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L ‘ ~ QOutline of talk

¢ Introduction
“* Theoretical motivation for studying production
“ Introduction to ATLAS detector and measurement capability

“* Predictions at the Large Hadron Collider

% Predicted quarkonium cross-sections at ATLAS
» Status of backgrounds

“* Reconstruction performance

L)
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D)

L)
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% Physics studies
% Separation of octet states
“ Analysis of x_production
% Spin-alignment studies
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Theoretical motivation

/

% Production mechanism of quarkonium unexplained
“ Number of models suggested to account for production theory-data discrepancy

% Progress came with application of Non-Relativistic QCD (NRQCD) effective field
theory to quarkonia production
% This formalism led to Colour Octet Mechanism (COM)

X/

% Current understanding suggests octet production is dominant contribution
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Monte Carlo samples

% Currently basing our studies on Colour Octet Mechanism implemented in Pythia
and fully simulated through ATLAS reconstruction in GEANT

% Using Pythia 6.403, switching to Pythia 6.412 in latest ATLAS software
% Use Leading Order PDF CTEQ6L1 (previous studies have used CTEQ6M)

“* Produced samples look at muon channel: include
X feed-down but not higher 2S and 3S states

PYTHIA NRQCD matrix Value
parameter element
; . PARP(141 3 1.16
< Colour octet NRQCD matrix elements describe PARPEWI 0U/4pS, ) .
non-perturbative quarkonium evolution SARFES o/ s, ®) 601
< Matrix elements set to values derived from e <0(J/"?{ Sy®)) : '
Tevatron data (see table) (144)  (0(J/ e’ B, (8))) /m 0.01
PARP(145) <O()g,)[3 P, (1)]>/mf 0.05
PARP(146) <0(\')T3 S, (1)]> 9.28
- o PARP(147) <0(y)'[3 S, (8)]> 0.15
do(pp —» H+ X) =) _dé (pp — QQ[ni] + z) (O [ny]) PARP(148) o' s,®)) 0.02
ng 3 2
total cross-section short distance heavy quark production " matrix element PARP(149) <O(Y7[ P0(8)]>/ n, 0.02
PARP(150) <0%)[3R)(1)]>/m§ 0.085
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The ATLAS detector

“* ATLAS is one of the general purpose experiments at the LHC
% Collisions at centre-of-mass energy 14 TeV every 25 nanoseconds

Inner Detector:

Pixel layers, silicon strips and transition
radiation tracker with 2 Tesla solenoid

Precision track reconstruction for tracks
with |n|<2.5 and p,>0.5 GeV

0/p,~4x10-p,+0.01

Muon spectrometry:
Coverage out to |n|<2.7

Drift chambers and trigger
chambers in an air-core toroid
of 0.6 Tesla

Good standalone performance:
0/p;~7% at 1 TeV

25m

Calorimetry:

In| <5 hermetic coverage

EM calo: Liquid Argon 6/E~10%/VE
Hadronic calo: Fe Cu-LAr 0/E~50%/VE+0.03

46m

Transition Radiation Tracker
Toroid Magnets SemiConductor Tracker

Muon Spectrometer Solenoid Magnet
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ATLAS trigger

/

* Due to the bunch crossing rate and multiple interactions, need to reduce events
written to tape to small fraction: challenge is to keep the interesting ones!

L/ - n .
%« Trigger system at ATLAS has three levels: Interaction rate (T oKING
< Level 1 (Hardware, Online) Bunch crossing .
Define region-of-interest in small area of LEVEL 1 memories
TRIGGER
detector, coarse measurements of < 75 (100) kHz
‘interesting’ features -- high p; muons etc. Derandomizers
B Level 2 (SOftware, On”ne) Regions of Interest | | 1 | [ |?F$ca)ggl).|tdrivers
LEVEL 2 Readout buffers
TRIGGER (ROBs)

~ 1kHz

[ Event builder |

% Event Filter (Software, Offline)
Offline algorithms do further refinement using EVENT FILTER Full-event buffers
all relevant detector information at full granularity  ~700Hz processor sub-farms

Data recording

“* Must use triggers to reduce event rate!
% Di-muon triggers based on the presence of muons with certain particular p; thresholds

are of particular relevance.

% LVL1 muon with p;>X GeV followed by LVL2 muon with p:>Y GeV with (X>=Y) and |n|

<2.5 -- a common trigger in ATLAS, important for quarkonium
(Nomenclature in this talk for this type of trigger is UXUY)
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Muon trigger thresholds + efficiency

— LVL1_Muon >

—Li_Muos 8
.. Li_Muit @ .|
< ATLAS has excellent efficiency for s 81
. . . . — Ll [IT] -
identifying muons from quarkonium rliMuo
L1_MU40 -

% Plot shows example of some LVL1 muon
trigger efficiencies at p;>10GeV 107

“* Efficiency better than 96% on 64 simulation!

< In early data-taking quarkonium will be o2 b | L}
important for commissioning. 10 15 20 25 30
X
% May be able to use single muon trigger: Soo-

* Find muon at LVL1 with threshold 4 GeV oo
(can find momenta lower than this [see right]) %n:é_

% Will require prescale, or associate with another 05t .
candidate track at LVL2 (no momenta 04 mug4 — "
requirement) n

% Can allow access to very low onia p; region Df.[f_ T
[MeV]

T
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Lowering p, triggers
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high p, muon: p_ (GeV) high p_ muon: p_ (GeV)

% Lowering of muon p; requirements from p6u4 to p | m—————— |
44 increases J/P and substantially increases Y Trigger cuts | 6+4 GeV| 4+4 GeV !
cross-section : :

o(J/Y) 22nb |, 27nb |

. | I

< By lowering cuts to 4+4 GeV we accept the bulk of o(Y) 46nb || 43nb
the Yproduction, due to the high mass of the Y’ e .
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- Prompt onia with early data

STATISTICS

ATLAS expects to achieve current Tevatron onia yield with 60—385 pb-"
[2—3 months running at low luminosity (103" cm-2s") with pép4 triggery,
based on latest publications from CDF/DO [Spring/Summer 2007]

Tevatron today ATLAS

1x10¢  J/U CDF 1.1 fb™ 60 pb
4.2x10° Y(1,2,3S) DO 1.3 fb” 85 pb’

Corresponds to around 1000 J/{’s per hour

AN EXCELLENT TOOL FOR DETECTOR COMMISSIONING

Reconstruction of J/Y and Yto muons is a perfect tool for alignment and
calibration of the ATLAS detector

This talk is dedicated to physics aims so this aspect will not be discussed further
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.- Range of p, events for NRQCD studies

% Both low and high p; regions important for measuring contributions
from singlet and octet production

<&

T T T TTTT

* With 10 pb" will be able measure ratios of
onia cross-sections, which will also help
place constraints on NRQCD octet matrix
elements.

ATLAS: [|<2.5
total
- colour singlet
----- colour octet °S,
w colour octet 'S+°P;

T

T

T T IIIIIII

—h
Q
N

T IIIIIII

** Somewhat higher statistics will also allow

analysis of various X states, measurement
of colour octet contributions and fixing of N H

. - 1 ||||||i‘|| ||||||||||||| ‘b
NRQCD matrix elements 105570 15 20 2530745 4 '45 %o
]

BR(Y—-u"w)do(pp—Y+X)/dp_(nb/GeV)
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bb—u6u4 X
& Direct onia
B Drell-Yan

7 8 9 10 11 12

Mass (GeV)
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- Vertex separation (|16}14)

“*Proper time used to separate direct ]/ from indirect (B-decays)

< Mean at zero -- L =0 is characteristic of direct J/y, B’s positive L,

’0

» ‘Pseudo-proper time’ cut of <0.2 ps gives prompt J/U efficiency of 95%
with 5% contamination (removes grey background on previous slide)

<* Cut of >0.15 ps gives bb>J/yX efficiency of 80% with 20% prompt J/y
CO n ta m i n a ti O n Pseudo-Proper time cut Direct J/'¥

1

‘Mix’ sample is direct and indirect J/y combined
JI'V Pseudo-Proper time

08

Pseudo-Proper Time ,Mix

——— Efficiency ,Direct J/'V

- Pseudo-Proper Time ,Direct

|II|IIII|[]|III|III]

i Purity,Direct J/¥
0.2
10° — ) L, (M,
F Pseudo-Proper Time= oL TP TII IO T IO T IO TITT.
L Eb -0.4 0.2 0 0.2 0.4 0.6 0.8 1 1.2 14
L T light
[ Pseudo-Proper time cut bb->J/'VX t (pS)
~ 1 =
102 0.8

—— Efficiency ,bb->J/'¥X
Purity,bb->J/'¥X

0.6

04

0.2

04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
tips] ol v v v by v b b b e L

1
-0.4 0.2 0 0.2 0.4 0.6 08 1 ! 1.2 — 14

t (ps)
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Events/(12 MeV)

Constant 2918 + 21.7

10° wean a2z | FrOm all ptpe pairs in J/YP mass range, ~96% of

Sigma 0.05419 + 0.00032

generated events reconstructed (depending on
reconstruction algorithm and if require vertex refit).

Mass resolution 54 MeV.

From all p*ur pairs in Y mass range, ~929% of
generated events reconstructed.

3.3 3.4
Mass (GeV)

Mass resolution 168 MeV.

< Can reconstruct muons from Inner Detector tracks, muon Constant 2462+ 18.8

spectrometer standalone, or combined muon information S otear oo
Sigma 0.1684 + 0.0009

Iay
<

2.5
% Looking into possibility of triggering on only one muon with p,;>4
GeV in low luminosity run
% Can then search to find second muon p;>1 GeV

% Higher cross-section, and better for some physics studies

Events/(30 MeV)

p; slices 5-10 GeV 10-15GeV  15-20 GeV >20 GeV 05
G(J/u‘,) 94 MeV 52 MeV 51 MeV 49 MeV 786 88 o 92 94 96 98 10 102 104
a(y) 174 MeV 171 MeV 169 MeV 169 MeV tiess (G0
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Acceptance

Reconstructed onia transverse momentum

% Studies of high p, onia production are important as the high momenta
accessible by the LHC are not within the reach of the Tevatron

L0

0.9
0.8
0.7
0.6
0.5
0.4
03

0.2

0.1

i
i

N

L i

o JIP(6p4)

acceptance

Acceptance

o

10 20

30

40 50
P, (J/v) (GeV)

* acceptance rises to a plateau at >12 GeV

» Acceptance of onia is ratio of MC generated to reconstructed in each p; bin

Acceptance of Ymuch better at low p;'s due to mass

1
0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

0

Y(p6p4)
acceptance

o

10 20 30

0 50
P.(Y) (GeV)

Errors on simulated statistics correspond to approximately 10 days of low luminosity data-taking
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... Onia decay muon angular separation AR

AR measure defined as =(An?+A§)1/?

.0

¢ Muons from J/P have a AR<0.5 the majority of the time
< Effective cut-off at AR>0.6 due to J/Y kinematics with p6u4 trigger

L)

¢ In contrast, Y muons are free
to be produced with large
separation due to mass

Arbitrary units

AR differences have implications

for X reconstruction and studies
of hadronic activity from onia
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0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

R/
0‘0

G

K/
L X4

K/
L X4

barrel have smaller fluctuations

Situation for Y somewhat different:

AR broader for Y, so smearing is greater

+ by

J/Y acceptance

-2 -1 0 1 2

3
n

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

1O

Lose most J/Y's in barrel, acceptance best in endcaps

o

» J/W muons produced close in AR, hence J/W distribution reflects single muon acceptance

Y have dip at central n due to decay kinematics (muon n's themselves do not have dip)

Reconstructed Y's follow MC closely - still have best acceptance in endcap region, but losses in

é +-I-+++ +*+++_[_ H
oF + + + +
sphppd

ig L ok ++P++++++&q- +

é ++++ Ry i

3 Y acceptance

E | | | 1 | | | | 1 | | | 1 | | | 1 1 | | | 1 1 | | 1 1 | |
-2 -1 0 1 2 3

n
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Separating onia production contributions

At ATLAS we hope to be able to separate both octet and singlet
contributions within both X_.(X,) production as well as direct J/Y(Y)

% Discrimination of production mechanisms:

% Associated hadronic/jet activity with onia
“* Associated open charm/beauty
% Analysis of quarkonium spin-alignment

% Low p; trigger cuts on muons allows for analysis of singlet contributions, expected to
dominate at p;<10 GeV

J
*

¢ ATLAS will have high statistics above 50 GeV p., useful for octet production analysis

% Observation of X, and X. and their p; dependence
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Associated hadronic/jet activity

% Studies ongoing into feasibility of measurement of predicted additional
hadronic activity around the onia momentum direction for octet states

/7

* Information on associated jets from onia decays may provide insights into
production mechanisms
% By using E; and charged track isolation cones, may be able to recognise and
classify production process

< Additional complications in ]/ case because muons and photon follow J/{ direction
to calorimeters within very small angle

A R between J/\y and nearest jet
x10*

1.6

14 “* A recoil jet is often seen opposite the J/
P in singlet production, originating from
a hard gluon

1.2
1

0.8

% May be able to use this jet information
to make cuts on candidate singlet
production events

0.6

0.4

0.2

O°
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Chi decays

For J/y, ~30% of total cross-section from X. feed-down

* For Y, ~50% of total cross-section from X, feed-down

** Interested in X decays to J/y or Yand a gamma: we have a low X

reconstruction efficiency due to the difficulty in retrieving this aamma
% Preliminary studies suggest we can %, AM = M y)-M(w)

expect to recover few % of those X
events from reconstructed J/y’s or Y’

o]
o
o

nts for 10 pb™
~l
[=]
o

<2}
o
o

4

** MMy invariant mass difference should &
500

help determine whether X, X; or X,
was reconstructed

400
300

200
% Currently see little defined structure,

but resolution can be dramatically 100
improved by using conversions 95"

1 | I 1 L1 I | | I | I | I | | 1111 | | | | L1l
250 300 350 400 450 500 550 600 650 700
AM (MeV)

o
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Events

* X decays have a energetic
photon associated with them

%« Angle between photon and J/y
direction provides very strong
signature of ‘interesting’ decays

Coso between J/y and y
x10°

1.4

1.2

0.8

0.6

. . o s 22
g iennsng e ot gt B8 3 0 3053000 S5 0RO U (O
0.98 W“ 0.986 0.988 0.99 0.992 0.994 0.996 0.998 1
~

1.0

0.4

-|-v-F|I|I||||I||I|||III|||||

0.2

R e B AL et g B R S e BT T T
III|III|IIIIIII|III|III|III|III|III|I

1O
—

-08 06 -04 -02 -0 02 04 0.6

0.8 1

cosa
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events

900

800

700

600

500

400

300

200

100

True X have cos a very close to 1

Can be used to reduce trigger rate by
2-3 orders of magnitude and sub-select

X decays whilst keeping full range of 1/

P p;'s

OO

3 Photon energy
y 2 4 6 8 10 12 14 16 18 26
E, (GeV)
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- Quarkonium spin alignment

% Distribution of quarkonium spin alignment an important test of production models

% Octet production mechanism specifically predicts onia to be produced with 100%
transverse polarisation at large p;

< Angle defined between positive muon direction

. I
dv,'rﬁ‘;f}'oﬁ ,'I ’u+ in quarkonium rest frame and quarkonium
direction in lab frame, distribution given by:
dl
——— O{l+acos* 8
d cos@

% Need to account for detector acceptance!

< Polarisation parameter a= 0 corresponds to

¥ ! b unpolarised mesons, while a=+1 and o=-1
,U .'diraection correspond to 100% transverse and
longitudinal polarised mesons respectively
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¢ Latest DO Run Il measurements
disagree with theoretical models
and CDF Run | results!

% High p;data important, Tevatron
suffers from statistics in this regard
“* ATLAS predicts same cross-section for Y’

above 20 GeV as Tevatron has in total

“* ATLAS has capability to fully test validity of
production models using polarisation

“* Current techniques at e.g. Tevatron
use fits to MC template polarisation
samples

D@, Run 2 Preliminary, 1.3 fbo™"

From DO Note 5089-CONF

CDF Run|

W

-0.6 |
-08 | 1 I l l DO Run "I l l
0 2.5 5 75 10 125 15 175 20
prof T(1S)  pu(T)(GeV]

Reconstructed Y transverse momentum

Events

10°

10?2

10

Entries 38214
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¢ Fits to MC template polarisation
samples used at Tevatron

“* Rely heavily on fidelity of MC
templates run through detector
simulation

< Detector acceptance across cos 6*
very variable -- high |cos 6*|
suppressed at Tevatron due to
trigger requirements

Cos6* (Polarisation angle) Entries 77244

Mean 0.003328

RMS 0.2972

Events
w
3]

Underflow 0

w

Overflow 3

N
()

N

—t

e
(]

-
(3]
-t III|IIII|IIII|IIIIIIIII|IIII|III||II

1O

1

cosH*

ol
=3
@

Events / 0.05
e
—l‘ TTTT | TTTT | TTTT | T TTT | TTTT | T

o
=
ury

AR .20 B RPN R N B ... B
08 06 04 02 0 02 04 06 0.8 1

[=]

cos 0
Easy to lose discrimination between
longitudinal, transverse and unpolarised
templates in restricted central cosine area

With 6+4 GeV trigger cuts, we see similar
acceptance issues at ATLAS

“ Unpolarised sample has angular distribution
distorted significantly

“* Need more discrimination at high cos 6*

“* Need to extend cos 6* acceptance to
distinguish different polarisations
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; ‘ ' Cosb* (Polarisation angle) Entries  77244| Polarisation cos(6 ') (MC) cut: 1.05cosc>0.8 and JpsipT>10 Entries 4837
10°
L | Ve oowae| 8 [ Mean -0.004732
g F RMS 02072| 8 7O
g 350 I E RMS  0.5341
C Underflow 0 -
r 60—
3 Overflow 3
C 50__
25— C
2; 40:—
1.5 30:—
3 i 10p1
0.5F 10: u u
07 o-..|...|...|...|...|...|...|...|...|..
-1 0.8 -06 -04 -02 -0 02 04 06 0.8 1 -1 08 -06 -04 -0.2 -0 02 04 06 08 1

coso*

/

coso

% Changing trigger cuts from p6p4 to p10pl means we can have excellent

acceptance across almost full range of cos 6*
% Improvements in high cos 6* are much more pronounced at high J/{ p-

-

g

8

H6p4 and .
JIP p,>21 =

-
g 8
_‘I||!IIlIllII!liIIllIlIIIllIIlllII
‘ =
v s
w £ (4]
=] [=] [=]
o o o

cos(theta) [J/psi]
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Polarisation cos(6 *) (MC) cut: 1.0>coso>0.8 Entries 34359

200}

100F

Mean -0.002546

RMsS 0.611

n10ul and
JIY p;>21

08 06 -04 -02 -0 02 04 06 08 1 Q

PN PPN PP EPRPEN EPRPE PP RPN U EPRPRPE B
-08 -06 -04 -02 -0 02 04 06 08 kL

coso
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L (4

L (4

o0

- Spin alignment measurement

By taking data with p10ul we increase our acceptance in important high cos 6*
area and effectively double our overall cross-section

With increased acceptance across polarisation angle, should be able to
distinguish polarisation state in real data with reduced systematics

Important to be able to access the high |cos 6*| region to determine if we are
measuring cross-section correctly (especially as acceptance changes with p;)!

100 pb' should allow for competitive measurement of quarkonium polarisation,
with enough statistics across the accessible range of p-
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R

» Large predicted onia cross-sections at LHC mean that J/ and Y will play a
central role for initial calibrations of the ATLAS detector next year

/

% ATLAS will be able to substantially extend Tevatron reach on onia production

K/

% Separating colour-singlet/octet mechanisms
% Differences in associated jets
% Onia from octet states should have additional associated hadronic activity

* Detailed study of X 2J/Y+y and X >Y+y
“ Photon detection efficiency (in both calorimetry and conversions)

* Specific features of X decays allow for efficient triggering
% Quarkonium spin-alignment

% Colour-octet mechanism predicts transversely polarised onia
“ Needs high statistics at high transverse momenta

/

% Still a lot of work to do before data-taking begins!
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Backup slides
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. Calibration of muon trigger efficiency

/

“* Simulation has been done to develop an online calibration method to
obtain single muon efficiency (U6 threshold):

1) Select events where one single muon was triggered at LVL1

2) Offline reconstruction -- build object (e.g. J/y) with invariant mass cut
and remove triggered muon

3) Analysis of probe muon to calculate single muon efficiency
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LVL1 single muon efficiency
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Direct onia — di-muon mass plot
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Reconstruction of prompt quarkonia (.6u4)

% J/P mass resolution increases with larger |n| of muons

Both muons in n|<1.05
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Events/(30 MeV)

Y mass resolution as function of n and p;

“* Y mass resolution again increases at high muon n
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* Y mass resolution also improves slightly with larger p;
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. Spin alignment: cos 6 resolution

“* Reconstruction of cos 6* through MC data reconstructed in ATLAS simulation,
compared to truth information has resolution of 0.0015

7/

** Monte Carlo templates can be relied upon to give accurate predictions of what
we see after reconstruction
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