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Dilepton polarization as a
signature of plasma anisotropy
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https://arxiv.org/pdf/2309.00555

Space-time evolution of heavy-ion
collisions

~ » Hadronization

Initial state

\ | . |

| | | T w > time
0 fm/c ~0.2 fmic ~1 fm/c . % ~15fmlc

Pre-equilibrium

~10 fm

 A+A collisions: different time scales described by different effective theories
« Late stages very accurately modeled by hydrodynamic descriptions of expanding near-equilibrium QGP

* A challenge: matching between far-from-equilibrium initial state and hydrodynamics
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l Modeling the early stages: QCD Kkinetics

* Kinetic theory [Phys. Rev. D 99, 054018 (2019)] — based on weak coupling assumption

* Described by relativistic Boltzmann equation

of;
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 Thermalization controlled by a relaxation rate

Tr(T) = 47 (1/5)/Tes s (T)

W =T1/TR(T)

0.35

Phys. Rev. Lett. 123, 262301 (2019)

27 // 1 QCD kinetics — - |
/ Bpltzmann RTA - -

 Hydrodynamics applicable for w~1 (Reynolds number of order unity)
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W = 1T /(47n/5)
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https://arxiv.org/abs/1811.03068
https://arxiv.org/abs/1908.02866

l Dilepton production as a probe

= -2
g 10 E R.Ra:?_L - Sum
T F Forer ,,f;{sz'éﬁl’;"' — Hadronic
z L _
* Produced throughout the history of the o L QcP
collision — probe entire space-time dynamics > Drell-Yan
0107
* Dilepton carry extra information: invariant -
mass — not affected by blue-shift -
107 i i
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> Sensitive to early-times/pre-equilibrium emission
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Dilepton production

* At leading order (LO), production by quark-antiquark annihilation:

1ti-

dN d°pr  d°ps

— = - 2m)45W (P, + P, — K),
F2d K | (@npap @nyip, 1o P ale P AP CRIOT B+ B = K),

£ - quark/anti-quark phase space distributions
A: matrix element of the diagram

Main assumptions :
— Boost invariance along the longitudinal direction
— Transverse flow neglected (high T < early times)
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Dilepton production

* At leading order (LO), production by quark-antiquark annihilation:

dNE"'I_ B d.3p1 d3p2

S -, 2m)45W (P, + P, — K),
Pdi K~ | @nyap @nyiap,t1 PO ale AT O + 1y = ).

 In the ideal hydro scenario, rate depends only on transverse mass M,:

AN 1 )
Ia - M6 AL (5T )iydro

L. D. McLerran and T. Toimela, Phys. Rev. D31(1985), 545
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.31.545

Dilepton production

* At leading order (LO), production by quark-antiquark annihilation:

dNE"'I_ B d3p1 d3p2
dtzd*K | (27m)32p, (27)32p:

fol@,p1) fo(@, pa)|AP(2m)* 6 (P + P, — K),

*

- encode effects in quark/anti-quark distribution

- How pre-equilibrium effects manifest themselves in the spectra of dileptons ?
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* Pressure anisotropy— momentum anisotropy

A D, AP,

Thermal Pre-equilibrium

v
v

<=1 >1
— parametrize quark distribution with anisotropy variable ¢

folr.propr) =[as(Tlfen (- /o3 +2(3 /A()

» Initial state models predict a gluon-dominated
medium at early times, very few quarks

— quark suppression factor qs
Both parameters computed using QCD kinetics
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l Invariant mass spectrum

Invariant mass spectrum of dileptons from QGP
including pre-equilibrium stage

Shows great sensitivity to parametrization of the
pre-equilibrium stage
— access to early-stage chemistry

- access to equilibration time (x (n/s)3?)

Drell-Yan process calculated at NLO
dominates dilepton production at high mass

Phys.Lett.B 821 (2021) 136626

‘;1 02 = === 1/s=0.16 w/o quark supp
[ = . Pb+Pb |s,,=5.02 TeV .
O, = N y=0, 0-5% centrality ——— w/ quark suppression
g‘ - " - . = === 1/s=0.32 w/o quark supp
1 0_35_ ‘.:': . — w/ quark suppression
% E 0 s X N .:‘: R - =
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https://arxiv.org/abs/2104.07622

l Angular distribution of leptons

* Angle 6 of positive lepton with respect to
incoming quarks in dilepton rest frame

Q+

q

Dilepton
Rest frame
Q-
dN
oc1+cos’
dcos ¢

* Leptons emitted in similar direction as the
incoming quarks

» If 6 measured w.r.t. beam axis in the dilepton rest
frame (Collins-Soper frame)

Drell-Yan Pre-equilibrium

* Drell-Yan: longitudinal quarks - positive
anisotropy w.r.t beam axis

* Pre-equilibrium: transverse quarks — negative
anisotropy w.r.t beam axis
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Angular distribution of leptons

* Quantified using the quadrupole moment of the angular lepton distribution:

2

0= <300526’— 1> _ f_11d0089 +(3cos? ) — l)dffi\;e

1 dN
f—l dCOSg dcos@

Prolate Oblate Y
distribution : ! distribution :
0>0 0<0
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Angular distribution of leptons
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« Angular distribution of dileptons for 0-5 % centrality Pb-Pb, Vsan = 5 TeV, |y| < 1
* Opposite behaviors for Drell-Yen and QGP+pre-equilibirum dileptons
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l Angular distribution of leptons
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Phys.Rev.Lett. 132 (2024) 23, 232301
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Dilepton quadrupole moment as a function of
mass

Negative for thermal dileptons, positive for
Drell-Yan

Drell-Yan

total, 1/s=0.32
. é%ag: ﬂﬁzgzig . Sum of the two contributions is negative for
oo Tt QGP,m/s=0.32  © 2 <M < 4 GeV/c?, i.e. carries signature of
i oot S s .es . anisotropy in the early times

ST Pco0o  ®8e " — direct measurement of anisotropy
2 3 4 5 6 7
M [GeV]
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https://arxiv.org/pdf/2309.00555

l Angular distribution of leptons

Phys.Rev.Lett. 132 (2024) 23, 232301
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* Crossing point for change of sign of quadrupole moment reflects point where Drell-Yan
production gets larger than QGP+pre-equilibrium production
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https://arxiv.org/pdf/2309.00555

l Further considerations

' | ' I ' I ' I ! * Impact of NLO contributions (e.g. g-g

1.0 — T ——- LO total . scattering) may affect polarization
- 000 = LO thermal - observables
0.8 = -0.01 = _e=-—-=77"= ---- LO “pre-eq.” —
- 002 4T ] 7= NLO total . « See Poster by Han Gao
’ NI B NLO thermal

0 1 2 3 —— NLO “pre-eq.”

* Recent work on out-of-equilibrium
Pb+Pb@5.02 A TeV NLO dilepton production : see
centrality: 0-20% Poster by Mika Spier

Helicity frame ! |
. » Impact of early magnetic field

0.0 o . S— — produced in heavy-ion collisions : see
! | ! I | I . | ! Poster by Minghua Wei

Wu et. al. arXiv:2412.15052
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https://indico.cern.ch/event/1334113/contributions/6291309/
https://indico.cern.ch/event/1334113/contributions/6306856/
https://indico.cern.ch/event/1334113/contributions/6318526/
https://arxiv.org/pdf/2412.15052

l Measurement prospects

 Dominant background for intermediate mass
dileptons in heavy ion collisions at LHC energies:
semileptonic decay of charm and beauty

—

Secondary

Impact - vertex

parameter
L

.
.
.
et

Beam Axi >

* Rejection of background: -
— impact parameter of the single-track lepton
— displacement of the secondary vertex

* Importance of lepton identification

> ALICE/ALICE3 or LHCDb upgrade I/II to provide sufficient vertexing to reject semileptonic decay of
charm, see Talk by Florian Eisenhut (9:40, 9/04), Poster by Emma Ege

> Measurements at lower energies to investigate baryon-enriched matter (e.g. STAR,HADES)
Talks by Xianwen Bao (9:00, 9/04), Niklas Schild (9:20, 9/04), Jiaxuan Luo (11:50, 9/04)
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https://indico.cern.ch/event/1334113/contributions/6350995/
https://indico.cern.ch/event/1334113/contributions/6291971/
https://indico.cern.ch/event/1334113/contributions/6369558/
https://indico.cern.ch/event/1334113/contributions/6335398/
https://indico.cern.ch/event/1334113/contributions/6369529/

Conclusion

Dilepton spectrum sensitive to early-time dynamics

Gives access to equilibration time, as well as early-stage
chemistry

Angular distributions of single lepton show opposite behaviours
between Drell-Yan and pre-equilibrium dileptons

Measurement of quadrupole moment of the dileptons would
provide direct access to plasma anisotropy as a function of
time

Thank you !
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l Angular distribution of leptons
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* Negative for thermal dileptons, positive for
Drell-Yan = direct measurement of
anisotropy

« Zero anisotropy at low mass (at late times),
because at late times QGP near equilibrium,
— isotropy

« If Qis the quadrupole moment of the angular

distribution, the anisotropy parameter in the
Collins-Soper frame can be computed as:

3
R
E—Q
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l Results: time decomposition
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Since n/s controls time scale for applicability of hydrodynamics; depending on value of n/s

considerable contributions from pre-equilibrium regime (w<1)

* — larger viscosity — later thermalization — more contribution from pre-equilibrium
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Backgrounds & scalings

QGP yield n/s=0.16 -
1/s=0.32
10 | D e eaermints 1 «  Main backgrounds in intermediate mass region :
— — semileptonic decays of heavy flavours (rejectable based on
E 107§ displacement from primary vertex)
v — Drell-Yan production in the initial state.
T 10t}
Z *  Drell-Yan contribution calculated using DYTurbo software,
0 b \ evaluated at NLO with resummed NLL (+Sudakov form factor
M =3.5 GeV includes non-perturbative contribution)
”]-lll N N ' ' L L
3.5 4 4.5 5 5.5 6 6.5 7
M, [GeV]
. 0-5 % centra//ty Pb-Pb 5.02 TeV, Jy/ < 1 Scaling properties
10 T T
QP yield g;;_g;s *  System size/centrality: Ideal spectrum scales with system size
ol DY NLONLL s pamtons & | like (dN,,/dn)*?
8 — scales like space-time volume
:; 10% | — pre-equilibrium effects (a & b parameters) scale like
E (dN_/dn)-** (up to event by event fluct.)
107 F ' - Collision energy: Ideal spectrum scales with /s like (AN /dn)?
M =45 GeV
10 - pre-equilibrium effects scale like (dN_/dn)*

35 4 45 5 5.5 6 6.5 7
M, [GeV]
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dN/d*x
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Angular distribution of leptons
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QM 2025

22 /17



	Diapo 1
	Diapo 2
	Diapo 3
	Diapo 4
	Diapo 5
	Diapo 6
	Diapo 7
	Diapo 8
	Diapo 9
	Diapo 10
	Diapo 11
	Diapo 12
	Diapo 13
	Diapo 14
	Diapo 15
	Diapo 16
	Diapo 17
	Diapo 18
	Diapo 19
	Diapo 20
	Diapo 21
	Diapo 22

