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e Physics background
e LHCDb detector as heavy-ion facility

© Results
@ Study of initial-state effects
@ Study of hadronisation

@ Prospect and summary

© Summary
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Heavy quarks in heavy-ion collisions

Final detected

particles .
C Freemont " Initial stages
Hadronization e

QGP phase

Initial state

Pre-equilibrium

°
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@ Hydrodynamic evolution

@ Freeze-out and post-equilibrium
°

T i W—» N \\ .
R Final-state production
Time: 0 fm/c <1fm/c ~10 fm/c ~10'8 fm/c

@ Heavy quarks are excellent probes for studying nuclear matter in heavy-ion
collisions

> Produced in hard process at early stage of the collisions (7 ~ 1/mg)
> Can be predicted by perturbative QCD
> Experience the whole evolution of QGP medium during their long lifetime
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Nuclear matter effects

@ Due to the presence of hot and cold nuclear matter, the production of
heavy quarks in heavy-ion collisions exhibits different characteristics
compared with pp collisions

Final detected
particles
»

Freeze-out
Hadronization

Initial state QGP phase

Early time dynamics

Hydrodynamic evolution

Hadror
3Monic resarier

Ing
ey
Time: 0 fm/c <1fm/c ~10 fm/c ~10'% fm/c
@ Nuclear shadowing @ Collective flow @ Hadronisation mechanism
@ Gluon saturation @ Parton energy loss @ Heavy quarkonium regeneration

@ Initial-state scattering @ Co-mover effect
@ Colour screening
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LHCb detector

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

@ Single-arm forward spectrometer, covering the pseudo-rapidity range of
2<n<d

@ Designed for studying particles containing b or ¢ quarks

@ Playing more and more important roles in heavy-ion physics

ey identification,
AEJE = 1% @ 10%/VE (GeV)
Identify p, X and 7 up to 100 GeV/c

IP resolution Magnet ] Hardware y trigger,
(15+29/pr) pm, o n\id‘entiiication
excellent prompt and N\

from-bseparation

M v \;\Q‘

Momentum resolution 0.5-1.0% (5-200 GeV/c)

@ Provide excellent vertex reconstruction and seperation, precise tracking,
full PID, efficient and fast trigger, and unique acceptance for heavy-ion

physics
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https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227

LHCb detector and data sets

@ Forward (pPb) and backward (Pbp) rapidities covered for pPb collisions

@ Beam-gas fixed target mode can be aquired by injecting gases in VELO

detector
5w =110 GeV 5w = 69 GeV
c— & — &
p Gas
(He,Ne, Ar...) Pb Gas (Ne, Ar)

@ Huge pp collision datasets for small-system studies
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Study of initial-state effects

Initial state QGP phase

Early time dynamics

H
ydrodynamic €volution
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Time: 0 fm/c <1fm/c ~10 fm/c ~10' fm/

@ Nuclear shadowing @ Collective flow @ Hadronisation mechanism

@ Gluon saturation @ Parton energy loss @ Heavy quarkonium regeneration

@ Initial-state scattering @ Co-mover e

Colour

7/21



Modification of nuclear PDF (nuclear shadowing)

@ Production cross section in hadronic collisions can be factorised as:
Ohadronic = Opartonic (-'I:i, Z_y) & I I fi,hi (mz) ® I | Dh]-/j (Z])
i J

@ Nuclear matter effects dominated by modification of gluon nPDF
EPJC82(2022)6,507

B anti-shadowing 107
g Lead **Pb 8.16 TeV pPb %r Collision Systems
1.4F HCb LHCb 110 GeV
nNNPDF3.0 (no LHCh D) 10° ATLAS/CMS B HERA
nNNPDF3.0 (Ry,) -ALIgE o
L 10°} = ALICE Muon 0, - Im
o 1.2 nNNPDF3.0 o - ||||
T Eeoff - |
1.0 3
310°
0.8F 102
0.6r . 10! 15— ‘
shad‘owmg‘ . . Gluon saturated region { (He! N= ‘\' )
10° 107 107 107710 107 1 1070 1077 1077 1073 1072 1077 10"
z
€T

@ Nuclear modification factor suppressed at small Bjorken-z region (shadowing), and
enhanced at z ~ 0.1 region (anti-shadowing)

@ LHCD covers unique kinematic regions of low-z (pPb), medium-z (Pbp) and large-z
(fixed target) regions

= Dace
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https://doi.org/10.1140/epjc/s10052-022-10417-7

Nuclear modification factor R,py,

@ Other effects canceled by making ratios in pPb and pp collisions

1 oppu(pT,Y*)
R , *) p
pPb (PT Yy ) 208 Top (pT, y*)

@ R,pn(D0) at /s =8.16 TeV

LHCb D°: JHEP 10 (2017) 090 FCEL: JHEP 01 (2022) 164
EPPS16 : EPJC 77 (2017) 3, 163 CGC1: Nucl.Phys.Proc 2017, 289-290
nCTEQ15 : PRD 93 (2016) 8, 085037 CGC2: PRD 98 (2018) 7, 074025
’xﬁ 4 LHCb \5,=816Tev  § [I)EPPSI6WHF T mccct Forward
Lo - LHCD {5y =502Tev  §  [DnCTEQISWHF 3 DOcoc2
prompt D° @ FCcEL
: ] o} e £ o
; | i bl ot}
25< y* <40 20< y*<25 25< y*<30 30< y*<35 35< y* <40

& Ryp1n (DY) Backward
15¢
e e T g gt e M

o 4.0< y* < 25 30< y*<-25 4 -35<y*< -30 -40< y* < -35 -45< y* < -4.0

10 0 5 10 0 5 10 0 5 10 0 5 1
P, [Gevic] P, [GeVic] P, [Gevic] P, [Gev/& P, [GeV/([:i

@ Generally consistent with nPDF description at forward and backward rapidities

@ Stronger suppression observed in the low-pr region at forward rapidity, hinting at
possible additional gluon saturation and initial-state energy loss effects

@ Indications of suppression compared to theory in the moderate-pT region at backward
y* > —3.5, suggesting possible final-state effects such as multiple parton scattering
and final-state energy loss [PLB 740 (2015) 23]
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https://doi.org/10.1007/JHEP10(2017)090
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1007/JHEP01(2022)164
https://doi.org/10.1016/j.nuclphysbps.2017.05.071
https://doi.org/10.1103/PhysRevD.98.074025
https://doi.org/10.1016/j.physletb.2014.11.024

Rpr(D+) and Rppb(D:)

® R,pn(D") and Rypp(D) at 5.02 and 8.16 TeV

LHCb DY: JHEP 10 (2017) 090
EPPS16 : EPJC 77 (2017) 3, 163

CGC1: Nucl.Phys.Proc 2017, 289-290

nCTEQ15: PRD 93 (2016) 8, 085037 CGC2: PRD 98 (2018) 7, 074025
[ R —— i g T oopamo T
& | i liowemo;  LHOD & | T opamo:  LHO
—&— thovpomp® (§=5.02TeV —%— LHobpomp D’ (§y=5.02 TeV
o E eesisor forward, 25 < ly*| < 4.0 2k ET Eesis 00 backward, 25 < ly*| < 4.0
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1 rcreqisd: ("]
coct
o2
1
W= =5 a2 28 & =
\ \ | | \ \ | |
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o g | LHCD 186 n0 EPPSI6 Rwgt | b LHCD. 18610 EPPSI6Rwgt ]
Pbp backward, D* Pbp backward, D
16 {igy =816 TeV nCTEQIS Rw; 1L6F Yy =8.16 TeV nCTEQIS Rwgtd
45<yr<25 45<y*<25
Laf 14F E
12F 12 b=
1 TRy
of FEEREHFE ] o FEH
ok Df o DY ]
04 ) i 04 s ]

5 10

s 10
Py [GeV/c]

Suppressed at low pr at
forward rapidity for all
charm mesons, consis-
tent with nuclear shad-
owing expectations
Slight differences be-
tween hadron species
at backward, hinting at
possible final-state ef-
fects
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https://doi.org/10.1007/JHEP10(2017)090
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1016/j.nuclphysbps.2017.05.071
https://doi.org/10.1103/PhysRevD.98.074025

Forward-backward production ratio

@ Forward-backward production ratio can be calculated without pp

reference
JHEP01(2024)070 ) Phys.Rev.C109(2024)044901
T 1.
of [ == Cicopompt 0 T £
[ —— LHCbpompt ; ~ LHCb 1 e
25 —&— LHCbprompt D° PP §,=5.02 TeV .
| —&— LHCb prompt A
[ EPPS16 D 1
I [ nCTEQ15 D* D-meson 4
| EPPS16 D: 1
[ nCTEQI5 D} - " Ry () =+
I 1 04 I satunc c
1 Aty e
; S o2 ervsisonct rug M
E SRR S8 SRR o EPPSI6.00CL Rugt 051, pPb |S,, =8.16 TeV
L i © EPPSI6.90CL Rwgt 204, 25<|y*|<4.0
1 1 -02 1 1 1 1 1 1
0 5 2 4 6 8 10 12 14
P, [GeV/c] p, [Gevic]

@ The suppression at forward rapidity well reproduced by nPDF
predictions

o Different trends towards high pr for different hadrons
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https://doi.org/10.1007/JHEP01(2024)070
https://doi.org/10.1103/PhysRevC.109.044901

Study of hadronisation

Initial state

Time: 0 fm/c

@ Nuclear shadowing
@ Gluon saturation
@ Initial-state scattering

Early time dynamics

QGP phase

Final detected
r— particles

Freeze-out

Hadronization

N
Ydrodynam;c evdlution \
Scatterip,
9
bt
<1fm/c ~10 fm/c ~10" fm/c

Collective flow
Parton energy loss
Co-mover effect
Colour screening

@ Hadronisation mechanism
@ Heavy quarkonium regeneration
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Modification of hadronisation

@ Fragmentation universality expected across all collision systems

» Different fragmentation fraction observed
EPJC84(2024)12,1286

s

—~1.0 T T T T T T
< [ oALICE, pp, Vs = 5.02 TeV | 1
t 0.8  *ALICE, p-Pb, sy =5.02TeV : ]
§ : :  Bfactories, e'e”, /s = 10.5GeV | 1
, *LEP,e%e,Vs=m; | i
0.6 [~ %+ «HERA, ep, DIS [
< HERA, ep, PHP [
0.4 [f=]*] I .

[ N | ("

[ : ]

0.2 et 3| I

' |

EFIJ%EDJ:E
I I

Coalescence

D° D* D A = Jy D*
@ In high-density medium, quarks can hadronise via coalesence mechanism

» Strangeness enhancement (abundent s3 pairs in medium)
» Higher baryon to meson ratio
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https://doi.org/10.1140/epjc/s10052-024-13394-1

AY/BY ratio versus pr

Phys.Rev.Lett. 132 (2024) 081901
e 08— 7T
) n LHCb pp ([§=13Tev 3
E{ 0.7;\‘ : %: ),/7<<%5 E ® R,0,po enhanced at low pr observed,
0.6E ‘\ wn PYTHIAS E where coalesence is expected to
: \\\‘ f PP Sy =8.16 TeV ] dominate
0.5; 2 h -, ¢ 2223;23255 7 @ In agreement with previous LHCb pp
0.4F ‘ﬁ\H~ 3 and pPb measurements
0 37 | ‘Hr ‘ -\\,_ E @ Statistical hadronisation model
“F | lﬂ ﬂ PH E (SHM) with relativistic quark model
0.2F H J&,@C‘* (RQM) gives better description than
0 1:_1 HVSROM rEPOSAH ajﬂ— with PDG data by considering A
F SHM*RQ Q+co ] feed-down from excited baryons
G(; ‘ ‘ 1‘0 ‘ ‘ 2‘0 ‘ ‘ 3;0 @ EPOS4HQ reproduces the
p, [Gevic] enhancement at low pt by
LHCb pp: Phys.Rev.D 100, 031102(R) (2019) incorporating coalescence

LHCb pPb: Phys.Rev.D 99, 052011 (2019)
SHM: Phys.Rev.Lett. 131, 012301 (2023)
EPOS4HQ: Phys.Rev.D 109 (2024) 5, 054011
PYTHIA8: Comput.Phys.Commun. 178, 852 (2008)
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https://doi.org/10.1103/PhysRevLett.132.081901
https://doi.org/10.1103/PhysRevD.100.031102
https://doi.org/10.1103/PhysRevD.99.052011
https://doi.org/10.1103/PhysRevLett.131.012301
https://doi.org/10.1103/PhysRevD.109.054011
https://doi.org/10.1016/j.cpc.2008.01.036

AY/BY ratio versus multiplicity

Phys. Rev. Lett. 132 (2024) 081901

2 F — — T ™3
o %F ¥ LHo PP 15=13TeV E
osf + At 3
] ++t |
04 + +++ 3
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0.3F -:-+ E
0,2-(#-;— —~+ pp—bb + X, global uncertainty: *ix —
01k * ¢ ete~Z%.bb E
" 1 " " " 1 " " " 1
0 2 4 6
NVELO/ <N VELO,

tracks tracks ~ NB

Rpo/po reach ete™ result as

multiplicity goes lower

Significant increasing trend of
AY/BY with multiplicity, sug-
gesting the contribution from
coalescence in addition to frag-
mentation in b quark hadronisa-
tion
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https://doi.org/10.1103/PhysRevLett.132.081901

= /D" production ratio

@ Hadronisation in heavy-ion collisions studied with baryon-to-meson ratio
Phys.Rev.C109(2024)044901

o, 05 T
= F appb LHCb, |5y =816TeV 3
Q:T"OAS: P BRunc. ! Sn E
oab +Pbp pPb: 1.5<y* <4.0 E
“E Pbp: -5.0<y*<-25
035E _ ALICE pp, 8= 13Tev E
o3 FrosiHQ E
0.25 ;_ EPPS16.90CL Rwgt _-
02 g_ % PYTHIA 8.309 CR, Modez_é
015F iy i
01f Ll W
E T S —— E
oosp EF R |
0'. [N 1 1 1 1 "
2 4 6 12 14
P, [GeVic]

@ No significant dependence on pt of R+ /DO different from enhancement
observed in A /B° at LHCb pp

@ Discrepancy with ALICE results, hinting at rapidity dependence of the
ratio
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https://doi.org/10.1103/PhysRevC.109.044901

Strangeness ratio with pr

@ Strangeness enhancement considered as a QGP signature

@ Seen in high multiplicity small systems by ALICE {2 (Z)/m and LHCb
B%/B°

DT :ed Df:cs Af:cud EF :cus
Phys.Rev.D110(2024)L031105 chys Rev.C109(2024)044901
+ 1o L T T T T T T
T T < ]
o LHCb Pbp backward, 18.6 nb™* S F pPb LHCD, 5y =8.16Tev
\+Dv- 0.8 ﬁ =8.16 TeV - 1+ +Pbp pri 15<y <40
b 3< y* <25 L Pbp: -50<y*<-25 ]
D+/D+ osl BRunc. 1
S “F ... EPOSIHQ 4
06k L E“F A+ EPPS16.90CL Rwigt
@ 06~ i / i PYTHIA 8309 CR, Mode2 |
@ K[l [E][E][E] oall ]
04 ] e e e —sm= SR
e IR e | B
. . L ) ‘ ‘ ‘ ‘ ‘
5 0 4 6 8

12 14
P, [GeVic]

10
[ [GeVic]
@ No signficant dependence on pr for multiplicity-integrated ratios
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https://doi.org/10.1038/nphys4111
https://arxiv.org/abs/2204.13042
https://arxiv.org/abs/2204.13042
https://doi.org/10.1103/PhysRevD.110.L031105
https://doi.org/10.1103/PhysRevC.109.044901

D} /D™ production ratio with multiplicity

o First observation of strangness enhancement for charm production in
small systems, consistent with the evidence from BY/BY ratio

Phys.Rev.D110(2024)L031105
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Phys.Rev.Lett.131(2023)061901
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o Consistent trend in different rapidity regions, as well as with ALICE

results

tracks ~ NoBias

@ Coalescence contribution need to be considered for a better description

of data points
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Prospect: collective flow

@ Collective flow considered an excellent probe to study both initial
geometry and hydrodynamic properties of the medium

@ Measurement of heavy-flavour hadron flow at LHCb on the way ...
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@ Nuclear shadowing Collective flow @ Hadronisation mechanism
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Prospect: heavy flavour data in Run3

@ Large samples collected for both colliding and fixed-target modes
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@ Clear D% Bt peaks in OO and NeNe collisions
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https://cds.cern.ch/record/2940954

Summary

e Heavy quarks are sensitive to nuclear matter effects in heavy-ion
collisions

e LHCDb provide unique access to probes of nuclear matter with
heavy-flavour production

» Nuclear shadowing: R,pp and Rpp
» Hadronisation: AY/B°, Df /D%, =F /A and =} /D°

@ Stay tuned for more results with newly collected Run3 data!
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Thank you for listening
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