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« Experiment: Signs of collectivity (v,s) extend all the way to smallest hadronic
collision systems

« Pheno: Hydrodynamics-based models give a quantitative account of v,,'s down
to small systems

* Theory: hydrodynamics must break at microscopic scales, Kn™t ~ L,acro/Lmicro ~ 1
. O&Soriumiy When hydrodynamics breaks, gain access to microscopic structure

« Challenge: No clear demarcation line between few-scatterings and hydro, but
qualitative differences...



How can we separate few-scattering
ohysics from QGP in an ideal world



Disentangling hydro from few scatterings:

* Matter in thermal equilibrium
« Impose shear flow with wavevector k

« The response depends on the wavevector k
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Disentangling hydro from few scattering:

« Forlarge system (small k), hydrodynamic response:

( Tox (—w)Tox (@))g = —25

iw-nk?2/(sT)
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+ Exponential decay of shear due viscosity: e sT



Disentangling hydro from few scattering:

« Forlarge system (small k), hydrodynamic response:

( Tox( QDTBxQ”)he-iw_WRZAST)
-k 0 k
Di+... ||
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1 l T 1 Hydrodynamic
pole
_nk?
> « Exponential decay of shear due viscosity: € sT

2m [k



Disentangling hydro from few scattering:

« For small system (large k), nearly free-streaming:

dv w+k
Tox(—w)T, ~ ST = ~
(Tox(—0)Tox(@w))g ~ s f oD sT log ((x) _ k)
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Disentangling hydro from few scattering:

« For small system (large k), nearly free-streaming:

N

S
N, dv w+k
C/’\ ( TOx(_CU)TOx(C‘)))R ~ sT f i — T E ~ sT log ((x) — k)
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Disentangling hydro from few scattering:

« For small system (large k), nearly free-streaming:

dv w+k
To,(—w)T ~ ST = ~ sT]
( Tox(—w)Tox(w))g ~ s fia) N S Og(a) — k)
-k 0 k
B s ssee

1,
—p + Polynomial decay with real frequency: sin(kt)
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Disentangling hydro from few scattering:

« For small system (large k), nearly free-streaming:

dv w+k
Tox(—w)T, ~ sT s ~sT'1
(Tox(—0)Tox(@w))g ~ s fia)—ﬁ-k S Og(w—k)
-k 0 k
S e
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Smoking gun:
Reversal of flow direction

1,
—p - Polynomial decay with real frequency: — sin(kt)
21 /k t



Transient Grating Spectroscopy:

* Quasi-ballistic thermal transport from nanoscale
interfaces observed using ulfrafast coherent soft
X-ray beams Siemens et al. Nature Materials 9 (2010)

« Heat carried by ballistic phonons, described
by (RTA) kinetic theory

Tlnfrared pump

Small system: . Large system:
. ‘ Mesoscopic system, ktp ~ 1 :
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Onset of hydrodynamics:

Small system:

free streaming, ktp > 1
-k 0 k
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Non-hydrodynamic cut

Mesoscopic system,
kTD ~1
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RTA: Romatschke EPJC76 (2016)

Large system:
Hydrodynamics, ktp, > 1
-k 0 k
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RTA: Romatschke EPJC76 (2016)

Onset of hydrodynamics:

Small system: Mesoscopic system, Large system:
free streaming, ktp > 1 ktp ~ 1 Hydrodynamics, ktp > 1
-k 0 k -k 0 k
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\ Dk*+... L(
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Non-hydrodynamic cut Hydrodynamic
pole

Picture more complicated, but remains qualitatively similar for more complex kinetic theories

Momentum dependent RTA: Kurkela, Wiedemann EPJC 79 (2019)
¢* — Theory: Moore, JHEP 05 (2018), Ochsenfeld Schlichting JHEP 09 (2023)

EKT: Hong, Teaney PRC 82 (2010), Du, Ochsenfeld, Schlichting PLB 845 (2023)
Massive RTA: Katz, Kurkela, Soloviev JCAP 08 (2019) Bajec , Soloviev 2506.15531, Lin, Sun Wu 2505.04444

RTA Beyond LO in BBBGKY: Grozdanov Soloviev 2501.00099



Non-hydrodynamic modes:

AdS/CFT
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« Different models of Quark-Gluon plasma have different non-hydrodynamic modes



How can we separate few-scattering flow
from QGP in HIC



From free-streaming to hydrodynamics

. . Large system:
Small system: Mesoscopic system, ktp ~ 1 Hydrodynamics, kzp > 1

free streaming, k1, > 1

Time t

0 1 2 3 4

Radial pOSITIOﬂ r RTA: Kurkela, Wiedemann, Wu EPJC 79 (2019) 11; Kurkela, Van der Schee, Wiedemann, Wu PRL 124 (2020);
EKT: Kurkela, Mazeliauskas, Tornkvist JHEP 11 (2021), Talk by Fabian Zhou

Full transverse dynamics: Kurkela, Taghavi, Wiedemann, Wu PLB 811 (2020); Ambrus Schlichting Werthmann PRL 130 (2023) Taghavi, Mehr, Taghinavaz 2504.17707
Full 3D dynamics in 2 <= 2 KT: Nugara, Borghini, Greco, Plumari 2509.05495



From free-streaming to hydrodynamics
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Nugara, Borghini, Greco, Plumari 2509.05495

Taghavi, Mehr, Taghinavaz 2504.17707

124 (2020);
"p 11 (2021)
| 130 (2023)

laghavi, Mehr, Taghinavaz
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Kurkela, Wiedemann PLB 783 (2018)

From wavevector to opacity y:

* |n RTA kinetic theory, system size encoded in opacity ¢

H > dES
- ((x))u [f (6, 0) — fiso(x, P)] }A ( )
- / 51n/s \ma dn

« y ~ Transverse size in terms of the scattering length, depending on,
Intferaction strength and density

1/4

p“@uf(x, p) -



Kurkela, Wiedemann PLB 783 (2018)

From wavevector to opacity y:

* |In RTA kinetic theory, system size encoded in opacity 7

” 0
uT()(CJ)Cg)M [f (., p) — fiso(x,D)] y 1 ( . dEJ_)
- Y 51/s \ma dn

« y ~ [ransverse size in terms of the scattering length, depending on,
interaction strength and density

1/4

p“auf(x» p) -

% Opacity y Collision system at
15[™.. [5.02TeVPb+Pb|  rys=t1/4n LHC
nis=2/am ~ 8 Central Pb-Pb
10! nis=3/4r .
. nis=4/4m ~ 4 Peripheral Pb-Pb
< 3-4 O-O
< 1.5 p-Pb

Kurkela, Wiedemann,Wu EPJC 79 (2019) 11
Ambrus, Schlichting, Werthmann PRD 111 (2025)



Kurkela, Wiedemann, Wu EPJC 79 (2019) 9

Linear flow response to geomertry:

Energy-weighted elliptic flow

E{N
>N
g
=
Single-hit regime: ]
* Free-streamin leads to local %
anisotropy .
+ Isotfropizing scattering - . Hydro flow: : :
leads to global momentum 0 I . I ! » Pressure gradient drives flow
anisotropy 0 2 : % 6
Transverse size: Y + Response weakly dependent

« Solution perturbation on
free-streaming f = frree + 6f
=>Response linear in y

of y

Kurkela, Wiedemann PLB 783 (2018)



Kurkela, Wiedemann, Wu EPJC 79 (2019) 9

Linear flow response to geomertry:

Energy-weighted elliptic flow

0.5 __ / Ideal hydro
Y04t / =
g Single hi
é 0.3
Single-hit regime: £ 02 Full transport
* Free-streamin leads to local % y
anisotropy 0.1 — .
+ Isofropizing scafttering iy Hydro flow: , ,
leads to global momentum 0 . ! * Pressure gradient drives flow
anisotropy 0 2 _ _% 6
« Solution perturbation on Transverse size: Y * Response weakly dependent
of y

free-streaming f = frree + 6f

=Response linearin Smoking gun:
Linear dependence on opacity



Kurkela, Wiedemann, Wu EPJC 79 (2019) 9

Linear flow response to geomertry:

Single-hit regime:

Free-streamin leads to local
anisotropy

Isotropizing scafttering

leads to global momentum
anisotropy

Solution perturbation on
free-streaming f = frree + 6f
=>Response linear in y

Energy-weighted elliptic flow

0517 / Ideal hydro_
iB: 0.4 |- / 5
> .
x Single hi
s 03
= ]
Q
:‘é 0.2 Full transport _
= 0.1 =
| Hydro flow:
0 . ! » Pressure gradient drives flow
0 2 4 6
Transverse size: Y + Response weakly dependent
of y

Smoking gun:
Linear dependence on opacity

« Other kinetic theories may have different scaling parameters
Cf. Nugara, Borghini, Greco, Plumari 2509.05495, talk by Nugara



Kurkela, Wiedemann, Wu EPJC 79 (2019) 9

Linear flow response to geomertry:

Energy-weighted elliptic flow

( Vgnergy \

€2 Jcorr
Kin.Th.
5.02 TeV PbPb |
- Ceos=0.9
0-4:" corrected for v; « Ez+Cn|(E2)3 —
. . . 0.3
Slngle-hlt regime: ;
+ Free-streamin leads to local 02 </
anisotropy L
g . - Hydro flow:
+ Isotfropizing scattering 0.1l . :
leads to global momentum i n/S 1/4H » Pressure gradient drives flow
anisotropy o A
« Solution perturbation on : 5 10 15 v ResPonse weakly dependent
free-streaming f = frree + 6f of ¥
=Response linearin y 1/4
~ 1 ( R dEﬁ) /
14 51/s \ma dn



Challenges and opportunities:

( Vgnergy \

€2 Jecorr
Kin.Th.
5.02 TeV PbPb "
Ceos=0.9
0.41 corrected for v, « 6,+¢,(€;)° _
- Difficult extend to pp, pPb as 0.3
geometry {e,} poorly constrained. 0.2
0

nis=1/4r

N__"5 10 5 7

OO and Ne extend to the most interesting ¥ —range



Challenges and opportunities:

( Vgnergy \

€2 Jeorr
5.02 TeV PbPb Kin.Th.
Ceos=0.9
0.41 corrected for v, « 6,+¢,(€;)° _

Difficult extend to pp, pPb as 0.3
geometry {e,} poorly constrained. 0.2
OO, NeNe geometry befter 0
understood and testable

nis=1/4r

N__"5 10 5 7

Giacalone et al. 2402.05995, Talk by Gajdosoba

OO and Ne extend to the most interesting ¥ —range



Challenges and opportunities:

0.6 ‘ .
event-by-event
kinetic theory
« Viscous corrections and hydro os | . hydro
. 8 centrality classes
resummations (Israel-Stewart, aHydro efc.) = ichiitebyy it
o . . . IVarg ——e—
mimic the kinetic theory response I 04t ' |
U’g_
2 03} !
Z
T 02t I
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Opacity 4

Ambrus, Schlichting, Werthmann PRD 111 (2025)



Ambrus, Schlichting, Werthmann PRD 111 (2025)

Challenges and opportunities

event-by-event

kinetic theory

hydro

centrality classes
kinetic theory ——
hydro ——

o
o

» Viscous corrections and hydro
resummations (Israel-Stewart, aHydro etc.)
mimic the kinetic theory response

Elliptic flow response k = &, /€2

00 LHC
5 6

« Hydrodynamics never reached during the time
evolution fory < 4

« Success of hydrodynamic-based models based
on non-hydrodynamic properties of the models?

1 2 3 4 5 6 7
Kurkela, Van der Schee, Wiedemann, Wu PRL 124 (2020);



Challenges and opportunities:

 Data-driven observable related to
flow-coefficient and opacity.

« Avoids need for modelling of ¢,
« Two systems (4, B) with same
geometry

2 log(cy{2k}4/c2{2k}p) _ d log(v,/e€;)

(i ()
08 dnA/ dn/,

W = 1: Single-hit, W = 0: Hydrodynamics

Elliptic flow response &
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00 LHC o
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PbPb LHC o
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10 15 20
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Ambrus, Schlichting, Werthmann PRD 111 (2025)



Linear response in cold atoms:

04 Cold Atom Best fit y=0.0824(7) n"
° £=098 o
03F 4 =082 p i
o (a) -
~ 0.2} 1
? o 2.76 TeV Pb+Pb
= O 200 GeV AMPT |
-.."P_: 0.1+ Au+Au | *
> 200 GeV 27.0 GeV
A 130 GeV 19.6 GeV
0.0 0 624GeV @ 11.5GeV
T % 39.0GeV X 7.7GeV |
1 | 1 | 1 ] 1 |
0 5 10 15 20 25

coll

Li, Song, Xu, Sun, Wang 2405.02847, Talk by Wang

Qualitative similarity in flow response
between HIC and cold SLi atoms

n . o dN = 7
coll = crims, dy )4

Scaling variable different for non-conformal
systems with fixed cross-section

Establishing scaling variable may give access
to microphysics

0.4 ms

0.8 ms

g .

1.6 ms

1.2 ms




Conclusion:

Key question:

"How can we access physics beyond standard
hydrodynamic modele”

Smoking gun: Linear dependence of response coefficients
on opacity

OO: Enough reach to extend clearly to single-hit regime?e



Hierarchies in response coefficients:

0.8 e e
Koo ---@---
0.7 + K33 i
Kiq --—-©O---
. . 0.6 | linear order in 4 —— HYdro ﬂow:
S|ng|e'h|t: —_ Kurkela et al.
v, U 8 o v, Vs
253 T —<—
€2 €3 & € €3
%
i 9= F ighted
Energy weighted R nergy weignie

RTA: Kurkela, Taghavi, Wiedemann, Wu PLB 811 (2020), Ambrus, Schlichting, Werthmann PRD 105 (2022)

2€2>2 KT: Alver, Gombeaud, Luzum, Ollitrault PRC 82 (2010) ; Bachmann, Borghini, Feld, Roch EPIC 83 (2023)
EKT: Kurkela, Mazeliauskas, Tornkvist JHEP 11 (2021) 216



RTA: Romatschke EPJC76 (2016)

Onset of K

Small system:
free streaming, ktp >
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RTA Beyond LO in BBGKY: Grozdanov
Soloviev 2501.00099
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