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C g i ' _
Heavier than a strange : =t Aerylic felt with Acrylic felt with a
quark, but not as heavy i s mix of /)(;{ y beads
as a bottom quark, the and gruwl ﬁ)l

$10.49 nuivone .
CHARM QUARK was medium-heavy mass.

discovered in 1974,
Particles that contain 10 49
charm and anticharm $ . PLUS SHIPPING

quarks are called

“charmed matter.”

Aerylic felt/ fleece
with a mix of poly
beads and gravel for
medium-heavy mass.

$ 1 0 .4 9 PLUS SHIPPING

0000000000000 e - : 0000000000000
LIGHT HEAVY - b LIGHT

Acrylic felt with

oly fill for
CHARM QUARK ar- i

SPARTICLEZ 0

SPARTICLEZ 0

Mass 3.096916 + 0.000011 GeV/c?

Decay width | 91.0 = 3.2 keV

Decays ‘ 88% hadrons, 6% e*e’, 6% Uty

Quantum properties | Spin=1, Angular Momentum=0, Odd parity, Odd charge conjugation
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Charmonium

Phys. Lett. B 592 1 (2004)
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JEPC = 0—+ 1= 0++ 1++ 3 aram 9++
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Decay width I 91.0 = 3.2 keV I

88% hadrons, 6% e*e’, 6% Pty
| Quantum properties | Spin=1, Angular Momentum=0, Odd parity, Odd charge conjugation I
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J/P production

Nucl. Phys. B 850 (2011) 387-444
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e J/Y production poorly understood

e Models (Colour Singlet, Colour Octet, Colour Evaporation)
cannot predict transverse momentum (pr) spectrum, or
polarization profile, or both
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J/L|) oroduction

e QCD factorization theorem
e Colour Singlet:
e creation of two heavy
quarks: pQCD
® binding: wave function
® assume colour and spin of

gq pair do not change during
binding
® w0 gluons
e Colour Octet:
e NRQCD
e short distance: pQCD
e hadronization of gg: non-
perturbative
e colours can be different
® one gluon
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W+J/UP production

arxiv:1303.5327

I
8 _ c(C) g v J/U g
RE2 Colour Singlet
s(s q
W W
(@) ()

Colour Octet
W:t
(c)
o \W+J/Y is quark-initiated process (Colour Singlet and Colour Octet)
e Differs from mostly gluon fusion inclusive J/Q
e Only previous similar search from CDF, W+Y, set limits
e Another contribution to W+J/\p can come from Double Parton
Scattering
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Double Parton Scattering

Products of collisions coming from different partons in the protons
Probes structure of proton (correlations of partons)

Background for some rare processes

Need to measure to probe universality

® Uit measured in different experiments and energies
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Double Parton Scattering
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Double Parton Scattering

New J. Phys. 15 (2013) 033038

° AFS (4 jets - no errors given)

e WIlv data - phyS|cs BG,\s=7 TeV UA2 (4 jets - lower limit)

[ Fit distribution
A+H+J template A

—— template B

CDF (4 jets)
CDF (y + 3 jets)

DO (y + 3 jets)
ATLAS (W + 2 jets)
E

I W+2 jets

N s ATLAS
'

4 |ets, y+3 Jets ATIAS
other expts
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Events / 0.03

J Ldt=36 pb’

%

® Use normalized jet pair transverse momentum imbalance as
discriminating factor o BB
template A = SPI-like events oA
template B = DPI-like events

e fraction of DPIl events = 0.076 + 0.013 (stat) = 0.018 (syst)
® Measured ATLAS result oeff= 15 + 3 (stat) ™_3(syst) mb
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Cross-section ratio W+J/B:W
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eW-[,
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efficiency (W)

e Measurement of cross-section ratio provides input to theorists
who study J/P and W+J/WP production
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Cross-section ratio W+J/B:W
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W J /1
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number of W I \
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e Measurement of cross-section ratio provides input to theorists

who study J/P and W+J/WP production
e Ratio reduces or cancels systematic uncertainties associated

with luminosity and W boson
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A Toroidal LHC Apparatus

Detector characteristics

Muon Detectors Electromagnetic Calorimeters % | Width: 44m
f? Diameter: 22m
|

Weight: 7000t

CERN AC - ATLAS V1997

A

Solenoid

Forward Calorimeters
End Cap Toroid

|T i Inner Detector ) ) | ieldi
Barrel Toroid Hadronic Calorimeters Shielding
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Data collection

| I l I
ATLAS \s =7 TeV
I LHC Delivered

[ ] ATLAS Recorded
[ ] Good for Physics

Total Delivered: 5.46 fb™
Total Recorded: 5.08 fb™
Good for Physics: 4.57 fb™

Total Integrated Luminosity [fo ]

G )
—_— =
w

1/9 1/11
Day in 2011

Eur. Phys. J. C73 (2013) 2518

e | HC delivered 5.5 fbo™
of data in 2011 with pp

collisions at /s=7

eV

e ATLAS recorded 5.1

flo

e 4.6 fb! of data were
deemed to be good for

physics
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Irigger

Calo, Muon,
Specialized
Detectors

(=

Eur. Phys. J. C72 (2012) 1849 [processing

-
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500 PCs
<t>~40ms

EF
1800 PCs
<t>v4s

Bunch crossing rate
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Front End
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Requested

Data in Rol Readout
Buffers

~3kHz

Event

A Builder
ccess to
fullevent | Full Event
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y 4

~300 MB/s l(~zoo Hz

Storage
offline
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e Decisions on which
data to save for further
analysis

e [Fast, efficient

e Select events with
muon with high
transverse momentum
(oT>18 GeV)

e 4.5 fb! data selected
by our trigger
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W= = u*vy
JAP = P

e [racks In Inner
detector
e * Minimum ionization In
i / calorimeters
Y A The fia§|1_ed tracks . :
— * Hits and tracks in
| muon detectors

g | ® | ow transverse

Trockins{ e R momentum muons
may Not escape
calorimeter
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Viuon efficiency

Efficiency
i IIII|IIII

® CB Chain 2

O CB Chain 2 MC

A CB+ST Chain 2

A CB+ST Chain 2 MC

ATLAS Preliminary
Data 2011 \/s = 7 TeV
<u>=11.6

IIII|IIII|IIII|IIII|IIII|1\

|
5 6 7 8 910 20

W
o

p. [GeV]

ATL-COM-MUON-2012-013

CB = combined
ST = segment-tagged

ST more efficient at low
transverse momentum
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MVIIssing transverse energy

W= = u*vy
JAP = prp

e Neutrinos cannot be
detected at ATLAS

e Principle of energy-
momentum conservation

e |[nitlal transverse
momentum is O
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MVIissing transverse energy

| I

T 1 T T T L} l T T L} 1
JLdt=4.2 fo! ATLAS Preliminary
\'s=7TeV e Data 2011
PYTHIAs CIMCZ-—puu
B MC ttbar

3 MC WZ
@l VC WW

No pile-up suppression

Events / 4 GeV

Missing transverse
energy well
described by
simulation

Data/ MC

ATLAS-CONF-2012-101
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VW observation

ATLAS-CONF-2010-044

_I IIIIIIIIIIIIIIIIIII |IIIIIIIIIIIIIII_I
—e— Data 2010 As=7 TeV) -

W — uv

J- Ldt=33pb’ aco “"' =
Bz :

W — v

Entries / 2.5 GeV

ATLAS Preliminary -

[ I [ I [ I [ l I I [ I I

50 60 70 80 90 100 110 120
my [GeV]

[L

¢ \/\/ boson observed In
ATLAS already with 33 pb!
of data

e \V transverse mass Mt(W)
combines Y and v in the
transverse plane

) = /2BZpr(O)(1 — cos Ag(¢, EL,,.))

January 21st 2014
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J/\P observation

Nucl. Phys. B 850 (2011) 387-344
X102IIIIIIIII|||||||||||II|III|IIIIII
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e J/YP meson observed in
ATLAS already with 2.2 pb™
of data

® |[nvariant mass of two
oppositely-charged muons
peaks at 3.1 GeV for J/P

e ) at 3.7 GeV

e Background combinatorics
e rapidity y iIs measure of

angle at which particle Is
traveling

January 21st 2014
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J/\P pseudo-proper time

PDG
nymj/w

T | T T T | T T T
“ATLAS
\s=7TeV [] Total PDF
Ldt=23 b—1 . Background Component
=cz9pP : Signal Non-Prompt Component
Signal Prompt Component

4 -2 0 2 8 10
pseudo—proper time [ps]
Nucl. Phys. B 850 (2011) 387-344
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e Measure of distance
travelled by J/P before its
decay

e J/P pseudo-proper time
to separate prompt from
non-prompt J/\
poroduction (B-decays)

Prompt centered at O ps
Non-prompt exponential
tall
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Analysis strategy

1. Select W+J/W candidates 3. W+J/W observation
e High pT p and high Ex™'ss e Fvaluate backgrounds
e Two oppositely charged muons e Fvaluate significance

- ¥ -

4 4

2. Fit W+J/Q spectra 4. W+J/Wp:W ratio
e Simultaneously fit mass and e Subtract backgrounds
pseudo-proper time distributions e Fvaluate uncertainties

to get prompt J/\p component e Measure ratio
& J g
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W+J/P pre-selection

- ATLASNs=7TeV, [Laot=451"
Requiring:

* frigger (U pr>18 GeV)

e U (from W) pr> 25 GeV

e strict isolation for y from W
- Erissi P0GeV/

e Mt(\W) > 40 GeV

e [wo oppositely-charged
muons

e Pd e (from J/@) pr1 > 2.5 GeV

utu Invariant Mass [GeV]
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A EXPERIMENT
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Background sources

t — Wb

fragmentation

b e B +/0 top-antitop pair non-prompt

W+bottom non-prompt

Bt — J/YyK™

B° - J/yK°

Bt — J/pK*(892)"
B° — J/K*(892)°
BY — J/¢(1020)

e top decays predominantly to W-+bottom
e bottom fragmentation can result to B meson

e B meson can decay to J/Y

Constantinos Melachrinos (University of Chicago), melachrinos@gmail.com 33
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Background SOUrCes

Data
s=7TeV |1 Total PDF top-antitop pair non-prompt
J]_ dt=2.3 pb : Background Component

Signal Non-Prompt Component
Signal Prompt Component W+bottom non-prompt

INE
]
N

5 8 10
pseudo—proper time [ps]

Nucl. Phys. B 850 (2011) 387-344

e J/P from bottom or top decays tend to be non-prompt, since b
IS long-lived
¢ \Vould be incorporated in the exponential tail in the fit
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Background sources
A c | Background | Rejection |

Etmiss<20 and Er™iss>20 and top-antitop pair non-prompt
M+(W)<40 M1(W)>40

isolated muon isolated muon W-+bottom non-prompt

" multiet_| 1MW) distrbution
B D I
EtMss<20 and Er™ss>20 and
M1(W)<40 M1(W)>40
anti-isolated muon | anti-isolated muon |

e multi-jets can mimic W

e “ABCD” method, based on isolation cut

e C Is signal region, B is multi-jet enriched region

e kinematically-independent multi-jet fake-factor (AxD)/B to
derive templates
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Background sources

ATLAS N's =7TeV, [Ldt=4.5 fb"
top-antitop pair non-prompt

; T i i | Wsbottom | non-prompt
i% multi-jets template — +oottom non-prompt

multi-jet fit M1(W) distribution

Normalized Yield

| | | | | | | | | |
50 100 150 200
W Transverse Mass [GeV]

e Data-driven templates for multi-jets and W shapes in W
transverse mass Mt(W)
e it data to determine multi-jet yield
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Background SOUrces

Background Rejection

OATLAS
1A EXPERIMENT

Run Number: 153565, Event Number: 4487360 W_|_ bottom non_prom pt

Date: 2010-04-24 04:18:53 CEST

Event with 4 PiIengertices multi-jet fit Mt(W) distribution
in 7 TeV Collisions

top-antitop pair non-prompt

pileup independent estimate

Extra interactions from other proton-proton collisions during the
same event are called “pileup”
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Background sources

2
OJ/y e 1 / d J(pp = ‘]/¢ X) dy dpr top-antitop pair non-prompt
Tinel Tinel Jbin dy dpr

Py =

W+bottom non-prompt

fit Mr(W) distribution
N, extra — 0.81 == 0.08 | pileup I independent estimatel

TR rea
TR AR

Npileup e extraPJ/wLO_VVi

e Multiply rate of W production with probability for additional J/\p
e Estimate using aine=71.5 mb, measured J/P cross-section and
mean number of extra vertices in data

e Estimated yield 1.8 = 0.2 events, subtract from result
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Background sources

e Same experimental signature
as W+J/\.|) B.t — J/LI) ui Vi X top-antitop pair non-prompt

W+bottom non-prompt

; e
Inspect sPlot of invariant

pileup independent estimate

mass of three muons

* No events found with mass T~ B, | invariantmass |

less than 6.3 GeV (Bc mass) Z+jets P lectadibvio

2

e Combining p from W and oppositely-charged p from J/P
e Reject events with invariant mass within 10 GeV of Z mass
e No Z+jets events remain
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FIt Proceaure s

(Gaussian+2-sided

/ exponential

Trompt J/w(T) = G(T;O, O'T) X ((1 —a)6('c) -|-aCOe"|T|/To)

p

Tnon-prompt]/w(T) = G(1;0, G‘t)® (CIG(T)C_T/TI) expP nential

Mprompt bkg(mp+u—) = CZC—m“+"_/kO

Mnon-prompt bkg(mu+u—) b C3e—mp+p—/kl
Tyrompt g (%) = G(%:0,07) ® ((1—-)(7)

Thon-prompt bkg(T) = G(;0, G‘r) X (CSG(T)G_T/Q) .

e Simultaneously fit dimuon mass and pseudoproper time

e Extract prompt J/\P, non-prompt J/P, prompt combinatorics
and non-prompt combinatorics yields

e Nuisance parameters from inclusive J/\P fit due to better

statistics
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W‘I‘\.J/\I) ﬂt Whole region 0<|y|<2.1
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W + non-prompt combinatorics

—h
o
N

| [ [ [ |
=7 TeV,fL dt=4.5 be

T | T T
- ATLAS\'s
- Data

=== Total fit
- o W+ JAp

== W + prompt combinatorics
W + non-prompt combinatorics
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Events / 0.04 GeV
Events /0.2 ps

L]
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i
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&
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~Q
&

CUIT I ?mrmll:llﬂﬂll'lﬂl'nﬂlﬂﬂlwr

28 3 32 4. 10 3 4
u'u Invariant Mass [GeV] Jhp Pseudo-proper Time [ps]

J/Y: gaussian prompt: gaussian + 2-sided exponential
Combinatorics: exponential non-prompt: 1-sided exponential
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Confirming the W

30 [ [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [
ATLASNs=7TeV, f [ dt=4.5fb"

ATLAS N's =7 TeV, fL dt=4.51fb
W-+multi-jets hypothesis

—o— W + prompt Jhp data
= Total fit

= \\/ template
multi-jets template

Normalized Yield

multi-jets

Weighted Events / 20 GeV

| | - | 1 | | |
100 150 200 50 100 150 200
W Transverse Mass [GeV] W Transverse Mass [GeV]

e x° fit with W and multi-jet templates on weighted data
e multi-jet yield < 0.3 events at 95% credibility
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|_Ikelinood profile

30IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

-l
o

ATLAS Preliminary,Ns =7 TeV,fL dt=4.6 b7, 0<IyIJ/w <1 ATLAS Preliminary,\'s =7 TeV,fL dt=4.6fb™, 1<IyIJ/w <21

25—
20

15

Projection of -2 A log(L)
Projection of -2 A log(L)

= DN W b O01 O N 0 ©

OO

|III|III|III III|III|III|II
4 6 8 10 12 14 16 18
Number of prompt J/ip Number of prompt J/ip

N
o
o

e Maximum likelihood method to determine vields
e Different regions in rapidity to take advantage of resolution
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Yields

Yields from two-dimensional fit
Process Barrel Endca& Total

e

Prompt J/y @:(7) 192737 29.2%¢ 5(5*

Non-prompt J/ y 27.97%2 13977  41.875%
Prompt background 20.4“:2:? 18.81%3 39.2159
Non-prompt background 19. 8+ 19. 2+2 } 39 O+

p-value 80><10-3 14x10°5 2.1x10-
Significance (0) 5 1

(*) of which 1.8 +=0.2 originate from pileup

p-value evaluated with pseudo-experiments with B-only hypothesis
to determine how often it fluctuates to S+B hypothesis
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Double Parton Scattering

PJ/¢|Wi == O'J/w/()'eﬂ-‘.

DPS
Nw g = Fappiws X ow

e Multiply rate of W production with probability for additional J/Wp
e Estimate using =15 mb and measured J/\P cross-section
e Estimated yield 10.8 +/- 4.2 events
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Double Parton Scattering

20IIII|IIII|IIII|IIII|IIII|IIII

o
~

ATLAS Preliminary, Simulation

% SPS template (MadGraph COM NLO)
== DPS template (flat)

ATLASNs=7TeV, f L dt = 4.5 fb’

- - W + prompt JAp data
Estimated DPS contribution
i DPS uncertainty

o
o))

Events /0.5

o
4

Arbitrary Units

|

o
~

o
W

T T | T T | T T | T T | T T | T T | T T I_
I | I I I I | I I I
] | ] ] ] ] | ]

o
\S)

THHHTTTjiH E OGS

III|III|IIII|IIII|IIII|IIII|IIII_

15 2 25 3 . . 2 3
A o(W,JNhp) Ad(W,Jhp)

e Azimuthal Ag(W,J/P) expected to be flat for Double Parton
Scattering (DPS), peak at 1t for Single Parton Scattering (SPS)
e Both contributions present in sample
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Cross-section ratio W+J/B:W

number of W
acceptance (J/\P)

. 9
cross-section efficiency (J/) i +orompt J/p
Wt/

\a(pp — W + prompt J/%ej/w-a‘]/w'ﬁwi/

NW

o(pp — W) /W

number of W I \

S luminosity
efficiency (W)

e Measurement of cross-section ratio provides input to theorists
who study J/P and W+J/WP production

e Ratio reduces or cancels systematic uncertainties associated
with luminosity and W boson

¢ \Ve have measured: N(W), N(W+J/p)

e Only unknowns are: efficiency &(J/P), acceptance x(J/P)

Constantinos Melachrinos (University of Chicago), melachrinos@gmail.com 47 January 21st 2014



mailto:melachrinos@gmail.com
mailto:melachrinos@gmail.com

Efficiencies (J/\ muons)

efficiency

N
9)

T

Muon p_ [GeV]
N
o

—l
9]

—k
o

=

-2.5-2-1.5-1-0.5005 115 2 25

Muon charge-signed pseudorapidity

Muon efficiencies g(J/Wp) calculated using J/P “tag-and-probe”
method, in bins of muon prand charged pseudorapidity
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Spin-alignment - Acceptance

Isotropic acceptance aCCeptaﬂ Ge

quarkonium 1

rest frame 0.9
| 0.8

. | 0.7
production

0.6

plane '
T - 0.5

0.4
0.3
0.2
0.1

25 0

JAp rapidity
e J/\ spin-alignment is not known
e Decay muons can follow different paths, depending on the spin-alignment
¢ [he efficiency for these muons to fall in the fiducial region of the detector is
called acceptance (J/Q), in bins of J/Y prand rapidity
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Spin-alignment - Acceptance

Longitudinal acceptance

ISOtrOpic acceptance I
I;-loo % 1 ) 0.9
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o
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o, 0.6
S 80 0.8 | o

~ 0.5

270 0.7 L o

60 | o6 03

0.2
50 0.5 - S— 0.1 Transverse 0 acceptance

= L Lo b 0 B 1
= . . 2 25 E
40 0.4 JNy rapidity 0.9
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:||||||||||||||||||||||_|| 0 . 0.3

0.5 1 1.5 2 25
J/p rapidity

0.2

0.1
[T B

25 0

15 2
J/y rapidity

e Different spin-alignment assumptions lead to different acceptance
e Report isotropic scenario as central value, and range of results
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Fiduclal cross-section ratio

I I I | I I I I | I I I I | I I I
pp— prompt J/y + W : pp— W, Fiducial
ATLAsPreliminary,VE=7Te\/,fLo|t=4.5fb'1

+| -

+

IIII|
_LIII|

—h
O_

| | | | | | | | | | | | | | |
15 20 25

J/p Transverse Momentum [GeV]

W
o

Fiducial: ratio before the acceptance corrections
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INnclusive cross-section ratio

- . pp— prompt J/y + W:pp—> W

Sy
010°:
©

ATLAS , Vs =7 TeV, jL dt=451f"

+ Data

N Spin-alignment uncertainty
P Estimated DPS contribution
< % DPS uncertainty

5107
'R
)

10°F W & @

% -

10 15 20 25 30
J/y Transverse Momentum [GeV]

Inclusive: ratio after the acceptance corrections
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Uncertainties

Source Barrel Endcap
J/w muon efficiency (3-5)% (3-5)%
W= boson kinematics 2% 5%

Fit procedure % 2%

Choice of fit nuisance parameters 1% 1%
Choice of fit functional forms 4% 4%

Muon momentum scale negligible

J/y spin-alignment fgg% iﬂ%
Statistical 6 2(7)@ @%

e Muon efficiency: Difference between data-driven and Monte Carlo
efficiencies

e \/V boson kinematics: Difference between several MC simulations
e Fit: Tried different functional forms, nuisance parameters

e Dominated by statistical uncertainties
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Comparison vv|th theoretical
oredictions

Colour Singlet Colour Octet

><106

pp— promptJ/y + W:pp—-> W
ATLAS, s =7 TeV, jL dt=45fb"

O<ly, [<21,85<p_,, <30 GeV

+ Data
Y Spin-alignment uncertainty

;;,;-z:;‘f;::;g;-;g; LO CS including y feeddown
I NLO CO prediction

R}, = (51£13+4)x 107

R = (126 4+324+9731) x 107°

Riry

R.I])/PS sub _ (78ﬂ:32:t22_25) ¢ 10—8, Fiducial Inclusive DPS-subtracted

1.]/!# ,v”’
g i v > T/
I 552 N J
@ c@© g /Y q
s(3 e q Wt q W
(@) (b) (C)

arxiv:1303.5327

e Comparing DPS-subtracted measurement to theoretical predictions
¢ | eading-order Colour Singlet (CSM) contributions include xX->J/Y
feeddown: (10-32) x 108

e Next-to-leading order Colour Octet (COM) contributions below CSM:
(4.6-6.2) x 108
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Summary - Outlook

Set out to search for W+J/WP associated production

e First observation of Charmonium+Vector boson production

e Measurement of cross-section ratio W+J/y : W

e Provide input to theorists who study J/P and W+J/Q
production

e Dominated by statistical uncertainties

e Measurement compatible with theoretical predictions within 20

Next steps:

e Higher energy: W+J/Q at 8/14 TeV, differential cross-section

e New undetected signatures: Z+J/p, W/Z+Y

e Better understanding of J/P production SUBMITTED TO JEEP

HTTP://ARXIV.ORG/ABS/1401.2831
ADDITIONAL FIGURES FROM
ATLAS-CONF-2013-04R2
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SPlot weights

N Ns NS
L = Z In { Z szz(ye)} — ZNZ
e=1 1=1 =1

e Sophisticated method of background subtraction
e Fach event attributed a signal or background weight according

to likelihood fit
e NO cuts are made, all events contribute to the projection

e \\e use sPlot to inspect prompt J/WP candidates using all pre-
selected events
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