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Introduction G

* Quarkonia are formed from a quark pair of the same flavor and should represent one of the
simplest systems described by QCD theory.

* However the mechanisms responsible for the production of quarkonia, are not fully
understood in hadron collisions.

* Motivation to study the production of a prompt J/y meson in association with a vector
boson offers:

Tests of Quantum Chromodynamics (QCD) at the perturbative/non-perturbative boundary;

Useful information on the Double Parton Scattering (DPS) process along with Single Parton
Scattering (SPS) process;

Developing the framework for future probes of the Higgs sector;

Beyond-the-standard-model searches in such final states.



Colour-Singlet (CS) and Colour-Octet (CO) states

Perturbative calculations of heavy quarkonium production in hadronic collisions distinguish between terms
that produce a heavy quark system (Q Q) in a colour-singlet (CS) or a colour-octet (CO) state.

colour-singlet state colour-octet state




SPS and DPS

The production of two objects in the same pp collision can be due to:
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Single-Parton Scattering (SPS): Double-Parton Scattering (DPS):
the two objects are produced via a simultaneous interaction of two pairs of
subprocess in a single interaction of two partons, each producing one of the two

partons. objects, assumed to be uncorrelated.



ATLAS detector at LHC

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker



Prompt]J/y + W*

Measurement of the production cross section of prompt J/y mesons in
association with a W= boson in pp collisions at ¥'s = 7 TeV with the ATLAS
detector. JHEP 04 (2014) 172;

. . . 1 6 T T T T T T T T T
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In a later analysis [ Phys.Lett. B781 (2018) 485-491] the authors found some °
evidence of DPS in this measurement. N B ’
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Prompt production: ]/
produced in the hard
scattering process.

Non-prompt production:
J/¥ produced in the decay of

a B hadron, decay vertex

separated from the primary

vertex.
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An unbinned maximum likelihood fit in J/y candidate invariant mass
and pseudo-proper time.

sPlot procedure (Nucl.Instrum.Meth.A555:356-369,2005) used to obtain yields
for prompt J/y, non-prompt J/y, and background. 8



J/y+ We

Double Parton Scattering - DPS

For a collision in whichahard & 20p——T——— T T—T—"T"TT] gy DPS - a uniform distribution
process occurs, the probability ‘Z [ ATLASNs=7TeV,[Ldt=45b" 1 in the azimuthal angle between
of an additional process is [ +W.pomptdydaa 1 the W+ and J/y momenta.
parameterized as [Paver, N.etal. 3 15 1008 ety " ]
Nuovo Cim. A70 (1982) 215 SISSA- I |  From SPS - a distribution strongly
7/82/EP | 1ok 71 peaked near AQ=IL.
Pj/ly |W= = O-J/q//aetf- I —— 4 ] Observed W + prompt ]/
o S ] candidates include both SPS
O .- the geometric size of the - 9 and DPS events.
proton and transverse parton o B
correlations - assumed to be il e e T
independent of the scattering 60 05 1 15 2 25 3
process. AQ(W,J/y)



do (W+J/y)

1

(W)

BR(J/y—pp) x

i

W*+ prompt]/y:

Fiducial - W production cross-section ratio in
the J/y fiducial region;

Inclusive - after correction for J/y
acceptance;

DPS-subtracted - after subtraction of the
double parton scattering component.
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SPS is the dominant
contribution to the
total rate at low J/y
transverse momenta
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The inclusive (SPS+DPS) cross-section
ratio as a function of prompt J/y
transverse momentum.

CS prediction being consistent with the measured DPS-
subtracted rate within the current experimental and
theoretical uncertainties. This emphasizes that this
process appears to be dominated by CS production.

LO CS: Lansberg, Phys. Lett.B 726(2013) 218 - 222;
NLO CO:Gavin, Comput.Phys. Commun.184(2013) 209-214.

J/y+ We
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Prompt]/y + Z°

Observation and measurements of the production of prompt and non-prompt
J/y mesons in association with a Z boson in pp collisions at Vs = 8TeV with
the ATLAS detector. Eur. Phys.]. C75 (2015) 229;
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2D fit of J/y candidate invariant
mass and pseudo-proper time.

sPlot procedure
(arXiv:physics/0402083) used to
obtain yields for :

* prompt]/y;

* non-prompt]J/y;

* background.
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J/y +2Z°

Double Parton Scattering — DPS / Yields
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Total yield for prompt J/y production is 56+10 events.
Total yield for non-prompt J/y production is 95+12 events.
In the yields:
* estimated pile up: 5.2513 and 2.7°0% for prompt and non-prompt samples respectively;
* estimated DPS: 11.112¢ and 5.873% for prompt and non-prompt samples respectively,
assuming: oer = 15 + 3 (stat) T3 (syst) mb, New J. Phys. 15 (2013) 033038 13
Gs/y from Nucl. Phys. B 850 (2011) 387-444



Results
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The inclusive (SPS+DPS) cross-section
ratio is shown as a function of J/y
transverse momentum.

A higher production rate is predicted through
colour-octet transitions than through colour-
singlet processes.

The expected production rate from the sum of
singlet and octet contributions is lower than the
data by a factor of 2 to 5 in the J/y p_range

studied. 14



Experiment (energy, final state, year)

Summary

ATLAS
AFS (1/5 =63 GéV, 4 jets, 1986) °
UA2 (/s =630 GéV, 4 jets, 1991)
CDF (/s = 1.8 TeV, 4 jets, 1993)
CDF (/s = 1.8 TeV, v+ 3 jets, 1997)
DO (/s =1.96 TeV, v+ 3 jets, 2010)
LHCb (/s =7 TeV, J/ypAL, 2012)
LHCb (/s =7 TeV, J/yDT, 2012)
LHCb (/s =7 TeV, J/yDt, 2012)
LHCb (1/s =7 TeV, J/yDY, 2012)
ATLAS (/5 =17 TeV, W+ 2 jets, 2013)
CMS (1/s =7 TeV, W+ 2 jets, 2014)
DO (/s =1.96 TeV, v+ b/c + 2 jets, 2014)
DO (/s =1.96 TeV, v+ 3 jets, 2014)
D@ (v/s=1.96 TeV, J/v + J/v, 2014)

ATLAS (/5 =8 TeV, Z + J/v, 2015) -

LHCb (/5 = 7&8 TeV, YT(1S)D% T, 2015)

DO (/s =1.96 TeV, J/¢p + T, 2016) W
DO (/5 = 1.96 TeV, 2v+ 2 jets, 2016)

ATLAS (/s =7 TéV, 4 jets, 2016)

ATLAS (/s =8 TeV, J/4¢ + J /1, 2017)

CMS (/s =8 TeV, T+ T, 2017)

LHCD (/s = 13 TeV, J /¢ + J /¢, 2017)

CMS (y/s =8 TeV, WEW=, 2018)

ATLAS (1/s =8 TeV, 4 leptons, 2018) HEITEEE
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ATLAS Collaboration has observed:

- W=+ prompt J/y production at 5.10 significance in 4.5 fb-1of Vs = 7 TeV
pp collisions at the LHC:

* W + prompt J/y candidates include both SPS and DPS events;
» SPSis the dominant contribution to the total rate at low J/y pp;
* This process appears to be dominated by CS production.

- Z° + prompt J/y production at 50 significance and Z°+ non-prompt J/y
production at 90 significance in 20.3 fb-1of v's = 8 TeV pp collisions at
the LHC:

* Z+prompt]J/y candidates include both SPS and DPS events;
* Lower limit has been set on 0.4 (> 5.3 mb);

* Ahigher production rate is predicted through CO transitions than
through CS processes;

* The expected production rate from the sum of singlet and octet
contributions is lower than the data by a factor of 2 to 5.

The effective cross-section of double parton scattering is measured to be
0.4=6.3+1.6(stat)+1.0(syst) mb [Eur. Phys. J. C77 (2017) 76], which is is lower
than from other final states.

Some measured SPS contributions are well above theoretical predictions.

Theoretical predictions of the dependence of 0.; on the process and energy
are needed. 15
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Triggers, fiducial cuts, integrated luminosities

N Trigger: single muon, p; > 18 GeV
S Vs=TTeV
+

fiducial phase space 8.5 < p']/w

Y < 30GeV |y'/?| < 2.1
L=451fb~1  pf>35GeV

In*| < 1.3 |n*| < 2.5 atleastone pi, > 4GeV
- J/b = ptu” pr>25GeV  [n¥|>13 ) >25GeV |ppW)| < 2.4
W= — uv,
Trigger: single muon or electron, p; > 24 GeV
o
N

+ Vs =8TeV fiducial phase space 8.5 < pJ/w < 100 GeV Iy‘}/"p| < 2.1
L£L=203fb~! Pr>35GeV [p*[<13 o[ <25

J/p = ptu” ph >25GeV |p#| > 1.3 atleastone pf >4 GeV

Z U, L=pe

-

‘{ ) > 15 GeV |n“z|<20
t(Z

) > 15GeV |n®%)| < 2.47
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2D fit model

The combined probability density function used for the fit is:

P = Npmmpt.{.-"w X MJ..-"I‘U("”H - ) X Tprumpti,-—"w(r)
+ Nnun—pmmpt Iy X MJ..-"w(m_u Fu ) X :ﬁmn—pmmptJ,-"w(r)
+ Npmmpthkg X Mpmmpthkg (”ﬂu F J X Tprmnpthkg(rj

+ Nnun—pmmpt bke X Mlmn—pmmpthkg (”ﬂu i J X Hmn—pmmpthkg(fj-

The functional forms of the probability density functions are:

) .12, PDG \
My (mys =) = Glmyey, g O )

Tpmmpt J’..-"w(fj = G(1:0,0;)® ((] —a)d(1) +ﬂCf}e_|T|"';ﬁ')

Tlmn—pmmpt J’;"w(rj = G(T;D-. 0-1') ® (CI e(r)e_f'{:f])

} y —m, ., _/k
Mpmmpthkg(’”y'p ) = Cre Turu i

A —mM, 4
Mlmn-pmmpthkg(f”p-_u ) = Cie "re

Tpmmpthkg(f) = G(1:0,6;)® ((] —b)o(T) _|_b(j4e—|‘r|,-"m)

Thon-prompt hkg(f) = G(1:0.0;)® (CSQ(T)E_T";T}) '

[k
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Some definitions

The cross-section ratio of W*+prompt J/y production to the inclusive W* production:

BR(J/w —putu-) . dogg(pp — W= +J/y)

R
ghd Oiid(pp — W) dy
_ A'VG'I[:]#'V:I: +JIIW] ] _th
- N(W*) Ay = Ppileup
et BRU/W = 1) do(pp —W*+7/y)
v oid(pp — W*) dy
NEHE (W= 1] /y) |
= 1VI:1-V:E ] E o Rhil(‘up )

The cross-section ratio of Z°+prompt J/y production to the inclusive Z° production:

oad(pp — Z + J /)
oaa(pp — Z)
1 TEC iy TEC
= M_Z] Z [:\' (Z + Jf?-':"] —d pi]c'up] 1

pr bins

RY\ =B/ = ptpu™)

Tinalpp = Z + J /1)
Tinel (PP — Z]

_ arectac [.0y _ arectac
-7 [N“F(Z + /) — Nestee]

R = BUR = *30)

pr bins
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J/w + W*

Backgrounds

* Production of W+ bosons in association with b quarks, subsequent b-hadron decay to J/y - rejected using
the fit.

 Decays of B, — J/y pt v n X - negligible background.

* The production of Z bosons ( Z—p+|1-) - vetoing events where a pairing of muons has an invariant mass
within 10 GeV of the Z boson mass.

. . . 0———T——— T
e Multi-jet production - The m(W) S 005l ATLASNE-7ToV [La-asp" | ) E © ATLASNs=7TeV, [Ldt=451"
% L ] Q 25:— W-+multijets hypothesis —:
distribution of signal events is fit toa sum & || == W templaie ~ f ~o W prompt Jy data 3
g 0.04 multi-jets template ..2 ook = Total fit N
= ] W
of a multi-jet template and a W+boson 2 003 1 o mulijets
. 5 150 .
. i E f
signal template. 002} § 10 .
: o i 5- .
Total yield for prompt J/y production is 29.2f;;§ 0.01 : e
Events. In the yield: : ] Ore— . .
. . T | IR A ] C 1 1 A AR AT SO SO SO N N SRR
* estimated pile up : 1.8£0.2 % 50 100 150 200 0 50 100 150 200
* estimated DPS: 10.8+4.2 . W Transverse Mass [GeV] W Transverse Mass [GeV]
assuming: oer = 15+ 3 (stat) 73 (syst) mb, New J Phys. 15 (2013) 033038
07y from Nucl. Phys. B 850 (2011) 387-444 20

Sample dominated by W + prompt ]/ events.



Backgrounds

Background estimation using MC:
e Z—T1tor W—£v background;
* Top quark processes involving t t or single top production;
* The single-top Wt process;
* Diboson (WZ, WW and ZZ) production.
Using data:
* Multi-jet production - Selecting non-isolated leptons.
The m(Z) distribution of signal events is fit to a sum

of a multi-jet template and a Z°boson signal template.

The numbers of background events estimated in the Z signal region,
defined as m_, .+10 GeV, for the Z—e*e (1"1") candidates are:

* associated with prompt]J/y: 0+4 (1+4);
* associated with non-prompt J/y: 1£5 (0+£5).

The sample is dominated by genuine Z + J/\ events.

Events / 4 GeV

Events / 4 GeV

P e b L
F ATLAS Z + prompt Jiy
[ V5=8Tev,203 " + Data ]
15+ == Template fit -
B = = Signal template
: Background template:
10F -

B S b b L S
25F {5-8 Tev, 203 1"
20F
15f

10f

—+ i

 PPPPL PP PP PP PP PP TP PP
70 75 80 85 90 95 100105110

Z—et*e invariant mass [GeV]

F ATLAS Z + non-prompt Jiy

-+ Data
== Template fit

= = Signal template
Background template

70 75 80 85 90 95 100105110

Z—e*e invariant mass [GeV]

Events / 4 GeV

Events / 4 GeV

ok

70 75 80

J/p +Z°

20[rrrrrprrrr T
I ATLAS Z + prompt Jiy

[ V5=8 TeV, 20.3 b + Data ]

== Template fit -
= = Signal template

Background template:

- i

PP PEPH P N PP PP FOPP FIOM PP P
70 75 80 85 90 95 100105110

Z—-p* W invariant mass [GeV]

ATLAS Z + non-prompt Jiy ]

<4 Data

== Template fit

= = Signal template ]
Background template_-

Vs=8 TeV, 20.3fb "'

85 90 95 100105110

Z—pt invariant mass [GeV]

21



Measurements and limits on the eftfective cross

Experiment (energy, final state, year)

section

ATLAS
AFS (/s =63 GeV, 4 jets, 1986)
UA2 (/s = 630 GeV, 4 jets, 1991)
CDF (/s = 1.8 TeV, 4 jets, 1993)
CDF (/s = 1.8 TeV, v+ 3 jets, 1997)
DO (/s =1.96 TeV, v+ 3 jets, 2010)
LHCb (/s =7 TeV, J/yAL, 2012)
LHCb (/s =7 TeV, J/yDT, 2012)
LHCb (/s =7 TeV, J/4D1, 2012)
LHCb (/s =7 TeV, J/4D°, 2012)
ATLAS (/s =7 TeV, W+ 2 jets, 2013)
CMS (/s =7 TeV, W+ 2 jets, 2014)
D@ (/s =1.96 TeV, v+ b/c + 2 jets, 2014)
DO (/s =1.96 TeV, v+ 3 jets, 2014)
D@ (/s =1.96 TeV, J/4 + J/v, 2014)
ATLAS (y/s =8 TeV, Z + J/¢, 2015)
LHCb (/s = 7&8 TeV, T(1S)D**, 2015)
DO (/s =1.96 TeV, J/¢ + T, 2016)
DO (/s =1.96 TeV, 2v+ 2 jets, 2016)
ATLAS (1/s =7 TeV, 4 jets, 2016)
ATLAS (/s =8 TeV, J/¢y + J /4, 2017)
CMS (/s =8 TeV, T+ T, 2017)
LHCb (y/s =13 TeV, J/v + J /1, 2017)
CMS (/s =8 TeV, WEWE, 2018)
ATLAS (v/s =8 TeV, 4 leptons, 2018)

LB B L R B L
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