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Outline

» Associated quarkonia production:

» J/1¢ and W* boson at /s = 7 TeV — JHEP 1404 (2014) 172(Z
» J/1p and Z boson at /s = 8 TeV — Eur.Phys.J. C 75 (2015) 229(4'

» 1(25) and X(3872) production at /s = 8 TeV — JHEP 1701 (2017) 117
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https://doi.org/10.1007/JHEP04(2014)172
https://doi.org/10.1140/epjc/s10052-015-3406-9
https://doi.org/10.1007/JHEP01(2017)117

Associated production of vector boson with quarkonia

Motivation:
» Probes the production mechanisms of quarkonium ( is not fully understood
in hadron collisions)
» New tests of QCD at the perturbative/non-perturbative boundary;
» Further constraints on the contributions from colour-singlet (CS) and
colour-octet (CO) production processes, and their properties;
» Two principal possibilities to produce two objects in a pp collision:

» Single Parton Scattering (SPS) — the two objects are produced via a subprocess
in a single interaction of two partons.

» Double Parton Scattering (DPS) — simultaneous interaction of two pairs of
partons, each producing one of the two objects, assumed to be uncorrelated.
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Associated production of J/i) + W=

JHEP 1404 (2014) 172

» The first observation of the
production of prompt J/1¢ + W
events in hadronic collisions;

>
>

Use 4.5 fb—1 @ 7 TeV data;

J/p — ptp~ and WE — pFy, -
at least three identified muons;
Additional muon must combine
with the events missing transverse
momentum ( EMiss)

The W= boson transverse mass
mt =

V/2PT (W) EFS(1 — cos(gt — g+n))
27.4f2‘_% prompt J/1 + W= events
were observed with a statistical
significance of 5.10.

Yields from two-dimensional fit

Process

Barrel  Endcap Total

Prompt J/1 100547 192438 292773y
Non-prompt .J/4 279783 139753 418784
Prompt background 204739 188783 30278
Non-prompt background ~ 19.8735  19.27%1 390134

p-value

80x107% 1.4 x107° 21x1077

Significance () 24 47 5.1

(*) of which 1.8 + 0.2 originate from pileup
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Associated production of J/1) + W=: double parton scattering:

JHEP 1404 (2014) 172

> J/v and W candidates originate from two different parton
interactions in the same pp collision

o 20

> The probability is P,y jw= = 0,4 /0err S ATLASNE=7Tev,[Ldi= 45! 1

> O IS assumed to be universal across processes 2 LW+ prompt Jip ddta ]

O 151 1 Estimated DPS contribution -

and energy scales D | [3DPS uncertainy 1

> oo = 154 3(stat.)"3(syst.) mb — New J. Phys. i ]

15 (2013) 033038(F 10/ -

» The prompt J/t cross section from the ATLAS L ]

measurement — Nucl. Phys. B 850 (2011) i S 1

387-444Z 5 ]

» The total number of DPS events in the signal

yield is estimated to be 10.8 4+ 4.2 events. GW [ .

» A uniform distribution in the azimuthal angle between the k I IR A “‘ TEUVEEES RV WA A
W= and J/1 momentais expected from DPS, under the 0 o5 1 15 2 25 3

assumption that the two interactions are independent. AW, /W)

> Peak near 7 and a tail extending towards zero in data
distribution = SPS and DPS events are present;
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Associated production of J/v + W™: cross-section ratios
JHEP 1404 (2014) 172

Lx10°

or

PP+ prompt Jig + W : pp— W
ATLAS, (5=7 TeV.IL dt=45fb"
Ocly, J<21,85 <p, , <30 GeV

» Fiducial — production cross-section ratio in the J/v fiducial region

Rj"jw =(51+134+4) x 1078

» Inclusive — after correction for J/1 acceptance

do(W+J/Y)
dy
N
(4]

- Data

. - S 2 [S3 Spin-alignment uncertainty
Ri), = (126 £32 £ 975) x 1078 R i

s
)}

f

» DPS-subtracted — after subtraction of the double parton
scattering component

ROMS b = (18 £32£227%;) x 1078

BRI/ - pp) x

0.5

> Predictions — LO CS: (10 — 32) x 1078,

. —8 0
LO CO: (4‘6 - 62) x 10 Fiducial Inclusive DPS-subtracted
. . % PP prompt J/y + W : pp— W
»> SPSis dominant at low J/4 transverse momenta Q ok Aras BT fLazast ]

—4-Data

Spin-alignment uncertainty
Estimated DPS contribution
oI

» DPS estimate accounts for a large fraction of the observed signal
(~ 40%)

» CS mechanism is expected to be the dominant contribution to

.

1 do(W+IIY)
dy dp.

. 5
the cross section 5
x
vso ¥ Py Bin  Inclusive (SPS+DPS) ratio dR¥! /dpy (x10-) DPS (x10-5) ES
1
(0,2.1) x (8.5,10) 0.56 =+0.16(stat) +0.04(syst) *§ 2 (spin) 013 +0.10 2
(0,2.1) x (10,14)  0.070 +0.039(stat) +0.006(syst) S oio(spin)  0.04 +0.03 z 1 i o o 0
[
(0,2.1) x (14,18)  0.011 +0.017(stat) +0.001(syst) TG 903(spin)  0.007 +0.004
0.0012/ - J/yp Transverse Momentum [GeV]
(0,2.1) x (18,30)  0.0092::0.0067(stat)+0.0006(syst) *3 012 (spin)  0.0009:0.0006
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Associated production of J/v + Z

Eur.Phys.J. C 75 (2015) 229"

Events / 0.05 GeV

» The first observation and measurement of
associated Z and J/4 production
> Use 20.3 fb~! @ 8 TeV data;
> Jp—pTuTand Z = ptpT, Z — efe”
— two pairs of leptons with opposite charge;

regions )
T e o 107 AN AR R AARAE A AR
80F aTLAS 4+ Data ERS § ATLAS {s=8TeV 203 fb*
~ 2 [| —Tow ]
70 58 TeV. 2031 Prompt signal S o
Non-prompt signal > Prompt signal
60 .o Total background 2 Non-prompt signal
o 10 -+ Total background
50 w
40|
30 e i
20
10| H B
TN 3 qoidi HRT TR T
9628 3 .32 34 36 -15-1-050 05 1 15 2 25 3
J/Y invariant mass [GeV] J/y pseudo-proper time [ps]
Total
Process 76l <10 10 <yl <21 poonis found  From pileup
Prompt signal 24+ 642 32+ 845 56+1045 52114
Non-prompt signal 54+ 9+3 41+ 8+7 95+12+8 277038
Background 61+£11+6 TT+£13+7 138+£17+9
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2 == Signal template 2 == Signal template
g Background template g Sackground template
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5| 1 ]
.= j i
NI NI
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3 3 1 3 f E
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~ 25F{s=8 TeV,20.3h ", 4-Data 1 ~ - 1 +Data
g e g popeTev.203m VTR ]
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i Background templat’ [ 3 Background template
1sf E
10 b
10F E
S-J_Fl-eﬂ ] i cw
- T v
WP sl
0 75 80 85 90 95 100 105110 0 75 80 85 90 95 100105110
Z - e'e invariant mass [GeV] Z - y*y invariant mass [GeV]
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Associated production of J/¢ + Z: double parton scattering

Eur.Phys.J. C 75 (2015) 229"

> The probability is Pz = 04/ 0err

> o = 154 3(stat.)T3(syst.) mb — New J. Phys. 15 (2013) 033038 (£
» The total number of DPS events in the signal yield is estimated to be 11.11’%‘_6 for prompt

and 5.8f§‘% for non-prompt components.

» Both DPS and SPS contributions may be present in the data:

35

ATLAS
(s=8 TeV, 20.3 fo™*
pp- prompt J/y +Z
—— Data
] Double Parton Scattering
[ Pileup
Pileup and DPS Uncertainty

30

25

Events / (175)

20

15

oo o s T T Ty T
® 05 1 15 2 25 3
AQZ,IIY)
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Associated production of J/¢ + Z: cross-section ratios

Eur.Phys.J. C 75 (2015) 229"

» Cross-section ratios:

PRg"iJ/w =(36.846.74+2.5) x 107
PRI,y = (65.849.2+£4.2) x 1077
PR}, = (63 +13+5410) x 1077

PR =(1024+15+5+3) x 1077

PRIPS %P = (45+£13+£6 +10) x 107"
RIS WP = (94 +15+545) x 1077

» DPS contributions:

» (29 + 9)% for prompt production
(8 = 2)% for nonprompt production
> Prediction:
LO CS (11.6+3.2) x 1078 -
LO CO (25. 1*33) x 1078,
NLO CO (867%%) x 1078 :>CO should have a
higher production rate then CS

(46.21%

> Data: expected production rate from CO + CS'is

lower than the data by a factor of 2 to 5
ICNFP 2019, 21-29 August 2019
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¥(2S) and X(3872) production

JHEP 01 (2017) 117

> X(3872) was observed by Belle in 2003, later confirmed by
others, JF¢ = 1+
> No clear theoretical picture yet
» Tetraquark (diquark + diquark)
> Loosely bound D°D*® molecule
> xc1(2P) state, or the mixture with D°D*°
» ATLAS measurement can help to answer some of the
questions
» Measure in J/in"m~ mode, together with well known
1(2S) state
> helps to reduce systematics in ratios
» Use 11.4 fb~! @ 8 TeV data
> Limit to |y| < 0.75 for the best mass resolution
> ~ 470k ¢(2S) and ~ 30k X(3872)

> Use 4 bins of pseudo proper lifetime to extract
prompt/non—prompt components

J/prTt candidates / 4 MeV

D°-D™® “molecule”

Diquark-diantiquark

x10°
0.20F T ' ]

r } Data ]

r —Fit 9
0 15; —X(3872) Sig ]
T —(28) Sig 1
0.10F =
0.05F -
0.008— e ]

ICNFP 2019, 21-29 August 2019 Tatiana Lyubushkina

JINR

3.8 3.
m(J/PTET) [GeV]

10 / 14


https://doi.org/10.1007/JHEP01(2017)117

Effective X (3872) lifetime hypotheses

JHEP 01 (2017) 117
» Single lifetime hypothesis
» same lifetime for ¢/(2S) and X(3872) in each pr bin
» effective X(3872) lifetime shorter in low-pr bins =
different production mechanism at low pt
» Measure the X(3872)/1(2S) non-prompt production

cross sections ratio
Rn — B(B—X(3872)+any)B(X(3872) = J /¢pntn ™)
B = TB(B=(2S)tany)B($(2S)— J/pmtm )

RE = (3.95 + 0.32(stat.) & 0.08(syst.)) x 1072
» Double lifetime hypothesis: long-lived (LL) and
short-lived (SL) components
» LL — B, BY B, b-barions; SL — B;
» 71, determined from ¢(25) fits, allowing for some
SL contribution

» 75, from simulation, varying B lifetime
» Calculate X(3872) fraction from B

o(pp — Bc + any)B(B. — X(3872) + any)
o(pp — non-prompt X(3872) + any)

(25 + 13(stat.) & 2(syst.) & 5(spin))%
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https://doi.org/10.1007/JHEP01(2017)117

X(3872) production cross-section

JHEP 01 (2017) 117

» Prompt production described well by NRQCD
> X(3872) considered as a mixture of y1(2P) and D°D*® molecule
» Non-prompt compared to FONLL calculations
» Predictions for 1)(2S) recalculated using kinematic template of X(3872)/4(25)
» Factor 4—8 above the data, larger discrepancy at high pr

» Non-prompt production fraction: no pt dependence, agreement with CMS data

c 0.6 ]
2 F ATLAS ]
@ 0.5 (s=8TeV, 114 fb* -
INOW -
% r ]
%) r ]
X 03° fﬁf 4
g FT+ z
5 0.2; + E
g— 0 li —4— ATLAS, |y| <0.75,8 TeV, 11.4 fb™
g ' F —&— CMS, |y| <12, 7TeV,48fb? 1
o : : - ]

10 20 30 40 50 6070

p, [GeV]
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Theory / Data
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https://doi.org/10.1007/JHEP01(2017)117

Summary

> A selection of ATLAS results was presented
» Associated production:
> production of J/i¢ + W
> production of J/¢y + Z
» Exotic states: X(3872) measurement
» Many interesting results not covered, e.g.
» Associated production: prompt J/v pairs — Eur. Phys. J. C 77 (2017) 764"
» Heavy flavours production: onia production in pPb and PbPb— — Eur. Phys. J. C 78 (2018)
1711
b hadron pair production at /s = 8 TeV — JHEP 1711 (2017) 062 (£
J/1 and v(2S) production at /s = 7,8 TeV — Eur. Phys. J. C 76 (2016) 283 (4
D mesons production at /s = 7 TeV — Nucl. Phys. B 907 (2016) 717 (4"
Search for resonances in Bo7* system — Phys. Rev. Lett. 120 (2018) 202007 (4"

» Full Run-2 dataset is still be fully exploited — waiting for many new results!

vV vy vy
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Thank you very much!
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ATLAS detector and trigger
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Definitions

BR(J/% - ptp)  doga(pp - W+ J/b)

Bije = = geatop > W) dy
_NEWELIY) 1
- N(WE) Ay pileup>
pin _ BRU/S > ) dolpp—> W+ J/y)
T oa(pp > WE) dy

Nets WAL T 1
N(WE) Ay~ plew

Fiducial phase space: 8.5 < pJ/w < 30 GeV,
lysel < 2.1
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Jv+Z

nymlld'
= ——
pTN

- +,my S84eP > Z+J/Y)
Rz“’"’_BU/w*u e F—

> INEEZ +T/) = Ngiewp):

N(Z) pr bins

REL pjy = BU/Y = i) =5 ==

N(Z) Pt bins

Fiducial phase space: 8.5 < pJ/w < 100 GeV,

|yJ/w| <21
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Backgrounds

J/+ W+

» Production of W* bosons in association with b
quarks, subsequent b-hadron decay to J/¢
rejected using the fit;

» Decays of B. — J/9uv, X — negligible
background;

» The production of Z bosons vetoing events
where a pairing of muons has an invariant mass
within 10 GeV of the Z boson mass;

> Multi-jet production — the mt(W¥) distribution
of signal events is fit to a sum of a multi-jet
template and a W™ boson signal template.

ICNFP 2019, 21-29 August 2019

Jp+Z

> Background estimation using MC:
» Z — 717 or W — fv background;
» Top quark processes involving tt or single
top production;
> The single-top Wt process;
» Diboson (WZ, WW and ZZ) production.

> Background estimation using data:

» Multi-jet production — selecting
non-isolated leptons. The mt(Z)
distribution of signal events is fit to a sum
of a multi-jet template and a Z boson
signal template.
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X (3872)

JHEP 01 (2017) 117

e Data: -0.3 <7< 0.025 ps (wo) — Fit

* Data: 0.025<7<0.3ps (w) — Fit 12<p <16 GeV
¢+ Data:0.3<t<15ps(w) —Fit [y|<0.75
+ Data:1.5<t<15ps (ws) — Fit

5| ATLAS
310 \s=8 TeV, 11.4 fb’!

2x10°F

10°

3x10*
2x10*F

Jiyrr candidates / 3.5 MeV

365 3.7 3.75 38 385 39 3.95
m(J/yrtr) [GeV]
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Measurement overview — Eur. Phys. J. C 77 (2017) 76(£

CMS (v/s = 8 TeV, T(15) + Y(15), 2016) -—
LHCb (/s = 13TV, J/v + J /4, 2017) -
CMS + Lansberg, Shao (v/3 = 7 TeV, J/i + J/3, 2014) °
= [RERRARARAN LARRN RN LLLLE RARR
< ATLAS
g ATLAS (/s = 8 TeV, J/v + J /4, 2016) o
- DO (/s =1.96 TeV, J/¢ + J /¢, 2014) L o |
2 D@ (v/5=1.96 TeV, J/1 + T, 2016) o
..(E LHCb (/s = 7&8 TeV, T(1S) + D%, 2015)
i’ LHCb (/3 =17 TeV, J/9 + AL, 2012) —H——H
3] LHCb (/s =7 TeV, J/9 + DT, 2012) e+
;E LHCb (/s =7 TeV, J/¢ + DT, 2012) —¢—
- LHCb (/s =7 TeV, J/¢ + DO, 2012) —e¢—
S ATLAS (/5 = 7 TeV, 4 jets, 2016) —O—
‘G-J CDF (/5 = 1.8 TeV, 4 jets, 1993) ——
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re D@ (/5 = 1.96 TeV, 2y + 2 jets, 2016) ——
[0 D@ (/s =1.96 TeV, v + 3 jets, 2014) A0 ]
E DO (V5=1.96TeV, v + b/c + 2 jets, 2014) ——
‘= DO (5 =1.96 TeV, v + 3 jets, 2010)
8 CDF (y/s =1.8 TeV, v + 3 jets, 1997) H{H
X |ATLAS (v5 =8 TeV, Z + J /4, 2015) FIPPPTPITPPRIPRY >
w COMS (/5 =7 TeV, W + 2 jets, 2014) —a—
ATLAS (/5 =7 TeV, W + 2 jets, 2013) H—A——1
Lo b b b b
0O 5 10 15 20 25 30

0, [mb]
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Studying associated production

» Multiple possibilities to produce two objects A, B in a pp collision
» Single Parton Scattering (SPS)
> described by specific process cross-section o35 — higher-order “real” associated
production
» Double Parton Scattering (DPS)
» individual process cross-sections o4, op
> effective cross-section oes accounting for probability of the two processes to
happen in a single pp collision

SPS DPS sps | JAJB 1
OAB = 0pg T 0ag" = 0pg +
Oeff 1+ 048

» DPS/SPS separation is intrinsically uncertain

» Limited knowledge of e

» Higher-order SPS contributions can undermine assumptions

» Experimentally one can measure Ny, Ng, and Nyg, with different efficiencies,
lumi etc

P O'BES _ 0aA0B y 1 i y NaNg 1
P B Nas 1+ 048

~J
0AB  O0ABOef L+0ap  Oerf
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