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Quarkonium production

Naively a ‘simple’ system: a quark and anti-
quark of same flavour in a bound state

Mass (GeV/c?)

Quarkonia are probes of hadron formation,
production not yet understood

Long history of disagreement between theory and
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Results in this presentation

Today | will focus on two recent results on quarkonium from ATLAS:

* Inclusive Upsilon(1,2,3S)—pup production

(and briefly discuss the discovery of the x,,(3P) and implications its implications)
arXiv:1211.7255 [hep-ex], Phys.Rev D87 (2013) 052004
http://hepdata.cedar.ac.uk/view/ins1204994

= Observation and measurement of W+prompt J/p production
New result for this conference!
ATLAS-CONF-2013-042, paper in preparation
https://atlas.web.cern.ch/Atlas/lGROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-042




Y(nS) production cross-sections

Y (1S), Y(2S), Y(3S) states reconstructed in
dimuon final state using ~1.8 fb™! 7 TeV data
using specialised low p; di-muon trigger
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Determine yields from fits to dimuon invariant
mass spectra in 50x2 and 1x45 Upsilon
prxrapidity intervals

Per-event corrections for detector efficiencies and
acceptances to extract production cross-sections
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Y(nS) fiducial production cross-section results

Measurement in fiducial phase space:
Pr(H)>4 GeV, |n()|<2.3, [y(Y)[<2.25

» Precise measurements 6~5%, with largest p-
reach for quarkonia

» Free from theoretical uncertainties

= Useful for modeling of backgrounds, MC tuning
but hard to compare to theoretical predictions

T T l T T T T l T T T T I T T T T I T l_
Fiducial cross sections (p_ > 4 GeV, | < 2.3)]

e
(@)
w

—
o
N
T
i
|

- - .
- ATLAS Ai
[ s=7Tev ILdt=1.8fb'1

do/dy x Br(Y— u*) [pb/0.05]

10
. p’Tr <70 GeV
(1)
B res)
i Y(38) _
1 E L L 1 L | L 1 L 1 | L 1 1 1 | 1 1 1 L I 1 :
0 0.5 1 1.5 2

Yyl

Integrated fiducial cross sections pf >4 GeV, [np#| <2.3
ota(pp — Y) X Br(Y — p* u”)

State Range: p¥ <70 GeV, |y¥| <2.25
Y (1S) 1.890 = 0.007 = 0.095 = 0.074 nb
Y (2S) 0.601 = 0.003 = 0.040 = 0.023 nb
Y (3S) 0.304 = 0.003 = 0.021 = 0.012 nb

d20/dedy x Br(Y— p') [pb/GeV]

dzo/dedy x Br(Y— p'w’) [pb/GeV]

T I L l L I UL I L I L I L I:
» Fiducial cross sections (pi >4 GeV, 0| < 2.3) 1
10 ly"] < 1.2
. W) |
10 M‘m‘*'%.. RS E
g *y v, Y(38) ]
C x %, ]
1k * .... -
F o, 3
X Ta e, ]
_1 = ‘. =
10 E - N E
L[ ATLAS ]
10 E 5=7TeV JLdt=1.8fb" ﬁ

:l 11 1 I 11 1 | l 111 1 l 111 | I 11 1 1 I | - l 111 1

0O 10 20 30 40 50 60 70
T I L I L L I L I L I L I LI I:
Fiducial cross sections (p" > 4 GeV, | < 2.3) 1
10° ! :
12<|y'| <225 3
WS -
10 e, [ RYED) E
: **;'..... Y(3S)

1 L % 3
i *’::'_'-. ]
107F S E
- -—_ ]
[ ATLAS —
10 E 5=7TeV JLdt=1.8fb'1 —
Covvalava a0 l 11 1 1 l 11 1 1 l 11 1 1 I llllllll ]

0 10 20 30 40 50 60 70
Tp [GeV]



Spin-alignment and acceptance corrections

quarkonium N Higher order theoretical calculations/models
rest frame @ cannot make cuts on final state particles
, s e + | |
prop(::,fgon\. Correct data for muon fiducial acceptance cuts
X y Acceptance depends on spin-alignment / angular

distributions of muons in the decay
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Y(nS) corrected production cross-section results

Acceptance-corrected production cross-
sections can be compared with theory.

Phase space: |y(Y)|<2.25, p(Y)<70 GeV

Results shown here for isotropic muon

angular distributions

do/dy x Br(Y— pu'w) [pb/0.05]
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Y(nS) production cross-sections and theory

Spin-alignment envelope on data shown by blue band — dominant uncertainties at low p;
High p; data largely free of spin-alignment uncertainty: a precision laboratory!

Theory comparisons:
= pQCD NNLO* Colour Singlet Model predictions

= Phenomenologically-driven Colour Evaporation Model
Both have problems describing the shape and normalisation of data
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Y(nS):Y(1S) production cross-section ratios

Production cross-section ratios measured as a function of Upsilon p;
Experimental uncertainties reduced through systematic cancellations — precise measurement!

= Observe strong dependencies with p; not encapsulated by theory calculations
(horizontal lines)

= Sensitive to x,,(nP) production cross-sections

= Low p; data in agreement with measurements by CMS

= Observing plateau behaviour for the first time at high p;
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Observation of the yx, ,(3P) bottomonium state

Production of x,,,(3P) observed for the
first time through radiative transitions to
Y (1S) and Y (2S) in two independent
analysis channels

Observation and mass measurement
verified by DG and LHCD,

light blue: statistical, dark blue statistical+systematic
[No quoted systematic for LHCb observation]
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Implications of the x,,(3P) observation

Verified a new source of feed-down to
inclusive Upsilon production

Y'(3S) previously expected to be free
from significant feed-down contributions

" ¥,,(3P) decays to Y(3S) kinematically allowed!
[not observed at ATLAS directly due to phase space
and statistics limitations]

= Polarisation of Y(3S) can no longer be a clean
probe of direct quarkonium production

Recent theory calculations now take

into account modification to observables
due to the x,,(3P)

Implication:
Only remaining clean laboratory for direct
quarkonium production is the y(2S)!
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New result for this conference! 12

Associated W boson + prompt J/ production

Using 4.6 fb-! of 2011 7 TeV data, search for associated production of a
W boson and prompt J/p production for first time

Probes new production modes of quarkonium, new dominant contributions to
test theoretical predictions (and Color Octet vs. Colour Singlet modes).

Study W(—pv)+J/y(—pu) decay mode, using single high pr muon trigger

W boson: p+(M)>25 GeV, |n(p)|<2.4, MET>20 GeV, m(W)>40 GeV
J/y candidate: p(U%)>2.5(3.5) GeV, [n()[>1.3(<1.3), |y(J/p)|<2.1
] , ) 6_""I""I'"'I_"."I"'\'IL""I""I"'I""I"'_'t
Background contributions assessed from: g ATLAS Preiminary s =7 TeV, [ Lot = 4.6 o
Pileup (multiple pp collisions in bunch crossing), E © - -
Z+jets, top pair production, W+b-quark, g 4 .« o . E
B.—J/yp+uv+X, heavy quark jets. 5 3 ° . ]
o r ° X
'g o, .‘ . ° :.... i
Double Parton Scattering considered part of & £ R N E
the signal, in the first instance 2 oE ". 2. ” ., :.;‘ . .
All J/y candidate events in mass and lifetime

) 526272829 3 3132333435
pwru Invariant mass [GeV]



Events/ 0.04 GeV

Extraction of W+prompt J/{ signal from background

Unbinned maximum likelihood fit to J/y mass and lifetime, extract prompt
component from data — background-only hypothesis rejected at 5.30 level
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1

Missing E; vector W + prompt J/yp

candidate event

Muons from J/y
candidate decay

@ATLAS

EXPERIMENT

Run Number: 191513, Event Number: 11053516
Date: 2011-10-23 17:21:09 UTC

Muon from W boson decay ——~1

III " \ |
J/y candidate p; = 9.3 GeV | \I — | |

Pseudo proper time = 0.0 ps

€T0T p.EC 1MdY €T0ZSIA — 9214d Udiieq — sajels wniuoysenb yjo uononposd =

W boson p; = 39 GeV I |




Measurement of fiducial W+prompt J/{ cross-section

Unbinned maximum likelihood fit to J/y mass and lifetime and background
determination repeated in four bins of J/y p+

| 1 1 | | I I I I | I | I I | 1 1 T 1 i
pp— prompt J/y + W : pp— W, Fiducial |
ATLAS Preliminary, Vs = 7 TeV, j Ldt=46fb"

Po(W+J/y)
dy dp_
o

1
)
l._{'_.""'”ll ]

S o7

o107’ E

X - l

’5. -

% -

s 10°%F E

3> | ]

o C

m L

10°F E

C | I L PRI T ISR T SR AN N S B R
10 15 20 25 30

J/y Transverse Momentum [GeV]

After applying corrections for detector
effects and efficiencies:

measure fiducial cross-section of
associated W+prompt J/y production as
a function of J/y p+

Normalise results to inclusive W production cross-
section measured in same phase space for
systematic uncertainty reduction

Inverting lifetime requirement to
measure W+non-prompt J/y production:

estimate of W+b cross-section consistent with
ATLAS direct measurements and NLO pQCD
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Corrected results and double parton scattering

16

Correct fiducial cross-section for muon acceptance from J/y decay to compare
with theory (as for Upsilon analysis described earlier)

Double Parton Scattering can contribute to signal. Estimate using the following standard/simple ansatz:

Measured directly in this analysis

p

From ATLAS measurement p
prompt J/Y arXiv:1104.3038

T dow @ d
dOWJ“]/‘b — O off
/

From ATLAS measurement
W+2jets arXiv:1301.6872
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| ATLAS PreliminaryNs =7 TeV, jL dt=461f" |
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Production cross-section of W boson + prompt J/{

17

. 3><1 0°
% " pp—s prompt JAy + W : pp— W 1 Present total cross-sections of
g _(>:~2 5:_ ATLAS Preliminary, Vs =7 TeV, [L dt = 4.6 fo 1 inclusive W+prompt J/y production
5 - 0<ly, |<21,85<p ,, <30GeV 1 before and after estimation of double
O [ S5 3pinalignment uncertainty 1 parton scattering component
—|= 2 =210 CSM prediction —_
\6' B I NLO COM prediction i
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= ' \ 1 theoretical predictions
3 3 . -
T - \\\ \ \\ 1 Data gpproxmately an_order of
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Fiducial Inclusive DPS-subtracted Theories

Accounting for the deficit:
Large higher order corrections to theory
Strongly transverse J/y spin-alignment
in this production mode?
Indication of breakdown of DPS o4 ansatz /
factorisation, or NRQCD universality?
Intrinsic charm contributions?

NLO COM (OCTET) arXiv:1304.4670




Summary

Measurement of Y (nS) production at the LHC

= Tests of pQCD calculations phenomenological models; entering unexplored regimes
= [ndirect sensitivity to P-wave ¥, ,(nP) feed-down dynamics in cross-section ratios
= ¥,,(3P) observation limitations on Y (3S) as a probe of direct quarkonium production

More exclusive Y (nS) and x,,,(nP) studies with spin-alignment, associated production,
angular correlations and other new observables need to be explored to get a full picture

First observation (5.30) and measurement of associated W +prompt J/y production

New probe of quarkonium production:

Rates larger than theory predictions allow scope for interpretations:

are higher order corrections needed? CSM or COM? NRQCD universality?
Intrinsic charm? Seeing a breakdown of simple o+ DPS model / factorisation?

Novel double parton scattering study environment:
Further ongoing studies at 8 TeV in W/Z+onia and in double quarkonium production will
allow us to make more concrete statements on double parton scattering

More studies needed,(h%i’gy)more results from ATLAS coming soon!
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Upsilon production:  arXiv:1211.7255; Phys.Rev D87 (2013) 052004 T L
X,,(3P) observation:  arXiv:1112.5154; Phys.Rev.Lett. 108 (2012) 152001 ﬂ
W+prompt J/: ATLAS-CONF-2013-042 T

https //atlas.web.cern. ch/AtIas/GROUPS/PHYSICS/CONFNOTES/ATLAS CONF-2013-042
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ATLAS B Phy5|cs publlc results:
https //tW|k| cern. ch/tW|k|/b|n/wew/AtIasPubI|c/BPhysPubI|cResuIts

Production of quarkonium states — Darren Price — DIS2013 April 234 2013



Additional Material
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W + prompt J/y 2

candidate event

Muons from J/y
candidate decay

@ATLAS

EXPERIMENT

Run Number: 189421, Event Number: 32188372
Date: 2011-09-16 18:30:08 UTC

Muon from W boson decay

J/y candidate p; = 9.4 GeV
Pseudo proper time =-0.1 ps

€T0T p.EC 1MdY €T0ZSIA — 9214d Udiieq — sajels wniuodsenb yjo uononpoid =

W boson p; =42 GeV I ‘



Upsilon production: experimental uncertainties

Fractional Uncertainty [%]

Fractional Uncertainty [%]
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Upsilon in comparison to CMS/LHCb
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We know acceptance can vary with spin-alignment

State has generalised angular decay distribution: 0 4
production

plane T,

‘¢> :a’—l’17_1>+a'0‘170>+a’-|—1‘17+1> "

quarkonium

rest frame
dN 2 nx -2 Nk * . * *
ol 1 + Agx cos”™ 0™ + Agx sin” 0™ cos 20™ + Agxg» sin 20™ cos ¢
1 — 3|agl? 2Rea’ ja_y V2Re[at(ay: —a_1)]
1+ |ag|? 1+ |ao|? 1+ |ag|?

Before we measure spin-alignment, we work with five specific working points that provide
a maximal envelope for expectation —

hysical, h It of icul
FLAT (e o pobrieed oxchvive processes) T aneverse =
)\9* f— )\gb* p— )\Q*Cb* — O a’O p— O’ CL_|_1 p— _a’—l
Lo N G (itudinal) T(ransverse)+ 0 T(ransverse)+ +

Agr = —1 Agr = +1 ag = 0, at+1 = +a_q
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Non-prompt J/y production fraction
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