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CHARMONIUM PRODUCTION

Sources of charmonium:

prompt hadroproduction
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MODELS OF QUARKONIUM PRODUCTION

No consensus on the quarkonium production mechanism

Nearly all approaches assume factorisation between the QQ formation and its hadronization
iNfo a meson

Essential difference in various approaches is in the 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 infermediate QQ state;
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https://indico.cern.ch/event/743635/contributions/3151716/attachments/1737228/2810185/LHCb-191018.pdf

QUARKONIUM PRODUCTION IN NRQCD

Two scales of production: hard process of QQ formation and hadronization of QQ at softer
scales

Factorization: do—A+B—>H+X — Zn[dO-A+B—>Q(_2(n)+X X[< OH(n) %

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

colour-singlet state

d
Both CS and CO states K\) colour-octet Sta;/‘ w2 i\)

are allowed with varying probabilities;
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non pert. transition
(gluon emission)
to the observable state
Quantum’numbers’'change'!

LDMEs from experimental data

Universality: same LDMEs for different Vs, prompt production and production in b-decays
Heavy-Quark Spin-Symmetry: links between CS and CO LDMEs of different quarkonium states



CHARMONIUM SPECTROSCOPY

Rev.Mod.Phys 90 (2018) 015003

Current status of charmonium spectrum
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Final states:

utu-/e*te or hadrons

J/wy or hadrons

hadrons

N<(1S)y or hadrons

Hadronic final states allow to study different quarkonium states simultaneously



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.015003

THE LHCb EXPERIMENT [JMPA 30 (2015) 1530022

LHC provides large number of bb and c¢ pairs:

Opp ~ 0.5 mb SPD + Presf®

in LHCb @ Vs =13 TeV

Oce ~ 3.0 mb

%
—
2 |-

ll
4

-

)l

)

= oy K

. .
|}

rBEAM 1

Single-arm forward spectrometer: veLo
10-250 mrad (V), 10-300 mrad (H) gich1

Cusl

r~
E

o’

Forward region 2.0<n< 5.0, Magnete—" l
Tracking

~4% of solid angle, RICH2 J ECALJ HCAL

K MUON

\

but ~40% of heavy quarkonium (HQ) production x-section

Forward peaked HQ production at the LHC, second b in acceptance once the first b is in


https://doi.org/10.1142/S0217751X15300227

KEY LHCb SYSTEMS FOR PRODUCTION MEASUREMENTS  JINST9(2014) 09007

Vertex reconstruction VELO
Spatial resolution, down to 4 um for single fracks 7

Impact parameter measurement, op = 15 + 29/ [uM]

Primary vertex reconstruction, o, = o, = 13 um, o, =71 um for vertex of 25 tracks
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KEY LHCb SYSTEMS FOR PRODUCTION MEASUREMENTS  EHC/L0LL240]

JINST 8 P02022

Particle identification
2 Ring Imaging Cherenkov Detectors (RICH): 3 Radiators covering p; range 1.5-100 GeV/c

Muon detector — triggering muons and measuring muon momenta

Particle ID efficiency: C1F1m(:)o14
Ki ID ~ 95 % for ~ 5 % m—K mis-id probability Up to ~70 GeV/c
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https://doi.org/10.1140/epjc/s10052-013-2431-9
https://doi.org/10.1088/1748-0221/8/02/P02022

KEY LHCb SYSTEMS FOR PRODUCTION MEASUREMENTS JINST 14 (2019) P04013

Trigger

Two-level trigger system

LHCb detector designed to trigger on decay products of b or ¢ hadrons: moderate p; physics

Trigger efficiency:

~ 90 % for dimuon channels

~ 30 % for multi-body hadronic final states
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LHCb 2012 Trigger Diagram

40 MHz bunch crossing rate

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Et/Pr sighatures

450 kHz 400 kHz 150 kHz

[ Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive

\___selection algorithms )

o T O

5 kHz (0.3 GB/s) to storage

2 kHz
Inclusive/
Exclusive

Charm

1 kHz
Muon and
DiMuon

2 kHz

Inclusive
Topological

LO Hardware Trigger : 1 MHz
readout, high Ev/Pr signatures

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

displaced tracks/vertices and dimuons

[ Partial event reconstruction, select ]

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

L I b
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CHARMONIUM SPECTROSCOPY: LHCb PROGRESS

Current status of quarkonium spectrum
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Final states:

JIW and Y(2S) prompt, b-decays production

and polarization measured via H
7,8 and 13 TeV: JHEP 10(2015) 172, EPJC 80(2020) 185 ...

X< prompt production measured via JIyy
/ TeV. JHEP 10(2013) 115, PLB 714(2012) 215-223

X< and N(2S) b-decays production measured via ¢,
7and 8TeV:  EPJC 77(2017) 609

n(1S) prompt and b-decays production

measured via pp
7,8and 13 TeV: EPJC 75(2015) 311, EPJC 80(2020) 191

Hadronic final states allow to study different quarkonium states simultaneously
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https://dx.doi.org/10.1007/JHEP10(2015)172
https://doi.org/10.1140/epjc/s10052-020-7638-y
https://doi.org/10.1140/epjc/s10052-017-5151-8
https://doi.org/10.1140/epjc/s10052-015-3502-x
https://doi.org/10.1140/epjc/s10052-020-7733-0

J/w AND w(2S) PRODUCTION

Production measurement via [*1 final state

Cross-section determination in bin[pr.y]
d>c N -0y ]
dydpr |LNW ek B — IT17)X AyxApr

o integrated o total o number of signal candidates
luminosity efficiency in the given (pr, y) bin

Prompt and b-decay production of charmonium

distinguished via pseudo-proper decay time:

Full kinematic range cross-section

bin width

1"




COMBINED MASS-LIFETIME FITS Eur. Phys. J. C 71(2011) 1645
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Prompt and b-decay production distinguished via decay time value: t, = ZS"pi’MW
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M, [MeV/c?] . [ps]

Unbinned maximum likelihood fit in bins of [py, y] to M+ ,- and t, N(]/l/))/
N(bkg)

Relatively low background => b-decays |>1x102
prompt >1x10-1
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http://dx.doi.org/10.1140/epjc/s10052-011-1645-y

Nc(1S) PRODUCTION AT LHCb AT Vs=7 AND 8 TeV

Eur.Phys.J. C75(2015) 311

Prompt and b-decay production distinguished via decay time:

£ = Zsy —Zpy
, = —

Pz

M. =

bp

First measurements of n.(1S) prompt production at 7 and 8 TeV
and b-decay production
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Nc(1S) PRODUCTION AT LHCb AT Vs=7 AND 8 TeV

Measurement of p;-differential production
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Nc PRODUCTION AT THE LHC FurPhys ) C 7512015) 311
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from known HQSS relation for J/y
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LHCb data saturated by CS contribution
Tension in simultaneous description of n. production and J/y production and polarization?
Recent progress in theory:

Phys.Rev.Lett. 114{2015), 092005 Phys.Lett.B 786(2018) 342-346
Phys.Rev.Lett. 114(2015), 092006 JHEP 05(2015) 103
Eur.Phys.J).C 75(2015) 7, 313 Phys.Rev.Lett. 110(2013) 042002

Nucl.Phys.B 945(2019) 114662 Phys.Rev.D 93 (2016) 034041 15



https://doi.org/10.1103/PhysRevLett.114.092004
https://doi.org/10.1140/epjc/s10052-015-3502-x
https://doi.org/10.1103/PhysRevLett.114.092005
https://doi.org/10.1103/PhysRevLett.114.092006
https://doi.org/10.1140/epjc/s10052-015-3527-1
https://doi.org/10.1016/j.nuclphysb.2019.114662
https://doi.org/10.1007/JHEP05(2015)103
https://doi.org/10.1103/PhysRevLett.110.042002

PRL 114({2015), 092005
arXiv:1910.08796

SIMULTANEOUS STUDY OF ne AND J/y

Ne production @ Vs=7 and 8 TeV sets new constraint on J/y polarization

Before n. measurements

After n. measurements
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Same links for n.(2S) and @(2S) are expected = powerful test of NRQCD phys.Lett.s 786 (2018) 342-346
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https://doi.org/10.1103/PhysRevLett.114.092005
https://arxiv.org/abs/1910.08796
https://doi.org/10.1016/j.physletb.2018.10.009

Nc(1S) PRODUCTION AT LHCb AT Ns=13 TeV Eur.Phys.J.C 80(2020) 191

Cross-section determination:

o Extracted from DATA
o Calculated from PDG:

By jy—spp = (2.120 £ 0.029) x 107

ome) | Nhb. | | Bajw—pp | E2/v—mp

=|——1x%
o(J/Y) |N §/¢ Bie—pp €ne—pp

B 5 =(1.454+0.14) x 1073
b ne(1S)—pp
Bosnex  _| Nue |, | Brrwows | |€a/v—mp —
B I B B B o From Simulation
b—J /WX T/ Ne—>pP €ne—pp
Prompt and b-decay production distinguished via . ‘
decay time value: B e e LHCb
~ 10° \s=13 TeV
Y Tty — 7 o 1OE R J/ prompt
= SV PV
Py b-hadron J/LU‘\ tz — Mpﬁ % 10° ‘:]"I;_) X PV
. : ; pZ E s — /1) wrong
Zoy Zy 2 % \
Cross-feed between samples are accounted in ~
simultaneous fit

-0 8 6 4 2 0 2 4 6 8 10

Two techniques are used for cross-section prompt: from-b: ¢, [ps]
measurement t,< 80 fs t,>80fs, IPX2> 16
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MASS SIGNAL AND BKG. PARAMETRIZATION

Signail:
J/p: DG(o,, o, f,) x 8§(Mm(J/W))
Ne: DG(oy, O, fr) X RBW(m(nc))
Background:

J/w—pptm® contribution \/M]/lp — Mo — Myps, Mps<(Mj 1yy — M 0) 7

Combinatorial: exp x pol(2)

I 30_' LENLENLEN DL AL L L L L LA L L L
\ C

< sk =062
PR ) ;
5 F J [p—pp Y E
43 g 3%_

—_
9]

—_
o

5

Y

3000 3050 3100
Mp 7 / [MeV/c"2]

No free parameters in the fit to data.

Parameter Yield is bound to yield of J/y->pp
o R fixed from MC
{2 fixed from MC
One/ O Jh) fixed from MC
e common free parameter,

linear slope of pr-dependence extracted from MC
mjny — My, | common free parameter for all fits in bins of ¢, and pr
wm common free parameter for all fits in bins of ¢, and pr
Uy fixed world average from Ref. [41] (31.8 MeV/c?)
Amy; ) fixed from MC in each t, bin

X(t-)

fixed from MC in each ¢, bin 18




t,-FIT TECHNIQUE Eur.Phys.J.C 80(2020) 191
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Simultaneous likelihood fit to M, in bins of [pr, t,] to extract charmonium yields

Ne Mass correction applied in bins of t,
19
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t,-FIT TECHNIQUE Eur.Phys.J.C 80(2020) 191

6.5 <pr<14GeV, 2.0<y<4.5

2 oo T J/¥ data LHCb A, 1ocf T 7e data LHCDb
N — J/p fit Z — e fit
5
? 10° J/ip prompt ; 10 Ne prompt
4% 1wl b—JX 4% 10t L] b= neX
< . F — JMb wrong PV = ne wrong PV
;5 10 5 10
< g
R 10 2 10?
o O 1

w
o

1lll PR Mo s e vl aaadaa s ey

O 8 6 2 04 E B N W S S ST
2 [ps. t: [ps]
Nb
T (tz) - Npé(tz + T_,,exp _tz/Tb * G(#” SJ/d)a S'n./Swa ,3) Ntftail (tz
prompt ccbar ccbar from b-decays t,-resolution events with

mismatched PV

Simultaneous integral x2 fit to t, in pr-bins to separate prompt and from b-decays charmonium
20
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t,-CUT TECHNIQUE Eur.Phys.J.C 80(2020) 191

Prompt and b-decay production separated using t,-value

o e
5 e | ILHCb ] 3 - LII{Cb | I I . . .
2 I vim1stw ] 2 80F U5 ismy Jy : Relative charmonium yields:
g | g oo0of Ne 1  65< pr<14.0GeV/c,20 <y <45
o =] - .
R J/yp 4 % “eop I d prompt from-b
S I Erggz)pf’r : S2000 from-b: o Nnc NTIc + Y
z S [ 4 ‘l = R — R —
: ] : Tz>80fs’,’IR)\(i>]6 P : PO 1.18 £ 0.10 Nfrom—b 0.33+ 0.0
0==%00 3000 3100 3200 0==%00 3000 3100 3200 J/Y 1/
Myp [MeV] M5 [MeV]
= >_<103 = . . . .
z ' 3 oo : 3 Cross-feed probabilities:
o 20F ¢ S 4000 - iR 3
SN st ¢ S . 3 prompt->prompt _
S 10F A, % S 2000 F . Y : E 0.96 i 0.021
E 0?.Q!‘!.;.;.f.?.f!.......4....‘..‘.!‘.i..‘.......*.\.i-;.!....).'.!..'.. E} 0?—...;&*0\..&!'.'.‘4.:....??:0:0“-‘4.!. ...... .‘n..........m.....i gprompt%f‘l‘om—b _ 0 0002 + O 0001
2900 3000 3100 3200 2900 3000 3100 3200 o -
Myp [MeV] M5 [MeV] gfrom=b-prompt — () 066 + 0.005

. . . from—-b-from-b _
The most precise determination of n. mass up to date: ¢ 0.689 £ 0.022

AM /y,p = 113.0 £ 0.7 £ 0.1 MeV

Result is consistent with 1,-fit technique
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RATIO BETWEEN ne AND J/p PRODUCTION Eur.Phys.J.C 80(2020) 191

Relative n. to J/y p;-differential production cross-sections

g & E — 71 r r r 1 - 1 r T
S| 4F LHCbH
\é S 35E V5=13TeV
%g 3_ 20<y<4.5
25F E
53 i - Relative n.(18) to J/y production in LHCb at Vs=13 TeV
1.5 E 6.5 < pp < 14.0 GeV/c,2.0 <y < 4.5
O;;: pepS S = RINCEE an P [l = 1.69 £ 0.155¢0¢ + 0105y + 0.18g, -
0E (B 1:4 SBb—>nCX/§Bb—>]/1,bX = 0.48 + 0.0354¢ £+ 0.035y5¢ iO.OS%CC-_)pﬁ
pr [GeV/c]

Measurement in extended p; is required

Larger slope would indicate possible CO contribution
Interpretation of n.(2S)/yw(2S) much more clean than of n.(1S)/J/y
due to absence of feed-down contributions
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INTEGRATED AND DIFFERENTIAL CROSS-SECTIONS

Eur.Phys.J.C 80(2020) 191

Measurement of integrated and py -differential production cross-sections
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n.(18) production in LHCb at Vs=13 TeV:

6.5 < pr <14.0 GeV/c,2.0 <y <45
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n.(1S) production can be described by CS contribution only
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Ne PRODUCTION IN b-DECAYS AT LHCDb
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Charmonium reconstructed via decays to ¢;
true g combinations extracted using 2D fit technique
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SUMMARY

Nn(1S) hadroproduction can be measured using only hadronic decays
challenging background conditions

Current progress:
prompt N.(1S) measured at 7, 8 and 13 TeV via pp
N<(1S) production from b-decays measured via ¢p¢

first evidence of n(2S) production

LHCDb results allow to perform powerful tests of QCD and constrain theory

Nc(1S) prompt production measurement constrains CO LDMEs
Prospects for future study:

Nn(1S) production in extended kinematic range

h. , and n.(2S) production

simultaneous study of @(2S) and n.(2S)

decays to AA, A*A% XX, == final states




BACKUP
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LHCb

Charmonium reconstructed via decays to ¢;
true g combinations extracted using 2D fit technique
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Promising channel to study Xc polarizarion [Phys.Rev.D 103 (2021) 9, 096006]
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Nc MASS MEASUREMENT
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BOTTOMONIUM SPECTROSCOPY: LHCb PROGRESS
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QUARKONIUM DECAYS

+ Possible transitions between quarkonium states 11200
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Y(nS) PRODUCTION AT Vs=13 TeV

JHEPO7 (2018) 134
JHEPQOS (2019) 076

Cross-section determination

in bin[ps,y] as a function of p;(0< p< 30GeV/c) and y(2.0<y<4.5)
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Y(nS) PRODUCTION AT Vs=13 TeV
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Good agreement between NRQCD and data at high p; for all states
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