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Qarkonium: What and Where from?

What?
a bound state of two heavy quarks (c or b)

Where from?

prompt hadroproduction ////

ZPV ZSV

production in b-hadron decays / non-prompt
(charmonium only)

PV

b-hadron W h
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Quarkonium production: Models

No consensus on the quarkonium production mechanism

Nearly all approaches assume factorisation between the QQ formation and its hadronization into o
meson

Three common models with the different description of the hadronization:

Colour evaporation model (CEM): application of quark-hadron duality; only the invariant mass
matters;

Colour-singlet model (CS): intermediate QQ state is colourless and has the same JPC as the final-state
quarkonium;

Colour-octet model (CO) (encapsulated in NRQCD): all viable colours and JF© allowed for the
intermediate QQ state;
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https://indico.cern.ch/event/743635/contributions/3151716/attachments/1737228/2810185/LHCb-191018.pdf

Quarkonium production: NRQCD

Two scales of production: hard process of QQ formation and soft scale hadronization of QQ

Factorization: doy g pyix = Zn[daAJrB_)QQ(n)JrX]xk 01 (n) >]

Short distance: perturbative cross-sections + pdf for the production of @ QQ pair
Long distance matrix elements (LDMEs), non-perturbative part

Both CS and CO states are allowed with varying probabilities; LDMEs from experimental data

Universality: same LDMEs for different Vs, prompt production and

iy ) J
production in b-decays ((’)717’8 (1Sy)) = 3 (O /¢( S1))
| . (OF(S1)) = (03" (15)))
Heavy-Quark Spin-Symmetry: links between CS and CO LDMEs of
different quarkonium states ((97870 (1P1)> — 3<Og/¢ (3P0)>
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Quarkonium production: Current status

Eur.Phys.J.C 75 (2015) 7, 313
Phys.Rept. 889 (2020) 1-106

Existing challenges:
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https://doi.org/10.1140/epjc/s10052-015-3527-1
https://doi.org/10.1016/j.physrep.2020.08.007
https://indico.ijclab.in2p3.fr/event/7656/contributions/26953/attachments/19616/26778/Nefedov_HF-2022.pdf

Associated production: DPS and SPS

PRD 84 (2011) 074021
ATL-PHYS-SLIDE-2021-129

The production of two particles in the same pp collision can be due to
Single-Parton Scattering (SPS):

the two particles are produced a single interaction of two partons

expected to be “back-to-back” in transverse plane
Double-Parton Scattering (DPS):

simultaneous interaction of two pairs of partons, assumed to be uncorrelated
DPS “Pocket formula™:

pp-Y1X _pp-oPrX
pp-Y1Y, _ MOgpg Osps

0' =
DPS5 2 Oeff,DPS

Di-J/yg production:

expected small SPS CO conftribution (strongly depends on LDMEs)
DPS contribution is important at large J/p Ay

Feed-down contribution depends on the production mechanism
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.84.074021&v=e5c85545
https://cds.cern.ch/record/2765500?ln=en

LHC detectors hunting for quarkonium

ATLAS and CMS: mid-rapidity region, with muons in final state

ATLAS 0

EXPERIMENT
JINST 3 (2008) SO8003

JINST 3 (2008) S08004

e

LHCb: forward-rapidity region, with muons and ALICE: both mid- and forward-rapidity reions,
hadrons in final state with muons and electrons in final state

IJMPA 30 (2015) 1530022

ALICE

JINST 3 (2008) S08002

Experiments provide complementary measurements
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https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08004

Qarkonium @ LHC

Rev.Mod.Phys 90 (2018) 015003

Bottomonium

. . - y(4S) Charmonium
Final states: T
= p SR wl(zl))
hadrons or YY § 4200} il =
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N<(2S) production in b-decays

J/y, Yy(2S) and Y(nS) production and polarization
J/l|J+J/Lp/jef/Z/Wi, J/@+J/p+l/p and Y(18)+Y(1S) production
Xc production and polarization

Xp Production

Y(3S
- Y ,(1D)

Hadronic final states allow to study different quarkonium states simultaneously
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.015003

A . . . ATLAS-CONF-2019-047
J/yp: Differential production cross-sections JHEP 11 (2021) 18]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-047/
https://doi.org/10.1007/JHEP11%282021%29181

J/y@: Ratios between energies and R,

JHEP 171 (2021) 181

The cross-sections at 5 TeV are compared
with those at 8 and 13 TeV

cancelled systematic uncertainties: branching fraction and
radiative tail

partfially correlated uncertainties: luminosity, fit model and
tracking correction

Updated Rypp Value based on the direct measurement <1

1.6F

pPb: 1.5<y<4.0
Pop:-50<y<-2.5

For prompt J/p the measurement agrees with most
theoretical calculations except EPSO9 NLO

Good agreement for non-prompt J/y

Single J/y hadroproduction production has been studied in all possible configurations
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https://doi.org/10.1007/JHEP11%282021%29181

ATLAS-CONF-2019-047

W(2S): Differential production cross-sections EPJC 80 (2020) 185

ATLAS prompt and from-b @ 13 TeV
EXPERIMENT ¢on - pr < 360 GeV/c, [y| < 20

prompt and from-b @ 7 and 13 TeV
pr <20 GeV/c, 20< y <45

Complementary measurements in different rapidity
regions

Reasonable agreement between NRQCD and data
forpr>7 GeV/c

Good agreement with FONLL for production in b-
decays for both experiments

The cross-section ratios computed for 8 and 13 TeV

Same situation as for single J/g hadroproduction
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n.(18): Differential production at Vs=13 TeV

EPJC 80 (2020) 191

relative n./J/@ and absolute n. s
pr-differential production E
cross-sections =

N<(1S) production:

6.5 < pr < 14.0 GeV/c,2.0 <y <45

Tirompt = 1.26 £ 0.1154; £ 0.084y5; = 0.14; /4, ub
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..............

Results may provide important link between J/yp production

and polarization

N<(1S) production can be described by CS contribution only;
measurement in extended py is required: larger slope would

indicate possible CO contribution

Interpretation of n.(2S)/w(2S) much cleaner than for n.(1S)/J/yp due to absence of feed-down

contributions: dedicated LHCb trigger in 2018
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https://doi.org/10.1016/j.nuclphysb.2019.114662
https://doi.org/10.1016/j.nuclphysb.2019.114662
https://doi.org/10.1140/epjc/s10052-020-7733-0

Xc1.2 production using Xc12 — J/Wy

J.Phys.G 44 (2017) 8, 085003
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https://doi.org/10.1088/1361-6471/aa7818

Xc1,2 production using Xc12 — J/@ury- PRL 119 (2017) 22, 221801

% First observation of x.; , — J/wup decay modes 2 %WM
) I -

Extremely clean signals e e e L
% 2000- LHCH fit result =

X1 2 Fesonance parameters measured with world average 2 1gook — Xeta = Jputp 3
precision 3 1600E- | edgomd 3
= 14005 | 3

Quantity LHCb Best previous 2 12005 i pe .
[MeV] measurement measurement World average = 1000; K —
m(y.,)  3510.714+0.10 3510.72+0.05 3510.66 =+ 0.07 800 [ | 3
m(y.,)  3556.104+0.13 3556.16+0.12 3556.20 & 0.09 600E- | | 3
T(x.,) 2.10 +0.20 1.92 4+ 0.19 1.93 4+ 0.11 4005 ' E
200 _ﬂ, g - =

New channel for production measurement o/ . -

3.5 i
m(Jpp*u”) [GeV]

Promising channel for x. hadroproduction at low p;

Similar studies can be done at CMS?
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https://doi.org/10.1103/PhysRevLett.119.221801

Eur.Phys.J.C 77 (2017) 2, 76

Di-J/y: Production JHEP 09 (2014) 094
JHEP 06 (2017) 047

Di-J/y production was measured in different kinematical regions s W BoaTeV, 11411
=) s =9.2% 1 2.1%
z‘ L i 1: g:tSaEsl'mal
% ...... -DPS‘PreId. : 3
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2 ‘gzo_—'._‘-x ..... SPS: NLO*CS}, s o 5cae
Sle ETh X ———=-SPS: NLO* CSjiy sgaye 7
5| 15%_3 E=—=SPS: LO CO¢pjmoscev/c ]
. . - [IITITTTISPS: LO CO®py=2Gavje 3 10‘20 05 115 22535352
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An improvement in the precision for SPS predictions is needed for a better it —l— 3
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o ° . . 0‘5_— + __:
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https://doi.org/10.1140/epjc/s10052-017-4644-9
https://doi.org/10.1007/JHEP09(2014)094
https://doi.org/10.1007/JHEP06(2017)047

Di-J/yp: Search for resonanses

SB 65 (2020)23, 1983-1993

CMS-PAS-BPH-21-003

ATLAS-CONF-2022-040

First observation of fully
heavy tetraquark candidate X(6900)

S

CMS Observes similar structure +

two more candidates X(6600) and X(7300)

ATLA

EXPERIMENT

200
Threshold structure with a few possible interpretations:  gsoof, e 77
One BW, combination of two BWs, feed-down... %zigﬁj)ﬁinv'ww : ;
m [GeV/c?] [ [GeV/c?] & -
LHCb 6.89 + 0.01 + 0.01 0.17 £ 0.03 £ 0.07
CMS 6.93 £ 0.01 £ 0.01 0.12 + 0.02 £ 0.02
ATLAS 6.87 + 0.03 *5-9% 0.12 + 0.04 *3:33 S

Additional study together with spin-parity measurement required to
explain nature of threshold structure

More studies of J/y+quarkonium will arrive soon

Quarkonium production in pp collisions at LHC
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https://doi.org/10.1016/j.scib.2020.08.032
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-040/

Di-Y(1S): Production and search for resonances

PLB 808 (2020) 135578

DPS process can provide information on
partons p+, their correlations inside proton
and can help understanding various backgrounds

CMS_ | Y(1S) pair production for unpolarized case

Oy (18)Y(1S) = 79 £ 1lgpqe £ 6syst + 3g pb, ly|<2.0

Charging 44 in rangel-1, +1] production varies
from —60% to +25%

First measurement of DPS conftribution 10 gy 1 5)y(1s)
fors = (39 £ 14)%

No excess of events compatible with signal is
observed in 4-yd invariant mass spectrum

Quarkonium production in pp collisions at LHC
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http://dx.doi.org/10.1016/j.physletb.2020.135578

Triple-J/y production arXiv:2111.05370

8

CMS | First observation of triple-J/y production
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Prospects
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Phys.Rept. 889 (2020) 1-106

Single quarkonium production:
N<(2S), h. and n,(1S) production
simultaneous study of @(2S) and n(29)
no feed-down from higher stated, clean interpretation
decays to AA, A*A* XX, == final states

access to new quarkonium states

Double quarkonium production:
J/w+nc
NRQCD predicts suppressed yield w.r.t. J/p+J/yp
J/p+Y
dominant SPS CO
JIW+@(2S), W(28)+y(25)

will help to understand feed-down conftribution

Quarkonium production in pp collisions at LHC
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Summary

Recent LHC results on quarkonium production will be useful input to understand quarkonium production
mechanism in pp and heavy-ion collisions

Comprehensive HF production model is missing

new inputs are necessary to improve understanding: asociated production, production of n. and h. ...

Upcoming interesting results on single and asociated quarkonium production
would it be possible to have new theory constraints?

new models?e

Thanks for your attention!
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