'H'\HH'H'L i HADESWO(RiﬂWOgI’GSS ]
[ Ag+Ag |5,,=255 GeV 0-40% ] e Out-of-plane flow in Dalitz t° region 0.1 Were 100 Mavio® ]
0.1 HADES work in progress i i ]
- I e Overall consistency to experiment 0'05; ]
0.05(- I [ :
- 1 o “Zero"flowforM_ >m_, —____ ]
of i ' 3
L ] * com— a—
m’.ﬁ:{ﬁ 1 e Error bars(both experimental and from _0‘05_ ]
—-0.05] : . et
: | C Y ]
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-0.1 ] ) F ——= 1
¥ 1 e Centrality dependence follows expected 7 X 1 PPPRT T PN AU PN DU FIOI PO
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{1 N BN N PR N R ST N , ) ) .
015007170203 04 05 06 07 08 09 [Niklas Schild, Quark Matter 2023] Centrality (%)
[Niklas Schild, Hard Probes 20231 M. (GeV/c? ]
ee ( ) 0.01 Ag+Ag — 0—10% 0.104 Ag+Ag
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a2 0.024 £ —0.01 1 =)
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& 0.001 0—10%
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5. Comparisons to HADES (preliminary)
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Dilepton flow in hadronic transport
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6. Checks within SMASH

0.075

Ag+Ag
0.050 A VSNN=2.55A GeV

0.025 1

0.000 1

'UQ{RP}

—0.025 1

—0.050 1

—0.075 1

—0.100 = T T . r :

0.0 0.2 0.4 0.6 0.8 1.0
pr [GeV]

e Self-consistency: low-mass SMASH

dileptons follow charged pion flow
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6. Checks within SMASH

0.075

Ag+Ag
0.050 A VSNN=2.55A GeV
0.025 A

0.000 1

’UQ{RP}

—0.025 1

—0.0501
— efe” M.<0.12 GeV

o \

—0.075 1

—0.100 = T T . r ;

0.0 0.2 0.4 0.6 0.8 1.0
pr [GeV]

e Self-consistency: low-mass SMASH

dileptons follow charged pion flow

Renan Hirayama, October 2023

’Uz{RP}

0.101

0.05 1

0.00 1

—0.05+

—0.10+

—0.151

—0.20

Dilepton flow in hadronic transport

=== A Nete

— n—yete”

— 0 —10%
— 10 — 20%
— 20 —30%
— 30 —40%

00 02 04 06 08 1.0
pr [GeV]

Dilepton from resonances have flow!
Cancellations lead to “zero” flow in

higher masses: in-plane flow of A vs.
out-of-plane flow of n

STRONG 2020 + HFHF retreat



6. Checks within SMASH

0.075

Ag+Ag

0.050 1 VSNN=2.55AGeV

0.025 1

0.000 1

’UQ{RP}

—0.025 1

—0.0501
— efe” M.<0.12 GeV

[ ] ™

—0.075 1

\
\

—0.100 = T T . r ;

0.0 0.2 0.4 0.6 0.8 1.0
pr [GeV]

e Self-consistency: low-mass SMASH

dileptons follow charged pion flow

’Uz{RP}

0.101

0.05 1

0.00 1

—0.05+

—0.10+

—0.151

—0.20

=== A Nete

— n—yete”

— 0 —10%
— 10 — 20%
— 20 —30%
— 30 —40%

00 02 04 06 08 1.0
pr [GeV]

Dilepton from resonances have flow!
Cancellations lead to “zero” flow in

higher masses: in-plane flow of A vs.
out-of-plane flow of n

Still: error bars are very large

Renan Hirayama, October 2023
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7. Can we improve this? o Ba® o

Scalar product method: correlate global hadron flow with differential dilepton flow

oV h h ll ll *
Cov(q", ¢"(X)) = (¢"q"(X)") - M>Um

4 Ay
1 dN"
Event q = Nh/d3 By ging; SMASH Nh Ze’"¢ﬂ final state
flow < 27 i N
dN*" . SMASH

vectors (bln) = /dtdyppoT/d(bWezn(ﬁ] Z wje eindi

\_ bin 0 ]Ebln full evolution

Dz
|| ~l h _ gl Proposed for LHC energies:
| |ay, (X)| cos[n (¥ — W3] P o
(X)) = (lanlla, o ey [Jean-Frangois Paquet et al. PRC 93, 044906 (2016)] va(a) > va(b) >0
(|al]?) [Gojko Vujanovic et al. PRC 101, 044904 (2020)]
i fev B va(c) =0 wo(d) <O
low resolution Usual geometric interpretation is lost!
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8. Invariant mass

AgAg@2.55 GeV

—_ all --— n'->yete~”
_ — p-ete” --- wonlete-
0.051 A_ngAi o (1)0 18?(7 100' — w-oete~ - ¢—>r[0e+e_
VSNN=2.55A GeV — 2U% . — poete- —— Alsnete-
0.04+ 20 =304 %) 5 --- m>vyete- --— A*->pe*e-
— 30 — 40% O 10  povyete-
~ 0.03 pr>0.1 GeV : Without acceptance filtering
) —_
' -4
E 10
0.02 1 ©
<
=2
0.011 © 10°°
0.00 A 1 . . T T T 10—8 ~a
I T T T T T
0.0 102 0.4 0.6 0.8 10 00 02 04 06 08 10 1.2
m M., [GeV]
" Mee [GeV]

e Peak from Dalitz decay of m°—ye‘e”
e Small non-zero signal in resonance region

-\ﬁ Reverse centrality dependence!
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U2

9. Rapidity

3x 1072
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6x 1073
iy g
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-15 10 05 00 05 10 15 15 -10 -05 00 05 10 15
Y= Yem Y — YoM
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102 3 ' ' m<isomevyf ' m <150 Mev ] F 1F I | m<150Mev
> 10° F 4E qE E 3
=) F E E
- 10% E B e 1
ke -6 = - b
10 - T < HE
10-8 = ] 1 3E
10° F " 150 MeV < m < 300 Mev 3 T T T 3 T T T :
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= 3 3
> 10* B 3
< 6 -
10° | ﬁf\ m m E
10-8 Wy Ad 1 1 Cad |/r r | r ]_ |

Renan Hirayama, October 2023

[Jan Staudenmaier, PhD thesis]

Dilepton flow in hadronic transport

'\ﬁ v,(y) behavior seemsto mimic

multiplicity

VZ{SP} is a correlation between
time-integrated dileptons with
final-state hadrons

Guess: central events have
larger contributions of /A

17
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0.081

10. Transverse momentum oo

— 10 -20% VENN =2.55AGeV
0.06 1 20 — 30%
30 — 40%
.@ Low mass, low p.: bump structure with opposite 20041
centrality dependence
0.0
e Atp.~0.3 GeV: switch to intuitive behavior
3 . 0.00 M, <0.12 GeV
_,é Resonance region: no unexpected structures
0.0 0.2 0.4 0.6 0.8 1.0
pr [GeV]
— 0—10% Ag+Ag

— 10 — 20% VINN=2.55AGeV
20 — 30%
30 — 40%

0.06 1

U2

M..>0.12 GeV

04 06 08 1.0
pr [GeV] 18
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0.081

10. Transverse momentum oo

— 10 —-20% VENN=2.55AGeV
0.06 20 — 30%
30 — 40%
.Sﬁ Low mass, low p.: bump structure with opposite 20041
centrality dependence
0.0Z
e Atp.~0.3 GeV: switch to intuitive behavior
P . 0.00 M. <0.12 GeV
,,é Resonance region: no unexpected structures
0.0 0.2 0.4 0.6 0.8 1.0
pPr [GeV]
Previously, on HFHF Theory Retreat 2022... — 0 =10% Ag+Ag
AuAu at 1.23AGeV, 0-10% /svn=2.554 GeV
—— AuAu at 1.23AGeV, 10-20% 0.06 1 o ¢
AuAu at 1.23AGeV, 20-30%
AuAu at 1.23AGeV, 30-40%
== AgAg at 1.58AGeV, 0-10%
== ArKCl at 1.76AGeV, min.bias ~
----- CC at 1AGeV, min.bias =
----- CC at 2AGeV, min.bias
'''' pp at 3.5AGeV

M..>0.12 GeV

0 5 0 15 20 2 30 3 06 08 10
t;[fm] [RH,J. Staudenmaier, H. Eifner, PRC 107(2022) 2, 025208] pr [GeV] 19
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11. Time dependence

The benefits of a theory talk!

0.08 - 0.08 -
— 0—-10% Ag+Ag — 0—10% Ag+Ag
— 10— 20% VSvN=2.55A GeV — 10— 20% VSvN=2.
0.06 1 20 — 30% 0.06 1 20 — 30%
— 30 — 40% — 30 — 40%
., 0.041 t<15 fm ., 0.041 t>15 fm
> >
0.02- 0.02-
0.00 1 Mee <0.12 GeV 0.00 - Mee <0.12 GeV
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 04 0.6 08 1.0
pr [GeV] pr [GeV]
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11. Time dependence

The benefits of a theory talk!

0.08- 0.08 1
— 0-10% Ag+Ag — 0—10% Ag+Ag
— 10 —20% V/SNN=2.55AGeV — 10— 20% /Svn=2.55A GeV.
0.06 1 20 — 30% 0.06 1 20 — 30%
— 30 — 40% — 30 — 40%
., 0.041 t<15 fm ., 0.041 t>15 fm
> >
0.02 1 0.02 1
0.00 1 M. <0.12 GeV 0.00 1 M..<0.12 GeV
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 04 0.6 08 1.0
pr [GeV] pr [GeV]

e Bump appears only in the low mass region, and when the system is dilute
e Non-flow: resonances survive the medium but decay into 1t°

b They inherit the flow, but have a smaller p..
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12. Flow of sources areabete”

. a
entu™ >0 particl® .o pnase 5P
wort a“d:’; P rm\n'\st\ Y
Hept pete
Dalitz 8\P Direct
0.12
— 0—-10% Ag+Ag — 0-10% Ag+Ag
— 10—20% VENN=2.554 GeV 0.109 — 10 —20% VENN =2.55A GeV
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12. Flow of sources

Only flow at low p_is
indeed coming from 1°

Looks similar to v,(pT)in
resonance region and dilute
stage. Coincidence?
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13. Dilepton “tagging”

Ull(X) <’q ||q COS[”(\IJ}L - ‘I’Z)Dev
’ l ().,

We can choose which hadrons
are correlated to dileptons!

Renan Hirayama, October 2023 Dilepton flow in hadronic transport STRONG 2020 + HFHF retreat



13. Dilepton “tagging”

— 0-10% Ag+Ag
— 0—10% Ag+Ag 0.0159 — 10—-20%  /snn=2.55AGeV
e IR EE 1y — {Jabllalt ()] cosln(} — wil)),
e vy (X) = 15 0.010-
0.031 — 30 —40% <|qn| >ev
~ no cuts . N
£0.02 We can choose which hadrons 0.005 1
are correlated to dileptons!
0.01 A 0.000+
. . $ p — tag
0.001 e When a A decays into dileptons, , , , , ,
) . 0.0 0.2 0.4 0.6 0.8
00 02 04 06 08 10 italso produces anucleon M, [GeV]

pr [GeV] (
“& Protons are then a natural probe

for A—Ne'e” processes

Renan Hirayama, October 2023 Dilepton flow in hadronic transport STRONG 2020 + HFHF retreat



13. Dilepton “tagging”

— 0—10% Ag+Ag
— 0—10% Ag+Ag 0.0159 — 10—-20%  /snn=2.55AGeV
0.041 — 10—20%  /snn=2.55AGeV h 1 X)| cosln \I/h o \I/” 20 — 30%
20 — 30% ’U”(X) — <|gn||qn( )| [ ( n 'fl)]>ev — 30 —40%
0.031 — 30—40% 2 <|qh|2> 0.0101
' (LA - no cuts
~ no cuts . N
£0.021 We can choose which hadrons 0.005 1
are correlated to dileptons! \
0.01 4 0.000 1
. . g p — tag
0.001 e When a A decays into dileptons, . , _ , _
. _ . ' . . it al d | 0.0 0.2 0.4 0.6 0.8
00 02 04 06 08 10 It also produces a nucleon M, [GeV]
pr [GeV] i 0.124
J ’ Ag+Ag — 0—-10%
0.12- Aot Ag T & Protons are then a natural probe o) Jrre2sAGe  — 10— 20%
0.10. VENN=255AGeV  —— 10 —20% for A—Ne’e processes 20 - 30%
' 20 — 30% 0.08 1 — 30— 40%
1 — 30 —40% J . .
v - & Charged pions ~ neutral pion. — no cuts
£ 0.067 > Using them isolates the low -
0047 J mass region and the bump N
0.02 1
0.02 1 - P |
. Z& Intuitive centrality dependence 0.001_ j~"‘l’”l .
0.001 T | 0.0 0.2 0.4 0.6 0.8
restored! M, [GeV]

Dilepton flow in hadronic transport STRONG 2020 + HFHF retreat



Conclusions

e Scalar Product method has smaller fluctuations than
reaction plane, currently used by HADES

e Geometric interpretation of flow is lost and replaced with
correlations, which don't always have a clear origin

e Hadronic transport allows for demystification of this signal

e [Different tags are accessible in experiment and can
distinguish sources of correlations!

Outlook

e Include nuclear potentials for realistic calculation

e Compare to coarse-grained signal and to the new

ion!
dynamic initialization of our hybrid model Thank you for the attention:
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