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I n t r oduc t i on  a nd  M ot i va t i on
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● The ini t ia l  par ton-level  hard scat ter ing (푝푝 → �� )  serves  as  the common 

basel ine for  charm meson product ion,  per turbat ive QCD is  capable  of  accurate  

quark- level  calculat ions  due to  heavy quark mass  (�� ≫ ���� )

● Diverging pathways across  the non-per turbat ive boundary

● Open charm (�±  and ��
± ) :  s ingle  heavy-quark fragmentat ion

● Charmomium (� /�  and  �(2�) ) :  ��  bound-sta te  formation

● Many phenomenological  theoret ical  models  s t i l l  suffer  f rom considerable  

theoret ical  uncer ta inty

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

experiment  comparison help us  to  unders tand QCD processes

● Two analyses  del iver ing high-precis ion different ia l  cross-sect ions  of  charm 

meson product ion (D meson & chramonium) wil l  be  introduced

6/2/2026
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Analysis 1: open charm mesons production 

Production cross-section measurements 
of �±and ��

± mesons

arXiv:2412.15742
JHEP07(2025)086

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


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

● Decay channel:  �± (��
± )  → ��± → �+�− �±

● a  much c leaner  s ignature  wi th  a  lower  background leve l  i s  obta ined  v ia  f ina l  s ta tes  

wi th  muons

● The separa t ion  be tween the  SV and the  PV are  used  to  re jec t  background.

● Dataset :  run2 data from 2016-2018 with ℒ =137 푓�−1

● Signal  extract ion method:

● The yie lds  of  the  D mesons  are  ext rac ted  by performing f i t s  to  �(���)

● The non-prompt  product ion f rac t ion i s  der termined by f i t t ing  the  d is t r ibut ions  of  
s ignal  in  d i f ferent  proper  t ime bins  wi th  templates  f rom P and NP MC s imulated  
events

46/2/2026

M e a s u r e m e n t  s t r a t e gy
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● Invir iant  mass f i t  model
● the  extended unbinned maximum l ikel ihood ℒ(�)  of  the  combined f i t  funct ion 

include

56/2/2026

M e a s u r e m e n t  s t r a t e gy

• A Voigt ian  d is t r ibut ion i s  uesd to  descr ibe  the  s ignal  shape wi th  negl ig ib le  
natura l  widths ,  the  detec tor  resolut ion

• The mass  d i f ference  ∆ i s  const ra ined to  be  c lose  to  the  world  average value  by 
us ing an  addi t ional  Gauss ian  const ra in t  ℊ (∆)
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● Cross-sect ion measurement
● The product ion cross-sect ion i s  ca lcula ted  by

66/2/2026

M e a s u r e m e n t  s t r a t e gy

• �� ± / � �±
�  ,  �� ± / � �±

�  -  the  y ie lds  of  �±  and ��
±  s ignals  in  b ins  of  푝�  and |η |

• ∆� �
� ,  ∆ | � |

�   -  the  b in  width  in  푝�  and |η |

• � � and ��  -  the  correc t ion fac tors  account  for  the  reconst ruct ion and se lec t ion 
ef f ic iency and acceptance

• for  ��
± ,  the  Br  i s  ca lcula ted  by  

as  the  uncer ta in t ies  are  saml ler
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● Dominant  contr ibution of  systematics
● For  �± :  dominated by var ia t ions  in  s ignal  and background f i t  shapes  (model l ing)  

● For  ��
± :

● s igni f icant ly  reduces  model ing uncer ta in t ies  wi th  prominent ,  c lean s ignal  peak

● f la t  external  const ra in ts—such as  PDG Branching Rat ios ,  Tr iggers  and 
reconst ruct ion eff ic iencies

76/2/2026

S ys t e m a t i c s
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● The differential  cross-sect ions 
in different  푝�  and |� |b ins,  
and the rat io of  theory to data 
are presented

● First  differential  cross sect ion 

measurement of  ��
±  meson in 

the LHC up to 100 GeV; f irs t  

ATLAS results  for  �±  

production at  � =  13푇��

● In agreement with FONLL [ 1 ]  

and GM − VFNS [ 2 ]  with 

deviat ion at  high pT

86/2/2026

R e s u l t s  a nd  t he o r y  c om pa r i s on

[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     
�/� and  �(2�)  mesons

arXiv:2309:17177 
EPJC 84 (2024) 169

https://link.springer.com/journal/10052/volumes-and-issues/84-8
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M e a s u r e m e n t  s t r a t e gy
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● Decay channel:  ψ → �+�− ,  ψ = J/ψ or  ψ(2S)

● Two tr iggers  are combined 

● Low pT range:  8  <  푝�  <  60 GeV- di -�  t r igger  “2�4” [2015 data ,ℒ =  2.6  푓�−1 ]

● High pT range:  60 < 푝�  <  360 GeV -  s ingle-�  t r igger  “�50” [ fu l l  Run 2  data ,  

ℒ =140 푓�−1 ]

● in  order  to :

● make ful l  use  of  unprescaled  low 푝�  d i -�  t r igger ,  s t r ike  the  balance  between 
s ta t i s t ica l  er ror  and sys temat ic  er ror

● cover  the  wides t  poss ib le  range of  t ransverse  momentum for  J /ψ and ψ(2S)

● Non-prompt ψ candidates originat ing from b-hadron decays,  are dist inguished 
through the separat ion Lxy (converted to proper decay t ime later)  of  the primary 
vertex and the ψ decay vertex

6/2/2026
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M e a s u r e m e n t  s t r a t e gy
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● The production cross-sect ion is  calculated by

● ��
�,��  -  the  raw yie lds  of  ψ,  obta ined f rom 2D unbinned maximum l ikel ihood 

f i ts

● A(� )  -  the  geometr ica l  acceptance  ca lcula ted  separa te ly  for  low 푝�  and high 
푝�  bins

● � t r ig /����� (� t r igSF /�recoSF )  -  t r igger / reconst ruct ion eff ic iency 
( t r igger / reconst ruct ion eff ie icncy correc t ion scale  fac tor ,  account ing for  MC-data  
d i f ferences)  

● Δ푝�  and Δ� -  corresponding bin  widths  in  푝�  and absolute  rapidi ty

● ∫ℒ푑�  -  the  corresponding in tegra ted  luminosi ty .

6/2/2026
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M e a s u r e m e n t  s t r a t e gy
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● The f i t  model

● G -  gauss ian;  CB -crys ta l  ba l l  funct ion;  P  -  2nd order  polynomial ;  E  -  exponent ia l

● i  =  1 ,2 /3 ,4  descr ibe  prompt ,  non-prompt  s ignal  product ion for  J /ψ /  ψ(2S)

● i  =  5  non-resonant  d imuons;  i  =  6 ,7  s ingle /double  s ided muon cont imumm events

6/2/2026
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S ys t e m a t i c s
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● Sources of  systematic  
uncertaint ies:

● Acceptance  sys temat ics

● Trigger/Reconstruct ion eff ic iency 
systematics

● Fi t  model  sys temat ics

● Luminosi ty  uncer ta in ty

● Spin a l ignment  correc t ion -  a  
modif ica t ion to  the  norminal  cross  
sec t ion

● Structures vis ible on the plots

● stat is t ical  effects

● change of  the t r igger

6/2/2026
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R e s u l t s
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● J/ψ and ψ(2S) (prompt/non-prompt)  production differential  cross sect ions

● J/ψ and ψ(2S) non-prompt fract ions(bottom lef t)

● ψ(2S) to J /ψ rat io for  prompt and non-prompt s i tuat ions

6/2/2026
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T he o r y  c om pa r i s on
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● J/ψ and ψ(2S) prompt production (non-prompt production (r ight)) ,  compared 

with NLO NRQCD [ 1 ] , ICEM [2] (FONLL,GM-VFNS)

● General ly  good descr ip t ion,  more  than 6  orders  of  magni tude descr ibed wi th in  a  
fac tor  of  ~  5

● General ly  bet ter  agreement  for  non-prompt ,  s t i l l  t end to  overes t imate  a t  h igh 푝�

6/2/2026

[1]Phys. Rev. Lett. 106, 022003 (2011)
[2]Phys. Rev. D 104, 094026 (2021)
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S um m a r y

● Comprehensive Measurement of  Charm Production has been carr ied out  by 
ATLAS experiment
● Measured di f ferent ia l  c ross-sect ions  for  Open Charm (�± /��

±  up  to  100GeV,  

JHEP07(2025)086 )  and Charmonium (prompt /non-prompt  J /ψ and ψ(2S) ,  EPJC 84 

(2024)  169 )  up  to  an  unprecedented 360GeV

● Ful ly  exploi ted  of  ATLAS Run 2  data  wi th  advanced t r igger  and sub-detec tor  

performance,  pushing exper imenta l  precis ion to  new l imi ts

● Theory predict ion (Phenomenological  ( l ike FONLL, GM-VFNS, for  open 
charm and non-prompt charmonium) and NLO NRQCD(prompt charmonium)) 
● broadly  cons is tent  wi th  da ta  wi th in  la rge  theore t ica l  uncer ta in t ies ,  

● cons is tent ly  overes t imate  than  exper imenta l  da ta  a t  ex t reme h igh  푝� ,  ind ica t ing  the  
hadroniza t ion  model ing  needs  tuning  or  cor rec t ions  

● Through our non-prompt measurements ,  a  high-stat is t ics  bridge direct ly to b-

hadron production is  establ ished

https://link.springer.com/article/10.1007/JHEP07(2025)086
https://link.springer.com/journal/10052/volumes-and-issues/84-8


Thank  You

6/2/2026 17BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands



Backup Slides

6/2/2026 18BEAUTY 2026, 1-5 June 2026, Maastricht, the Netherlands



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

I n t r oduc t i on  a nd  M ot i va t i on

19

● The ATLAS Detector :  Opt imized for  Heavy Flavour  Physics

● The Inner  Detector  ( ID)  -   g ives  us  precise  ver tex  resolut ion requi red  to  c leanly  

i sola te  d isplaced b-hadron and D-meson decays

● Muon Spect rometer  (MS) -  provides  c lean ident i f ica t ion and sharp  momentum 

resolut ion for  f ina l -s ta te  muons .

● Trigger  and Data  Acquis i t ion  (TDAQ) sys tem -  Highly  f lexible  muon t r igger  menu 

a l lowing seamless  t rans i t ions  f rom low-푝�  d imuon thresholds  to  h igh-푝�  s ingle-

muon t r iggers .

6/2/2026
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● Open charm & non-prompt sector

● FONLL & GM-VFNS:   per turbat ive  QCD (pQCD) a t  NLO+NLL accuracy ⨂  non-

per turbat ive  Fragmenta t ion Funct ions  (FFs)

● Prompt charmonium sector

● NLO NRQCD: shor t -d is tance  ��  pa i rs  (Color  Single t  or  Color  Octe t  s ta tes)  and 

long-dis tance  non-per turbat ive  t rans i t ions  descr ibed by data-dr iven LDMEs

● ICEM: ( Improved Color  Evaporat ion Model ) .  A highly  in tu i t ive  f ramework 

assuming a  f ixed s ta t i s t ica l  probabi l i ty  for  any ccˉ  pai r  produced below the  

open-charm threshold  (2mD ​ )  to  "evaporate"  i t s  color  and form a  charmonium 

s ta te

● The High-pT ​  Overest imation Puzzle

● overest imating of  gluon spl i t t ing fract ion (� → ��  )

● overest imating in scale extrapolat ion of  FFs/LDMEs

6/2/2026
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Analysis 1: open charm mesons production 

Production cross-section measurements 
of �±and ��

± mesons

arXiv:2412.15742
JHEP07(2025)086

https://link.springer.com/article/10.1007/JHEP07(2025)086
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D e t a i l e d  e ve n t  s e l e c t i on

● Lxy = |�� |  cosθxy and a0xy = |�� |  s in θxy,  where |�� |  is  the vector 

connecting the PV and the SV in the transverse plane,  and θxy is  the angle 
between ⃗LT and the transverse momentum 푝�  of  the μμπ candidate

● δm(|η|)  that  scales l inearly as a function of absolute pseudorapidity |η | ,  from 
24 MeV at  |η |  = 0 to 48 MeV at  |η |  = 2.5
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D e t a i l e d  l i f e  t i m e  f i t  m ode l

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

● The non-prompt fraction is  then used to construct  the weights for the MC 
simulated events 
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D e t a i l e d  s y s t e m a t i c s

● detector effects

● muon reconst ruct ion ef f ic iency

● t racking ef f ic iency

● pi le-up dis t r ibut ion

● t r igger  se lec t ion ef f ic iency

● luminosi ty  measurement

● production modell ing

● non-prompt  by l i fe  t ime f i t

● MC simulated kinemat ics  
correct ion

● MC simulated data  s ize

● Fit  model

● external  branching rat io
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Analysis 2: charmonium production 

Measurement of the production cross-section of     
�/� and  �(2�)  mesons

arXiv:2309:17177 
EPJC 84 (2024) 169

https://link.springer.com/journal/10052/volumes-and-issues/84-8
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E ve n t  s e l e c t i on  s t r a t e gy
● a pair  of  opposi tely charged muons of  high quali ty ( the t ight  identif icat ion 

working point)  is  required

● The two ID tracks at t r ibuted to the muons were f i t ted to a  common vertex,  
with 2.6 < ���  < 4.2 GeV

● The primary vertex is  chosen as  the reconstructed col l is ion interact ion vertex 
whose z coordinate is  nearest  to the point  of  closest  approach of  the dimuon 
system’s t rajectory to the beam axis

● The decay proper t ime

● pT is  the  recons t ruc ted  t ransverse  momentum of  the  d imuon sys tem,  and c  i s  the  
speed of  l ight

● Muon reconstrucion l imits  at  higher  pT values:

●  the  angular  resolu t ion  of  the  muon t r igger  sys tem is  not  suf f ic ient  to  separa te  
the  two a lmost  co l l inear  muons
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D e t a i l s  a bou t  f i t  m ode l

● As for  the decay t ime resolut ion function �(�)

● The means  of  the  three  Gauss ian  funct ions  are  f ixed to  zero ,  and the  widths  are  
l inked by ��  =  2��  and ��  =  4�� ,  where  ��  =  0 .04 ps  i s  f ixed to  the  
smal les t  va lue  found in  tes t  f i t s

● As for  the mass l ineshapes for  s ignal  peaks

● Based on MC s tudies ,  the  weights  are  common to  J /ψ and ψ(2S) ,  whi le  the  ra t ios  
of  the  peak pos i t ions  and the  widths  are  f ixed to  the  ra t io  β  of  the  masses  of  the  
two s ta tes

● As for  i  =  1  (descr ib ing the  prompt  J /ψ peak)

● a  bivar ia te  Gauss ian  funct ion in  ���  and τ  wi th  a  corre la t ion coeff ic ient  ρ  =  0 .3  
i s  uesd to  replace  the  product  of  the  narrowest  Gauss ian  term in  푓1 (��� )  and 
the  narrowest  Gauss ian  term in  �(�)
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D e t a i l s  a bou t  s y s t e m a t i c s

● Systematic  uncertaint ies  for  non-prompt fract ions

● s ta t i s t ica l  er rors  dominate  in  many bins  because  the  sys temat ic  uncer ta in t ies  
par t ia l ly  cancel  out

● Eff ic iency uncer ta in t ies  mainly  f rom

● m uon  r econs t ruc t i on  and  t r i gge r  Sca l e  Fac to r s  p ropaga t ed  f rom  aux i l i a ry  Tag -and -P robe  
m eas u rem en t s

● t he  f i n i t e  s t a t i s t i c s  and  m ode l ing  s hapes  o f  ou r  M on te  Ca r lo  s im u la t i on  s am p le s
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S p i n  a l i gnm e n t  c o r r e c t i ons  f o r  a c c e p t a nc e

● General  angular  dependence for  ψ → mu+mu- decay:

● Nominal  analys is  assumes i sot ropic  product ion,  a l l  � =  0

● Dependence  o f  a ccep t ance  on  ��  and  �� � i s  weak ,  bu t  ��  c an  be  s i gn i f i c an t

● A co r r ec t i on  f ac to r  ba s ed  on  t he  s im u la t i on  i s  de r ived ,  t ak ing  i n to  accoun t  t he  pos s ib i l i t y  o f  

d i f f e r en t  ��  v a lue s

● A non-ze ro  l am bda  has  d i f f e r en t  e f f ec t s  on  d i f f e r en t  t r i gge r s ,  r e s u l t i ng  i n  a  d i s t i nc t  b r eak  a t  
60  GeV


