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CHARMONIUM SPECTROSCOPY
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Sources of charmonium:
prompt hadroproduction
decays of higher resonances

production in b-hadron decays

decay in
collision vertex
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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 different 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 JPS as the
final-state quarkonium;

Colour-octet model (CO) (encapsulated in NRQCD): all viable colours and JF¢ allowed
for the infermediate QQ state;

© talk by J.-P. Lansberg at LHCb Implication workshop
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CHARMONIUM 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 (LDME),
+ 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'!

LDME from experimental data

Universality: same LDMEs for prompt production and production in b-decays
Heavy-Quark Spin-Symmetry: links between CS and CO LDME of different quarkonium states
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LHCDb data saturated by CS contribution, tension in simultaneous description of n. production
and J/y production and polarization

Following progress in theory:
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SIMULTANEOUS STUDY OF nc AND J/y arXiv:1910.08796

Ne production @ Vs=7 and 8 TeV sets new constraint on J/y polarization
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Same links for n.(2S) and @(2S) are expected = clean test of NRQCD Phys.Lett.B 786 (2018) 342-346
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THE LHCb EXPERIMENT [JMPA 30 (2015) 1530022

LHC provides large number of bb and c¢ pairs:

SPD + Presf®

P =
1

3

Oph ~ 0.5 mb

in LHCb @ Vs =13 TeV

e
[
P

|34

N

..,
&/

Oce ~ 3.0 mb

)
={

=
P

Single-arm forward specirometer: ( ':'5%;:4’_\} T ‘"
BEAM 'a
10-250 mrad (V), 10-300 mrad (H) o) e LT T
7 .

Forward region 2.0 <n < 5.0, RICH1 | |

BEA ZJ
Magneto—/

Tracking J K
RICH2 ECAL HCAL MUON

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

~4% of solid angle,

Forward peaked HQ production at the LHC, second b in acceptance once the first b is in
Key detector systems for production measurement:

Vertex reconstruction with VELO

Particle identification with 2 Ring Imaging Cherenkov Detectors (RICH) and Muon detector

Trigger
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Nc(1S) PRODUCTION AT Ns=13 TeV

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

Cross-section determination:
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t,-CUT TECHNIQUE Eur.Phys.J.C 80(2020) 191

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

Eur.Phys.J.C 80(2020) 191
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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
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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 conftributions
11
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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:
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n.(1S) production can be described by CS contribution only
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w(2S) PRODUCTION AT Vs=7 AND 13 TeV Eur.Phys.J.C 80(2020) 185

Cross-section determination
in bin[ps,y] as a function of p;(2< p< 20GeV/c) and y(2.0<y<4.5)
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Prompt and b-decay production distinguished via combined mass-lifetime fits

Full kinematic range cross-section
13
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COMBINED MASS-LIFETIME FITS Eur.Phys.J.C 80(2020) 185

NDSOOO_"I""I""I'"'I'_"'I_ a s E 1 B % 8§ ¥ @ s 5 "' LI
S T LHCb V5= 13 TeV S<p,<6GeVic1 ' 10°F LHCb V5= 13 TeV 5<p.<6GeV/c
O - i o :
= 4000 - 275 pb” 25<y<3.0 o - 10* 275ph 25<y<3.0
a X i e
. 3000 | 4 & 10
(D) B - <
e : 1 B 102 N
% 2000 [ i C Wy
= - - < 53 *”'
= % 7 o 10 b ¥ \!"’Q 2
S 1000 - - e it £ Wy,
= w : | B 1
O R WP AT IBOT T < - L LIIAAI N . ||'|||i| [t Arr A I 1dds T s i :
3600 3650 3700 3750 3800 -10 -5 0 5 10
M., [MeV/c?] . [ps]
Prompt @(2S) and g(2S) from b-decay production distinguished via decay time value:
;o= Zgy — Zpy M
‘- P Ht

Unbinned maximum likelihood fit in bins of [py, y] to M+,- and t,

14



https://doi.org/10.1140/epjc/s10052-020-7638-y

dc/de [nb/(GeV{é)]

do/de [nb/(GeVé)]

—

INTEGRAL AND DIFFERENTIAL CROSS-SECTION Eur.Phys.J.C 80(2020) 185
_._ _.__.: prompt!//(ZS) § 1 e, —+ y(25)fromb _ llJ(ZS) producﬁon in LHCb:
g = | FONLL ]
- £ Vs=13 TeV
g- - 1 2< pr<20GeV/c,20<y<45
§ LHCb (s =13 TeV -8 ; LHCb{s=13 TeV E prompt __
275 pb—l L 275 pBl ] O-ll)(ZS) _ 1.430 i O'OOSStat i O-Oggsyst ub
I OUIIE., ™% T ] GJTOMD 0426 & 0.002600¢ + 0.030,,5 b
5 10 15 20 5 10 15 20 Ut,b(ZS) - M - stat — - syst K
p,[GeVE] P, [GeVe]
— ———— = 3 - \s=7 TeV:
E 8 ey % 1Rk vesHomd | 35 < pr <14 GeV/c,2.0 <y < 4.5,
[ = B nrocD 4 2 B :
: 1 e °f
i o F 0hirsy = 0471 + 0.0015q, + 0.0254y5 ub
e =7 Tev 8 [ thco-7Tev Ooingy | = 0126 + 0.0015, + 0.008gy ub
614 pb' 614 pb'
2.0<y 20<y<45
s 10 0 ="

« Reasonable agreement between NRQCD and data for p; > 7 GeV/c

p, [GeVE]

p, [GeVE]

« Good agreement for FONLL

15



https://doi.org/10.1140/epjc/s10052-020-7638-y

RATIOS BETWEEN 13 AND 7 TeV Eur.Phys.J.C 80(2020) 185

Systematic uncertainty related to the branching fraction is cancelled

Uncertainties due to luminosity, fit model and tracking correction are partially correlated
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Eur.Phys.J.C 80(2020) 185

RATIOS BETWEEN w(2S) AND J/u

Systematic uncertainties due to luminosity, tracking correction, and fit model are fully

correlated.
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Same study for n.(29) is needed
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Ne(2S) PRODUCTION IN b-DECAYS AT LHCDb Eur.Phys.J.C 77(2017) 609

Charmonium reconstructed via decays to ¢o; gzoooj— LHCb
true g combinations extracted using 2D fit technique ; 15002—
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CHARMONIUM SPECTROSCOPY: LHCb PROGRESS

Mass [MeV]
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Rev.Mod.Phys 90 (2018) 015003

LHCb results allow to perform powerful tests of QCD

via quarkonium production:

(Xc prompt production measured via JIpy

/ TeV. JHEP 10(2013) 115, PLB 714(2012) 215-223
X and n(2S) b-decays production measured via ¢,
\ /and 8 TeV:EPJC 77(2017) 609

~

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

and polarizaftion measured via B

9 /,8and 13 TeV: JHEP 10(2015) 172, EPJC 80(2020) 185 ...

J\L

7

N(1S) prompt and b-decays production measured via pp

L /,8and 13 TeV: EPJC 75(2015) 311, EPJC 80(2020) 191

J
N\

Non-conventional charmonium

Prospects:
h. and n.(2S) prompt production
All states accessible via hadronic decays
— study decays to AA, A*A*, 12, == final states

19
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QUARKONIA PRODUCTION MECHANISMS

Production mechanisms:
Color Singlet (CS):

quantum numbers of QQ pair and quarkonium match
Color Octet (CO):

quantum numbers of QQ pair in CO state are different from
quarkonium; soft gluons emitted at later stage of hadronization

colour-singlet state red red
K\) colour-octet state . \)
\
(49

A %/knon -pert. transition

(gluon emission)
to the observable state
Quantum’'numbers’change’!’

dAOp+B-H+X = Z do g 4p-gom)+x X (07 (n))
n

Figures by Pietro Faccioli
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KEY LHCb SYSTEMS FOR PRODUCTION MEASUREMENTS

JINST 9(2014) PO%007

Vertex reconstruction VELO

Spatial resolution, down to 4 um for single tracks

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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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: CaFo:
K* ID ~ 95 % for ~ 5 % —K mis-id probability 3;]{2@740 GeV/c
u* ID ~ 97 % for 1-3 % —p mis-id probability silica Aerogel: CFu:
n=1.03 n=1.0005
1.5-10 GeV/c up to ~100 GeV/c
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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 Er/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 Et/Pr sighatures

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

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

T Ir I

12.5 kHz (0.6 GB/s) to storage
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bb AND cc PAIR PRODUCTION

LHC provides large number of bb and c¢ pairs:
~5x10'" bb pairs
~3x10'2 ¢ pairs

within LHCb acceptance per fb™! @ Vs =13 TeV

ObszSO Hb
Occ = 20 x OCpb

within LHCb acceptance @ s =7 TeV




