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Mass Resolution/Response Studies for Dijet Mass Analysis

Run 201052 - Event 28945396 3 Jets Event

High mass central dijet event collected by the end of April 2012: two central high-pT jets have an invariant mass 
of 3.65 TeV and the highest pT jet has pT of 1.72 TeV.
‣ 1st jet (ordered by pT): pT = 1.72 TeV, η = -0.04, φ = -2.68
‣ 2nd jet: pT = 1.50 TeV, η = 0.64, φ = 1.70
‣ 3rd jet: pT = 0.22 TeV, η = 0.28, φ = -2.13
‣ Missing ET = 29 GeV, φ = 0.50
‣ Sum ET = 3.91 TeV

Event collected on 10th April 2012.
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Introduction and Outline
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‣ Overview of  the ATLAS Detector 
• Data Taking
• Muon Spectrometer and Inner Detector
• Trigger System

‣ J/ψ Production in ATLAS
                

• Inclusive Cross Section
• B-Fraction
• Non-Prompt Cross Section
• Prompt Cross Section

‣ Υ Production in ATLAS

‣ Summary and Future Plans

Non Conclusive coherent theoretical picture of  J/ψ and Υ hadro-production

LHC gives the opportunity for studying the quarkonium and b-production in a new regime at high transverse 
momenta and in a wider rapidity range than before 

In this talk:

Nucl.Phys. B850 (2011) 387-444 e-Print: arXiv:1104.3038 [hep-ex] (*)

Phys. Lett. B705 (2011) 9 e-Print: arXiv:1106.5325 [hep-ex] (*)

(*) These results were obtained using ATLAS 2010 data corresponding
 to an integrated luminosity of  2.2 pb-1(J/ψ) and 1.13 pb-1 (Υ)
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LHC/ATLAS Data Taking Performance
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LHC Peak luminosity ~6.76x1033 cm-2s-1  (June 2012)
ATLAS data taking efficiency > 94%
All subsystem operational fraction of  channels > 96%
Similar performances in 2011 and 2010

/ 17 

Data-Taking in ATLAS 

Yi Yang   2012 May. 16    Charm2012 @ Honolulu, Hawaii 7 

  ATLAS is running perfectly, collected:  
  ~45 pb-1 in 2010 with 7 TeV 
  ~5 fb-1 in 2011 with 7 TeV 
  ~1.2 fb-1 in 2012 so far (will have more!!) with 8 TeV 

  In this analysis, we used 2.3 pb-1 collected in 2010 from single 
muon triggers ~30,000 raw J/ψ#

2010# 2011# 2012#

Low-pT triggers : 
   Single muon : 0, 4, 6 GeV 
   Dimuon : (4, 4), (4, 6) … GeV 

Low-pT triggers : 
   Single muon : 0, 4, 6 GeV 
   Dimuon : (4, 4), (4, 6) … GeV 

High-pT Dimuon triggers : 
    (4, 6), (6, 10) (10, 10) … GeV 

(Based on : Nucl. Phys. B 850 (2011) 387-444) 

√s = 8 TeV 
(2012 Data Taking)

Events collected for this analysis from Single Muon trigger thresholds

Di-muon triggers exploited in more recent analysis for really high luminosity periods

Low-pT triggers :
Single muon : 0, 4, 6 GeV 
Dimuon : (4, 4), (4, 6) ... GeV

Low-pT triggers :
Single muon : 0, 4, 6 GeV
Dimuon : (4, 4), (4, 6) ... GeV

High-pT Dimuon triggers :
(4, 6), (6, 10) (10, 10) ... GeV
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ATLAS Detector
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40 MHz (1PB/s)

The ATLAS Experiment began recording proton-proton collisions at a center of mass energy of 7 TeV in March 

2010.  The ATLAS Trigger and Data Acquisition System (TDAQ) is designed to reduce the event (data) rate 

from 40MHz (1PB/s) to 200Hz (300MB/s) by selecting interesting proton collision events for offline analysis.  

Using the ~1 pb-1 of data recoded, the TDAQ system has been commissioned and is performing well.  

   1027          1028          1029               1030                      1031 

  April          May          June           July           August        September

time in 2010

instantaneous luminosity (cm-2s-1)

 Level-1 is Active: 

Minimum bias triggers are prescaled (lumi > 2·1027 cm-2 s-1), but all other triggers 

remain unprescaled.

 HLT in Monitoring Mode:

HLT is run, but all events are recorded - independent of their HLT decision.

 Progressively Activate HLT:

As HLT triggers are validated using the data recorded 

in Monitoring Mode, they are put into Active Mode 

(events are rejected based on HLT decision).

 Physics Menu Deployed:

All triggers designed for use in physics analysis are implemented and active.  

Commissioning and validation continue, but now with a focus on physics content.

Unprescaled Level 1 trigger rates grow as expected with 

instantaneous luminosity.  Electromagnetic, tau, muon, and jet 

triggers grow linearly; the curvature of minimum bias trigger is 

expected due to pile-up (data taken with 2 colliding bunches).

A time-line of the trigger commissioning in 2010 shows how the ATLAS trigger was progressively validated and then enabled.  The functionality of the lowest threshold Level 1 triggers was commissioned in the 

2009 running period.  As we move to higher instantaneous luminosities, the physics menu will evolve to higher thresholds and tighter selection criteria.

Trigger

High Level Trigger

Level 1 TriggerData Acquisition System (DAQ)

Read Out Buffers (output 3 GB/s)

Systems available to Level 1

Level 2
 (~500 CPUs

with ~3 kHz accept 

rate)

Offline Storage

(average input 300 MB/s)

Central Trigger 

Processor

(75 kHz accept rate)

Pipeline Memory (output 120 GB/s)

Event Builder
Event Builder

Event Builder (~100 CPUs)

Event Filter

(~1800 CPUs

with ~200 Hz 

accept rate)

Data requested in 

Region of Interest

Low granularity 

info sent to CTP

L1 Accept 

Signal

Full granularity data sits in pipeline until L1 accept

Data sits in ROBs until L2 accept
L2 Accept

Full event  is 

available to EF

Upon EF accept 

event is sent to 

offline storage

Data from all detectors combined into a full event

Track Muon Calo Minbias

Level 2 trigger electromagnetic calorimeter clusters from collision 

events show agreement with minimum bias Monte Carlo at both 900 

GeV and 7 TeV collision energies. 
Level 1 muon “Stand Alone” (only muon spectrometer used) shows a 

sharp turn-on with a plateau at ~90% in the barrel region, as 

expected from the detector’s geometrical acceptance.  

The distribution of primary vertices in the transverse plane 

reconstructed by the online beam spot algorithm using the Level 2 

trackin and vertex finding algorithms. Vertices are fitted from 2 or 

more tracks with a pT > 500 MeV.Level 1 efficiency for anti-kT jets with R=0.4 and a 15 GeV 

threshold as a function of the calibrated offline jet pT.  Trigger jets 

were evaluated at electromagnetic scale; they compare well with 

the Monte Carlo simulation.

Event filter tracking triggers show efficiency ~100% for tracks 

pT>1.2 GeV.  The EF tracking efficiency is seen to begin to degrade 

at around pT~1.0 GeV.

Inner detector (|η|< 2.5):

 Silicon pixel and strip, 
          Transition Radiation Tracker (TRT)                                                                                                                                                                                                                                 
          σ/pT ! 5·10-4 pT ⊕ 0.001 

 2T Solenoidal field

    Muon Spectrometer (|η|< 2.7):

 Trigger chambers: Resistive Plate Chambers (RPC) & Thin Gap Chambers (TGC) - σt ~ ns
 0.5 T Toroidal field 
 Coordinate Measurements Chambers: Monitored Drift Tubes (MDT) & Cathode Strip Chambers (CSC)

         σ/pT ! 10% (for pT = 1 TeV/c) 

!"#oroidal  $%& !pparatu'
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The ATLAS detector at LHC

2008 JINST 3 S08003

Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |� | < 3.2.
The hadronic calorimetry in the range |� | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|� | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |� | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |� | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –
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ATLAS Trigger System
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Three levels reduce LHC interaction rate of ~1 GHz to ~200Hz:

- Full event data available
- ‘Offline’ reconstruction 
adapted to the ‘on-line’ 
environment
- Two main strategies:

1. Inside-Out (ID->MS)
    Outside-In (MS ->ID)
2. Combined reconstruction

Event Filter (EF)Level 2 (L2)
- RoIs in parallel, 
- Several algorithms:

• Level1 (L1), hardware-based
• High Level Trigger (HLT), software based:

‣Level2(L2)
‣Event Filter (EF)

1. ‘Fast’ Muon  
    Spectrometer(MS), 
    ‘Stand Alone’
2. ‘Combined’ 
    reconstruction
3. Isolation

Level 1 (L1)
- Hardware (RPC+TGC)
- ‘Prompt’ muons from 
   interaction point (IP),
   pT > threshold
- RoI (Region of Interest) id :pT, η, φ
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Event Selection 

  Primary vertex with >2 tracks 

  OS di-muon events 

  p > 3.0 GeV, pT> 1.0 GeV(4 GeV, ϒ ) 

  |η| < 2.5 

  Track quality cuts 

  # Pixel Hits ≥ 1 

  # SCT Hits ≥ 6 

  ϒ prompt production : |d0|< 150 mm and 

|z0|sinθ < 1.5 mm  [impact parameters 
with respect to the event vertex in the 

transverse/longitudinal direction] 

  Require at least one muon to be 
Combined 

  Require at least one muon to have 
triggered the event  

2 classes of muons : 
Combined: full track segments in both the 

muon spectrometer and the inner detector 
Tagged: full track segment in the inner 

detector associated with at least 1 hit in the 
muon system 

6 

Primary vertex with >2 tracks
OS di-muon events
‣ p > 3.0 GeV, pT> 1.0 GeV (4 GeV, Υ)
‣ |η| < 2.5
‣ Track quality cuts
- # Pixel Hits ≥ 1
- # SCT Hits ≥ 6

‣ Υ prompt production : |d0|< 150 mm and 
|z0|sinθ < 1.5 mm [impact parameters 
with respect to the event vertex in the 
transverse/longitudinal direction]

Require at least one muon to be Combined
Require at least one muon to have triggered 
the event

A “muon-based” analysis

2 classes of  muons :
Combined: full track segments in both the 
muon spectrometer and the inner detector 
Tagged: full track segment in the inner 
detector associated with at least 1 hit in the 
muon system
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J/ψ→μ+μ- Candidate

7 J/!!"+"- ATLAS Event
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Inclusive J/ψ→μ+μ- Differential Production Cross-Section
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Inclusive J/ψ �+�- Differential  
Production Cross-Section 

   yields in a given pT - y bin after 

continuum background subtraction 
and correction for detector 

efficiency, bin migration and 
acceptance effects 

Correction per candidate: 

The resultant weighted invariant mass peak is then fitted to extract Ncorr 
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Analysis Strategy 
  Select Di-muon candidates 
  Divide into pT and rapidity slices  
  Correct efficiencies per candidate 

  Extract weighted yield 
  Mass fits 

  Calculate the inclusive cross-sections 

  Determine non-prompt fractions 
  Fit mass and life-time simultaneously 

  Calculate non-prompt/prompt cross-sections 
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Select Di-muon candidates
Divide into pT and rapidity slices
Correct efficiencies per candidate 
⇒ Per-Event Weight applied

Extract weighted yield ⇒ Mass Fit

Calculate the inclusive cross-section
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Acceptance
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Probability that J/ψ(pT,η) decays into muons which fall in the detector active region
Calculated using generator-level Monte Carlo
Function of  the not known J/ψ spin alignment, so enters as a theoretical uncertainty
Five extreme cases that lead to the biggest variation of  acceptance within the 
kinematics of  the ATLAS detector

Acceptance 

  probability that J/	(pT,�) decays into muons which fall in the detector active region 

  calculated using generator-level Monte Carlo 

  function of the not known  J/	 spin alignment, so enters as a theoretical uncertainty 

  Five extreme cases that lead to the biggest variation of acceptance within the 
kinematics of the ATLAS detector 

the measurement is repeated to 
provide an envelope of maximum 
variation 
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The cross section measurement is repeated for all the possible five configuration to provide an 
envelope of  maximum variation

Flat: λθ =λφ =λθφ =0
Longitudinal: λθ =-1, λφ =λθφ =0
1st Transverse: λθ =+1,λφ =λθφ =0
2nd Transverse:λθ =+1,λφ =+1,λθφ =0 
3rd Transverse:λθ =+1,λφ =-1,λθφ =0

For Non-Flat distributions :
  Re-weighting the Flat distribution in truth level

/ 17 

Acceptance 
  Five spin alignment scenarios (in Helicity frame): 

  Flat :                  λθ = λφ = λθφ = 0 
  Longitudinal :     λθ = -1,  λφ = λθφ = 0 
  1st Transverse :  λθ = +1, λφ = λθφ = 0 
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  3rd Transverse : λθ = +1, λφ = -1, λθφ = 0 
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  Re-weighting the Flat distribution in truth level 
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��ATLAS 
  CMS 
    LHCb 

Pythia default setting 

P. Faccioli et al., Eur. Phys. J. C (2010) 69: 
657-673Introduction polarisation working points 
(arXiv : 1006.2738) 

S. Palestini, Phys. Rev. D 83 (2011) 031503(R) : 
“Angular distribution and rotations of frame  
  in vector meson decays into lepton pairs”  
(arXiv:1012.2485) 
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Signal Extraction
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Efficiency corrections
✦ Trigger : evaluated with Monte Carlo to obtain a fine granularity, and then corrected by data (tag 

and probe, charge dependent)
✦ Reconstruction
‣ muon : evaluated with data (tag and probe) using J/ψ for lower pT muons and Z at higher pT

‣ ID : constant efficiency for muon tracks of  99.5 ± 0.5 %
The inclusive production cross-section is determined in bins of  J/ψ pT and y

• Obtain weighted yields in each slice using a binned χ2 fit to the corrected mass distribution 
• Single Gaussian for the signal and linear background
• ψ(2S) included in the fit but yield not extracted

Signal Extraction 

  Efficiency correction  

  Trigger : evaluated with Monte Carlo to obtain a fine granularity, and then corrected by 

data (tag and probe, charge dependent) 

  Reconstruction  

  muon : evaluated with data (tag and probe) using J/	 for lower pT muons and Z at 
higher pT 

  ID : constant efficiency for muon tracks of 99.5 ± 0.5 % 

  The inclusive production cross-section is determined in bins of  J/	 pT and y  

•  Obtain weighted yields in each slice using a binned �2 fit to the corrected mass distribution 

• Single Gaussian for the signal and linear background 
• 	(2S) included in the fit but yield not extracted 

9 
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Systematic Uncertainties 

  Muon reconstruction and trigger : 
5 – 10 % 

  Luminosity : 3.4% 

  Acceptance : 1-2% 

  Bin Migration 

  low pT  and y  0.1% 

  high pT  and y  3% 

  Fit Procedure: 1-3% 

spin alignment not shown  

10 

spin alignment not shown

Muon reconstruction and 
trigger : 5 – 10 %
Luminosity : 3.4%
Acceptance : 1-2%
Bin Migration
‣ low pT and y ⇒ 0.1% 

‣ high pT and y ⇒ 3%

Fit Procedure: 1-3%
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Differential cross-section  
in rapidity bins 

11 

Compared to CMS [V. 

Khachatryan et al., 
Eur.Phys.J. C71 (2011) 

1575,  arXiv:1011.4193 
[hep-ex]]  

for similar rapidity ranges.  

Good agreement, provide 

complementary 

measurements at low (CMS) 
and high (ATLAS) pT 

Compared to CMS(*) for similar rapidity ranges.
Good agreement, provide complementary measurements at low (CMS) and high (ATLAS) pT

[V. Khachatryan et al., 
Eur.Phys.J. C71 (2011) 
1575, arXiv:1011.4193 
[hep-ex]]0.75<|y|<1.5|y|<0.75

1.5<|y|<2.0 2.0<|y|<2.4 (*) CMS has published more data on 
J/ψ and ψ(2S), (arXiv:1111.1557, 
submitted to the Journal of High 
Energy Physics). 

Their reach in pT, and statistical 
errors are better than their 
previous analysis.

Fully consistent with the 
ATLAS results
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Non-Prompt Fraction fB
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It is possible to distinguish J/ψ from prompt production and decays of  heavier charmonium 
states from the J/ψ produced in B-hadron decays (non-prompt production)

Discriminant: measured distances between the primary 
vertices and corresponding J/ψ decay vertices

Observable: Pseudo-Proper Lifetime

Non Prompt Fraction fB   

  possible to distinguish J/	 from prompt production 

and decays of heavier charmonium states from the 
J/	 produced in B-hadron decays (non-prompt 

production) 

  from the measured distances between the primary 

vertices and corresponding J/	 decay vertices 

  Discriminating variable: pseudo-proper lifetime 

Lxy is the displacement 

of the J/	 vertex in 
the transverse plane. 

12 

  Perform simultaneous 
invariant mass and 
pseudoproper lifetime fits 
to extract the non-prompt 
fraction in each pT-y slice 

Lxy is the displacement 
of the J/ψ vertex in 
the transverse plane.
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  Perform simultaneous 
invariant mass and 
pseudoproper lifetime fits 
to extract the non-prompt 
fraction in each pT-y slice 

| yJ/ψ | < 0.75

Simultaneous invariant mass and 
pseudoproper lifetime fits to extract the 
non-prompt fraction in each pT-y slice
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Non-prompt Fraction Results 
13 

Spin-alignment 

envelope covers 
variation from isotropic 

as measured by CDF 
[Phys. Rev. Lett. 99 (2007) 

132001, arXiv:

0704.0638 [hep-ex] ] 

sum ~0.4% uncertainty 

Prompt/non-prompt cross sections can be extracted by combining 

the inclusive cross section and the non-prompt fraction 

Good agreement with  

CMS [arXiv:1011.4193 [hep-
ex], CMS-BPH-10-002, CERN-

PH-EP-2010-04] and CDF 

[Phys. Rev. D71 (2005) 

032001, arXiv:hep-ex/

0412071] 

 no strong dependence on 

the center of mass energy 

Good Agreement with:
CMS [arXiv:1011.4193 [hep- ex], CMS-BPH-10-002, CERN-PH-EP-2010-04]
CDF [Phys. Rev. D71 (2005) 032001, arXiv:hep-ex/ 0412071]

0.75<|y|<1.5|y|<0.75

1.5<|y|<2.0 2.0<|y|<2.4

• No strong dependence on the center of 
mass energy

• Independent of  production mechanism 
(pp v.s. ppbar)

Prompt/non-prompt cross sections can 
be extracted by combining the inclusive 

cross section and the non-prompt 
fraction
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Non-Prompt Cross Section

15Non-Prompt Cross-Sections 
14 

  compared to Fixed Order 
Next-to-Leading 
Logarithm (FONLL) [M. 

Cacciari, M. Greco and P. Nason, 
JHEP 9805 (1998) 007, 
arXiv:hep-ph/9803400; JHEP 

0103 (2001) 006, arXiv:hep-
ph/0102134] 

  Good agreement 
between the 
experimental data and 
the theoretical prediction 
across the full range of 
rapidity and transverse 
momentum considered. 

Good Agreement between Data and Fixed Order Next-to-Leading
Logarithm (FONLL)

 [M. Cacciari, M. Greco and P. Nason,
JHEP 9805 (1998) 007, arXiv:hep-ph/9803400; JHEP 
0103 (2001) 006, arXiv:hep- ph/0102134]

0.75<|y|<1.5|y|<0.75

1.5<|y|<2.0 2.0<|y|<2.4
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Prompt Cross-Section
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Prompt Cross-Sections 
15 

compared to  

Colour Evaporation Model 
(CEM)  
   Phys. Rept. 462 (2008) 125, arXiv:

0806.1013 [nucl-ex]; Phys. Lett. B 91 

(1980) 253; Z. Phys. C 6 (1980) 169 

Colour Singlet Model (CSM) at 

NLO/ NNLO�  
   arXiv:1006.2750 [hep-ph]; Phys. Rev. 

D81 (2010) 051502; Eur. Phys. J. C 
61 (2009) 693, arXiv:0811.4005 
[hep-ph]. 

CEM prediction is generally lower and diverges in shape from measured data, showing 

disagreement in the extended pT range probed in this measurement 

CSM corrected for feed-downs. The overall scale of the central prediction is low. NNLO� 

improves the pT dependence and normalisation over NLO.  

✦ NNLO* Color Singlet Model (CSM) : better than NLO, but still underestimate...
✦ Color Evaporation Model (CEM) prediction is generally lower and diverges in shape from measured data, showing 

disagreement in the extended pT range probed in this measurement

0.75<|y|<1.5|y|<0.75

1.5<|y|<2.0 2.0<|y|<2.4

arXiv:1006.2750 [hep-ph]; Phys. Rev. D81 (2010) 051502; Eur. Phys. J. C 61 
(2009) 693, arXiv:0811.4005 [hep-ph].

Phys. Rept. 462 (2008) 125, arXiv: 0806.1013 [nucl-ex]; Phys. Lett. B 91 
(1980) 253; Z. Phys. C 6 (1980) 169

NNLO* is not full NNLO calculation, 
currently only real contribution up to αs

5 

has been calculated (corresponds to 
sum of  the NLO yield and contributions 
from pp → Q + jjj)
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Υ Cross-Section
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Measurement within fiducial cuts
‣ pT > 4 GeV, |η|<2.5

‣ no uncertainties due to the spin alignment

ϒ Production Cross Section 
16 

  Measurement within fiducial cuts 
  p T > 4 GeV, |�|<2.5 

  no uncertainties due to the spin alignment 

  unbinned maximum likelihood fit to the 
dimuon mass distribution after correcting 
for the efficiency per event 
  Muon reconstruction efficiency 

  Muon trigger efficiency 

  Tracking efficiency 

  Efficiency of impact parameter selection 

  all efficiency factors are determined 
directly from the data 

(*)corrected


* 

pt>4GeV 

pt>6GeV 
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  Muon trigger efficiency 

  Tracking efficiency 

  Efficiency of impact parameter selection 

  all efficiency factors are determined 
directly from the data 

(*)corrected


* 

pt>4GeV 

pt>6GeV 

Unbinned maximum likelihood fit to the di-muon 
mass distribution after correcting for the efficiency 
per event
‣ Muon reconstruction efficiency  (using J/ψ decays)
‣ Muon trigger efficiency (using J/ψ decays)
‣ Tracking efficiency
‣ Efficiency of  impact parameter selection

All efficiency factors are determined directly from 
the data

Muon Reconstruction Efficiency

Muon Trigger Efficiency
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Υ yields and background determination
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 ϒ  Yields and  
Background Determination 
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  background depends on the kinematic bin 

  ϒ(1S) is not well separated from ϒ(2S) and 

ϒ(3S) 

  Signal Model: templates from MC 

  Independent for each resonance peak 

  Adjust resolution to reflect data 

  Separation of mass peaks fixed to world 
average 

  Background model from data 

  Template generated from µ + oppositely signed 
track 

   same track quality and kinematic selection applied 

  Alternative templates (µ+SS track, MC bbbar) 
give results in agreement (systematic uncert.) 

  4 parameters are fitted independently in each 
kinematic bin: Nϒ(1S),  Nϒ(2S) , Nϒ(3S), Nbkg 

background depends on the kinematic bin
Υ(1S) is not well separated from Υ(2S) and 
Υ(3S)
Signal Model: templates from MC
‣ Independent for each resonance peak
‣ Adjust resolution to reflect data
‣ Separation of  mass peaks fixed to world 

average
Background model from data
‣ Template generated from μ + oppositely 

signed track
same track quality and kinematic selection applied 

‣ Alternative templates (μ+SS track, MC 
bbbar) give results in agreement (systematic 
uncert.)

4 parameters are fitted independently in 
each kinematic bin: NΥ(1S), NΥ(2S) , NΥ(3S), 
Nbkg

|y|<1.2 && 2 GeV < | pμμ | < 4 GeV |y|<1.2 && 14 GeV < | pμμ | < 18 GeV 

1.2<|y|<2.4 && 2 GeV < | pμμ | < 4 GeV 1.2<|y|<2.4 && 14 GeV < | pμμ | < 18 GeV 
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Systematic Uncertainties
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Luminosity calibration: 3.4%
Muon reconstruction efficiency: 1%
Muon trigger efficiency: 1%
Efficiency of  impact parameter selection: 1% - 3.5%
bin migrations due to detector resolution and final state: 2%
Fit model: 5%-10%
Signal
‣ Pseudo-experiments with varied signal description
‣ Mass scale (peak position & separation) & resolution

Background
‣ Pseudo-experiments with varied templates: 

- same sign μ+track
- bb, cc Monte Carlo
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Υ(1S) Differential Cross-Section
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 ϒ(1S)  Differential  
Cross Section 
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  Compared to  
  PYTHIA8/Non Relativistic QCD : different pT dependence, but normalization is 

reasonable 

  MCFM/Color Singlet Model NLO : cross section from data is higher 
  prediction does not include feed-down from higher mass states (factor ~2) 

  higher order corrections needed 

  uncertainty  

~ 10-15% at low pT 

~35% at high pT 

dominated by the 
statistical precision of 

the data 

uncertainty:
~ 10-15% at low pT 

~ 35% at high pT dominated by 
the statistical precision of  the 
data

Comparison with:
✦ PYTHIA8/Non Relativistic QCD : different pT dependence, but normalization is reasonable
✦ MCFM/Color Singlet Model NLO : cross section from data is higher
‣prediction does not include feed-down from higher mass states (factor ~2)
‣higher order corrections needed

|y| < 1.2 1.2 < |y| < 2.4
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Summary

21

ATLAS has an excellent Inner Detector, Muon Spectrometer and trigger 
system to study heavy quarkonium physics
J/ψ inclusive cross section measured in four rapidity slices from pT 1-70 
GeV
- non-prompt fraction also measured allowing the derivation of  the non-prompt and prompt 

cross sections separately 
- reasonable agreement of  the fraction with CDF: no strong dependence on the center of  

mass energy 
- FONLL describes the non-prompt cross section well; prompt production is more 

problematic 

Measurement of  Υ(1S) cross section in fiducial cuts
- Two muons with pT > 4 GeV and |η| < 2.5

Both the J/ψ prompt component results and the Υ(1S) results suggest 
improvements of  theoretical models needed 
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Future Plans
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Have already more than ~10 fb-1 with di-muon trigger from 2011 and 2012 
data-taking 
J/ψ polarization
ψ(2S) cross-section, σ(ψ(2S) )/σ(J/ψ) (and polarization?) 
X(3872) cross-section
Di-onia production: J/ψ + J/ψ , J/ψ + Υ ,...
χc cross-sections
Vector-boson associated production : W+J/ψ, Z+J/ψ
More ...

Stay Tuned...
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Focus on Physics Motivation

24

Physicist are still trying to develop a coherent theoretical model for the heavy 
flavour hadro-production and polarisation
Several models are available on the market:
- Color Singlet Model (CSM)
- Color Octet Model (COM) / NRQCD 
- Color Evaporation Model (CEM)
- kT factorization 
- ...

Some Production Diagrams for J/ψ

⇥ k

pT

gg ⇥3 P 8
2 ⇥ 3S1 + g.

J/⌅

pT
pT

pT

3S1

hard process from the non-perturbative long-distance matrix elements, which are considered as free pa-

rameters of the theory. However, their universality means that their values can be extracted independently

from a number of different processes, such as deep inelastic scattering, hadro- and photoproduction.

Hence the good description of the Tevatron data by the Colour Octet Model shown in Figure 1(a)

is, at least in part, due to the fact that the values of some parameters were determined from the same

data. Tests of other COM predictions have not been so successful: Figure 1(b) shows the polarisation

coefficient in ! � µµ decay as a function of its transverse momentum, where the COM prediction

disagrees with the data.

A model based on kT factorisation in QCD showers [6] claims to be able to describe both the lack

of transverse polarisation in J/" decays [4, 7] and the high cross-section of J/" production. Another

model [8] argues that the deficit in the cross-section as predicted by CSM can be largely explained by

the production of a quarkonium state in association with an additional heavy quark, and also predicts

lower levels of polarisation.

In the following, we show that ATLAS is capable of detailed checks of the predictions of various

models by measuring not only pT and # distributions of onium states in a wide range of these variables,
but also the degree of polarisation and the production ofC-even states. In the absence of a comprehensive

Monte Carlo generator capable of simulating all aspects of all theoretical models, we used the PYTHIA

6.403 generator [9] incorporating the Colour Octet Mechanism, with model parameters fixed through

a combination of theoretical and experimental constraints [10]. Inevitably, this simulation is unable to

reproduce adequately some features of the data, notably the polarisation angle distributions and hadronic

accompaniment of the quarkonium states. However, the simulated samples allowed us to study the

acceptance and efficiency of ATLAS to detect all required particles and measure their parameters, across

the whole range of the accessible phase space.

1.2 Classification of production mechanisms in the simulation

In the following, we will use a simple classification of the quarkonium production mechanisms based on

the model implemented in the PYTHIA generator.

A sample diagram describing the leading colour-singlet subprocess g+ g� J/" + g is shown in

Figure 2(a). In the accessible range of transverse momenta of J/" its contribution is expected to be

small. The dominant contribution at the lower pT comes from the subprocess shown in Figure 2(b),

where both singlet and octet cc̄ states with various quantum numbers contribute to J/" production,

through $cJ � J/"+ % decays and/or soft gluon emission.

(a) (b) (c)

Figure 2: Some example diagrams for the singlet and octet J/" production mechanisms imple-

mented in PYTHIA.

At high pT , the gluon fragmentation subprocess shown in Figure 2(c) becomes increasingly domi-

nant. According to COM, this is unlikely to produce anything other than 3S1 quarkonium states. Hence,

3

J/�

J/⌅ ⇥ µ+µ�

J/⌅

R � d⇤(pp ⇥ bb̄X ⇥ J/⌅X ⇥)

d⇤(pp ⇥ J/⌅X ⇥⇥)prompt
.

J/⌅ ⇥ µ+µ�

µ+µ�

c2 ⇤
s = 7

2pb�1

CSM COM

/ 17 

Tevatron Results 

Physics Motivation 
  Historically physicists tried to understand the quarkonium 

production mechanism and polarization 
  Some popular models in the market : 

  Color Singlet Model (CSM) 
  Color Octet Mechanism (COM) / NRQCD 
  Color Evaporation Model 
  kT factorization  
  … 

Yi Yang   2012 May. 16    Charm2012 @ Honolulu, Hawaii 19 
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Tevatron Results
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Color Evaporation Model

25

First proposed in 1977  ⇒ Considerable phenomenological success

In the CEM, the cross section for production of  a quarkonium state M is some fraction FM of  
the cross section for producing QQbar pairs with invariant mass below the MMbar threshold, 
where M is the lowest-mass meson containing the heavy quark Q

QQbar production cross 
section with a cut on the 

pair mass 

Produced QQbar pair neutralizes its color by 
interaction with the collision-induced color field

The additional energy needed to produce heavy- 
flavored hadrons when the partonic center-of-mass 
energy is less than 2mM, the heavy hadron threshold, 
is obtained nonperturbatively from the color field in 
the interaction region

Fractions FH are assumed to be universal so that, once they are determined 
by data, they can be used to predict the cross sections in other processes 
and in other kinematic regions. 

No constraints on the color or spin of  the final state

“Color evaporation”
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Muon Candidates 
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Combined Muon : 
Standalone Muon extrapolated  
to Inner Detector with good fit 
(Best quality muon) 

 µ#

Tagged Muon :  
An Inner Detector track  
extrapolated to the MS  
and match to one or more  
Muon Segments  
(high efficiency for low pT muon) 

Standalone Muon :  
A track fitted by only  
Muon Segments in the  
Muon Spectrometer 
 (Not used in the analysis)  µ#
µ#

Curtesy of Yi Yang
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3.2.3 Level-2 muon hypotheses

The pT cuts corresponding to each nominal threshold are set so that 90% of the muons at the nominal
threshold would pass the selection. The actual cuts used depend on the resolution of the pT estimation.
Therefore the cuts are different for different regions of the detector as well as different between muFast
and muComb. Thus for a nominal threshold of 6 GeV the muFast hypothesis cuts at estimated pT
values between 4.5 and 5.4 GeV in the different ⇥ regions, while the muComb hypothesis cuts at
estimated pT of 5.8 GeV in the barrel and end-cap and 5.6 GeV in the forward region. Since the pT
resolution of muComb is better than that of muFast, the cuts are closer to the nominal thresholds, and
reject more muons with pT below the threshold. A special case is the 4 GeV nominal threshold which
is meant to accept lower pT muons and the cuts are set at 3 GeV in the barrel and 2.5 GeV in the
end-cap for both muFast and muComb.

3.3 The level-2 di-muon triggers

There are two approaches at level-2 for selecting di-muon events from a resonance such as J/⇤ and
�. The first approach is to start from a di-muon trigger at level-1 which produces two muon regions of
interest. In this approach, reconstruction of a muon is confirmed separately in each RoI as described
above and the two muons are subsequently combined to form a resonance and to apply a mass cut.
We will refer to this trigger as the “topological di-muon trigger”.

An alternative approach is to start with a level-1 single muon trigger and search for two muons
in a wider ⇥ and � region. This approach starts from reconstructing tracks in the inner detector and
extrapolating the track to the muon spectrometer to tag muon tracks. Since this method does not
explicitly require the second muon at level-1, it has an advantage for reconstructing J/⇤ at low-pT .
This is implemented in the TrigDiMuon algorithm. The two approaches using either two or one muon
RoI are illustrated in Figure 1.

Figure 1: A schematic picture of RoI based di-muon trigger, using two RoI’s (left) and seeded by a
single muon RoI (right).
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In ATLAS we implemented two different dimuon trigger algorithms: 
“Topological” - i. e. EF_2mu4_Jpsimumu L2 TrigDimu Based - i. e. EF_mu4_Jpsimumu

‣ 2 EF_mu4 required
‣ Invariant Mass cut [2.5-4.3] GeV
‣ Vertexing cut 

‣ L1_MU0 required
‣ OS ID tracks searched in Extended RoI (Δη<0.75 and 

Δφ<0.75) 
‣ Invariant Mass cut >2.8 GeV on selected ID tracks
‣ Extrapolation at MS for “muon tag”
‣ Invariant Mass cut [2.5-4.3] GeV
‣ Vertexing cut 
‣ Confirmed at EF levelLess acceptance for high-pT J/ψ due to small ΔR 

separation between muons

/ 17 

Future Plans 
  Have ~5 fb-1 with di-muon trigger from 2011 data-taking  
  Plans for future (coming soon) : 

  J/ψ polarization 
  ψ(2S) cross-section, σ(ψ(2S) )/σ(J/ψ)  (and polarization?) 
  X(3872) cross-section 
  Di-onia production: J/ψ + J/ψ , J/ψ + ϒ ,… 
  χc cross-sections 
  Vector-boson associated production : W+J/ψ, Z+J/ψ 
  More … 

Yi Yang   2012 May. 16    Charm2012 @ Honolulu, Hawaii 17 
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Acceptance depends on the angular distribution of  the decaying particle 
(spin-alignment of  J/ψ) by the formula P. Faccioli et al.

arXiv:1006.2738
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Acceptance 
  Five spin alignment scenarios (in Helicity frame): 

  Flat :                  λθ = λφ = λθφ = 0 
  Longitudinal :     λθ = -1,  λφ = λθφ = 0 
  1st Transverse :  λθ = +1, λφ = λθφ = 0 
  2nd Transverse : λθ = +1, λφ = +1, λθφ = 0 
  3rd Transverse : λθ = +1, λφ = -1, λθφ = 0 

  For Non-Flat distributions :  
  Re-weighting the Flat distribution in truth level 

Yi Yang   2012 May. 16    Charm2012 @ Honolulu, Hawaii 9 

��ATLAS 
  CMS 
    LHCb 

Pythia default setting 

P. Faccioli et al., Eur. Phys. J. C (2010) 69: 
657-673Introduction polarisation working points 
(arXiv : 1006.2738) 

S. Palestini, Phys. Rev. D 83 (2011) 031503(R) : 
“Angular distribution and rotations of frame  
  in vector meson decays into lepton pairs”  
(arXiv:1012.2485) 
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  Acceptance plays an crucial rule in fully inclusive cross section 
measurement  

  Acceptance depends on the angular distribution of the decaying 
particle (spin-alignment of J/ψ) by the formula 

  θ★ : angle between µ+ momentum  
           in the J/ψ rest frame and  
           J/ψ momemtum 
  φ★ : angle between J/ψ production 
           and decay plan in lab frame 

  Spin-alignment has not been measured,  
     so it’s still an open question 
      Systematic uncertainty  
          in the measurement 

J/ψ Spin-Alignment 
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θ★!

P. Faccioli et al.   arXiv:1006.2738 

φ★!

‣ θ★ : angle between μ+ momentum in the J/ψ 

rest frame and J/ψ momemtum

‣ φ★ : angle between J/ψ production and decay 

plan in lab frame

Spin-alignment has not been measured, so 
it’s still an open question

Systematic uncertainty in the measurement


