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Standard Model for heavy-ion collisions

e Time evolution of heavy-ion collisions

Final detected
particles

Time: 0 fm/c <1fm/c ~10 fm/c ~10'% fm/c
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Standard Model for heavy-ion collisions

e Time evolution of heavy-ion collisions

Initial stat

Early time g

Time: 0 fm/c

Final detected
particles

Namics

QGP phase

Hydmdynamic evoly [—>

<1fm/c

e Strongly coupled QGP created in PbPb collisions
e Hot, dense and nearly perfect fluid

Jiangiao W
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Collective flow

e Hydrodynamic expansion of QGP medium originates from the pressure gradients

e Controlled by the QCD equation of state (EoS)
Dy

7~10fm/ec Pz

o Collectivity of final-state particles reflects both initial geometry and medium’s hydro
response

Pb+Pb, /s = 5.02 TeV

51 & 53 0.06

£ 0.04
0.02
0-5%
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Flow coefficients

@ Anisotropic flow quantified by Fourier coefficients v, of azimuthal distribution in
transverse plane:

Ed3N 1 &N
dp® 2w prdprdy

(1 +2 io: Uy, cos[n(¢p — \IIR)]>
1

» vy: direct flow [ alA
> wvg: elliptic flow @“17;
» v3: triangular flow @\Vi
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LHCb detector in Run2

o A single-arm general-purpose forward spectrometer, covering the pseudo-rapidity
range of 2 < n < 5.

o Excellent tracking and particle identification capabilities

e Complementary to other LHC experiments: forward rapidity, unique fixed-target
mode, high-purity heavy flavor signals for flow measurements

EcaL HCAL M4 MS

SPD/PS M3
M2
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LHCb detector in Run3

o Upgraded tracking and trigger system
to operate at higher luminosities

EcAL HCAL Ma M5\

@ More central data accessible for
heavy-ion collisions
» Up to 30% for PbPb, full centrality
for light-ion and fixed-target collision
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LHCb detector in Run3

o Upgraded tracking and trigger system
to operate at higher luminosities

EcAL HCAL Ma M5\

@ More central data accessible for
heavy-ion collisions
» Up to 30% for PbPb, full centrality
for light-ion and fixed-target collision
o New SMOG?2 system for fixed-target
program

» Running simultaneously with collider
“ mode
‘ , == » Unique energy range
SMOG2 Storage Nominal beam— vV SNN ™~ 30-110 GeV and very
r ZSecilm ] [ collisk?ieoin;oint ] backward rapldlty
» Wider choice of gas (Hsz, He, Ne, Ar)

Jianqiao Wang Flow at LHCb October 31, 2025 7/18



Flow at forward rapidity

e Flow measurement with two-particle correlation with Run2 (peripheral) PbPb data

at /snn = 5.02TeV
Phys.Rev.C109(2024)054908

2<p,, <3 GeVie
65-75%

LHCb PbPb {5y = 5.02 TeV 1<p, <2GeVic

65-75%
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Flow at forward rapidity

e Flow measurement with two-particle correlation with Run2 (peripheral) PbPb data

at /snn = 5.02TeV
Phys.Rev.C109(2024)054908

LHCb PbPb s, =5.02 TeV. 1 <Pp,< 2GeVie 2<p,,,<3GeVic

e Near-side (JAn| 2 1.5, A¢ ~ 0) ridge in
correlation function considered as the
signature of positive vg

C(An.Ag) [arb. unit]

C(AnAY) [arb. unit]
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Flow at forward rapidity

e Flow measurement with two-particle correlation with Run2 (peripheral) PbPb data

at /snn = 5.02TeV
Phys.Rev.C109(2024)054908

LHCb PbPb s, =5.02 TeV. 1< Prys 2GeVie 2<p,,,<3GeVic

e Near-side (JAn| 2 1.5, A¢ ~ 0) ridge in
correlation function considered as the
signature of positive vg

C(An.Ag) [arb. unit]

S @ Dominant non-flow contribution from
24, <36V jet peak at (An,A¢ ~ 0,0), subtracted
by excluding short range region

C(AnAY) [arb. unit]
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Flow at forward rapidity

e Flow measurement with two-particle correlation with Run2 (peripheral) PbPb data

at /snn = 5.02TeV
Phys.Rev.C109(2024)054908

LHCb PbPb s, =5.02 TeV. 1< Prys 2GeVie 2<p,,,<3GeVic

e Near-side (JAn| 2 1.5, A¢ ~ 0) ridge in
correlation function considered as the
signature of positive vg

C(An.Ag) [arb. unit]

R ;‘““\\ )

0o *“‘“‘ ﬁ%—,

o Dominant non-flow contribution from
jet peak at (An,A¢ ~ 0,0), subtracted

by excluding short range region

o Lower ridge for more peripheral
collisions

C(AnAY) [arb. unit]
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Flow in 5.02 TeV PbPb

Phys. R(—‘V (‘109(2024)004908
= 03 Hco poph 5 = 5.02Tev T ' T

Centrality 65-75 % @1 cenraiity 75-84% ® e Smaller va(pr) and v3(pr)
1 ] compared to ALICE and ATLAS
mﬁﬁg@iﬁﬂi results at midrapidity, possibly due

[ &« Lico2znz49p226ec] to the dominant hadronic viscosity
§ o misaminias at forward rapidity [PRC.90.044904]
EIAMW‘Z"IN"IZGWT— o AMPT overestimates v,, at forward
- @ rapidity. LHCD results can be
m@; helpful for tuning

t ]
S T

-02f + ]

PEFEN BEPT BRSSP e PRFEES BRSSPSR SRR S e |
2 4 6 8 10 2 4 6 8 10
P, [GeV/c] P, [GeV/c]
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Flow in 5.02 TeV PbPb

>C: Phys.Rev.C109(2024)054908
2PC: Phys.Rev.C109(2024)054908 e Smaller UQ(PT) and U3(pT)

New! Cumulant: LHCb-CONF-2025-001
SO a1 "] esf gy ™ compared to ALICE and ATLAS
3E {4} (25ub A =0) —— {4} 2sub An=
2sE ¥ @hCorr Ag> 1) — 2k v, (hhCorr A7 > 1) E . .7 .
o Corr o> 1 ] 02 mome Y results at midrapidity, possibly due
0.1

of* E

| ptemas ﬁth* S AT ] to the dominant hadronic viscosity

051 o ety E N — at forward rapidity [PRC.90.044904]
oosf 2018 POPb sy = 5.02TeV E 2018 PbPb 5y =502 TeV .
CoiE 6575% cenmalty ‘ ~0275-84% centrality .1 o AMPT overestimates v,, at forward
0 5000 10000 0 5000 10000
Py MeV) prMeV] rapidity. LHCb results can be
- ' . «0.15 : T .
2 01F —— {2} (2sub An=1) i 0.1 —— v;{2} (2sub Ap=1) 1 helpful for tunlng
00SE o, v, (ahCorr A7 > 1) ] 00sE ) v, (bhCorr A7l > 1) |
o T ] of T L e Validation with cumulant method
I —0.05 -+ 3
ooE 1 - : » Good agreement between two
=0.1 = —0.15F + |
'b Preliminary ’b Prelimin: ]
—0.15F ]zgllcs PI;;’bl Vo = 5.02 Tev+ E ”'z’ligcs Pl;Pbl \wﬁar:ys.oz Tev —XL* E m.ethOdS
2| STFhcenwaliy R D i . » Different vo{2} and vo{4} due to
0 5000 10000 _0'30 5000 10000 .
P, [MeV] Py MeV] fluctuation
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Flow in pPb

o QGP formation was not expected in small systems

p

e

po~—ep
Tow multiplicity

: dilute system, few interactions ‘

Pbg"*'Pb

dense system
many interactions

high multi

e Explanation for collectivity in high-multiplicity small systems

» QGP droplet? Transport? Glasma?

o Unique coverage to investigate possible gluon saturation

)7,

8.16 TeV pPb
. LHCb
[ ATLAS/CMS

ALICE Muon

o il

Gluon saturated region

Other Collision Systems
[0 LHCb 110 GeV/
I HERA

e — &
P Gas
(HeNe,Ar...)

10°°

10— 107
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Flow in pPb
o QGP formation was not expected in small systems
Ph%**'Pb
peo~~§Pb
] ‘

low multiplicity high multiplicity

e Explanation for collectivity in high-multiplicity small systems
» QGP droplet? Transport? Glasma?
o Long-range correlations observed in 5 TeV pPb
Phys.Lett.B762(2016)473-483
LHCb Pb+p m:ST&V

1.0<p, <2.0GeVie
Event class 0-3%

LHCb p+Pb |5 =5TeV
10<p, <20 GeV/e
Event class 0-3%

e No v, extraction unfortunately
Flow at LHCb October 31, 2025
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Flow in 8.16 TeV pPb

o More detailed analysis and higher statistics with Run2 pPb

e Improved non-flow suppression compared to PbPb: large n gap, jet-yield subtraction

method
JHEP10(2025)124
SOIT5F T ' E

LHCb
= + vib(2), Pbp
S0.150F pPb ViNN =816 TeV |- vs"b{z " oPb

{2},
08 <pf<50GeVie vsub{zi
1

0-125F g < pt < 5.0 Gevie e T EE’; E o Rising v9 and flat v3 trends as a

0.100F 1am>1.8 g function of charged particle density
0.075F R R o Consistent result for both rapidities. No
0050 =5 = E Bjorken-x dependence observed

0.025F pos o= = T » Final-state effects dominant?

0.000 y ' ' !

(dNen/dm)
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Flow in 8.16 TeV pPb

SO e
£0.150F
0.125F P
0.1005_ 08<pr-<5.0 geV/c
0.075F
0.050

0.025

PPb V/snn = 8.16 TeV

0.8 < pis < 5.0 GeVie

- ——

' - ———
——(3+1)D Hydro

+ v2(2}, 1An> 1.8

50.175-
£'0.150F

0.125

0.100 F

0.075
0.050
0.025

JHEP10(2025)124

T
LHCb
Pbp V'snn =8.16 TeV

0.8 < piss < 5.0 GeVi/e 3

0.8 < pi€ < 5.0 GeV/e

—_—
—

—(3+1)D Hydro
+ va{2}, 171> 1.8

0.000f + vi®12), An> 18 0.000 + (2}, 1Ani> 18
10 20 30 1020 30 40 50
(dNen/d ) (dNen/d )

e Compared with (3+1)D hydrodynamic model, which calibrated with pp results at
different energies

» Clearly overestimated vo: issue of fluid parametrization or hydrodynamics itself in small
systems?

Flow at LHCb
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Initial geometry

@ Other knowledge from flow measurements

Initial state

Early time dyr}

Final detected
particles

Time:

0 fm/c

<1fm/c ~10 fm/c ~10'% fm/c
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Nuclear shape

o Nuclear shape not necessarily spherical, indicated by low-energy nuclear experiments

=u 208pp 129

e Various descriptions: Woods-Saxon parametrization, ab initio calculation
e High-energy heavy-ion collisions provide a unique imaging-by-smashing technique
» Anisotropic initial shape can be converted to collective motion in momentum space

(a7
ey
A
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Nuclear shape

o Newest ab initio prediction
» 160: nearly spherical shape consisting of 4
a-clusters
» 20Ne: strongly deformed bowling pin shape with
an extra a-cluster

Phys. Rev. Lett. 135,
012302
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Nuclear shape

e Newest ab initio prediction
» 160: nearly spherical shape consisting of 4
a-clusters
» 29Ne: strongly deformed bowling pin shape with
an extra a-cluster
o Different vy expected

» Medium effects largely canceled in vs ratio
» Sensitive to 2°Ne deformation in the most central

collisions
» Even more pronounced differences in fixed-target
systems!

© ¢ @

Flow at LHCb

0.04

0.03f

n{2}

0.01 —_— - = PGCM, Independent
—_ - - NLEFT
ob— - = W-S, Spherical (a)
r T T T T T ™
G. Giacalone, W. Zhao, et al.
1.2} Phys. Rev. Lett. 134, 0823014

v{2} ratio

>0.02F 3DpGlauber+MUSIC+UrQMD

1 Po+®Ne

vA2}

VS = 68.5 GeV

0.2<p_<3.0GeVic

Pb+*Ne Pb+'°0
- = PGCM, Cluster

(2025)
v{2}
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00
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Flow in fixed-target PbNe and PbAr

@ Unfortunately no O injection but “°Ar (nearly spherical) available as reference
@ Negligible contribution from more symmetric ?2Ne

0.06 T T T

—— WPb410 (PGCM)
25Pb4 2Ne (PGCM) |
- 25pb4OAr (NLEFT)

IS
T

@
T

“Ar from NLEFT 3

205Pb + X (/5NN = 68 GeV

25pb 1 20Ne/2Pb+ OAr v, {2}
3 s
- T

\'
{
|
|
|
!

o ¢
3

0.00 . . L

60 80 0 20

40 40
Centrality (%) Centrality (%)
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o
P
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Flow in fixed-target PbNe and PbAr

@ Unfortunately no O injection but “°Ar (nearly spherical) available as reference
@ Negligible contribution from more symmetric ?2Ne

o Flatter vs for light ions and
decreasing vs from central to
peripheral: validity of
hydrodynamic description

@ Significant enhanced vy (~ 40%)
for PbNe at the most central
collisions and trend well described
by (341)D hydro predictions with
ab-initio nuclear-structure:
elongated 2°Ne shape

0.06 T T

T
25160 (PGCM)
0.05 F —=== 25pb2Ne (PGCM)

- 25pb4Ar (NLEFT)

205Pb - 2Ne/25Pb-+ OAr v, {2}
8
:

o

T

3
{2} ]
—— w{2}

&
T

@
T

“Ar from NLEFT

25Pb + X \/Snx = 68 GeV

0.9

0 20 40 60 80 0 20 40 60 80
Centrality (%) Centrality (%)
01f —— v{2} PoNe LHCh R’e{lmlnary 2F v} ratio LHCb H’dlmlna’y
—— V,{2} PbAr 2024 PbA |5, = 709 Gev ] L8F ——vy{2} ratio 2024 PbA {5 = 70.9 GeV
1.6F 2-sub |An]=1.0

oosf —~ V2 PoNe 2.0 py1= 10 E

=+ V3{2} PoAT 02<p, <30GeV

0.06} B

0.04 foress

0.02 M B
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New! LHCH-CONF-2025-001

October 31, 2025 16 /18


https://doi.org/10.1103/PhysRevC.84.034313
https://cds.cern.ch/record/2942834

Flow in fixed-target PbNe and PbAr

@ Unfortunately no O injection but “°Ar (nearly spherical) available as reference
@ Negligible contribution from more symmetric ?2Ne

0.06 T T

o

T

3
w2} 1
- u(2}

T
25160 (PGCM)
0.05 F —=== 25pb2Ne (PGCM)

o Flatter vy for llght ions and wl2} - 2%Pb4“Ar (NLEFT)
decreasing vs from central to ] '
peripheral: validity of
hydrodynamic description

&
T

@
T

“Ar from NLEFT

25Pb + X \/Snx = 68 GeV

205Pb - 2Ne/25Pb-+ OAr v, {2}
S
:

0.9

@ Significant enhanced vy (~ 40%) : : o8 : : ‘

0 20 «I{) . 60 80 0 20 40 . 60 80
for PbNe at the most central Conlty (%) oty %)
collisions and trend well described & o1 2 gxemcmpw e 42 {ZIﬂ LHCbP:fI{Tary

. . . = ——V, I 2024 7OQGeV o Lo — 2024 70.9 GevH
by (34+1)D hydro predictions with ~ o WA PNe 2 0y pgi= 10 { = 2 =10
e g 3 02<p, <30Gev 1.
ab-initio nuclear-structure: oosf.. E
elongated 2°Ne shape P —— ] g
. s . e {1=
@ Improved centrality calibration ‘ e
and updated models on the way 0 2 0 qC(EECE‘B) %] 0 &) oy
tot 'c\ Ttot
for final results 00 ?¢ New! LHCb-CONF-2025-001
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Light-ion data taking

° Both colhder and fixed-target data from light-ion runs

LHCb 2025

Coming
soon!

o Excellent data collected in OO and
NeNe run

e Search QGP signature in small

systems and study the transition from

large system

e Fixed-target OHy and NeNe data
simultaneously with collider mode

Collider: LHCb-FIGURE-2025-017
Fixed-target: LHCb-FIGURE-2025-019

500000 LHCD preliminary N ---- D'~ K% LHCb preliminary
RS 60000 und 2
Z 400000 o]
= =
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00000
= 20000
100000 15
1800 1850 1900 1950 1800 1850 1900 1950
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10° 10°
& 90 T %‘ 24 T
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3 2025 OH, 3 20F 2025NeNe
S OF [5=709Gev S 18F {5,,=709Gev
2 60F 5 paa 2 g - Daa
S s0F — R S uE g
Pl - OHo: 727t A NeNe
o sakgard § 10F T sdioom
8 2 3 8
B B
10| 2
L L
ic3 1110 1105 1110 1115 1120

o Unique opportunity for cosmic ray and

nuclear imaging

1120 1125
m(pr) [MeV/cg

o Wane
o Wang
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m(pTt) [MeV/c?]
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Summary and Prospects

e Growing contributions on flow results from LHCDb experiment
» Significant charged particle vy in pPb and PbPb collisions at forward rapidity, smaller
than that observed at midrapidity
» Hydrodynamic model overestimates vo in pPb collisions, more studies needed to
understand the discrepancy
» First preliminary result with upgraded SMOG?2 system, suggesting the ?’Ne nucleus
deformation
e Outlook

» Further measurements (e.g. v, — pr correlation) for studying cluster structures of light
nuclei
» Excellent data from light-ion run both for colliding and fixed-target modes
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Thanks for your attention!



Cumulant method

e Cumulant method: nth order cumulant ¢,{m} can be derived from @,, vectors

on

1 2 3 1 A 5 6
0e 9. 9.,2,0 50 0e % 92.9,0

o © o
7 g8 o 10

Two-particle Multi-particle correlations
correlations

v{2} = (2D, w4} = (-e{4h'!

Centrality (%)
52 43 3

o 82 65 1 17 7
B.12[- ALIGE Pb-Pb |5, =276 TeV 1
® v,{2, |An| > 1.4}
0.1F O vf4} B .
. o e Non-flow effects with suppressed
0.08[- 9 . .
O Ly II|||r_ with more particles correlated
006 ¢ > .
00t » o Results directly come from the
odf >
o0k ] event-by-event measurement
0.2<p <3.0GeV/c a
0 1 1 |
10 10? 10°
Neling| <1)
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Two-particle correlation

25-30%
<Npan>=1 7

CMS PbPb
276 Tev ~

2<p3°<3 GeV
(25-30)%

5.02 TeV

R
\\}}8\\“‘\
O\

C(An,A9)

> Wang

Flow at LHCb

Two-particle correlation: (An, Ag)
correlation function

Obtained by comparing distributions
same-event and mixed-event pairs

1 d2Npair
= B(0,0) x

Ntrig dAU dA¢ a B<A777 A¢)

Long-range correlation ridge symbolises
the positive v

Significant ridge and jet (non-flow)
structures

What about forward rapidity?
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