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» QCD predicts that at high temperature

* nuclear matter transitions into a deconfined phase quark—gluon plasma (QGP)
« QGP formation is well established in PbPb

 What’s the smallest nuclear systems where QGP-like effects may
appear?

Final detected
particles

Study final-state particles to
infer properties of the early
medium

Initial state QGP phase

" 0

c quarks propagate the QGP
phase (carry information of

Time: 0fm/c <1fm/c ~10 fm/c ~1015 fm/c

arXiv:2303.17254
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Charm as a QGP Probe

« Charm quarks are produced before the medium exists
» experience the entire evolution
 low p; charm sensitive to diffusion; high p; to energy loss

« DY in Light ions (OO, NeNe) probe the onset of medium effects

¢ OO0 =

NeNe |
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LHCDb Detector in Run 3

JINST 19 P05065 (2024)

* LHCb: a single-arm forward
spectrometer covering2 <n <5

* Optimized for heavy-flavor (c, b)
physics

» Excellent tracking and particle
identification capabilities

* In Run 3 the detector was upgraded
« fully software-based trigger
* new tracking systems
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LHCDb as Fixed-Target Experiment

« SMOG2: System for Measuring the

Overlap with Gas

« a storage cell placed upstream of the
LHC beam pipe

* beam collides with gas nuclei at rest
* Unique physics opportunities...

« a wide range of injectable gases: H,, D,,

He, Ne, Ar...
 access to intermediate energies

* Operate simultaneously with nominal

beam-beam collision

JINST 19 P05065 (2024)

aaaaa

( iy o
......

SMOG2 Storage cell
(20cm)

B Nominal beam-beam
collision point
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LHCDb’s Diverse Dataset

Collect data in both colliding and fixed-target mode... b pestons R

Direct comparison across systems: Baseline — — QGP
108 golllision data‘ s EE ﬁb Fixed-target (‘1ata | Bty
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https://lbgroups.cern.ch/online/operations_plots/

 D° production Ratio NeNe/OO
« Data Sample & Selections
 Signal Extraction
« Efficiency
» Results

* Highlights from fixed-target results
« SMOG2 PbNe and PbAr flow
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D° Production Ratio

- Relative D° production
between NeNe/OO

(an po/dpr)

R — NeNe » Strong cancellation of systematics
PT) = "(an 5o/ dpr)
___________ b o Q@@  Shape isolates nuclear effects
| Measure yields | l * R(pr) = constant — geometric scaling
| . .
' .perprbin | » R(ps) # constant — differential nuclear
NeNe 00 N OO modification or QGP formation onset
1y x €j X Inel ] ] ]
n00 ~ ¢NeNe ™ yNeNe * Provides first direct test of A
_______ o ieecccccecc—-. dependence of charm production
| Correct by 1 ] Normalize by number ! - T4 -
! efficiency | | of inelastic collisions | and pOSSIb'G modifications
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Data Samples

LHCb Operations Plots

Real time analysis for D - K«

 Using data collected In |
* July 2025 during light-ion period 00k o — . |
* /Sy = 5.36 TeV . f55 N ) . [Sun = 5.36 TeV

. S = 9.62 TeV

Integrated luminosity [nb™]
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https://lbgroups.cern.ch/online/operations_plots/

Data Samples

LHCB-PAPER-2026-008

Real time analysis for D - K« 00000 [ —
. . = Fit - > 00
 Using data collected In Z o) | buas T /AN = 5.36 TeV
« July 2025 during light-ion period U B LHCb Preliminary
* /Syn = 9.36 TeV £ /
= 100000{ £
* The LHCb Run-3 fully software-based ©
trlgger “F755 1500 1825 1850 1875 1900 1925 1950
. -t
- allows very loose selections / m{f ) eV
 record almost all interactions 06 Dackground LHCD
>/ Fit | m NeNe
- ,% 50000-, 4= Bata NeN o = 5.36 TeV
H'—:'i ';‘:;l:g“g HLT2: full =2 N%4(10@0- ene LHCb Preliminary
» : reconstruction < 30000
(fast tracking) =
’C% 20000 1
Excellent tracking and vertexing help ~ 100001
us get eXtremer clean DO samples U775 1300 1825 1850 1875 1900 1925 1950
m(K ") [MeV]
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DY Selection

Decay geometry

 Displaced decay vertex and PV
location (downstream)

* Momentum alignment with PV - _
 Large impact parameter S
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DY Selection

« Candidates' kinematics
* pr(K,m) > 400 MeV
* p(K,m) > 5GeV
2 < nK,m) < 4.7

+ Particle Identification —< Magnet Trackee, RICH2 ...

\\
v
RICH1 K- Ptrk1
VELO
I1A'T1]
kil e
PV
Tl'+
Ptrk 2

Can construct wide range of D°!

0.5 GeV < pr(D?) < 20 GeV
2.0 <y (D) < 4.5

p— W N RN R oS oam
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Yield Extraction

log(XIZP) Fit

» Separates prompt and non-prompt
» performed in [mppg(D®) — m(K~nt)| < 25 MeV

Mar 24, 2026

» D’(p1,y)
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LHCb Preliminary LHCB-PAPER-2026-008
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Yield Extraction
LHCDb Preliminarv LHCB-PAPER-2026-008

log(Xz ) Fit Prompt: tri |
Ip Pl parametric .
function Hep 06 (2017) 147) Background:

* Separates prompt and non-prompt ., strained by MC sidebands of
the m(K mt™)

» performed in [mppg(D®) — m(K~nt)| < 25 MeV £ o] b Do
g
0 "= 100000
» D7 (pry) &
* 50000 1
Non-prompt: bifurcated 0o 25 0% 25 50 75 100
Gaussian constrained by == T X
pp MC D° from semi- . .
" leptonic B decays N
eNe
—— Prompt V/SnN = 5.36 TeV
300004 Nonprompt
{ Data

== 20000 1

Candidates / 0.2

10000 A

0 T T T T T T T
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Efficiency factorization

—-_'—__—_-—~
— L
—-— —y

” - \\ ~~

* PID Calibration - e 50 > 50 00 = 00
Dt 5 DY(> K nt)nt - € _ €rec €sel 5 €EPID
. - - - < NeNe = _NeNe NeNe NeNe
Tracking Calibration < € Erec €cel €pID
» Tag and probe with K - n¥m™ 7
» OO0 and NeNe differ slightly in PV - - - — - - - - --7
resolution
o . . . . 00 )
impact is small <1% and is fully Final ——~1.03 — 1. 04 for all py bins,
corrected elene

except for the highest- pr and is 1.07
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Putting things together... L HCB-PAPER-2026-008
NeNe 00

n; €; N imi
° R(pT) — 1_()() X _NleNe X N]\Ilgf\)]le 140 LHCb Preliminary
- S mel .., | (NG )/ (Nea
[ Yields | | efficiency | 1 Normalization P EpPs2
* First charm production o1s] Y LHOb
measurement in light ion collision!  _2 ¢
NZ 1951
@ “En """"""""
=N ’
1.20 1 ¢
. l ®
? ¢ +
1.15 1 !
5 10 15 20
(D) [GeV]
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LHCB-PAPER-2026-008

Putting things together... Possible recovery at high pr:
|
) R( ) _ n%\IeNe )( Eioo y NOO - hes Prer&%gfﬂve 0SS regime
P17 o T e T RS ‘ 50 (08
__________________________ <Ncoll >/<Ncoll
| Yields 'ffﬂqe_nsv_' | Normalization ) “P —— Eppsai
» First charm production c1p| bLHOD
measurement in light ion collision!  _= t
N 1.25-
* Non-constant R(pr) S 17— 4
* low p7: enhancement A L I P 4
rr.u pr. suppression o ~o Lo
* high p7: recovery : " e 20
» Qualitatively consistent with Rise at low pr: (D°) [GeV]
: diffusion/radial flow
presence of QGP medium Dip near 5-10 GeV:

collisional energy loss onset
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i i LHCB-PAPER-2026-008
Comparison to theoretical models...

. N -
° Glauber MOdel Scallng ( C011>NeNe _-— 4.404. LHCb Preliminary

(Ncoll)oo ~ NeN
. . . . —_— eNe 00O
* indicates that simple geometric . ~ {MNai ) /(N
scaling is insufficient — EI’PS\Zl
S 1.30- ¢ LHCb
2 \\ ’
NZ 1951
Q “gﬁ """"""""
1.20 1 .:* il
¢ ¢ + ?
1.15- ! |
5 10 15 20
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Comparison to theoretical models...

+ Glauber Model scaling coll/NeNe 140
(Ncoll)oo

* indicates that simple geometric a5
scaling is insufficient |

S 1.301

* NPDF-only EPPS21 cannot Qg 1.25

reproduce the shape N o 7

= =" 120

* While overall normalization is
broadly consistent, the observed
pr dependence is not reproduced

 suggests that additional effects
beyond initial-state modifications
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LHCb Preliminary

LHCB-PAPER-2026-008

______ <N§)ﬁNe> / <NOO
| —— EPPS21

¢ LHCH

Blue shaded: 68% CL

coll

uncertainties (fully
}h correlated) for the nPDF
P ===
- H
¢
| + .

10 15 20

pT(D()) [GGV]

EPPS21 per-nucleon calculation is
rescaled by N, for comparison
(N uncertainty not shown)
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) ] LHCB-PAPER-2026-008
Model including energy loss...

NeNe/0O

Ryx 5 .
i o D(D) 1.40 LHCb Preliminary
CNM onIy S flat = — — -~ \5.36 Tev, 0-1000 | | oo <N§)ﬁNe> / <Nc(c))h)
Log—Eae et Y1 —— EPPS21
Collisional contributes — ~| = o1q) Y LHCD
S 0.95 - S 1307
significantly R B .
| g 12544
0.90 - / Q _____________
. . P
!Z)lp at mid p; can be’ Y T o] R I |
interpreted as QGP 5253 CNM + rad I $
induced energy loss 0.80 Tkl Rl 1.15- | L |
| 101 102 5 10 15 20
pf [GeV] pr(D?) [GeV]

System-size dependence of energy-loss effects
Phys.Rev.C 107 (2023) 6, 06490 — Qualitatively consistent with data
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SMOG2 PbNe and PbAr Collisions

T~ Phys. Rev. Lett. 135, 012302
Unique geometry: a-cluster [0, pnz (3, y, 20 — P~

* O: 4 a-clusters, close to spherical

 Ne: similar, with an extra a-cluster on
top, bowling pin

* By injecting Ne gas in SMOG2, LHCb
provide a unique opportunity to study
neon nucleus structure

 Ar: spherical for good comparison
* PbAr as baseline

6
4
2
0

2 [fm]

/
o A

— 102 H 2024, {5, =70.9 GeV
o) §
Q E 10}
> u
O Z o
g 10! L
=107 5
Ne E F
=107

PbNe PbAr

Mar 24. 2026 . s@Qm2026 21



Charged Particle Flow in PoNe and PbAr

LHCb-CONF-2025-001

 Test both hydrodynamic and

nuclear structure theories SR et 2 E LHCoPeimman ]
. . = 0.05F ' et B 14fe 2024 PbA s5n=70.9GeV
* using Pb as reference projector = ' | <" Luco pretiminary 1 5 F* 2w pg=to :
- overlap largely reflect shape of .t T I TGV E I e 02 <p, <304 -
Ne 0.00 :_mg i o.2<pT<3.oGeV 1 £ 1;m+++ H = ikl b ﬁ;ﬁ:
i ol : F ety ] & [+ ]
* v,{2} In central collisions 001+ w(2) PoNe ™ EE 4 2 °%F t :
F o 1,{2) PbAr ——= 1 5 ]
e PbNe: flatter og—f%%ggie . ~ 0.6 +v2%rat@o E
* PbAr: decreasing e
 1,{2} ratio PbNe/PbAr in 2B D 1] 2b ) 1)
central collisions ¢ O ¢ O
« significantly greater than one T T T T T T T T o o) T T T T
 qualitatively consistent with I SPhe(PecM) TR uaf2)
predlctlons 004; 2} —m 208pp 1 40Ar (NLEFT) §1.4E— :
T SEEY A
« Suggest the elongated nuclear =, - — £, \
shape of neon T N N e
- 13 A
See Cesar Luiz Da Silva, Tues 3:35PM | ,, f_—-—-?—}- .......................... EIE N5
Matthew Durham, Wed 2:03 PM ; | | — T
T T w0 o w0 o T w0 w0
Centrality (%) Centrality (%)
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https://indico.global/event/13943/contributions/142131/
https://indico.global/event/13943/contributions/142136/

- First DY production ratio in light-ion collisions
» Suggests QGP-like effects may be present

» Charged particle flow in SMOG2 Pb light-ion collisions

« Suggests an elongated nuclear shape of neon

LHCb Preliminary
].40 ,_(\T 0.06 - T T T T T T T T T T T T T _!I
______ NeNe 00 o °
<N coll > / <N coll> ¢& = 0.05 ?MWM"‘—H:.‘—Q—:‘:—
L3591 Epps2i 4 SRR : =i
"/ 0.04 Fo-e: o LHCb Preliminary
S 130 ¢ LHCbH TF 2024 PbA ysyy = 70.9 GeV
z ! 0.03F 2-sub [A7n7|=1.0 r
Efo ol : 0.02 it 0.2<p_<3.0GeV E
o 0.01F = v,{2} PbNe e &
20] g o v,{2) PbAr :$:—+— :
¢ 14 ? OF - v,{2} PbNe =
L5 | — | 001 :_—)5:—v3l{2}‘PblAr L
5 10 15 20 0 20 40 60
pr(DP) [GeV] g (EZAY) [%]

c tot
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Thanks for Attention!




BACKUP




Why the D° Ratio (NeNe / OO)

* Directly probes A-dependence of charm-quark quenching.
* [solates geometric scaling from dynamical effects.

 Binary-collision baseline

« Glauber: RNeNe/OO = <Ncoll)NeNe/<Ncoll)OO =15.8 (NeNe)/ 12.8 (OO) — 1.23 %

factor.
* Any deviation from 1.23 = real medium or path-length effect.

* Quantifies charm-quark energy-loss onset in the smallest QGP-capable
systems.

« Tests path-length scaling « A3 predicted by light-ion R,, studies.
» Constrains transport coefficients in a new regime

« Benchmarks theoretical models

« Completes the system-size picture: pp — OO — NeNe — XeXe —
PbPb.
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Yield Extraction

LHCB-PAPER-2026-008

Mass Flt 400000 Background LHCb
: : i = — Fit 00
 Determines combinatorial = 3000001 § Data JANN = 5.36 TeV
backgrou nd Slgnal: ~ LHCb Preliminary
double Gaussian
o)
)L £ o0
K D (pT; y ) = 1000001
K~ RS ©
L 4
L . : : : : : : : : :
.0. saCKgroum_j' Y775 1800 1825 1850 1875 1900 1925 1950
W linear function m(K~7") [MeV]
2 4
’0’ 7T+ 60000 - Background LHCbH
o = —— Fit NeNe
. = 50000+ {  Data /SNy = .36 TeV
DO = 40000- LHCb Preliminary
z 30000
Slightly worse background: NeNe
* higher event multiplicity g 20000
© 100001
0 775 1800 1825 1850 1875 1900 1925 1950
m(K~n") [MeV]
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Efficiency Calibration

Efficiency factorization

Canceled =1
AA __
€ —%: X €rec X %X €sel X €PID

€.cc. Canceled; same kinematic regions
€wrig = 1, all reconstructed candidates must produce

tracks

00 00 00 00
‘ € _ €rec > €sel X €PID
¢NeNe — _NeNe ¢NeNe NeNe

€rec sel €pPID

Only ratios of
€14 are relevant
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Normalization

* To compare production rates
across collision systems we need
to normalize the observed signal

yield
* Glauber model: Ryene/00 = Ninel 7974031
(Ncoll>NeNe/<Ncoll>OO N{\]neel\l]e a
 has large uncertainty ~10 %,
significantly larger than in PbPb 4.2 % global normalization
» Instead, we use the number of uncertainty

inelastic interactions as the
normalization

* Visible interaction rate studied using
two luminosity counters
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Glauber Model

arXiv:2507.05853

1 dNaga/dpr
(Ncoll) ANpp/dpT
« scales with (N

* Rpp =

° RNeNe/OO = (NconNeNe/{Ncom?o0

* Glauber model has large
uncertainty

« Centrality precision is limited by the
small participant number (~32/40 for
NeNe/OO) and large event-by-
event fluctuations

« Systematic uncertainties of order 10
%, significantly larger than in PbPb.
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(Npare) (Neon)
NeNe 12.7 15.7
00O 10.8 12.8
NeNe/OO 1.18 1.23




Systematic Uncertainties

» Uncorrelated: vary independently between bins
 Correlated: shape or model effects that vary smoothly
 Global: single normalization term common to all bins

Source Type Comment
- , Includes template & MC-shape
Statistical fit error Uncorrelated constraints
PID finite sample Correlated Bootstrapped calibration maps
PID binning choice Correlated Alternative binning check
Tracking finite sample Correlated Random Gaussian variations
. : IP correlated, DIRA
Selection (IP, DIRA) Mixed uncorrelated
: Alternative signal/background
Fit model (mass/IP shape) Correlated functions
. . Checked with SWeighted data
Data—MC kinematics Correlated average
L 4.2 % from PV / track counter
Normalization Global difference
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Hypothesis Testing with Wilks’ Theorem

* Null hypothesis: Hy: R(pt) = ¢
 Alternative hypothesis: H;: R(pt) = c+ s pt
o XZ — T'TC_lT'

* r: residual vector between data and model

e C: full covariance matrix
 Wilks + full covariance is the correct statistical treatment

* AXZ = )(Z(Ho) —)(Z(H1)
« 7 =4Ay*(1d.o.f.)

* Wilks + full covariance give correct statistical treatment when systematic
uncertainties are correlated

* poly-1 directly interpretable as a slope and is the simplest deviation from
flatness

« Answer the question is the NeNe/OO ratio consistent with being constant in or does it
exhibit a systematic trend
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