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Introduction and Motivation

e The initial parton-level hard scattering (pp — C€cC ) serves as the common
baseline for charm meson production, perturbative QCD is capable of accurate

quark-level calculations due to heavy quark mass (m.; > Agcp)

e Diverging pathways across the non-perturbative boundary

e Open charm (D®* and D%): single heavy-quark fragmentation
e Charmomium (J/y and w(2s)): cC bound-state formation

e Many phenomenological theoretical models still suffer from considerable

theoretical uncertainty

e Carry out precise measurements and extend kinematic phase space for theory-

experiment comparison help us to understand QCD processes

e Two analyses delivering high-precision differential cross-sections of charm

meson production (D meson & chramonium) will be introduced
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Analysis 1: open charm mesons production

Production cross-section measurements
of D*and D% mesons

arXiv:2412.15742
JHEPQ7(2025)086

Yuxuan Zhang, BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands ®


https://link.springer.com/article/10.1007/JHEP07(2025)086

ATLAS

EXPERIMENT

Measurement strategy

e Decay channel: D*(D%) - ¢n*— ptu—n*
e a much cleaner signature with a lower background level is obtained via final states
with muons

e The separation between the SV and the PV are used to reject background.

e Dataset: run2 data from 2016-2018 with C =137 fb~1

e Signal extraction method:

e The yields of the D mesons are extracted by performing fits to m(uum)

e The non-prompt production fraction is dertermined by fitting the distributions of
signal in different proper time bins with templates from P and NP MC simulated

events
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Measurement strategy

e Inviriant mass fit model

e the extended unbinned maximum likelihood £ (m) of the combined fit function

include
£(m) = ~ [1 |Sp+Pp=(m) + Sps Ppys (m) + BPaig(m)| x G(A)
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G(A) = Gauss(A; pa,0a), : -
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* A Voigtian distribution is uesd to describe the signal shape with negligible
natural widths, the detector resolution
* The mass difference A is constrained to be close to the world average value by
using an additional Gaussian constraint g(A)

6/2/2026 Yuxuan Zhang, BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands



ATLAS

EXPERIMENT

Measurement strategy

e Cross-section measurement

e The production cross-section is calculated by

do | iDi/D;t
dprl; [ Ldt x C* x B(D*/Di — ¢(up)w*) x Alpr
do | SJDi/D;t
dinll; = J£dt x C7 x B(DE/DE — ¢(up)r®) x Adln)

g)i/Dis , é)i/Dé - the yields of D* and D73 signals in bins of pr and |n|

. i J
Aprs Ay

« Cland CJ - the correction factors account for the reconstruction and selection

- the bin width in p7 and |n|

efficiency and acceptance

B(Dt — ¢(KTK~)nt)
B(p— KTK™)

« for D%, the Br is calculated by B(Di —= ¢(up)r™) = x B(¢ — pp)

as the uncertainties are samller
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Systematics

e Dominant contribution of systematics

e For D*: dominated by variations in s1gnal and background fit shapes (modelling)
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e significantly reduces modeling uncertainties with prominent, clean signal peak

e flat external constraints—such as PDG Branching Ratios, Triggers and
reconstruction efficiencies
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Results and theory comparison

. . _ 2 10famas’ T denes | 3 gobamas & VNS ]
e The differential cross-sections 5 o fsi3fev a7’ sronL o g F Is19TeV, 1371 SEFOML
E 8 12< P < 100 GeV =Dt é :':_ 107 ?mD[ <25 - =
. . . 1 =z R |
in different pr and |1)|bins, i D 8 ©fw D*-
6 E C - ;
and the ratio of theory to data
are presented
g 2 SR
e First differential cross section % s
£ g
measurement of D meson in
the LHC up to 100 GeV; first (a)
:l: g T=E=P—F=F—F=hF T % 8:"I“"I‘"‘I““I"“I"‘I RESS i R
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[1] JHEP 10, 137 (2012).
[2] Phys. Rev. D 88, 074035 (2013)
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Analysis 2: charmonium production

Measurement of the production cross-section of
J/y and y(2S) mesons

arXiv:2309:17177
EPJC 84 (2024) 169

Yuxuan Zhang, BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands ®


https://link.springer.com/journal/10052/volumes-and-issues/84-8
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Measurement strategy
e Decay channel: v —» u*u—, y = J/y or y(29)

e Two triggers are combined
e Low pT range: 8 < pr < 60 GeV- di-pu trigger “2u4” [2015 data,C = 2.6 fb~1]

e High pT range: 60 < pr <360 GeV - single-u trigger “u50” [full Run 2 data,
C =140 fb~1]

e in order to:

e make full use of unprescaled low p di-u trigger, strike the balance between

statistical error and systematic error

e cover the widest possible range of transverse momentum for J/y and y(2S)

e Non-prompt y candidates originating from b-hadron decays, are distinguished
through the separation Lxy (converted to proper decay time later) of the primary
vertex and the y decay vertex
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Measurement strategy

e The production cross-section is calculated by

P,NP
e op =28 gy o gty = 1 Ny
dprdy ‘-(’Z{(w)etrigetrigSFGIecofreCOSF Apt Ay f Ldt

° Ni'NP - the raw yields of y, obtained from 2D unbinned maximum likelihood
fits
o A(y) - the geometrical acceptance calculated separately for low pt and high

pT bins

® Eirig/€reco(EtrigsF/ErecosF) - trigger/reconstruction efficiency
(trigger/reconstruction effieicncy correction scale factor, accounting for MC-data

differences)
© Aprt and Ay- corresponding bin widths in pr and absolute rapidity

e [Cdt - the corresponding integrated luminosity.
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Measurement strategy

e The fit model i

F(myyu,7) = Z kiPi(mup, 7)) Pi(muu, 7) = filmyy) - [hi(1) ® R(7)]
i=1
R(7) = wAGA(7) + wBGB(7) + (1 — wa — wB)Gc(T)
i Type P/NP fi(m) hi(7)
1 I/ P woG1(m) + (1 — wo)[w1CB(m) + (1 — w1)G2(m)] 3(7)
2 J/¥ NP @0G1(m) + (1 — wo)[w1CB(m) + (1 — w1)G2(m)] @ E1(t) + (1 — wn)E1(bT)
3 ¥ (29) p woG1(Bm) + (1 — wo)[w1CB(Bm) + (1 — w1)G2(Bm)] 3(7)
4 ¥ (2S) NP woG1(Bm) + (1 — wo)[@1CB(Bm) + (1 — w1)G2(Bm)] Ex(7)
5 Bkg P P 3(z)
6 Bkg NP E3(m) Ey4(7)
7 Bkg NP Es(m) Es(|7)

e G - gaussian; CB -crystal ball function; P - 2nd order polynomial; E - exponential
e i=1,2/3,4 describe prompt, non-prompt signal production for J/y / y(2S)

® i = 5 non-resonant dimuons; 1 = 6,7 single/double sided muon contimumm events
r r 10°
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e Sources of systematic
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| ATLAS

[T ]
Total uncenainty7 B ATLAS Total uncertainty |
. . . 1 02 £ r =13 TeV - - - - Total systematics r =13 TeV - - - - Total systematics
unce I‘t ain t 1€S: EPPIS= e Statistical g 2| PP YS= € Statistical
| fLgt= 261 P, <60GeV —  Acceptance 10% - 261" p <60GeV —  Acceptance
L J T 140" p. 260 GeV Efficiency E I T 14010 pl 260 GeV Efficiency
. L - - - - Fit variation [ - - - - Fit variation
e Acceptance systematics Prompt Jry [ Non-prompt y(25)
10 0.00<|y|<0.75

| 0.00<|y[<0.75

e Trigger/Reconstruction efficiency
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e Fit model systematics

. . . 107" 107
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. e . . 10%E ] — 10% . — T
modification to the norminal cross CATLAS — Totaluncertanty | | ATLAS — Totmtumcorainty |
t pp Vs =13 TeV - - - - Total systematics_| F pp Vs =13 TeV - - - - Total systematics_|
: F 1 = [ statistical o e . = istical
section [ frar= 2850 B oo oey m [ o= Z3E: & 22058y ‘“
ciency ciency

10 = Non-prompt fraction for J/y

10 Non-prompt fraction for y(2S) —
F0.00<|y[<075 E

F0.00<|y|<0.75

Fractional Uncertainty [%]
Fractional Uncertainty [%]

e Structures visible on the plots

e statistical effects

e change of the trigger 10

= =
10 10
p,(up) [GeV] p,(un) [GeV]
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J/y non-prompt fraction
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e J/y and y(2S) (prompt/non-prompt) production differential cross sections
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Theory comparison

e J/y and y(2S) prompt production (non-prompt production (right)), compared
with NLO NRQCD!] ICEMI2]1(FONLL,GM-VENS)

ATLAS ATLAS ATLAS ATLAS
pp 15 =13 TeV pp 15 =13 TeV pp 15 =13 Tey pp I5 = 13 TeV
0<|y|<0.75 0<l|y|<0.75 0<]y|<0.75 0<ly|<0.75
Prompt J/y Prompt y(2S) Non-prompt Jiy Non-prompt y(2S)
© o
g 10F E g 10E 3 = f £ F
S E NLONRQCD E S E NLONRQCD g | FONLL © [ FONLL
> F > F 2 g
g g g g
£ £ = 3 =
E oy % 003§ o 0g§0-0-04-5-3 1 ¢ SRR AR g 0100 r0-0:00-0—%
10 3 10 3 C ] C ]
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1E g °¢¢TI 1E ‘.:Y 000000 F P 00 e 009000~
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1k S S o 1 00040055 1k 3 0:054d§-9 1 - +4+0-0:0000000000:0000-0-0+0+0+$=+-0-8+0-4 -3~
10 10? 10 102 10 10° 10 102
p,(up) [GeV] p,(up) [GeV] p.(u) [GeV] P, (up) [GeV]

e Generally good description, more than 6 orders of magnitude described within a

factor of ~ 5

e Generally better agreement for non-prompt, still tend to overestimate at high pr

[1]Phys. Rev. Lett. 106, 022003 (2011)
[2]Phys. Rev. D 104, 094026 (2021)
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Summary

e Comprehensive Measurement of Charm Production has been carried out by
ATLAS experiment
e Measured differential cross-sections for Open Charm (D*/D7 up to 100GeV,
JHEPO07(2025)086 ) and Charmonium (prompt/non-prompt J/y and y(2S), EPJC 84
(2024) 169 ) up to an unprecedented 360GeV

e Fully exploited of ATLAS Run 2 data with advanced trigger and sub-detector

performance, pushing experimental precision to new limits

e Theory prediction (Phenomenological (like FONLL, GM-VFENS, for open

charm and non-prompt charmonium) and NLO NRQCD(prompt charmonium))

e broadly consistent with data within large theoretical uncertainties,

e consistently overestimate than experimental data at extreme high p, indicating the

hadronization modeling needs tuning or corrections

e Through our non-prompt measurements, a high-statistics bridge directly to b-

hadron production is established
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Introduction and Motivation

e The ATLAS Detector: Optimized for Heavy Flavour Physics
e The Inner Detector (ID) - gives us precise vertex resolution required to cleanly

isolate displaced b-hadron and D-meson decays

e Muon Spectrometer (MS) - provides clean identification and sharp momentum

resolution for final-state muons.

e Trigger and Data Acquisition (TDAQ) system - Highly flexible muon trigger menu
allowing seamless transitions from low-p dimuon thresholds to high-p single-

muon triggers.
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T T
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Theory & High-pT Modeling Overview

e Open charm & non-prompt sector

e FONLL & GM-VFNS: perturbative QCD (pQCD) at NLO+NLL accuracy @ non-

perturbative Fragmentation Functions (FFs)
e Prompt charmonium sector

e NLO NRQCD: short-distance cC pairs (Color Singlet or Color Octet states) and

long-distance non-perturbative transitions described by data-driven LDMEs

e [CEM: (Improved Color Evaporation Model). A highly intuitive framework
assuming a fixed statistical probability for any cc™ pair produced below the
open-charm threshold (2mD) to "evaporate" its color and form a charmonium

state
e The High-pT Overestimation Puzzle
e overestimating of gluon splitting fraction (g — CcC )

e overestimating in scale extrapolation of FFs/LDMEs
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Analysis 1: open charm mesons production

Production cross-section measurements
of D*and D% mesons

arXiv:2412.15742
JHEPQ7(2025)086

Yuxuan Zhang, BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands ®


https://link.springer.com/article/10.1007/JHEP07(2025)086

ATLAS

EXPERIMENT

Detailed event selection

e Lxy =|L7| cosOxy and a0Oxy = |L | sin 6xy, where |L | is the vector

connecting the PV and the SV in the transverse plane, and 0xy is the angle

between LT and the transverse momentum p 7 of the pum candidate

e om(|n|) that scales linearly as a function of absolute pseudorapidity |n|, from
24 MeV at |n| =0 to 48 MeV at |n| = 2.5

6/2/2026

Selection
Muon objects Two muons satisfying the Loose [45] working point
Track object One track satisfying the Loose [46] working point
Transverse momentum P > 6GeV, pt > 1GeV
Opposite charge muons Qu X Qu, = —1
Total charge | Q| = 1
Di-muon invariant mass |myu, —mg| < dm(|n])
Ly significance Sig(Lay) > 3
al,, significance |Sig(al,)| < 4
Vertex p-value log(pgete*) > —0.8
Highest vertex p-value The vertex with Max(pge**) in the event

Table 1. Summary of selection requirements, with items defined in the text.
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EXPERIMENT

Detailed life time fit model

e The templates for the non-prompt contribution and prompt contribution:

Pz (1) = Exp(T; TD) * Exp(7; 7T ) Gauss(7; ,u ares) x Erf(r; Ttum On,ﬁbg),
PCE(T) = EXP(T? TD) * GaUSS(T :u 30res) * EI‘f(’T Tturn on? 666)‘

e The non-prompt fraction is then used to construct the weights for the MC
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o o
i
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- F itted D* ] T F Fitted DZ
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0.2 - 0.2F -
0.151- - 0.151- + -
o[- E o[ =
[ . F l
r 1 L + 1 ]
0.05- E 0.05 =
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Detailed systematics

e detector effects

e muon reconstruction efficiency

e s e e e — T
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Relative systematic uncertainty
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Analysis 2: charmonium production

Measurement of the production cross-section of
J/y and y(2S) mesons

arXiv:2309:17177
EPJC 84 (2024) 169

Yuxuan Zhang, BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands ®


https://link.springer.com/journal/10052/volumes-and-issues/84-8

ATLAS

EXPERIMENT

Event selection strategy

a pair of oppositely charged muons of high quality (the tight identification

working point) is required

The two ID tracks attributed to the muons were fitted to a common vertex,
with 2.6 <m,, < 4.2 GeV

The primary vertex is chosen as the reconstructed collision interaction vertex
whose z coordinate is nearest to the point of closest approach of the dimuon

system’s trajectory to the beam axis

The decay proper time My Ly

T =
pPT C

e pT is the reconstructed transverse momentum of the dimuon system, and c is the

speed of light
Muon reconstrucion limits at higher pT values:

e the angular resolution of the muon trigger system is not sufficient to separate

the two almost collinear muons
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Details about fit model

e As for the decay time resolution function R(T)

R(1) = waAGA(7) + wgGB(T) + (1 — wa — wB)Gc(T)

e The means of the three Gaussian functions are fixed to zero, and the widths are

linked by 0 g =20 4 and 0 =40 5o, where 0 4 = 0.04 ps is fixed to the
smallest value found in test fits

e As for the mass lineshapes for signal peaks

e Based on MC studies, the weights are common to J/y and y(2S), while the ratios

of the peak positions and the widths are fixed to the ratio B of the masses of the
two states

e As fori1 =1 (describing the prompt J/y peak)

e a bivariate Gaussian function in my, and t with a correlation coefficient p = 0.3

is uesd to replace the product of the narrowest Gaussian term in fq(m,,) and

the narrowest Gaussian term in R(T)

i Type P/NP fi(m) hi(7)

1 T/ p woG1(m) + (1 — wo)[w1CB(m) + (1 — w1)G2(m)] (t)

2 T/ NP woG1(m) + (1 — wo)[w1CB(m) + (1 — w1)G2(m)] @ Ei(7) + (1 — w2) Eq(bT)
3 ¥ (25) p woG1(Bm) + (1 — wo)[w1CB(fm) + (1 — w1)G2(Bm)] (t)

4 ¥ (25) NP woG1(Bm) + (1 — wo)[w1 CB(Bm) + (1 — w1)G2(Bm)] Ex(7)
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Details about systematics

e Systematic uncertainties for non-prompt fractions

e statistical errors dominate in many bins because the systematic uncertainties
partially cancel out

1027 — — 102 ———— T
F ATLAS —— Total uncertainty - F ATLAS —— Total uncertainty |
Fpp Vs =13 TeV - - - - Total systematics_| - pp Vs =13 TeV - - - - Total systematics |
r _ 26" p.<60GeV Statistical R r _ 26" p.<60GeV Statistical
L Lot = G0 pl 260 Gev -~~~ Fitvariation - Jedt = o Pl =60 Gey -~~~ Fit variation

Efficiency Efficiency

10 = Non-prompt fraction for y(2S) =
F000<|y[<075 ]

10 = Non-prompt fraction for J/y
F000<|y|<0.75

Fractional Uncertainty [%]
Fractional Uncertainty [%]

107"

10 10? 10 10?
P, (i) [GeV] P, () [GeV]

e Efficiency uncertainties mainly from

e muon reconstruction and trigger Scale Factors propagated from auxiliary Tag-and-Probe
measurements

e the finite statistics and modeling shapes of our Monte Carlo simulation samples
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Spin alignment corrections for acceptance

e General angular dependence for y — mu+mu- decay:

d’N

dcos *dg* 1 + g cos® 0% + A4 sin® 6* cos 2¢* + 194 sin 20* cos ¢*

e Nominal analysis assumes isotropic production, all A= 0
e Dependence of acceptance on Ay and Aggis weak, but Ag can be significant

e A correction factor based on the simulation is derived, taking into account the possibility of

different Ag values

£1.06 ATLAS Simulaton s v0s -

< 1.04F fn —A=+0.
S 1.02f ceh=-02
3] T -
g 1
8 o0.98f |_|_|4 i
0.96|- i
0.94f. - pp fs=13Tev | i
" 10° p (up) [GeV]

e A non-zero lambda has different effects on different triggers, resulting in a distinct break at
60 GeV
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