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Interest in Quarkonia

* Quarkonium is a unique possibility for testing multi-scale QCD
calculations at the boundary of the perturbative and non-
perturbative regimes

» Feeding theoretical speculation, that still aims to provide a
coherent picture able to explain all measurements
simultaneously

* Inclusive production of heavy flavour is a significant background for
measurements in the electroweak and Higgs sectors
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-+ Study of J/p and (2S) production in 5.02 :
. TeV p+Pb and 2.76 TeV pp collisions |
. (ATLAS-CONF-2015-023)

_» Measurement of the production cross-
. section of P(2S)—> JP(—>p ') in
pp collisions at 7 TeV at ATLAS (JHEPQ9
: ~ (2014) 079)
Outline of contents - Prompt and non-prompt Jp and (2) at

7 and 8 TeV (arXiv:1512.03657, accepted

= by ERIC)
* Prompt and non-prompt J/ip at 13 TeV
- Charmonium . (ATLAS-CONF-2015-030)
- Bottomonium §
- Also results from p+Pb . » Measurement of Y'(nS) production with
collrsions . p+PDb collisions at 5.02 TeV and pp
. collisions at 2.76 TeV (ATLAS-
CONF-2015-050)
“» Measurement of Y production in 7 TeV pp
collisions (Phys. Rev. D 87, 052004 (2013))
I8
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-023/
http://arxiv.org/abs/1407.5532
http://arxiv.org/abs/1512.03657
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-050/
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.052004

General strategy & datasets

* Measurements at different v's will be presented

Energy Collisions  Int. lumi used
Vs=7 TeV Pp 2 |l 2011
Vs=8 TeV PP 11.4 b 2012
Vs=13 TeV PP 6.4 pb-! 2015
Vs=2.76 TeV PP 4.0 pb! 2816
Vsnn=5.02 TeV p+Pb 28.1 nb! 2015

» Basic strategy common to all of them:

« use of di-muon decays (easy reconstruction and trigger)
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The ATLAS detector

* Muon identification from combined informations from Muon Spectrogmeter and Inner Detector

» Providing precise momentum and
lifetime measurements for the range of
momenta considered here

» Combined p performances
» o,/p<10%uptolTeV

» Resolutioninm , _:~50 MeV atJ/y,
~150 MeV at YGIS)

» Resolution in b-hadrons proper decay
time ~100 fs (before IBL installation)

r R =1082mm

TRT <

L R =554mm

SCT{

Pixels {

R =514mm
R =443mm
R=371mm
R =299mm

R =88.5mm
R =50.5mm
R =33.25mm

25m

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
r \

Pixel detecto
LAr eleciromagnetic calorimeters

Toroid magnets

Solenoid magnet
Semiconductor tracker

Muon chambers Transition radiation tracker

Since 2015, the ID has one more layer (Insertable B-Layer),
close to the beam pipe

Designed to improve track and vertex resolutions

Factor 2 improvement in impact parameter resolution for low-pr

tracks (contributes to a significant improvement in b-tagging)

R=0mm

) QWG2016, 6 June 2016, PNNL



I'riggering

—_l-lIlllllllllllllllIIIIIIIIIIIIII|||I||||||I|||:
%) - ATLAS Prellmlnary .
s Jy B Y(nS) ]
e 3-level system (2-level for Run2): S 107E f Ldt=3.21f0" B 0 P,)>4GeV, p () >4 GV —
e Level 1 - hardware S | ls=13Tev B Mo )>600v p )24 0oy
B 405L | B W)>-60evp(1)>6Gev .
e Level 2 and Event Filter (HLT for % = | Single muon trigger: p,(x) > 20 GeV .
RLIIIZ) o ftware—base d, o ffline-like L] 105 ;_J Supporting dimuon trigger: p(u) > 4 GeV, p.(u,) > 4 GeV _;
reconstruction " | .
e Primary B-physics triggers: 10*
 two muons at L1, pr(u) > 4,6 GeV 10°
e confirmed at L2/EF with vertexing | ' '
and invariant mass criteria applied 3 4 5 6 7 8 9m ( 1+O ) E&e\}]z
depending on the state to be o
selected https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

BPhysicsTriggerPublicResults

Strategy successfully used through all Runl and re-optmized for Run2
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysicsTriggerPublicResults

T'ypical event selection

e Muon selection:
e muons with pr(u) >4 GeV, and In(u) | <2.3
* must be oppositely charged tracks
e must come from a common vertex

e the u-pair must lie in a fiducial region within the geometrical acceptance of
the detector

For instance pp collisions @ 7,8&13 TeV: pr(uu) > 8 GeV and |y(up) | <2

E. Guido 74 QWG2016, 6 June 2016, PNNL



Prompt and non-prompt J/¢ and (2S) - method

« Prompt production: produced directly in the interaction or through feed-down decays from higher

states

« Non-prompt production: produced by decaying B-hadrons (decay vertex can be displaced from

primary vertex)

« Separate prompt and non-prompt, signal and background, with simultaneous fits to mass and
decay time

» Displacement from PV for discriminating between prompt and non-prompt components
* prompt decays are modelled by

Transverse displacement Invariant mass
from PV a Dirac function

Lyy - m(pp) 5(r) ® R(7)

* non-prompt decays are

pseudo-proper decay time: T ( ,LL,LL) —

Transverse momentum

» Isotropic spin-alignment hypothesis is modelled by an exponential

assumed (other tested as systematics) {Hhckol
. - . 1/ Ty - exp (7/7y) @ R(T)
 Invariant mass distributions described by Crystal
Ball and Gaussian functions (for 7-8 TeV analysis) e Ris a resolution function (Gaussian)
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Prompt and non-prompt J/¢ and (2S) - method

« Prompt production: produced directly in the interaction or through feed-down decays from higher

states

« Non-prompt production: produced by decaying B-hadrons (decay vertex can be displaced from

primary vertex)

« Separate prompt and non-prompt, signal and background, with simultaneous fits to mass and
decay time

The bulk of the method is the
same for all the repetitions of
the analysis: pp and p+Pb

collisions, at different vs values
pseudo-proper decay time: - (5(7-) R R(T)

8

« Displacement from PV for d 1-prompt components

>rompt decays are modelled by
1 Dirac function

. * non-prompt decays are
[ransverse momentum

» Isotropic spin-alignment hypothesis is modelled by an exponential

assumed (other tested as systematics) {Hhckol
. - . 1/ Ty - exp (7/7y) @ R(T)
 Invariant mass distributions described by Crystal
Ball and Gaussian functions (for 7-8 TeV analysis) e Ris a resolution function (Gaussian)
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« Using 2.1 fb! at vs=7 TeV + 11.4 fb! at vs=8 TeV arXiv:1512.03657
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Prompt and non-prompt J/ at 13 TeV

* The first quarkonium analysis at 13

TeV! T 8000F ) | ATLAS Preliminary —
: o : QN - . \s=13TeV,6.4pb’ 3
e Invariant mass distribution of selected =~ 2 7000F . ¥ <2.0 ]
di-muon candidates @ B000F . E
IS = =
* 6.4 pb™'~70,000 di-muon candidates 3 2000 ’ -
& 40001 . . —
« U{(2S) not considered due to limited O 2000L- . recorded in June 2015_5
statistics : . -
2000 . =
e Same strategy as in the 7-8 TeV 1000F P -
: : 5 W %, -
analysis: unbinned maximum 0 laplam m 5
likelihood fit and data projections M) [GeV]
onto the invariant mass and pseudo-
proper decay time of the di-muon
candidates * Isotropic spin-alignment hypothesis is assumed

* no geometric acceptance correction applied to the data

* no spin-alignment uncertainty considered
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pp collisions results |
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pp collisions results |
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arXiv:1512.03657

Double-differential J/1 cross-section

» Differential prompt and non-prompt cross-sections times di-muon branching fraction of J/
as a function of di-muon pr for 8 rapidity slices

Powerful tool to
validate theoretical
models of production

Non-prompt cross-sections

compared to Fixed-Order
with Next-to-Leading-Log
(FONLL) theory
calculations

« Theory uncertainties from

scale and quark masses

* Theory predicts slightly
harder pr for J/p
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a1 572203657

e Theory / data @ 8TeV, for J/{ and {(2S) prompt cross sections:
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e Theory / data @ 8TeV, for J /¢ and {(2S) non-prompt cross sections:

Theory/Data

Cau NWPROLADMNWREROLADMNWRAROLUNWRAROLANWROLANWROLADMNWREOLADMNMNWE

a1 572203657
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ol AS = CONE=20 152030

Non-prompt ]/ fraction

Cc) 1 _O - T T T T .I .| ]

= 09k ATLAS Preliminary E

L% —  —¢— ATLAS 13 TeV, 6.4 pb™, |y| < 0.75 =

* Measuring a fraction = 0-8E" 4 arias7Tev, 21 1, 0.25 < | <0.50 E
i reduced Systematics CE) 0.7 E_ —+— ATLAS 2.76 TeV, 4 pb™, |y| < 0.75 i + _E

S 0.6F  CDF(pp)1.96TeV, 39.7 pb™, |y| < 0.60 —= -

e Strong dependence on py S - 4= -
z 0°% P E

e Nodependenceon |y | 0.4F o =
(already seen in Run1) 0.35 PO e =

* 3 |yl bins 0,0.75- 0.2E =
0.75,1.5-1.5,2.0 (see 0.1F =
backup) 0.0F————— ' ]

5 6 7 8910 20 30 40 50 60

p (wp) [GeV]

e Prompt fraction dominates at low pr, non-prompt exceeds prompt at ~20 GeV

e Very similar behaviour between 7 and 13 TeV; larger differences at lower energies
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A Plefs= CONE 201 5= (12 3

Prompt and non-prompt J/ in p+Pb

N
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o
o
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& 20000 ﬂ —e— Data ~ > N —— Data N
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e The method remains the same

* y*is the CM rapidity of the pA system, defined to be always positive in the p direction:
V* = yiab - 0.465 (the CM of the pA system is shifted in the direction of the p beam relative to the
lab frame, due to energy asymmetry of the LHC beams: 4 TeV p + 1.57 TeV per A Pb beam)
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A Plefs= CONE 201 5= (12 3

* Cross section for pp collisions at 5.02 TeV interpolated and used

as a reference for the nuclear modification factor Rppp

| d*oy /dy*dpr
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. ¢ decreasing trend with increasing event activity
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JHEPO9(2014)079

P(2S)—=)/ Y at 7 TeV

* Measurement of prompt and non-prompt production cross-sections 21 fb1at7 TeV

o Provesthe range 10 < pr ((25))<100GeVand lyl<20

« Same technique (mass and decay time fits, in bins of pr)

e 025t reer e ooty 0 oo Comparison of prompt and
2 Ao ATLAS 1§ 1gATLAS - D - non-prompt cross sections
< I, ¥s=7TeV, 2.1fb 5 E ¥s=7TeV, 2.1fb —— Fit E . : .
o O oo ey 1 o 1CE [t <izcev [l Promptsignal 3 with various theoretical
-g B pESIg yl <075 ] Q F Iyl <0.75 I Non Prompt Signal - d 1 5
Lﬁ 0.15-_- Non Prompt Signal ] E 10 EE - - -- Prompt Bkgd models:
[ - -- Background i 104é— - - = - Non Prompt Bkgd —; ¢
- , e * Prompt well described
10°E : S
R by NLO NRQCD
10°

* Non-prompt by FONLL,
with deviations at high

LLI,Lu'I, '|| i,ll ‘FIE momenta (slightly
E
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« Analysis of 4.0 pb-! of pp collisions at vs=2.76 TeV
and 28.1 nb-! of p+Pb collisions at vsnn=5.02 TeV

- Previous result on 1.8 fb-1 of pp collisions at

vs=7 TeV

+  Measurement of Y(1S) and Y(25)+Y(3S) production

Cross sections

1 < E. Guido
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AEEAS—CONE= 20 15= 650

pp collisions results

- Cross section results:
- single differential cross sections as a function of |y |

- here in comparison with LHCb results

3 1,6_ | | | | | | | | | I | | | | I | | | | I | |
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= 14 +ATLAST(1S), p, <40 GeV ATLAS Prellmlnary_—
i [ $ATLASY(25+35),p, <40GeV  pp {5 =2.76 TeV -
T 1.2~ #LHCb Y(1S), p_ < 15 GeV —
@ - ]
= 1:_ ¢ 4 | E
@ 0.8 7 —
X - .
5 06F G -
5 - ]
2 - a— —2 7
& 0.4_ - . -
© — E—— —
0.2 -
0: I ' I | 1 -
0 1 2 3 4
11

2.2 QWG2016, 6 June 2016, PNNL



p+Pb collisions results

- Interpolation of Y(1S) cross section in pp
collisions, to get a reference at 5.02 TeV

- different interpolation functions are tested
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« Nuclear modification factor Rppp
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for Y(1S) as a function of y*

- Consistent with 1, no strong kinematic
> A dependence
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Double differential cross sections:
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Summary

Large quarkonium sample from Run 1 allows detailed tests of QCD (even “in
media” through the analysis of p+Pb collisions)

Run 2 measurements just started, will open a new energy regime to study

Full details of published results at:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/InDetTrackingPerformanceApprovedPlots#Run_2
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Double-differential 1 (2S) cross-section
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Prompt ratio

* Production ratio of prompt U(2S) /] /1 (consistent with flat across the whole pr range
analyzed) Praroaat —
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Non-prompt ratio

« Production ratio of non—prompt U(2S)/] /Y (consistent with ﬂat across the whole pr
range analyzed) 1 i "]
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Non-prompt fraction vs. ||
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LLHC comparisons

Comparison of ATLAS to other LHC experiments

Good agreement with CMS for overlapping rapidity and pr (at 7 TeV)

Comparison with LHCb in overlapping pr, but adjoining slices of rapidity )at 8 TeV)
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- Comparison to theoretical predictions:

+ NNLO” Color Singlet Model (CSM)

- Color Evaporation Model (CEM)

- Both have problems in describing the normalisation and shape of the differential spectra

- CSM underestimates the rate at high transverse momenta, where data agree better with CEM

- Lack of a model able to describe data over the full range of Y transverse momenta

accessible with the 7 TeV dataset

E. Guido
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