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Outline

Charmonium
NRQCD tests via charmonium production
LHCb experiment

Measurement of 7. production at /s = 13 TeV via the
decay 1. — pp

Measurement of charmonium production in b-hadron
inclusive decays using charmonia decays to ¢p¢

Phenomenological analysis of charmonium production
Measurement of 17,.(1S) mass and width
B? decays to ¢p mesons

Main results and prospects



Charmonium



Leptons

Standard Model and strong interaction
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Standard Model and strong interaction

L 2 3

* Strong — QCD
* Weak
 Electromagnetic
_____________ * Gravitation

Fundamental interactions:
[ Higgs Boson ]
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QCD: interactions of quarks and gluons [ ' ' o
* Color charge : SU(3) symmetry 0.4
* Coupling constant a: g

« Asymptotic freedom and confinement 02
* No free quarks, form hadrons
* Intrinsic scale Agcp~200 MeV
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Charmonium

cc states bound by strong interaction
Hydrogen atom of QCD

Electron

Vo~
\':/) < )

Proton

Non-relativistic QCD object: charmonium: v2= 0.3, bottomonium: v?= 0.1

Charmonium ideal to probe QCD driven processes:
hadroproduction,
photoproduction,
production in b-decays,
central exclusive production (CEP),
charmonium decays,
production in medium (QGP), etc.



Charmonium family

hadrons:
e.g. KKm|

Xc12 production using J/¢y
Xc and n.(2S) - b-decays production using

ooy

v* 13.5%

v | Production and polarization using clean uu
LUTOTS

1. production using pp and ¢¢




Charmonium production processes: powerful QCD probes

Hard processes

®* ete” production (B-factories)

®* Photoproduction

®* Hadroproduction (hadron colliders)

Production in decays:
®* Higher charmonium states

® b-decays (~5 GeV)
— accessible at B-factories and hadron colliders

¢ Bottomonium decays (~11 GeV )
— accessible at B-factories and hadron colliders, not many decays
observed so far

® Z, W decays (~80-90 GeV)
® Higgs decays (~120 GeV)
— not observed so far



Theory: spectroscopy, production and decays

 Potential models: spectroscopy with Schroedinger picture
« Charmonium states below DD threshold are well interpreted by theory
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» Phenomenological models for charmonium production
« Color Singlet model (part of Non Relativistic QCD)

* Color Evaporation model o, .. v = Iy /
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Effective Field Theories (EFTs)

« Make use of intrinsic charmonium scales (m > mv >» mv?)
e Derived from QCD

« Non-Relativistic QCD (NRQCD) - EFT at mv and mv?*
Bodwin, Braaten, Lepage, PRD 55 (1997) 5853

* Not unique power counting
Lnrocp = Lg+ L1+ Ly + Ly +

E-;ﬁx _ fl( g”)()l( g“) f(;g )()1( S ) + fﬁf(.l—‘f“)()x(lsu) fh'( )()8( ql)

mg mg me mg

. Potential NRQCD (pNRQCD) - EFT at mv?
Brambilla, Pineda, Soto, Vairo, Nucl.PB 566 (2000) 275

* Contains potential-like terms
* To describe quarkonium states far from the threshold



Charmonium hadroproduction in the NRQCD

Cross section factorizes:

A0p+BoH+X = anO'A+B—>QQ(n)+X X (0" (n))

short distance, perturbative

Production mechanisms:

Color Singlet (CS): quantum numbers of ¢¢ pair and charmonium match
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Color Octet (CO): quantum numbers of c¢ pair are different from charmonium
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Charmonium hadroproduction in the NRQCD

Cross section factorizes:

A0p+BoH+X = anO'A+B—>QQ(n)+X X (0" (n))

short distance, perturbative

Production mechanisms:

Color Singlet (CS): quantum numbers of ¢¢ pair and charmonium match
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Charmonium hadroproduction in the NRQCD
* Cross section factorizes:
A0p+BoH+X = anJA+B—>QQ(n)+X X (0" (n))

long distance matrix elements (LDMEs),
non-perturbative

* Universality: same LDMEs for different production processes
(e.g. hadroproduction and b-decays)

* Heavy quark spin-symmetry (HQSS) for LDMEs:
Links between the CS and CO LDMEs

of different charmonia states (07 (1Sp)) = L0 (38,))
, (O (150)) = (05" (°51))
Simultaneous study of J/ip and n, > {OF(38)) = <08‘]/ Y (18,))

(OF(*Py)) = 3(04" (P Ro))
*other contributions are small

according to the expansion on v
13

Simultaneous study of P-wave charmonia



NRQCD vs experiment: J/{ hadroproduction and polarization

PrOduCtlon: % 102rTe‘I7a.ltr(I)nIClDFdellta F(Iunz_I ;t 10°E ' LHC *- LHCb prompt JTV-N'Q <45 1
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e CSNLO and NNLO* cannot describe prompt production at both LHC and
Tevatron
e NRQCD description with dominating CO contribution
— great success by NRQCD
Polarization:
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e (O predicts strong polarization

e (S contribution / feed-down effect from y, to describe small observed polarization ?
14



M. hadroproduction challenges NRQCD
First measurement by LHCb EPJC 75 (2015) 311 friggered important theory progress

n. LDMEs determined from J/y production using HQSS relation
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LHCb data entirely described by CS contribution, no room for predicted CO
contribution

e Recent progress in theoretical description: Han, Ma, Chao, Shao, Meng
PRL 114 (2015) 092005

- — s Cieerin - Using constraints from J/@ and n. production

o Py, 0 e 1 . .

: . heoe{ measurements, upper limit on CO LDME
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M. hadroproduction challenges NRQCD

Upper limit on On<(3S,[8) = new powerful constraint on J/y polarization
PRL 114(2015), 092005

Without n. measurements With n. measurements
1 — X
7 I/ polarisation J/Y polarisation
. . — NLO NRQCD
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Outcome:

e Progress in data description but tension with CDF data
e Two large CO contributions cancel each other = Hierarchy problem

e Recent global fit with another factorization scheme
S. P. Baranov, A. V. Lipatov arXiv:1906.07182

Motivations:
- Simultaneous study of hadroproduction and production in inclusive b-decays
- Measurement to be updated with larger sample and larger +/s af LHCb
- Similarly study n.(2S) and y(2S) hadroproduction 16



LHCb experiment

17



LHCDb : single arm forward spectrometer
JINST 8 (2013) P08002, INT.J.MOD.PHYS.A30 (2015) 1530022

® Forward peaked HQ production at the LHC, second b in acceptance once the first b is in
® Forward region 1.9 <1 <4.9, ~4% of solid angle, but ~40% of HQ production x-section

RICH (p/K/TT ID)

LHCb 250 mrad i

- 1l
”
|
fid
-
-
ﬁ
B

mmm——— muon system
hadron PID

ms——— HCAL

s ECAL
tracking

lumi caintare

B
A t-

Calorimeters \

Muon

Tracking System

* Complementary cross-section measurements and overlap in terms of rapidity and py

® Key detector systems for production measurements: vertex reconstruction (VELO), particle

identification (Muon detector, Ring Imaging CHerenkov detectors - RICHs), Trigger

: .. : . |
® Reconstruction of charmonia via hadronic decays possible °
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Vertex

Locator
i

LOcctor_
= Sm [l

®* B-meson travels on
average ~1 cm

LHCDb: VErtex LOcator

88 semi-circular microstrip Si
sensors, sensitive area at 8mm
from the beam axis

R and ¢ measurements

Spatial resolution, down to 4pu for single tracks
Impact parameter measurement, op = 11.6 + 23.4/pT [u]

Primary vertex reconstruction,

o, =0, = 134, 0, = 69u for a vertex of 25 tracks
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Events/0.1 ps

v

.
v

200

LHCb

New JP 15 053021

= Fit mixed

« Fit unmixed

Tagged mixed

Tagged unmixed

0 I 2
Decay time

4

)

ps

Measure coordinates of collision and b-decay vertices 19



Charged hadron identification with RICH at LHCb

®* RICH: 2 detectors, 3(2) radiators S oo Fan
* Performance: two-body b-hadron decays s Ay — pk
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Trigger and stripping

LHCb 2015 Trigger Diagram

LHCb 2012 Trigger Diagram

40 MHz bunch crossing rate 40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz

readout, high Er/Pr signatures

readout, high Er/Pr signatures

Software High Level Trigger ) ! software High Level Trigger
29000 Logical CPU cores Partial event reconstruction, select
Offline reconstruction tuned to trigger displaced tracks /vertices and dimuons

time constraints

Mixture of exclusive and inclusive Buffer events to disk, perform online
selection algorithms y . . .
G detector calibration and alignment

5 kHz (0'3 GB!S) to storage Full offline-like event selection, mixture
2 kHz of inclusive and exclusive triggers
2 kHz

. 1 kHz
Inclusive Inclusive/ Muon and ' ' '

. Exclusi o
Topological " € piMuon W95 5 KHz (0.6 GB/s) to storage
¢ ¢ analysis, Run 1 pp analysis, Run II

Flexible trigger : hardware L0, online software (HLT1),
offline software (HLT2) stages
Specific offline selection (Stripping) on triggered events

Stripped data stored on disk

Dedicated trigger and stripping selections for prompt charmonium via pp and ¢¢
21



Measurement of 1, production at+/s = 13 TeV
via the decay n, — pp

Data sample : Run 11 2015-2016, [ Ldt = 2.0 fb~*

LHCb-PAPER-2019-024, in collaboration wide review

22



Cross-section determination

Two production processes:
* Prompt (PV, pp collision vertex): hadroproduction + feed-down from higher states

* Production in b-decays (b-decay vertex) py cC (24 — 2,) M,
mpﬁ t, = ‘ - 2

N R NSRRI o > Pz

Event selection: high-p proton tracks, proton ID using RICH, high-p; pp pair forming
good quality vertex Selection is essentially performed at trigger level

~

Bijpopp |, | _€s/6-0p

5,.(15)—pp €ne(15) =P |

Absolute scale

4 N\ [ )
from J B | )
producégn BJ/lb—l*PP v € J/1p—pp
Bre(15)-pp| | Ene(15)-+pp
\ J U J

Data PDG or LHCb MC simulation =1.00+0.02

Yields extraction:
Separation technique or t, -fit in p; bins to distinguish prompt and from b-decays

charmonia
23



Candidates / (10 MeV)

Separation technique

Split data to two samples and fit them simultaneously in p-bins
Example: first bin, 6.5 <p; <8 GeV

prompt-enriched b- hadron-enrlched
A 4] °
T ' ' R < 9000 T Slgnals
LHCh ) I | HCh
Ve=13TeV % 000 fa=13TeV - From ]/1_!) and T]C
LV 1 :
7 300 -1, najcural width is
g taken into account
U :_‘HIIH
10
Il 'l 'l 'l _..o—"""-‘/—-‘:-h‘—\-_ L Il
26500 3000 310K 2000 . 29000 3000 3100 3200 Background
. Mp; [MeV] Mpp IMeV] - Combinatorial
v ” . H0H 770
- - TL'
1P JAp 00 E /\]/q) i J/Y — pp
I I R
Ta00 1000 1100 LRI
[MeV] MeV
t,<80 fs Yor t,> 80 fs ]
IP x*>>16

By taking into account cross-talk between samples,
prompt and from b-decays yields are extracted

24



Separation technique : systematic uncertainties

Example: first bin, 6.5 <p <8 GeV

P NP AN
Noe /Ny | Nue/Nyp
Mean value 0.984 0.263
Stat. uncertainty 22.7 154
pr-dependence of oy, /7, 0.4 0.2 b
Comb. bkg. description 2.1 2.5 ““C"rtre,la:?d
- uncertainties
Contribution from J/¢) — ppm 0.2 0.7
Cross-talk 1.9 1.4 |
Tot Syst Uncorr 2.9 3.0
Mass resolution model 2.7 3.1 correlated
Variation of I',, 4.8 3.6 = uncertainties
J/i» polarisation 2.1 — |
Tot Syst Corr 5.8 4.8
Tot Syst 6.5 5.6

e Total systematic uncertainties are smaller than statistical ones
e Uncorrelated syst. uncertainties are smoothed between p -bins

Uncertainty on production due to BR(J/\— pp) and BR(n.~ pp) £ 10%

25



t,-fit : corrections on peak positions and resolution

Simultaneous fit (to tz bins) to inv. mass in t, -bins, no peak shifts assumed t,
- ! ~10.0<t <-0.125 - — —0.125<t <-0.025 — ~0.02 5t <00 Okt 0.2 0. B <2 0 - 2.0t <. 0 - 4. 0<t<10.0 .

N

TLHCDb pn eliiainary

Evants /[ 10}

Events / {10}

Eveniz /[ 10)
T

ke . e W N
prpetrd proeond il | Fo—

Mass shift in t, bins is required i
1
O 6Ff S LY = | ' ‘ T 1 E
% 4 i Am(tz) LHCb preliminary _; = | ; E_ Of(tz) — MC/O'MC HCb pu:hmm:u# E
= 2F - = <+ Data 1
=< E E 16 [ ]
o O —— —— : : Ove 1 3
E, -2F = 1.4 1
< -4 ;- _; 1.2 F | E
= . “E : 4 ;
_]E = 1 t 1 4
3 =+ Data E s " ;. —t— ]
-10 DMC = 08 ! i .
- 12 E 0.6 =
M e—_— s P EPU R R B S
2 4 6 2 4 6
Number of bin Number of bin

= MC well reproduces shifts
= Corrections extracted using simultaneous MC fit for 1. and J/{ 26



Simultaneous fit to M(pp) in tz bins after corrections

Example: first bin, 6.5 < p;y <8 GeV

-0.125<1,=-0.025 -0.025=1,=0.0
.
.
.

|||||||

2. 0<t,=4.0

-10.0=t1,=-0.125

Events/{ 10}
Evantz/{ 10
¥ ¥

Events/{ 1)

Evenisz/{ 10}

Events/ | 10 ]

Evenis/{ 10 ]

§ Yy 8 B
T T T d
;
&
ba

L . Eventz/| 10 )

—————————
e

|||||||

ef
Sop—————— ’ [ompeg—————————————_ fremp——————————————
e o 15008 40 L
e o
R o
Elree o ool 0
L o e
e
o f i seep et 3
o
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i | 4 1 o A o T .
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E 2 2
of o o
3 3 a

Consistency check

Fit result [MeV] PDG [MeV]
3096.6 + 0.1 3096.900 +0.006

My,

My, =, 111.2+1.1 113.5+£0.5
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tz fit to data

(I l'le ( t ’ .
F(t,) = (|Ny6(t,) Eexp —>Q{Resolutlon]+N frai1(t,

tz — resolution
rompt -
P P from b-decays (extracted from MCQC)
o mext) s NI events with
t’;emt = ( PP PV ) PP mismatched PV
P

0.1 _

[ LHCb simulation . H+ } .

0.08 - {s=13 TeV + + E

0.06 - -

0.04 - -

0.02: T

Uy 5 T

\_ t,/[psl )

Described by kernel-estimated distribution in bins of p;
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tz fit to data

N t
F(t,) = (|N,6(t,) % exp (— T—ij) QResolution + N.
[[ ] b b

Simultaneous x? fit to tz distributions of J/i) and ), obtained from mass fit in tz bins

7] w E
(=B o § =0/t data (=B s [ § == 1 data
— 'F LHCb o —'r LHCD I
1] 10° i from-b w 10° r e from-b
& & 3
E .|n+ J/l-l) \_— _..l'.-":." mismatch E “]4 i_ qc(ls) . — e ST tech
= —-— = ;
] 1 -
T w0 . : T 0T \‘
S w ~] v | — |
10 —-_-\\-- 10 r..-— L ——\
1 .
10- al s Laea o b ool . 1 ala s st ool aaale oy 1'{}|:...|...I..I...I...l...I...I...I...l...
-10 -8 -8 -4 -2 0 2 4 B B 10 -10 B -6 -4 -2 0 2 4 [} B 10
t; [psl t; [psl
3 3
2 2
1 1
0 0
-1 -1
-2 -2
3 2 4 6 3 2 4 6
t.-bin number t.-bin number
Ntail
< 2%

Nprompt 4+ Nfrom—b

Prompt Nf;:ompt / N;’;lzmptand from b-decays N /N }’ 1 extracted in py bins
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t,-fit : systematic uncertainties
Example: first bin, 6.5 < p; <8 GeV

prompt prompl b—decays b—decays
Nr;,. omp XN;K':M ) Nf;';- aecays XN;‘/I; eCas
Mean value 1.082 0.281
Stat. uncertainty 19.6 25.4 _
(v, corrections 1.8 1.0
pr-dependence of o, /o 0.1 0.8
Comb. bkg. description L 2.3 3.2 |
Contribution from J/y — ppr" < 0.1 0.3 L uncorrelated
pr-dependence of 1, resolution 0.7 0.4 uncertainties
pr-dependence of 75 0.2 0.3
Bias 0.3 0.2
t.-resolution model 0.2 0.3 ]
Total systematic uncorrelated 3.0 3.6
J/y polarisation 2.1 —
Mass resolution model 3.0 3.8 r Correltat.e dt
Variation of I',, 5.2 5.1 | uncentamtes
Total systematic correlated 6.4 6.4
Total systematic 7.0 7.3

e Total systematic uncertainties are smaller than statistical ones
e Uncorrelated syst. uncertainties are smoothed between p -bins

Uncertainty on production due to BR(J/Y— pp) and BR(n.~ pp) £10% %0



n. production : comparison between the two techniques

prompt

B 45 - :
=
22 a5k (=13 Tev
b ]
B | 3 20 <y <45

2.5

2

tz-fit
_, __ separation
] 10 12 14

pr [GeV]

e Methods are consistent

e Similar precision for both
methods

e Small gain in statistical precision
with t,-fit method

from-b

o
=
-1

0.6

dog, . e X /dpr
doy, . Jhe X [dpt

04
0.3

(.2 Ch

s=13TeV £
01F 20<y<ds tz-fit .
P . . separation

pr [ GeV]

e Methods are consistent

e Separation method is more
precise
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N.(1S) prompt production

Tl Oy
Vs=7 TeV 1.74 £0.29,, #0.28,, + 0.18,
Vs=8 TeV 1.60 +0.29y,, #0.25,, + 0.175

Vs=13TeV | 1.69 +0.15,,, +0.10,,,, + 0.185,

O 18 L ' ! T T T ' T T T
= | E
= 1'6; LHCb
Using measured J/{ production © l4F  65<p <14GeVic

[JHEP 1705 063]: 2p Uy :
E oy ;
0,~=1.26+0.11,, + 0.08,  + 0.145z ub 08F { ©
06F -
Color Singlet model prediction: 04F { @ g
Feng, Shao, Lansberg, Zhang, Usachov, He 02E ® =
NP B945 (2019) 114662 ob——— & .

0.83 +0.38 0 5 10
1.56Zg45 o717 ub (s, TeV

- First n (1S) prompt production measurement at 13 TeV
- More precise than Run [ measurement
- Consistent with CS model prediction



N.(1S) prompt production

pr-differential prompt production

—— ]
LHCb

(s=13TeV
20<y <45

doy,. /dpr
de jn, /dpT

doy,_/dpr [nb/ GeV]

-2
3 LA
IIIIIIIIIIIITI]IIIIIIIIII|III
3 e
s bt

15 —
| E

0.5 slope: 0.22 +0.11 -
0 = 101 14

pr | GeV]

Indication of possible CO contribution ?

10°

10

m

C
WA
E LHCb
- 20<y<45  JHEP 1705 (2017) 063
'.8...10III1211.14
pr [GeV]
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N.(1S) production in inclusive b-decays

BRb—mCX/BRb—U/l/}X BRb—mCX

\s=7 and Vs=8 TeV, | 0.421 +0.055,,, +0.022,, + 0.0455; | (4.88 £ 0.64,,, + 0.25,, + 0.6755)x 1073
average

Vs=13 TeV 0.48 0.03,,, 0.03,,,, + 0.055p (5.51 % 0.32,, + 0.29,, + 0.775)x1073

pr-differential production in inclusive b-decays

2

10T T 1

-

I Eﬂ :

»—C>—|
10 -

[ LHCb —
Vs =13 TeV |
[ 20<y<45 JHEP 1705 (2017) 063
L L | L L L | L L L | L L L
: 8 10 12 14
P GeV

do,_, x/dp, [nb/ GeV]

e Result consistent with Run I measurement and more precise
e Precision limited by systematic uncertainties on branching fractions
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Measurement of charmonium production
in b-hadron inclusive decays
using charmonia decays to ¢¢

Data sample : Run 12011-2012, [ £dt = 3.0 fb~*

EPJC 77 (2017) 609
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Charmonium production in inclusive b-decays using ¢ ¢

Event selection: high-p kaon tracks, kaon ID using RICH,  selection is essentially
kaon pairs invariant mass close to ¢ resonance, good quality performed at trigger and
KKKK vertex significantly displaced from PV stripping levels

* True @ combinations using 2D fit technique in bins of M(KKKK)

o candidates

2200
2000

Spectrum comprises ¢¢p, KK and KKKK
contributions

+ possible contributions from other

800 = I resonances

oE KKKK

w0 - combinations W

0 iﬁbc B | 7 A (R
M(KKKK) [MeV]

FLHCh

1500

1600
1400

1200

FOOHY

FLHCH

(0.22 MeV' )2

20000

didates

1500

L]

Candidates/(1 MeV)

. Can

SE

bk i i L i L i i i i
100 1015 1020 1025 1030 1010 1015 1020 1025 1030

M(KK) [MeV]
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Charmonium production in inclusive b-decays using ¢ ¢

Event selection: high-p kaon tracks, kaon ID using RICH,  gelection is essentially
kaon pairs invariant mass close to ¢ resonance, good quality performed at trigger and
KKKK vertex significantly displaced from PV stripping levels

* True @ combinations using 2D fit technique in bins of M(KKKK)

o candidates

w20~ o |

2000 LHCH

1500 Jb -
forbidden to
decay to ¢¢ h. — forbidden

to decay to ¢¢

Candidates/{10MeV)

1000

$(25) -
forbidden to-

decay to ¢¢ 7

500
- true ¢
- combinations
0 PP B B . . . . . .
2800 3000 3200 3400 3600 3800

M(¢¢) [MeV]

Extract relative yields from the fit
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Systematic uncertainties

Ny /Nxo | Nxea/Nxeo | Nno28)/Nn.15)
Including X (3872), X(3915), x(3930) [ 0.006 0.008 0.003
Fix 7.(15) resolution
to MC value 0.001 0.001 < 0.001
Resolution described
with a single Gaussian < 0.001 < 0.001 —0.002
Varying r parameter
between 0.5 and 3 GeV ™! < 0.001 < 0.001 < 0.001
Varying I, (55 < 0.001 0.001 ~0.003
Fit x. and 7.(25) region only 0.001 —0.004 -
Alternative bgrd parametrization 0.002 0.011 < 0.001
Accounting for fy(980) in 2D fit 0.005 0.005 0.001
Fix x. masses at nominal values —0.010 —0.002 < 0.001
Fix resolution in 2D fit
at MC value < 0.001 —0.001 < 0.001
Add slope parameter
for the o K* K~ component < 0.001 0.001 < 0.001
in 2D fit
Add slope parameter
for the K"K~ K"K~ component < 0.001 < 0.001 < 0.001
in 2D fit
Combined systematic uncertainty 0.012 0.015 0.005

® Total systematic uncertainties are smaller than statistical ones
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X012 production in inclusive b-decays

* First measurement of BR(b 2x,X) production in inclusive b-decays
* Most precise measurements of BR(b2x_X) and BR(b 2x_,X)

B(b — x.0X)

B(b— xoX) =
B(b— xaX) =
B(b— xeX) =

= 0.615 = 0.095 = 0.047 = 0.149
= 0.562 £ 0.119 £ 0.047 = 0.131

= (0.234 = 0.038 £ 0.015 = 0.057

(3.02+£0.47+0.234+0.94) x 1073
(2.76 +0.59 + 0.23 + 0.89) x 10~°
(1.1540.20 £ 0.07 + 0.36) x 10°

B(h — \(th)
— 0.9240.20 % 0.02 £ 0.14

B(b = v X)
B = X2 X) _ 354 0,07+ 0.01 = 0.05

(}) — \(([]X)

Naive expectation: X .2: Xc1: Xco = 5:3:1

Prediction Beneke, Maltoni, Rothstein,
PRD 59 (1999) 054003

BR(b = x.0X) = (0.17 + 0.56) x 1073
BR(b - x.1X) = (0.89 £+ 2.06) x 1073
BR(b = x.,X) = (1.51+3.46) x 1073

* Results not described by NLO NRQCD prediction
* Negative short-distance factors for CS -> higher order calculations needed
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X012 production in inclusive b-decays

* First measurement of BR(b x,X) production in inclusive b-decays
* Most precise measurements of BR(b2x_X) and BR(b 2x_,X)

we CLEO 2 e CLEO 2
== Belle - PRD 2016): (3.33+0.05+0.24)x 103
 praze o updated (FRDS3 052016): (3.33:0.0520.20/%10 w- Belle -> updated (PRD93 052016): (0.70+0.06:0.10)x10°
~  PDG2016 B —xa X B
__________________________________________________________________________ = BaBar
3" ‘
DELPHI b PDG2016
B —xa X
LHCb: (2.76£0.59£0.23£0.89) X103 | b e e e
PDG2016
Our average . b —xa X /_*\/LHCb(115102010071036))(10'3 b —xa X
0 001 BRMb 1, X) [ 001 BR(b>x,,X)

* Feed down contributions are not subtracted
* BR(b-2x,X) and BR(b=2x.,X) are in agreement with measurements at B-factories
(where only B%* measons contribute)
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1.(2S) production in inclusive b-decays

* Double ratio of branching fractions

B(b = n.(25)X) x B(n.(25) — o)
B(b — n.(15)X) x B(n.(1S) — ¢o)

* Product of branching fractions

B(b— 1.(28)X) x B(1.(28) — ¢¢) = (6.34 £ 1.81 £ 0.57 £ 1.89) x 1077

= (0.040 = 0.011 = 0.004

28 007
. M N
1.(25) production as a e I
function of assumed g F
natural width: =< 0.05F
TT 004k
i
0.03 .
0.02F =

T ST ST Y
I'(n:(25)) [MeV]

 First measurement of 1 .(2S) production in inclusive b-decays
« First evidence of n.(25)> ¢ (3. 70 significance)
=> First step to measure 1(2S) prompt production
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Search for charmonium-like states in inclusive b-decays

Limits with respect to states with similar quantum g LHGh
numbers: o o
at 90 (95) % CL 6
BR(b - X(3872)X) x BR(X(3872) — 3
( (3872)X) (X(3872) > 9¢) _ 59 (0.34) K
BR (b - XC1X) X BR(XCl - ¢)¢) ul] 0.1 b.2 IEIi:! IEIi4 IEI.5 IEI.G I b.? HEI:B
BR(b — X(3915)X) X BR(X(3915) — N(X(3872))/N (Xc1)
( ( )X) (X( ) = dP) < 0.14 (0.12)
BR(b i XCOX) X BR(XCO - (p(,b) 0.018F
0.016 F LHCb
E 3!
BR(b = x.2(3930)X) X BR(x.(3930) —
( Xcz( ) ) (XCZ( ) ¢¢) < 0.20 (0.16) 2, mz;
BR(b = Xc2X) X BR(Xc2 = ¢¢p) E ooif
D:ON?— \
BR(b - X(3872)X) x BR(X(3872) > ¢d) < 4.5 (3.9) X 1077 syl o,
BR(b - X(3915)X) x BR(X(3915) - ¢¢) < 3.1 (2.7) x 1077 N(X(3872))/N (xc1)

BR(b = y.,(2P)X) X BR(x.,(2P) > ¢¢p) < 2.8 (2.3) x 1077

* First search of charmonium-like states in b-decays using their decays to ¢p¢
« Typical sensitivity for product of BRs is 0(1077)
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Phenomenological analysis
of charmonium production

LAL-17-051 and updates
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Simultaneous fits to ]/ and 1, production

First simultaneous study B(b —» n.(15)%ret X))
of J/Ap and n, b-decays production B(b— Jp* 2 X)

= (0.691 £ 0.090 £ 0.024 £+ 0.103

Theory errors included

Data from EPJC 75 (2015) 311 and PDG oo Ax?
Relation between LDMEs from HQSS :g‘m
Branching fractions calculated in g om\

=>

[=]

Beneke, Maltoni, Rothstein, e T
PRD 59 (1999) 054003 o 0]/1,0( 150)01[GeV3]
— 0.02pis 2
Fix CS LDME according to potential model S . Ay
0/ (35,)=1.16 GeV® =T
1 1 . 3 L
“\ O
Fit three LDMESs to two measurements S o
i

1 Pa— ) I
0 0 0.01 0.02

0J/Y(3s,) [GeV?]

LDMESs compared to Shao, Ma, Chao et al. PRL 114 092005,
Baranov. Lipatov arXiv:1904.00400"
Butenschoen, Kniehl PRD84 051501

Two independent measurements B(b — J/X) and
B(b - nX)/B(b - J/X) (constraints) important

Theory calculations should be revisited, higher order . : \

-0.01 1] 0.01 ) 0.02

corrections maybe needed 0J/%(3s,) [Gevd] 44



Simultaneous fits to ]/ and 1, production
Theory errors included

Compare determination of LDMEs from
hadroproduction and from b-decays

Short distance coefficients for prompt
production provided by H.-S. Shao

dop+poH X = andA+B—>QQ(n)+X X (0" (n))

Understanding of theoretical uncertainties
crucial to make a comparison

LDMEs compared to
Shao, Ma, Chao et al PRL 114 092005

Baranov. Lipatov arXiv:1904.00400
Butenschoen, Kniehl PRD84 051501

First simultaneous study of b-decays and
prompt production

Alternatively, once hadroproduction and
production in b-decays measured for
charmonium states with linked LDMEs, the
factorization, universality and HQSS can be
tested quantitatively

0.03

= S

¢ =]

= r
)

03" (*Po)/m2 [GeV®]
=
|

=]

e

]

=

0l (1sy) [GeV?]
[=]

oo01F

+
i
] [ [=1] [

[=]

_ﬂ'%.{ﬁ

0.01 0.02
0l/Y(3s,) [GeV?]

0.02]-

0.0

03"V (PPy)im?2 [GeV?]

00

" " M s " | I —
0.01 0.02 o

0./%(3s,) [GeV3]

>
N

Ax?
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X012 production in inclusive b-decays

Usachov, Kou, Barsuk, LAL-17-051
(2.74 4+ 047 £ 0.23 + 0.94p) x 1073
(2.49 4+ 0.59 + 0.23 + 0.895) x 1072
(0.89 + 0.20 + 0.07 £+ 0.365) x 1073

From Eur.Phys.J. C77 (2017) 609 and ey
Chin. Phys. C40 (2016) 100001: B(b = x0™" " X)

B(b—) \Cldirect‘\')
B(b—) \CQdirect‘\')

05 = (O F))/m?,

Os = (OX2(3Sy)).

(0¥ (CPy))/mE = (2] +1)O4,
(0X1(381)) = (2J + 1)0s.

Relation between LDMEs from HQSS:

Branching fractions calculated in Beneke, Maltoni, Rothstein, PRD 59 (1999) 054003

Fit fo two measurements of
branching fraction ratios

Fit to three measurements of
branching fractions

0s [ B 0.01 :
8 0.0zl | B(® = xmdircﬂx} Ox B(b — Xcldmdx} 10° (x?)
i B(b = x. " X) 20 B(b — xo¥ret X) 4
! _—
0.01h- E“} — Xrﬂd*rtdx} 15 E{b - xcgd'rfd.’f} 10!
B{:b — xmdirmrx} »
! 10
oT 10
1 5
ERQA (d) o l
i RN .
"0-01 ! - e L 1 o
-0.2 -0.1 0 0.1 0.2 wy % S - 4
O, o,

- Relative production is not described by theory

- Higher order calculations needed? 46



n.(1S) resonance parameters

EPJC 77 (2017) 609
LHCb-PAPER-2019-024, in collaboration wide review
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Measurement of n, mass using n, — pp

Looser selection of b — 1.X decays than for production measurements

-

LHCb

Vs =13 TeV
2.0 fb1

Events /(5)

& = = B &

8 III|III|III III|III|III|IIII

M,; [MeV]
My — M, MeV

Mean value

112.99

Stat. uncertainty

0.67

Mass resolution model
Variation of oy, /o
Variation of I'(#.)

Comb. bkg. description
Contribution from J/» — ppr”
Momentum scale

0.08
0.01
0.04 __ systematic
0.03 uncertainties
< 0.01
0.05

Total systematic uncertainty

0.11

Total uncertainty

0.68

- Precision limited by stat. uncertainty
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Measurement of n, mass using n, — pp

Summary of n. mass measurements

LHCD
. BaBar
—— BES II1I
. LHCbH b— ppX, Run I
— LHCbH b— ¢ X
———— LHCbH BT — ppK™
S e PDG 2017
—.— This measurement
A PR R | | |

I'|'|5I | I12‘DI | I122I
ﬁﬂ*{y.ﬂb:]k [hIEV ]

This measurement: 112.99 + 0.67 = 0.11

1 1 1 I I 1 1 'l I
108 110 112 114 16

PDG average: 113.5 0.5
BES III: 112.6 *=0.6 £0.6
Run I result 114.7 =15 0.1

New average: 113.3 *0.4

- The most precise measurement from a single experiment



Mass and natural width of 1, via decays to pp and ¢

Summary of n, mass and natural width measurements

] L] L] L] I L L] L] ' L] L] L] ' L L] L l L] n Ll I- PDG
= 40} LHCb ~
= "~ 3 b R 110> (e~ dP)X
i 1 [EPJC 77, 609
S 1 b- - pP)X
| - : 4 EPJC 75, 311
= f : 1 [LHCb-ANA-2018-035
30 |- ; _
: '.': : B+ - (nc_) pT’)K-I-
- L 1 PLB 769, 305
25 — —_
PRRE TR T R T TR TR ' N T |
2978 2980 2082 2084 2986 2088
M,, MeV

- General agreement between the measurements
- Mass precision of 0.4 MeV achieved
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Study of B? decays
to ¢ mesons

Data sample : Run 12011-2012, [ £dt = 3.0 fb~*

EPJC 77 (2017) 609
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By decays to ¢ mesons

* Rare penguin processes
* Look for New Physics contributions to loops

BO - ¢ BS - ¢pd
W Can proceed via three—body
5(\’\’\’% transition or via intermediate
3 . resonances (e.g. B > 1.¢)

b . ;
S @
B] W+
S ; g\,\%
)
S S
' =

S J
%5< U
S

0 -
B\ x o

Precision branching fraction and | <

CP violation measurements

ol |

@ @»l

(0]

» @l

B(BY = ¢p) = (1.84+0.054+0.07£0.11;, /7, 4 0.12,00) x 107°
JHEP 10 (2015) 053 (LHCDb)
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Ratio of branching fractions for n, decays to ¢¢ and to pp
BR(n. = ¢¢) : PDG fit and PDG average values ditfer I'(qbq‘.‘)) /T total

VALUE (units 10~ %) EVTS
Tension between existing measurements 179+ 2.0 OURFIT
28 + 4 OUR AVERAGE
. BR(Nc—>¢9) : 0 :
Ratio BR(T.o0D) extracted using By — ¢¢ as a reference using LHCb
C—)
measurement

Data MC
BR(b - n.X) X BR(n, = ¢¢) _ N, - ¢¢p) E(BSP)
BR(b = B)) X BR(By = ¢¢p), N(BS — ¢¢) €(nc)
1 I
JHEP 04 (2013) 001 (LHCb) JHEP 10 (2015) 053 (LHCb)

BR(b-1:X)-BR(N:~DP _ 71—
BR(b - ncX)=l BR(,,: ]7¢X;.BRE7/¢ZZ)15) % [BR(b - ]/¥X) - BR( /Y - pp) I X [BR(n: - pp)]™*

|
EPJC 75 (2015) 311 (LHCD) PDG

BR(n — ¢¢)
BR(n. — pp)
value extracted using PDG fit: 1.17 £ 0.18

- This result disfavours the measurement performed via yy — n,
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First evidence of BY — ¢¢p¢

« 3D fitof M(K*K™))M(K*K™), X M(K*K™); in bins of M(KKKKKK)

to select true ¢p¢¢ combinations
similarly to 2D fit in charmonium production analysis via decays to ¢¢

— L L I R AL A R L 0 . .
% 5T true pdo e, ] Bs = ¢ signal:
S I combinations 14.90 significance
= [ i
é 10 —
= L
= [
o L
5_ f—
= tece e ot s of D P .”“.‘\V.!,l.l.!.!.l.l'
5250 5300 5350 5400 5450 5500
volume 7 number - sepember-2017 M(¢¢¢) [MeV]
@M___MQ B - ¢¢ used as a reference:
Particles and Fields
0
BR(Bs — ¢¢¢)

= 0.117 £ 0.030 £ 0.015

BR(B; — ¢¢)
using BR(BJ— ¢¢) from JHEP 10 (2015) 053 :
BR(B? - ¢pdpd) = (2.15+0.54 + 0.28 + 0.21p5) X 107

- First evidence of B? — ¢ ¢ 4




First evidence of B - ¢pp¢p

* Search for resonant contributions

——— « Symmetrized Dalitz plots not conclusive
- LHCb

data |

—_
W
T

BR(BY - ¢¢p)
=(2.154+0.54+0.28 + 0.2155) X 107°

[
o
| T T T

Candidates/(80 MeV)

4000
M(¢d) [MeV]

3500

3000

0 PR T S T N
2000 2500

o Transverse
* Study of ¢ polarization Longitudinal
No polarization

[\*]
=

p—
Lh
TT T Er T [ rrT

Candidates/0.4

0 : angle of ¢ in the B rest frame

with respect to B2 boost :
10

Most probable value f;=0.86 | L
fT > (0.28 @ 95% CL 0 -,

* No significant resonant contributions observed
« Data inconsistent with longitudinal ¢ polarization 55



Main results

Physics measurements:
* First measurement of prompt 7.(1S) production at /s = 13 TeV

 Validation of Run I results
* More precise than theory prediction = stronger constraint on theory

First or most precise measurements of production of n.(1S), X012 and

N:(2S) in b-hadron inclusive decays
* First stringent constaint on theory using production of all y.q ; , states
* First step to measure 71.(2S) prompt production

Search for charmonium-like states in b-hadron inclusive decays
« Important to understand their nature

Measurement of 77.(1S) resonance parameters
« Important to solve tensions between measurements

Measurement of branching fraction of n.(1S) — ¢¢ decay
« Important input to resolve PDG tension

First evidence for BY — ¢¢p¢ decay and its resonance structure
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Main results

Phenomenological studies:
* First simultaneous study of 1. and J/{, prompt and b-decay production
 Strong constraint on theory

* New consistency checks of NRQCD
* Reasonable description of data points

» First simultaneous study of y.q 1, production in b-decays
« NRQCD fails to describe relative y.q 1 , production
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Experimental prospects

At LHCb I
* Polarisation of {(25) 3
« Prompt 1.(2S) production with 2018 data &l B NG
 Investigate other hadronic decays S10°| moroscer g
with Run II (and Run I) data samples 0 siamaTey
- KKm g of =
— § 2F -
- AA 2 4

o

« A(1520)A4, A(1520)A(1520)
* h study using pprm
* Prompt n, production 0
* 1. production in CEP, heavy ion collisions
* B and hadron exotics studies involving 7, reconstruction

( N)LO,GLO

o

o - N o
T Y

+ Lower-p; and higher-p; production studies

At BES 1II and future super tau-charm factories
« Improve precision of BR for 1.(1S) - ¢¢ and n.(1S) — pp and their ratio
* BR measurements for 1.(2S) decays to hadrons

At Belle I1
« Update on BR(B = c¢¢ X) and BR(B* - ¢cCK™)
« Update charmonium production measurements 58
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-> momentum scale calibration is applied

pp : data sample and event selection
Data sample : Run 11 2015-2016 2.0 fb! integrated luminosity

Variable Hit1 HIt2 Stripping [[Offline )
selection
Trigger LOHadron | HIt1DiProton | — LOHadron_TOS
HIt1DiProton-TOS
HIt2DiProton TOS
Protons | pr, GeV/e > 1.9 > 1.9 > 1.95 > 2.0
p, GeV/e > 12.5 > 10.0 > 12.5
pr/p > 0.0366 > 0.0366
Track x?/NDF < 2.5 < 3.0 < 4.0 <25
Ghost probability < 0.2 < 0.2
Alog LPT — > 20 > 20 > 20
Alog LP— K - > 10 > 15 > 15
pp pr, GeV/e > 6.5 > 6.5 > 6.0 > 6.5
Vertex y?/ndf <4 <9 < 4.0
Vertex DOCA, mm | < 0.1 < 0.1
Mass, GeV/c? 28 -33 |28—-4.0 2.8 4.0 | 2.85—-3.25
SPD multiplicity < 300 < 300 < 300 < 300

Selection is essentially performed at the trigger level
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¢ ¢ : data sample and event selection

Data sample : Run 12011-2012 3.0 fb'! integrated luminosity
-> momentum scale calibration is applied

Variable Denotion Requirement
Kaons | Track quality y* /ndf <3
[mpact parameter to primary vertex 1%;, > 4
Transverse momentum pr, GeéV = 0.5
[dentification ProbNNk > ().1
@ Vertex quality X~ < 25
Invariant mass M+ jo- — My|, MeV | <12
eh Vertex quality v° /ndf <9
Distance between the decay vertex "’ = 100
and the primary vertex

Selection is essentially performed at the trigger and stripping level
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Separation technique

From PDG:
Byjy—pp = (2.120 £0.029) x 103
B, .5 = (1.504+0.16) x 103
By spx = (1.16 £0.1)%

yield 1in prompt-enriche ng = =P N:’Z 4 0P N?I;c
sample: , R R
yield in b-hadron- n,. | =¢ ~ Nnc 4+ e Nnc’
enriched sample: - ——

[ from fit ] from MC

Extracted from
DATA
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Factorization

Bodwin, Braaten, Lepage, PRD (1995)




1. hadroproduction: kr-factorization
S. P. Baranov, A. V. Lipatov arXiv:1904.00400

2  JH2013set 1
% JH'2013 set 2 .
2 CMS —@—
) ly(JAp)| < 1.2 7
& :
o)
B
$ )
@ s
i
107 F - 1
N
2 .
19°F JAp production e
103 el
102
Py (Jy) [GeV]

10’

100

| LA I |

—

1, production

1 | I

JH2013set1 ]
JH'2013 set 2

LHCb +—e— ]
2<y(ng <45 1

7

8 9 10

Transverse momentum dependent distributions of gluons

LO accuracy

Good description of data points
Global fit of all hadroproduction observables

1

12 13 14
Py (N.) [GeV]

S. P. Baranov, A. V. Lipatov arXiv:1906.07182
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Mass [MeV]
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Charmonia decay channels for production measurements at LHCb

up (1D JW vy | | | baryons
n.(15) forbidden -

JAp(S - i forbidden
)

X0(1P) forbidden ~0.02 % ~0.04 %

h (1P) forbidden forbidden ? forbidden | ~0.01 %

X1(1P) forbidden ~0.01 % ~0.01 %
X (1P) forbidden ~0.1 % ~0.01 %

1n.(2S) forbidden - ?
P(25) - forbidden | ~0.02%

seen in prompt production
seen in b-decays, promising channels

* Decays to hadrons (can) give access to n.(15), X(1P), n.(2S) and h (1P) (?),
whose production can’t be measured using uu or J/iry
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N.(1S) branching fractions

® |ndirect determination: Eur.Phys.J. C77(2017) 609

from known BO and n. yields A%, fragmentation fraction f,,, momentum dependence and

B(B? — ¢¢) = (1.84 £ 0.05 £ 0.07 + 0.11;, /5, £ 0.12,,,,) X 1075

Bb— JhbX) = (1.16 £0.10)%

B(b—n.(18)X)xB(n:.(1S)—pp) __

B(J/)p — pp) = (2.120 4 0.029) x 1072
fs/fa=0.259 £ 0.015

estimated branching fractions ratio

B(n.(1S) — ¢¢)
B(n.(15) — pp)

significantly larger than the value determined from PDG:

B(n,(15)—¢¢) n
B (1S oo — 1.17 = 0.18

= 1.79 £ 0.14 £ 0.09 £ 0.10, /5, £ 0.03; , £ 0.295
b
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Observation of n,.(2S) — pp and search for X(3872) — pp

Only few decay modes of 1.(2S) were observed PLB 769, 305

BR(n:(2S5) — pp) — important knowledge for further prompt production studies
J.-P. Lansberg, H.-S. Shao, H.-F. Zhang arXiv:1711.00265
= only upper limit on BR(¥(2S) = n.(2S)y) x BR(n.(2S) — pp) by BESIII
Spectroscopy studies for 1. (1S)
= tensions in mass and width measurements performed using different n.(1S) production processes
= complications in line shape when using 1.(18)y radiative decays
Spectroscopy studies for n.(2S) : lack of measurements
Search for X(3872) = pp and ¥(3770) — pp

* B* - ppK™ : clean environment to study (c¢) = pp

R UL T Ty
T PO (YN AT P YT YT v oo

4 an L 2
5200 5300

éf

* Background subtracted M (pp) distribution: i ev)
S O T T normalizatis - b5
g = LHCb ¥ < normalization e
S 10k =
3 F y(2S) § State Signal Yield
5 - 7 ne(1S)+non res. 11246 +119
2 10k = J)ib 6721 + 93
= i s Xeo 84 + 22
O B a3 Xe1 95 4 16
WE n.(29) 106 £ 22
g ¥(28) 588 4 30
1) o L ¥ (3770) —649
3000 3500 4000 X (3872) —14+£8 69



Candidates per 5 MeV/c?

J/ hadroproduction at LHCb using J/{ 2 up

x10* "
- a.
12 — LHCb ISBI —&— Data LHCb
. =13 TeV, L, =305pb’" =} — 15 Vi=13 TeV,L,, =3.05 pb’"
= 1 <y < ‘5 b — 1= lrOm-b 3 <y < 35
or . 4 srompt IS
l - 2<p, <3 GeVie &0 :N',“'.'I':R'l{'\t‘ 2<p, <3GeVie
] - % . [ Buckground
- S 107
()-— B
- g 10
- @)
4=
G - 10 fig
o 020 g
. |
fl Al Ve Lo 2 | VAP T Vo Pt
2950 3000 3050 3100 3150 3200 10 "HG T E Cah BT e A B
2\ /2 = =
m,., [MeV/e?)

clean signal from J/Ap = up
separate prompt
production and production
b-decays by fitting pseudo-
proper lifetime

| LHCb

SECSas
l -

s =13 TeV/ {s = 8 TeV cross-section ratio

._+_

—+—LH
—— NRQCD

CE’]HEP 1510 (2015) 172

5 10
p () [GeVic]

Ratio of 13 TeV/ 8 TeV production:

Many systematic uncertainties

cancelled

Ultimane theory precision
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J/b prompt production compared to theory
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Xc12 prompt production using x.12 =)/ y

NRQCD fit for absolute production:

B.d'a
_rlyj nb/GeV]
de
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[0 ATLAS Data
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10 e s e
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More precise when

looking for ratio:

1IL'I'

]HEP 1407 154 (2014)
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Eur. Phys. J. C 72, 2251 (2012)
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13/8 ratios
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Candidates/ (10 MeV)

Charmonia production in b-decays study using ¢¢ at LHCb at+/s = 7,8 TeV

_ L I v ' ] Signals:
2000 f~ 1(19) L ,
<PV L LHCb 1 double Gaussian (x)
_ 71 RBW;
1500 - - | Resolution is scaled according MC:
- forbidden to _
- decay to ¢p¢ h. — forbidden -
- to decay to -
][I}ﬂ \ y ¢¢ = E 859 LHCb simulation
o) - =
(2S) - - 80,
- Xell v forbidden to - )
500 __ . . ; 1.(25) decay to ¢ 7 Q 1
~b-decays, inclusive 01
-pure ¢ 65
o Leombinatipns ol . )
2800 3000 3200 3400 3600 3800 o

Fit results:

Resonance

Energy release

M(oo). MeV

Event vield ratio

Resonance Event vield ratio

‘1-1. el e"I‘Tl. el
N N

I."
Xe2l * " Xel

. Far
A n-l25)/ ‘\"u. {15)

0.494 4+ 0.107 + 0.012
(0.656 4+ 0.121 £ 0.015
0.056 + 0.016 4+ 0.005

N
N
N

0.144 £ 0.022 £ 0.011
0.071 £ 0.015 £ 0.006
0.094 £ 0.016 £ 0.006

Y .
‘,l“,l'l "" My II]IHII

PaT
1..“"'1”.(].""3

IAT
1.:;"'1”.(1-""3
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n.(25) significance

< LHCb-ANA-2015-038
3 3 fh!
2f-
25

:llllllllllll lI |ll-IIIlIIIIIIIIIIllIIIII
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ﬁra-l'gml(B:;' — @QQ}
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PT - spectra

X e el | X e2

| Ne(15)

||
~1~1

eV | 041 x£0.02 | 0.32x0.04 | 0.31 £0.06 | 0.30 = 0.05
eV | 0.39+£0.02 | 037004 | 041 £0.06 | 0.33 £ 0.04
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Measurement of n, mass using n, — pp

Looser selection of b — 1n.X decays than for production measurements

Variable Selection criteria
Trigger LO_Hadron_TOS
Hlt1(Two)Track MVADecision T OS
H1t2Topo(2,3,4)BodyDecision TOS
Proton pr, GeV/e > 1.0 GeV/¢?
candidates Track y?/NDF < 5.0
Impact parameter Y2 | > 9
Alog LP~T > 15
Alog P~ K > 10
Charmonium | pp, GeV/e 5.5 - optimised
candidates Vertex y? <9
Flight distance y? >81 - optimised
Rapidity y 2<y<4.5
Multiplicity | SPD multiplicity < 600

MC: contamination by prompt n.(1S5) is below 1%
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Measurement of n, mass : optimization

LHCb-ANA-2018-035

PT{F?%??MEW? ’

LHChb- ANA-2018-035

g (2]
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Candidates/(1 MeV)

0

3D fit example
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B — ¢p¢ systematics

Background shape variation, ¢oo¢

Resolution at MC value in 3D fit

Resolution of B! described by a single Gaussian
fol980) in the 3D fit

Decay model

Combined
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Y =375/Q — 1
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=]
3

Events/10 MeV

5

B(b — B") x B(B" = ¢0)

= (L1288 + 0.010 £+ 0.007
B(b— n.X) x B(n. — o)

IIlIIIIIIlllIlII

S50 S0 s sw0 %0 B(BY > ¢¢) = (2184 0.17 £ 0.11 £ 0.14;, +0.653) x 107°

N(BY)
Background shape variation, ¢¢ -2
Resolution in 2D fit at MC value —23
fo(980) in the 2D fit 2
Resolution for B! described by a single Gaussian | —81
Combined 84
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Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

. 2018 (8.5 TeV): 2.19 b
. 2017 (6.5+2.51 TeV): 1.71 fib + 0.10 /b
- 2016 (6.5 TaV): 1.67 /b
. 2015 (6.5 TeV): 0.33 /b
. 2012 (4.0 TeV): 2.08 fb
. 2011 (3.5 TeV): 1.11 b
2010 (3.5 TeV): 0.04 fb

| i
2010 2011 2012 2013 2014 2015 2016 2017 2018
Year
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Upstream track

T1 T2 T3
1T
VELO — " Long track
|
VELO track Downstream track
\ P

T track




Calorimeters

SPD/PS
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Charged hadron identification with RICH at LHCb

2 Ring Imaging Cherenkov Detectors (RICH): 3 Radiators, photons from Cerenkov cone
focused onto rings recorded by Hybrid Photon Detector (HPD) arrays, out of acceptance

RICH 1 Silica Aerogel: RICH 2
Accepfgnce 25-300 mrad n=1 .03 Acceptfance 15- 120 mrad
1-10 GeV/c
Side view CaFio: Top view /{:’:?,—».,_ A
o n=1.0014 7./
t p
e Up to ~70 GeV/c VU
rad
5 CFa: 300
. 2R n=1.0005
R Wiror Upto~100Gev/c |
- APl c4F10 120mrad Y g
e = 2=t — 17\,@3'&8 04 —
———— [ep—————H - I I I I I $ A
7\ | 035 ; BS — Dot ] 4
VELO exit window | | N 3
i Spherical J\
1 mirrors il
Hd 1 Fat mirors | | ”
Mirror | ~lf CF, gas
| | ; o || \ = |
0 100 200 z (cm) 0 25 50 75 100 125 150 175 200 \..\,

Note scale difference 86



147 RN S SUES S S |
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