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. ’ s . : Lancaster E=3
New observables’ in quarkonium production University ©

] Despite 40+ years’ history, we still have no clear and reliable picture of
quarkonium production in hadronic -- and other -- collisions

[ New energy frontier and higher luminosities at LHC allow exploration of
other reactions that may help understand better the dynamics of
quarkonium production

 Simply speaking, more equations (experimental constraints) may help
determine unknowns better, even if some new unknowns are introduced

J Examples of these ‘new observables’: associated production of
quarkonium with other objects, such as:

= other quarkonium (LHCb, CMS, now ATLAS)
= WorZ bosons (ATLAS)
= otherstocome?
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% DPS and SPS Lancaster €23

University

The production of two objects in the same pp collision can be due to

the two objects are produced

Single-Parton Scattering (SPS):  viaasubprocessin a single
interaction of two partons

] simultaneous interaction of two
Double-Parton Scattering (DPS): pairs of partons, each producing

one of the two objects, assumed
to be uncorrelated

% &

=\
-\

A+B T 11645 Oet

% _#

Oeff ~(2-20) mb, assumed (hoped?) to be independent of process and /s

(d DPS not distinguishable from SPS on an event-by-event basis
 Expected to differ in kinematic features, such as angular correlations
J Large uncertainties in separation:

e possible higher-order SPS contributions and feed-down
* limited knowledge of proton’s transverse profile
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ATLAS results covered in this talk Lancaster 23

University

J/W + W= Measurement of the production cross section of prompt J/{ mesons in
association with a W= boson in pp collisions at Vs=7 TeV with the ATLAS detector

JHEP 04 (2014) 172 arXiv:1401.2831

J/W +Z2° Observation and measurements of the production of prompt and non-prompt
J/P mesons in association with a Z boson in pp collisions at Vs = 8 TeV

Eur. Phys. J. C75 (2015) 229 arXiv:1412.6428  — 450111 §
g 40i ATLAS Online Luminosity =
%‘ - —2011pp 5=7Tev -
J/Y +J/PY  Measurement of the prompt J/{ pair 2 35t 2z ?f;:"v E
. . . = O — pp i¥s= e ]
production cross-section in pp E. 30 — 2016pp s=13Tev E
collisions at Vs = 8 TeV with the B 250 -
ATLAS detector 2 20 =
Q C _
0 15 =
Eur. Phys. J. C77 (2017) 76 arXiv:1612.02950 - 1.
10 — 3
0: | A_/{ =
yan o W oct

Month in Year
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o . . \ Tile clorimeters
Triggers and fiducial cuts , LAr hadronic end-cap and
o . \r d _ forward calorimeters

in backup slides Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker
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8 500 ATLAS\’_ TTerLm 451 . ATLAS\F TTeV L dt =45 b
[ -e- Data ] + Data
Unbinned maximum likelihood (ML) fit S pTwem o W s prompt JAy
S 40L"" w + prompt cun:binat;ricts . I Y | s W + non-prompt J/y
. . . | v + non-prompt combinatorics . .
in the J/% invariant mass and L prome 10 R romet ot
. . . > — — . £ ]
pseudo-proper time 7 to obtain yields for W 30p
prompt and non-prompt J/v¢ and background Al —,
Assign weights with sPlot ;
o J i 5
arXiv:physics/0402083 L -pr T Tt g 3% .
-_— Faly N STl ol & : 4 A L
prY pyt W™ 4 0 1 2 3 4 5 6
u*p Invariant Mass [GeV] Jhp Pseudo-proper Time [ps]
5 i A 1z %% ATLASNS=7TeV, [Ldt=4.5f"
Fit templates to the weighted W boson $ 0.05] ATLASNS=7ToV fLt=451" 18 | No=TTRuLa=4
Re) L 1l o 25+ W+multi-jets hypothesis |
g i — W template 1y . —e— W + prompt J/yp data -
transverse mass to extract g 0.04; mutijets template | £ oot — Total ft E
. I . |d' +T7.5 g i ; _%) f ..... ::ulti-jets
signal yield: 29,27 g% 0.031 138 5 :
L [ -
S o E
including 1.8 + 0.2 from pile-up: 0.02- -
1A i y 5 .
DPS yield: 10.8 4.2 0.01 . : ]
assuming oer = 15 + 3 (stat) Jj; (syst) mb i . o O
arxiv:1301.6872 % 50 100 150 200 0 50 100 150 200

and o7y from arxivi1104.3038

W Transverse Mass [GeV]

W Transverse Mass [GeV]
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Ratios of the W +) prompt cross section to the inclusive 3
W cross section =
z25
o —8 g
fiducial RJM’J = (51 +13+4) x 10 s 2
inclusive RS = (126 432 + 9757) x 107° <
corrected for the fiducial acceptance of the muons from J /% Ex

LO CS: Lansbefg, arX

isotropic spin-alignment assumed NLO Co:Gavirf:\,’arXR
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X
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pp— prompt J/y + W : pp— W
ATLAS, 15=7TeV, [Ldt=45 15"
D<‘ydv’w|<2'1 ,85< Py < 30 GeV

= Data

3% Spin-alignment uncertainty
B35 LO CS including i feeddown
Il NLO CO prediction

:1303.532 \\\
1201.5896

\IF“IZr\l\II\l\II\lI\I\

last uncertainty from variations with 5 extreme scenarios el
0 o5 ——
DPS subtracted RSP = (78 £ 32+ 22155) x 107° :
0
Fiducial Inclusive DPS-subtracted
W + J/1 dominated by CS production

20 ?5 pp— prompt J/y + W : pp— W ]

0 L L B BN LB LI i
S [ ] Inclusive differential = 1g6L ATHAS s=7Tev [Lai-45m =
~ [ ATLASAs=7 TeV,JL dt= 4.5 fo" ] i } — — Data &
% - - W + prompt JAy data cross section ratio SN Spin-alignment uncertainty ]
®© 15[ ¢ Estimated DPS contribution ] S Estimated DPS contribution |

L [ EZ1DPS uncertainty “zz: DPS uncertainty
[ Presence of both E
10~ 1 SPS and DPS
I contributions -
5 - X k i
s SPS is the dominant s ?
2% contribution to the ; (0oL )
G*...m....lw.'.h‘..|..H|..H|.* total rate at low p; = I ///%/,////////

0 05 1 15 2 25 3 o 10 15

AO(W,J/y) arXiv:1401.2831 J/v Transverse Momentum [GeV]
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Run Number: 204564, Event Number: 108362933
Date: 2012-06-07 02:21:12 CEST
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J/P + Z° : masses and lifetimes

O Identify events with a Z boson (decaying into electrons
or muons) AND another pair of muons around the J/{
mass range

O 2D J/P mass and lifetime distribution fits used to
assign sPlot weights to events with prompt and non-
prompt J/y signal candidates and backgrounds

d Weighted Z candidates fitted with Z signal and multi-
jet background templates

> 20rerre T > 20
O] - ATLAS Z + prompt Jhy O] ATLAS Z + prompt J/y
= [ Vs=8TeV, 203" + Data ] = Vs=8 TeV, 20.3 fb” <+ Data ]
& 1 sk = Template fit . o 1 5 = Template fit _
< L = = Signal template c = = Signal template
g_’ [ == Background Iemplate: g_) == Background lemplaie:
L i i W]
10 - 10
5f 5
of= 0
70 75 80 85 90 95 100105110 70 75 80 85 90 95 100105110
Z—e*e invariant mass [GeV] Z—u*w invariant mass [GeV]
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> ]
® ATLAS o Zoup ]
£ 40 \s=8TeV,20.3fb" oZee ]
— C . .
g 3k E
o C o ]
9‘ C o ]
8 2F . 7
=2 - .
4] ]
[72] 4
o -
> ]
S ;

26 28 3 32 34 36

J/y invariant mass [GeV]
L e e R e N N

& 110F- * 2o
o Z—ee

A
@ 105 is-8TeV, 2033 o,

Ce o

Z invariant ma

2.6 2.8 3 3.2 3.4 3.6
J/y invariant mass [GeV]
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Some J/ are prompt, some are

non-prompt

Unbinned ML fitin J/ mass and
lifetime is used to extract prompt and

non-prompt yields

Yields: prompt

56+ 10+ 5 (50) 95+ 12 + 8 (90)

. 5.7
DPS: 11.1+20

(assuming or = 15 4 3 (stat) 73

arXiv:1301.6872

ando j/y from axiv:1104.3038

non-prompt

+2.8
5.8 56

(syst) mb

If all signal in the first A bin is due to

DPS, alower limit is set:
Oeff > D.3 mb

Events / 0.05 GeV

Events / (1/5)

80F

70F
60f

50F

—e— Data
— Total

Prompt signal
----- Non-prompt signal ]
----- Total background ]

C ATLAS
\s=8 TeV, 20.3 fb'

3.2 34 3.6
J/v invariant mass [GeV]
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L L B IR B AL B
ATLAS
1s=8 TeV, 20.3 fb"
pp— prompt Jiy + Z
—¢— Data
Double Parton Scattering
Pileup
Pileup and DPS Uncertainty

+

W// //////’i//////////////////

LIBLI LA LI L L L L L L L B L L

T
]IIIIIllIIIlII]IIII]IIlIIlIIII'

' ' 3
A¢(Z,J/\I’)

ps

Events / 0.05

Events / (n/5)
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R AR R RN RAAR ALY RARAN RN RARM
4 ATLAS s=8TeV 20.3fb" ]
—+— Data
—— Total
Prompt signal
--- Non-prompt signal
Total background

Lol

Lol

“.\
I THANERE ARER|

107

—

.5—1 05005 115 2 25 3
J/y pseudo-proper time [ps]

70 C TTrTT I TTrorT I T T I TIrrr 'I L I T I I_
L ATLAS ]
gOL 's=8TeV,20.3fb" .
L pp— non-prompt Jiy + Z ]
50:_ _+_ Data _:
r Double Parton Scattering ]
C Pileup i
40 7777 Pileup and DPS Uncertainty 3
30F =
20F =
10F + =

’//(/////’r’/////(’//’f//(’/////i//'f:Ef/i//'f//(‘/f////(/”’V’V’”/’{””Y/’

S

6-10 November 2017

0.5 1 15 2 25 3

AY(Z, )

V Kartvelishvili — Associated production of quarkonium in ATLAS ::

QwG 2017 ::

Page 10



\ N
J/W +2Z°: cross sections Lancaster E3
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arXiv:1412.6428

Ratios of the Z + J/ cross section to the inclusive Z cross section

prompt non-prompt
. . _ fid -7
fiducial p pfid = (36.8 £ 6.7 = 2.5) x 10 7 Z4djy = = (65.8 9.2 +4.2) x 10
Z+J
inclusive p pincl _ -7 np pincl — -7
R, = (6313 £5+10) x 10 Rz%5y =(102£15£5+3) x 10
DPS subtracted p pDPSsub __ —7 np pDPSsub -7
RgJFJM, = (45+13+£6+10) x 10 RZ-I—JKT,!J (94 +£15+5+3) x 10
DPS fraction P fpps = (29+ 9)% "Pfpps = (8 £ 2)%
= 105 ' T T S 10°F ' SV 3
e - ATLAS, 1s=8TeV, 20.3 b ] g - ATLAS, \s=8TeV,20.3 0
= - Pp — prompt JAiy+Z :pp — Z = . pp — non-prompt JAy+Z : pp — Z
§ 1 0_6 e g g:it:-alignmenl uncert. _E § 1 O— % - oa _;
Fla [ e m;‘;‘g‘,‘,’;‘:;’g;}‘g‘:;“““"-i g & ' 2] sein-atignment uncert. 7
%U10'7; S Eglp-g NRGCD CS %31077: EJ ops uncert. i
-D|ﬁ S Estimated DPS contrib. -i,__ 3 [] estimated DPS contrib. E
xE10'8? —; xb1O'B§— \ § =
Tk L 109 .
& LO: Gong, arXiv:1210.2430 s | .
1078 NLO: Mao, arXiv:1102.0398 10°F
0 0 30 4050 o 20 30 4050 _  10°
2
10 20 30 40 50 10 10 wa Gev]

p; " [GeV]
O A higher production rate predicted through CO than CS, CO dominant at high transverse momentum
O The expected production rate from the sum of CO and CS is lower than the data by a factor of 2 to 5
L Discrepancy increasing with transverse momentum
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Prompt .J/’\|;+Wt production at 7 TeV LHC
10t L LOCEMSPS 2 |
E . NLO CEM SPS =1

Analysis of prompt J/y + W production, using improved CEM
for SPS, may indicate that smaller o is needed for DPS
Lansberg et al arXiv:1707:04

NLO CEM SPS+DPS 2
ATLAS data =

L
>
]
Q
>
)
7
Q.
2
H
=
+
=
-
[}
o
=3
+H
=
©
=
'
+
=
T
Z
)
=
[is)

107 g
- E Prompt Jhy+Z production at 8 TeV LHC 1078 E i
§ el ] NLO CEM SPS = S
= P M DPS mm | [ == sececeesemanannen
€ - :% NLO CEM SPS+DPS =2 wey |
ﬁuﬁg— H§_¢ ATLASdataHaﬂ—; T e
_j: B F — . DPS:0g4=4.7T mb AnalySiS Of prompt J/LIJ + Z 0 10 o oo 20 30
51 107 E_ | i E . . ,
T production also "needs’ larger DPS (smaller o),
i 107 F .
= but even that may not be enough at high p;
L 7 Lansberg et al arXiv:1608.03198
o a1l , , , , , , , , , 107
10 0 10 20 30 40 50 60 70 80 90 100 - Non-prompt J/y+Z production at 8 TeV LHC 5 sps mm
pr{Jhy) [GeV] % . NLDgEz E -
g 10 E ATLAS data e 7:
;é__- 7 : Ff DPS:ce=5 mb i
N0 L= L
However, non-prompt Z + J/ production seems to be 57 ;
saturated by SPS, leaving little room for large DPS 2 0l
contributions g :
Lansberg et al arXiv:1611.09303 7 |
10-11 IENENRRETINNTERRRINI FTERRIRR ] INNRRRRRRIRRRERRRTRANTRRRRTER] INT R IRRE NI NNRRRRRTRARRRRRRTNURTINRTRT]

0 10 20 30 40 50 60 70 80 90 100
prid/y) [GeV]
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arXiv:1612.02950
0 Unbinned ML fit to the two dimuon invariant masses to extract di- J/{ signal

O Signal used to create prompt-prompt event weights from a 2D fit to the transverse decay length
distributions of the two J/{

L Cross sections reported for two rapidity regions based on the sub-leading J/{ rapidity

Y7/, < 1.05 1.05 < |yy/0,] < 2.1
Njjpssp = 3310 £ 330 Nyjjpsjp = 3140 £ 370
089, 7p = 15.6 £ 1.3+ 1.2 £0.2 (B) £0.3(L) pb 05 jprp =135+ 1.3+ 1.1+£0.2 (B) £0.3(L) pb

O Correcting for muon acceptance and assuming unpolarised production

01w = 8224183 +6.3+09(B) + 1.6(C) pb 0w = T8.3+9.24 6.6+ 0.9 (B) + 1.5(L) pb

O the fraction of DPS events is determined by fitting DPS and SPS templates in Ay, Ad to the data,
fops = (9.2+2.1+0.5)% assign DPS and SPS event weights

05y = 148+ 3.5+ 1.5+ 0.2 (B) +0.3(L) pb

QO o measured from prompt di- J/{ is lower than from other final states:

oWV — 6.3 +1.6(stat) £ 1.0(syst) £ 0.1(BF) £ 0.1 (lumi) mb
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arXiv:1612.02950
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arXiv:1612.02950

(DPS+SPS) and DPS cross sections (full rapidity range) in the muon fiducial volume:
di-J/v pr and invariant mass, Ay and A¢

= 102 ABARRRRSSESESEEF o [T T = s T = CTATLASTT T
> F ] > 10%F ATLAS E ! ATLA ] = o
8 ?ST::STeV! 4! 8 10 T {s=8TeV, 11.4 b % (s=8TeV, 11.4 0" % 1021 fDLSS:S.;;V; ;1';?’
0 A fops = 9.5% + 2.2% 0 i fops = 9.5% = 2.1% K= fops = 9.2% + 2.1% a e Data
Q. e Data Q Fe= . Data | > L e Data - '_g'_ © DPS Estimate
-8_ 10 © DPS Estimate E 2 © gEg Ef:dmme E -g, F O DPS Estimate ] _46 P DPS Pred. 5
s 0 DPS Pred. ] = NLO* SPS+DPS Pred. ] 5 b DPS Pred. 1 B 100 NLO" SPS+DPS Pred. .
= NLO* SPS+DPS Pred. ] S ‘ © I LI g NLO® SPS+DPS Pred. | ] F 5
:3 AU o i B = ‘ ! L ]
> S it e E [
5? 1: % 4?_ t _—+—j—\_ E 1, | " Q
PO S = k) TR ] £
g 3 ﬁ”_q,_—?— :I: ———— n—
T ok 107" _+_ E 107" 1, i
_ ( T . 3 -2 1072
0% 10 20 30 50 60 70 10°90 20 30 40 50 60 70 80 W 05 1 15 2 25 3 35 4 o0 o5 1 15 2 25 3
pT(J/w Jhp) [GeV] m(JAp Jhp) [GeV] Ay(Jhp,Jhp) Ad(Jhp,Jhp)
NLO* SPS (with a feed-down correction factor)
Data points arecompared to: obtained using HELAC-Onia with matrix elements from
Lansberg, Shao arXiv:1410.8822, 1308.0474
LO DPS (normalised to measured) Borschensky arXiv:1610.00666

Data largely in agreement with NLO* SPS + LO DPS
Some localised disagreements for large invariant mass, large Ay and low p;

More realistic predictions for feed-down and a better treatment of parton transverse motion are needed
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1 Many results from the LHC experiments are now shedding light on double
onia and associated onia production -- expect a lot more using 13 TeV data

CMS (/s = 8 TeV, T(15) + T(15), 2016}

et

Experiment (energy, final state, year)

LHCDL (s = 13 TeV, J/¢ + J/w, 2017) >
CMS + Lansberg, Shao {8 = T'LeV, Jw -+ Jfw, 2014) —0—
|IIII|IIII|IIIIIIIIIIIIIIII
ATLAS
ATLAS (/5 =8 TeV, /v + J/, 2016) o
DG (/5 = 1.96 TeV, J/1p + T /2, 2014) HH
D@ (/s = 1.96 TeV, J/¢ + T, 2016)
LHCb (/5 = 7&8 TeV, T(18) + D%*, 2015)
LHCb (/s =7 TeV, J/¢ + AF, 2012) s ]
LHCb (/s =17 TeV, I/ + D;f, 2012) e
LHCb (/5 =7 TeV, J/3» + D+, 2012) e ]
LHCb (/s =7 TeV, J/¢ + DY, 2012) —t=
ATLAS (/s = 7 TeV, 4 jets, 2016) o O |
CDF (/s = 1.8 TéV, 4 jets, 1993) .
UA2 (/3 = 630 GV, 4 jets, 1991) f——
AFS (/3 = 63 GeV, 4 jets, 1986) I
DG (/5 = 1.96 TeV, 2 + 2 jets, 2016) [—
DG (5 =1.96 TeV, v + 3 jets, 2014) [ g |
D@ (/s =1.96 TeV, 7 + b/c + 2 jets, 2014) =i
DO (/s = 1.96 TeV, v + 3 jets, 2010)
CDF (/s = 1.8 TéV, v + 3 jets, 1997) = e
ATLAS (/s = 8 TeV, Z + J/4, 2015) Jassmamsmsmmmuas >
CMS (/5 =7 TeV, W + 2 jets, 2014) ——
ATLAS (/5 =7 TeV, W + 2 jets, 2013) | | |H—ml:—l—ll |
LGP

0 5 10 15 20 25 30
o, [mb]

] Some measured SPS contributions are
well above theoretical predictions

 DPS contributions provide insight into
the transverse profile of the proton,
but our understanding is somewhat

limited

O Measured from prompt di-J/Y
is lower than from other final states

Theoretical predictions of the
dependence of o on the process
and energy are needed

There are some signs of improved
understanding, but more work still
to be done
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J/O + W*

+2°

J/W + 1/
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Triggers, fiducial cuts, integrated luminosities

Trigger: single muon, p; > 18 GeV

v/s =T7TeV fiducial phase space 8.5 < pi{w < 30GeV |y?/?¥| < 2.1

L =451fb"1 pr > 3.5GeV |9*| < 1.3 |n#| <25 atleastone pf >4 GeV

T/ — utu ph>25GeV |p¢| > 1.3 ™) > 95GeV W] < 2.4
W= — By

Trigger: single muon or electron, p; > 24 GeV

Vs =8TeV fiducial phase space 8.5 < pgﬁ’ < 100 GeV |y'/¥| < 2.1
L =903fh~1 pr>35GeV |9¢]<13 |9 <2.5
Jhp = ptu pit >25GeV  |n*| > 1.3 atleastone pf >4 GeV

Z =l L= p,e P2 > 15 GeV [pP)| < 2.5
PP > 15GeV [n¢09)| < 2.47

Trigger: 2 muons, p; > 4 GeV, around J/{ mass

V5 =8 TeV fiducial phase space pgw > 8.5 GeV |yﬂﬂ’| < 2.1
L =11.4fp" 1 pr >25GeV  |n*| < 2.3
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Measurement of prompt J/ pair production in pp collisions at sV = 7 TeV
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