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Elementary particles and their interactions

O «Truly » elementary particles: fermions (leptons and quarks) and gauge bosons
+ Higgs boson

J/ Strong interaction
Chn:::: ;233 MeV/c? ::373.07 GeWcz\ Z :1266ewc2 Quan tum Chromo dynamics
spin - 1/2 u 1/2 t 1 g 0 H (QCD):
Higgs
up top gluon .
boson . gluon self-coupling,
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0

i » » EM carrying colour charge:
S -— .
- @ | - b y interaction >o¢)

12
down Kstrange bottom) photon
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- scale-dependence,
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gectron muon tau Z boson Weak freedom to confinement
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0 ; 0 y - no free quarks
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200 MeV

U Described by a very successful so far Standard Model of particle interactions
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The ag running (main property of QCD) was analytically computed in 1973
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Hadrons

O Quarks are not observed alone but are always part of hadrons
0 Quark combinations are classified as:

Allowed: dadqq, dqg

Non integer charge

Forbidden by confinement: qq, CICIEI, qaqq hadrons
Other allowed states: qqaa, qqqqa
Quarkonium .
Quarkonium is a bound state of two heavy quarks (cc or bb), QQ potential as a function
charmonium and bottomonium 4 ©f quarkonia radius
AQCD
Non-relativistic QCD object: e
charmonium: v# = 0.3, bottomonium: v* = 0.1 Ilowling ¢  Hightying
%“ QQ QQ
v - typical velocity of HQ in the quarkoniumrest frame & . » & v ¥~
EE J n. ¥ J L2 y )
> gy .
1 r(fm)
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Charmonium: a bound state of c-quark and c-antiquark
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Charmonium

Charmonium states (under DD threshold)

n2s) .7 Zg(LP)
hadrons hadrons
Y
n.(18)
hadrons hadrons y* radiative
JPC — 0—+ 1—— 0++ 1++ 1+= 9++
A S1
s, S=S;+S,
L J=L+S
\ P — (_1) L+1
C=(-1)Ls
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Charmonium decays: good, bad and very bad charmonia

Charmonium states (under DD threshold)

w(2S)

25) 1] N 1P
n28) . ! N\ b (P X.o(1P)
hadrons e - hadrons
n,.(18)
hadrons hadrons y* radiative

JPC — 0—+ 1— 0++ 1++ 1+- 9++
L Hadronic final states allow to study different
charmonium states simultaneously
Q Below DD threshold: strong annihilation J‘" 4
to two or three gluons, ag? or ag® dependence  7'¥ Aok
c S

Q Above DD threshold: decays to DD via
single gluon radiation, as? dependence
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Charmonium production, history of puzzles: J/y hadroproduction puzzle

d Comparison of direct p- differential J/y production cross-section
measured by CDF with Color Singlet LO (most natural) process.
O Fails both in shape and magnitude.

R. BAIER and R. RUECKL, Z. Phys C 19 (1983), 251

O Add gluon and quark fragmentation (NLO Color Singlet processes)
O Better shape but magnitude is factor 30 too low.

E. BRAATEN, M. A. DONCHESKI, S. FLEMING and M. L. MANGANO, PLB 333 (1994), 548

10

10

10

10

Charmonium production

T IIIIIIII I_II_I'IIIII T T TTTTTT

I I 1 I I I I 1 I I E I I I 1
i I : BR(JAy—p 1) do(pp—J/y+X)/dp, (nb/GeV)

I Vs =1.8 TeV; n| < 0.6
! CDF, Phys. Rev. Lett 79 (1997), 572

i
t

LO colour-singlet
| SERPRPPPR colour-singlet frag.

t

pr (GeV)
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Charmonium production, history of puzzles: J/y hadroproduction puzzle

0 Add LO Color-Octet processes from non-relativistic QCD (NRQCD)

O LDME fitted on the same data

P. L. CHO and A. K. LEIBOVICH, PRD 53 (1996) 150

1 O _ I 1 I I I I I I I I I I I I =
Fs BRI W) do(pp—IAy+X)/dp, (nb/GeV)
R Vs =1.8 TeV; | < 0.6 §
1 F N total ) -
N T colour-octet 180 +7°P; 3
- R —r—e— colour-octet °S, ]
- LO colour-singlet ]
-1 . SO SRR colour-singlet frag.
1 O = S =
2 .
10 F . E
1 O -3 | ] 1 ] ] | ] 1 1 I | ] ] - b ]

O Excellent agreement when summing all contributions,

pr (GeV)

with Color-Octet terms being dominant

Charmonium production
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Charmonium production

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

Q Factorization: dO i p_ H+x = don do,.pgQom)+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

O Hadronization description

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

O Colour-singlet model: intermediate Qa state is colourless and has the same JP¢ quantum
numbers as the final-state quarkonium

0 NRQCD: all viable colours and JPC allowed for the intermediate QQ state, they are adjusted
In the long-distance part with a given probability. Long-Distance Matrix Elements (LDME) from
experimental data. Most used since is based on an EFT and can be improved systematically

U Universality: same LDME for prompt production and production in b-decays; for e+e-, ep,
pp, ...; all beam energies; ...

0 Heavy-Quark Spin-Symmetry (HQSS): links between colour-singlet (CS) and colour-octet
(CO) LDME of different quarkonium states

Charmonium production Krakow 25.03.2026 SB 12



Charmonium production: challenges

L
1
_ 1 S[8] Total octet ==
0 Many puzzles still there 3SP8] Total octet + singlet = Phys.Rept. 889 (2020) 1
[ 1 G LS ELLER B R B AL LN LU AL AL AL AL AL LU L
O Simultaneous description 1000 | '3P[8] 3)042002 | PRL114(2015)092005 PRD84(2011)051501(R) | PRL113(2014)022001. |

+ PRL106(2011)04200

negative contribution negative contribution

of J/g production and
polarization — “polarization
puzzle”

(nb)

-
"‘
-

100 3

=0

doS°Ydyly_ x Br

O Simultaneous description i

of n. and J/y together with i ;dtt6;b1;/1 7
J/y photoproduction - LR L
“HQSS puzzle”

=

an

O Negative contribution in g3
the cross-section g

0 Tension with J/p+Z
production

LDMEs J/1 hadropr. J/v photopr. J/v polar. 5. hadropr.
Butenschoén et al. X X
Chao et al. + 7.

Zhang et al.
Gong et al.
Chao et al.

M. Nefedov Bodwin et al.

xR X X X X
xR X X

O No model available that could describe simultaneously all linked measurements

Charmonium production Krakow 25.03.2026 SB 13
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LHCb detector .

247 M. Prymachenko
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LHCb - single-arm forward spectrometer, 10-250 mrad (V), 10-300_
TRACAJKING PARTICLE ID

JINST 8 (2013) P08002, INT.J.MOD.PHYS.A30 (2015) 1530022
y | / RICH counters Calorimeters M4 M5
/ p/K/tr Identification v\ M3 250 mrad
o —/ Magnet mL Ak
yi, = TaffricH2 | FCAL .\
/ ) Ml
[ ] | PR 2l
7 }( h L _— TI N\ A Y
| IRICH1 = N
..... = ",\ s . '
Vertex = 2 1 ) %
Locato Bl \Omrad
: SIS \ R
VErtex| ; L = L LY
LOcator /“ ‘ N\ NN
i CL 1.1 1 1 Muon
—5m | @Cl('lg l System
— e [ 3 I -
[N N N SN SN NN (N SN S S — 1 >
Sm 10m 20m z
Vertex reconstruction: Kinematics: Magnet, PID: RICHSs,
VELO

Trigger: Muon,
Tracker, Calorimeters

Calorimeters, Muon Calorimeters, Tracker

O Heavy flavour production at LHC: prolific, forward peaked & correlated
4 LHCb ~4% of solid angle, but ~40% of HF production x-section
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LHCb data

-
o
]

O Excellent performance of LHC and LHCb T LHC Fill 2651 -

........................................ A AS & chs ]

O Luminosity leveling for LHCDb

10 N beams head_on .................................

\ 4

LHCb luminosity levelling

Instantaneous Luminosity [10% cm2 s°1]

Q pp collisions: Vs = 7, 8, 13, 13.6 TeV i
O At 13 TeV, a(bb) = 0.5 mb, a(cc) = 20xa(bb) L S 10 i 50
O LHCDb integrated luminosity : [Ldt ~ 33 fb!

Fill duration [h]
Total recorded luminosity — pp — 32.8 fb!

U Heavy ion collisions

=
=]

- T =
E.e Run 3 - 23.63/fb = = 536 TeV
o : Cb EET _
35 z . [Py = 962 TeV
> e 2026 (13.6 TeV): 1.07/fb =]
= —————— 2025(13.6 TeV): 11.81/fb I = ] ]
g a5 — 2024 (13.6 TeV): 9.56/fb = B
= — 2023 (13.6 TeV): 0.37/fb = T 13
é ———— 2022(13.6 TeV): 0.82/fb % 10~ COllldll‘lg mode
5 -
= Run 2 - 5.90 / fb =
— 25 L = 1072 | —
8 — 2018 (13 TeV): 2.19/fb PPD
= ——————— 2017 (13 TeV): 1.71/fb | 2026
— 20 2016 (13 TeV): 1.67/fb
en ———— 201513 TeV): 0.33/fb Run =
= 1 LHCb Vo R — .
Q E 0° Bl 22 e =705 Gev [ 2024 (5= 113 Gev
E 15 Run1-3.23/fb — 10 e 2016, Y5y, = 110 GeV 2017, |5y, = 68.6 GeV
= 4 2016 e = , S _ .
8 2012 (8 TeV): 2.08/fb § 1y 2016, Sy = 866 GeV  ——— 2015, {5, = 110 GeV
= —_— 2011 (7 TeV): 1.11/fb E 10°
= —— 2010(7 TeV): 0.04/fb e =
= 10
8 10 R 1 LS2 _,/ 3 o
= un Run 2 E
M Ei)
s E 10"
102 pH, i, pHe e pAr PhNe Phar
m o @ - m = . - = N = - F . d t t C]. Collision system
NP A P
S S S S S w@' q}@» (»@' q’@ (\9'» %@, %@, 1XC argct mode
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Vertex reconstruction in LHCb: VErtex LOcator

JINST 8 (2013) P08002, JINST 9 (2014) P0O9007

™ U 88 semi-circular microstrip Si sensors
U Double-sided, R and ¢ layout

0 300 um thick n-on-n sensors, strip pitches
from 40 to 120 pm

O First active strip at 8 mm from beam axis

| - |
e @
cross section at y=0 ) )
L NI \ bl
O Excellent spatial resolution, down to 4 um
for single tracks — B} —» D;n" — B} — B} — D;m" — Untagged

U Precise impact parameter measurement,
Op = 11.6 + 23.4/pT [um]

U Precise primary vertex reconstruction,
O,y =13 um, g, = 69 pum for vertex of 25 tracks

O Excellent proper time resolution

O Vertex resolution allows to resolve fast (x~27)
BB oscillations Nat. Phys. 18 (2022) 1
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Charged hadron ID in LHCb: Cherenkov light detectors _

U 2 Ring Imaging Cherenkov Detectors =~
2 250F LHCD + A) — pK~
O Charged hadron ID, charmless 2-body b-hadron decays 3
8. 200:—
JHEP 10 (2012) 037 JLdt ~ 0.37 fb! < 150
=~2400 3
(Y — © .
32000 - Ll 1
Q — 0 -
- B 3 S0 4
Je00C E i § e _
:1600 2 pK- Invarlant mass (GeV/c?)
g
%10003_ 3 0 LHCb + A} — prT
s 800 — = 3 160
O 600 { __1Comb. bkg .
400 i
200 o T 7 - A - g 80
0 e i > 8 40
4450 51 52 5 3 54 5. -
- invariant =57 5 56 57 58 B.

p” Invarlant mass (GeV/c?

T E S 0 g 700 0 N
S - é S B g T — _— _—
S3500- LHCh KTn™|s ¢ B — KTK™| 3 40 BY — %7
$-000 ® gool- e
G3000F - B = =
N = g L
S2500F B =
i S gool pc
= ot - :
\320005— z & :
% 1500F £ ao00[- &
- T I kel
1000F . T [
g - § 200 E
O s500# L o
05553 5258 57 by 0551 5.2 53 54 5 56 5.7 68 055955 53 54 BE 58 57 bs

'K*1~ Invarlant mass (GeV/c?) K*K-Invarlant mass (GeV/c?) "t Invarlant mass (GeV/c?)




LHCb Upgrade |

O LHCb upgrade | for runs 3 and 4
0 VELO new design with pixels
O Upstream tracker with silicon strips, main tracker with scintillating fibers
0 RICH photodetectors MAPMTs
O New dedicated luminometer
0 SMOG2 gas target integrated in VELO
O All subdetectors readout at 40 MHz for a fully software trigger using GPUs
O Can run at 5 x higher luminosity
40 Thit/s 1 — 2 Tbit/s 1 —2 Thit/s 80 Gbit/s
HIT1 Online HLT? Offline
b partial event 6(20 - 30 PB) buffer full event :
[J_E o a[i:“}’ s
30 MHz 1 MHz 1 MHz

Update alignment & calibration constants

O 30 MHz of inelastic collisions will be reduced to ~1 MHz by the HLT1 (tracking/vertexing and
muon ID) running on GPUs

O Highest throughput of any HEP experiment
U Many measurements directly profit from higher statistical precision (about x3 with run 3 only)

Charmonium production Krakow 25.03.2026 SB 19



Charmonium production vertex

Prompt production (hadroproduction

: Production in b-hadron decays
or decays of higher resonances) VErsus

production at pp-collision vertex production at displaced vertex

Wy

ipv z z z. z
distinguished via pseudo-proper decay time

_ Zsv—Zpv B — ﬂ -

PV — primary vertex
SV — secondary vertex

Charmonium production Krakow 25.03.2026 SB 20



Charmonium production in pp coIIision_

M. Prymachenko
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J/y production at Vs = 13 TeV

JHEP 1510 (2015) 172

O Prompt J/p production and production in b-hadron decays JHEP 1705 (2017) 063
. . . . . . _ ~ 1
extracted from the fit to pseudo-lifetime distribution Vs =13 TeV, [Ldt ~ 3 pb
. (:’I/L‘H - :P\r) X ,i]['}/]*"r
Excellent mass resolution to suppress . =
combinatorial background P-
ol >—<103 2 =
S pF 1 LHCb N 105 D= LHCb
& Jp = {s=13 TeV. L, =3.05 pb’} =Xy _f.i‘“lﬁﬁ' : A Vs=13TeV.L,=3.05pb’
= C 3<y<3s 5 F g 3<y<35
10— - L 04 L =3 Prompt I/ 3 = o
b5} = p 2 =[] Background 3
ol ™y £ =10k %
5 r S = E ¥
= - JaRsy e - ;
o 6 g g 102
g F B © 4 o
s ”? i G - o S T
2950 3000 3050 3100 3150 3200 100 <8 -6 -4 =5 0 2 4 6 8 10
m,., [MeV/el] t, [ps]

Excellent vertex resolution to disentangle
prompt production and production in b-decays

O Production cross-section, integrated over acceptance :
o(prompt J/, pr < 14GeV/e, 2.0 <y < 4.5) = 15.03 £0.03 £ 0.94 ub
o(Jf-from-b, pyr < 14GeV/e, 2.0 <y < 4.5) = 2254+0.01 £0.14 ub

Q bb cross-section, integrated over 41 : o(pp — bEX) =495+ 2+ 52 ub
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J/y production at Vs = 13 TeV
JHEP 1510 (2015) 172

Q The J/y production measured at Vs = 13 TeV and compared to JHEP 1705 (2017) 063
that at Vs = 8 TeV a3nd theory Vs = 13 TeV, [Ldt ~ 3 pb-t
/'-"'\F [ T T T T T T T T T T i
O Prompt | S [ o :
prOd uction ‘“‘6 | {5 =13 TeV/ys =8 TeV cross-section ratio i
=] - i
| ]
I 4 ]
et T _
1+ _
L —— LHCDb |
- — NRQCD Shao et al. .
ol JHEP 1505 (2015) 103 1
Q Production T [T T 12 7 T _
. - LH 1 = 5 -
in b-d ecays % 3 " {5 =13 TeV/¥5 =8 TeV cross-section ratio h _g | {5=13 TeV/{s = 8 TeV cross-section ratio i
o - < -
T s 2F
i i o . d
& oL ] - .
[ ] 1+ .
1+ _ - -
- LHCY  cacciar, Mangano, Nason. I —+— LHCb ]
- EEIFONLL gyr phys.J. C75 (2015) 610 [ EEroniL ]
L N L L L L L N . . , L L L L | L N L L |
% 5 10 02 3 A
p (S ) [GeV/c] W y)

O Perfect (good) theory-experiment agreement for prompt (b-decay) production



O Fiducial volume: 0 < pr < 20 GeV/c,20 <y <45

J/y production at Vs = 5.02 TeV

S JES U S | 4 b _
g 10°E M ~LonrQep % 10° £ FONLL .
E F ~_ CGC + NRQCD ] g ; | PDF uncer. ;
A= 102 ;— _;l i - i PDF & m, uncer. -
= F 3 = 10 E [_] Total uncer. —
Q B . Q = 3
3 i \ ’ = C .
© 10F 1 \ E B N LHCb .
o F {s=5TeV,9.1 pb~ sw ] o i {s=5TeV,9.1 pb™! |
. :_ Prompt J/y \\\\\\\\\\\ _: 1 3 Nonprompt J/y E
E 20<y<45 N 5 F 20<y<45 i
P I B B \\\ W] - . y, L A R
0 5 10 15 20 0 5 15 20
pr [GeVic] pr[GeV/c]

NRQCD: .

CGO FONLL:

O J/yp production cross-section:
o) """ = 8154 + 0.0105 + 0.283y5 ub
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https://doi.org/10.1103/PhysRevLett.113.192301
https://doi.org/10.1007/JHEP10(2012)137
https://doi.org/10.1140/epjc/s10052-015-3814-x
https://doi.org/10.1007/JHEP11%282021%29181

Y(2S) production at 7 and 13 TeV
O Negligible feed-down compared to J/g

O Prompt (pp collision vertex) ¢(2S) production and

production in b-decays

EPJC 80 (2020) 185

O Double differential cross-sections from two-dimensional fit in bins of p; and y

U Prompt and b-decay components are extracted from ( Z(28) — -3-P\-’) X My2s)
the fit to pseudo-lifetime distribution

5000 |- -
C LHCD Vs=13 TeV R
4000 |- 275 pb!
[ prompt @(2S)
3000 - @(2S) from b

S
S

SSEGL

SGGGOY

3¢ J

Q Q<
3¢

L combinatorial ~ #

(3¢

Candidates per 5.0 MeV/¢?

I
o
(@)
R
Q.
- £
C .*#"
T
i,
:r.’.wg.*

- vertex
_ confusion

3600 3650 3700

1 I I T 1 I T 1 I I 1 I I T 1 I T 1 I I 1 I I

2
N
—

y<3.0

6 GeV/e

\s =7, 13 TeV, [Ldt ~ 614, 275 pb!

f. —

A
o

T 1 1 1 I

' 'lOSE LHCD ys=13 TeV

2 ps
2

lll|'|'|'|'|'| IIIIITI" UL

275 pb™!

[S—
o
¥

[ —
<

Candidates per 0

10

3750 3800 -10
o
M- [MeV/c-2]

-
»

Q Integral cross |o(prompt ©(25).7TeV)
sections: o(¥(25)-from-b, 7'TeV)

= 0.471 £ 0.001 (stat) £ 0.025 (syst) ub,
— 0.126 & 0.001 (stat) & 0.008 (syst) ub.

o(prompt ¥(25), 13TeV)
o(¥(25)-from-b, 13 TeV)

— 1.430 4 0.005 (stat) & 0.099 (syst) ub.
= (.426 & 0.002 (stat) & 0.030 (syst) ub.
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Y(2S) production at 7 and 13 TeV _

0 Prompt @(2S) production and production in b-hadron decays

(1 Differential cross sections

EPJC 80 (2020) 185
Vs = 7,13 TeV, JLdt ~ 614, 275 pb!

f: E T I T T T I T [ T T T T E ’: T =
9 e % 1 2
= - 1 > 100E -
C‘:\ B —— bl LQJ) o 3
S 10°F > et al. 74 B
= : JHEP 05 (2015) 103 7§ = T
= [ i - 10 E
s L 1l = f
ks F LHCb {s=13 TeV | ™= [ LHCb {s=13 TeV i
. 275 pb™! i 275 pb™!
b 20<y<4s 0 S 1E 20<y<as
- | ! 1 1 ! 1 1 ! X Lol C L | | 1 X
5 10 15 20 5 10 15 20
p. [GeV/e] j [GeV/c]
I/E 103 _b T i‘: = T T T T T T T T
- ) -
NE: > —+ y(2)-from-b
. 100 & =
G . p 10°E . E
< 1F S E B E
S = . S ]
: . T :
. n <" <% a— 10 — —
- - E 3
10 = =
S F S f :
° N =) . g ]
o L LHCD (s=7TeV © 1L LHCb {s=7TeV
E 6lapb! g 614 pb!
[ 2.0<y<45 [ 2.0<y<45 i
-1 L | | % | L | |
= 5 10 1 5 10

p. [GeVic]

p. [GeVic]

O Overall good agreement with predictions, with deviation at low p; for prompt @(2S)

-ium production

Krakow 25.03.2026




Y(2S) production at 7 and 13 TeV

EPJC 80 (2020) 185

O Uncertainties partly cancel in ratios Vs = 7,13 TeV, [Ldt ~ 614, 275 pb-1
s 05 7
2 0.45E LHCb Vs=13 TeV
O Ratio between the w(2S) and J/y production :;;' o 20<y<45 - ..5343""}’ :
. 0.35 s
cross-sections s S
0.3 SRR 'Q:;g?fgﬁ' S By
..0:0::‘ "9%?:3& [y
0.25 (' Saichd
0.2 I —t—
0.15, ~+
0.1 ==—f=— Prompt

0.05E B3 NROCD Shao et al.
- o IQ . JHEP 05 (2015) 103,
5 10
P, [GeVic]
. . f: 35 [ 7 T T T T T T T -
O Ratio between the w(2S) production cross- ") 3; LHCb V5= 13 TeV
sections at Vs = 13 and 7 TeV E 20<y<45
2.5F o o
- B Ay o
1.5
1=
O Overall good description for both ratios 0.5E
O Important to extend theory prediction to lower p; ot '
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n.(1S) production
d n.(1S) LDMEs determined via known HQSS relations between n.(1S) and J/y and J/y production

do/dp(pp—-m +X) [nb/GeV]

J/yp prediction (NRQCD CS+CO) LHCb: EPJC 75 (2015) 311
CS prediction =
P n.(1S) = pp Butenschoen, He Kniehl, arXiv:1411.5287
] 10 R 10“_
%j (:g 103; (’E‘ 103é
£ S 103 £ 1028,
&3 < £ b
?" :;.3 10 = 10 3
g - g é i ‘
;.V: = 1 § 1F s .
af PRL 108 (2012) 172002 8 4fPRL 108 (2012}242004 § af 8 f PRL 113 (2014) 022001
0 F ys-8Tev e 3 10 F ys-8Tev 3 LA 10 F ys-8Tev
- 2_ LDMEs: ButenschOn etal. . . 1 10.2_ LDMESs: Chao et al. “~.‘ - of - 2_ LDMEs Bodwln etaJ 2 <]
T T '114' 36 18 20 £ 8 B 10 % W @ . 4T T8 90 1294 16 18 20 a7 0 12 92 96 e 20
p, [GeV] p; [GeV] p, [GeV] p; [GeV]

0 Results described by CS NLO, below expected CO contribution
O Progress in theory description, integrating LHCb result on n, production in LDME calculations

Han, Ma Meng Shao and Chao
0 < 07c(388) < 1.46 x 1073 GeV? |

s NLO Prompt
e [ HCb Data

do/dp; (nb/GeV)

[§=7TeV and 2<y<4.5 i _
6 8 10 12 14 16 6 3 10 12 14 16 18

O Theory description still covers limited p; range pr (GeV) pr (GeV)
QO Further tests with measurements at different Vs and of other linked observables
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https://doi.org/10.1103/PhysRevLett.114.092005

n(1s) production

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

Before n. measurements After n. measurements

J/yr polarisation
— NLO NRQCD
. LHCDb Data

ALICE Data

T
HﬂH.
-

T

3@017;123\’

O Impressive progress ! Still :
U Tension with CDF data
U Two large CO contributions cancel each other = hierarchy problem ?

-m production



https://doi.org/10.1103/PhysRevLett.114.092005

n.(1S) production

O Analysis with 13 TeV data, measurement relative to J/y EPJC 80 (2020) 191

0 Pseudo proper-time to separate _ Vs =13 TeV, [Ldt ~ 2 fb?
prompt charmonium and PVs & nadron

charmonium from b-decays R S
z Zy z "z
p pz

% LHCh % :::::: LHCh b-hadron-
"'I — -\.- l| "‘I - -\.- l| -
z f=13TeV 3 S 0f BTV enriched Q Selection (account
P g o t,> ?0 fs for cross feed) ...
é J/lp g 4000 IP x°>16
g g 3000 n
“ os _ © 2000 c

” prczmpt-enr_lched ) . g s

2900 3000 3100 20 2000 KLY 3100 120

Myz [ MeV) [MeV)

LA 4]
A0

1100 130

24900 (M) 110 130

Myp [ MaV] 7 [MeV]
7 S Jfap data o Lo Ne data
Q ... or pseudo 512 i?a fit LHCD E:z e
proper-time fit S b o e PR F G
g 10° Jy wrong PV ;i 10 e wrong PV
0 Good agreement S S 1102 /
between the results 1E, o l,..'":
10 -10 -8 6 4 2
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n.(1S) production

EPJC 84 (2024) 1274
Vs =13 TeV, [Ldt ~ 2 fb-1
= 796.4+ 86.6+30.8+21.4+ 84.4nb

O New measurement n.(1S) production cross section at 13 TeV
6.5 GeV<pr<14.0 GeV,2.0<y<4.5
(T )13 Tev

[ Color Single model prediction: Feng,Shao Lansberg,Zhang,Usachov,He NPB 945 (2019) 114662

+0.83 +0.38
1.562049 scate —017 cT1ianro Hb

0 Consistent with being described by CSM

T T T T T T

2.5

N

o
|

daﬂc /de
do yj/dpT

. . . LsE A
O p- -differential prompt production :
— i T T T T __:
Q . —F Data : LHCb, 2.2fb~1 1
% 10 %_ [ ] NLoNRQCD Cs " Vs =13TeV 7
@) B —_— NLO NRQCD CS+CO 0: L 2U<yg<4l -
< 103 3 —— Modified NRQCD 5 10 15 20
= B 1. | pr [GeV/c]

£ 10k e Q s cross-section dependence
SO —— o e e
& 10k LHCb, 2.2 b~ = | #2018 :
= Vs =13 TeV b 10:— $ 1. ]
g 2.0<y<4.0 08-_‘1“]'// =
l 1 X X X | A N A " 1 S 0 .
5 10 15 0.6 _
pr [GeV/c] - { 7
0.4 H -
O Inclusive production in b-decays: 02t !;.‘;}ibm < 14.0GeV/e E
0.0 ———— ]

B = (5.6440.31£0.18 £ 0.73) x 1073, 0 5 10

b—neX (5 6 ) Vs [TeV]
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n.(2S) production at LHCb
EPJC 77 (2017) 609

d Charmonium reconstructed via decays to @¢ Z 000 (15) e
d True @¢ combinations extracted using 2D fit technique 3 15005_ _
-. \ 5 1000: —f
- 500 _f
;’, . A " - . oy " 9800. I IBOIOO. . I32I00. I34I00I I36:I)UI I38I00I
1010 1015 1020 1025 1030 1010 1015 1020 1025 30 ﬂ/[(gbc))[hle\/']
O First measurement of n.(2S) production in b-decays 10°
i . 10°F CS@LO = -
First evidence for n.(2S)—@¢ S 10 CS@NLO -
Q CO @ NLO -=
% 102 L 1
Y7 . ‘Sf" If . bt - anl s
B = ne(25)2) X Blie(25) = 00) _ 040 10,011 40004 § % zoogrows
B(b — 1.(15)X) x B(n.(15) — ¢0) s 10 RO =083 Qo
10 b {"55)=0.0382 GeV
sqrt(s)=13 TeV
Q Measure n,(2S) hadroproduction, free from feed-down g3 cs
contributions 3 e
Theory prediction > o T 0 ]
d Dedicated LHCb trigger in 2018 Sy e e )
-‘_b U 1 1
0 30

10 20
Pr(ne) [GeV]
Lansberg, Shao, Zhang, PLB 786 (2018) 342
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n.(2S) production at LHCb

: . . EPJC 84 (2024) 1274
0 UL on prompt production cross-section is compared to predictions for three (2024)

different CO LDME sets

pr, [GeV/c | ‘ UL @95%C L ‘ Shao et al. [40] ‘ Gong et al. [19] ‘ Bodwin et al. [41]
n.(25) X Bn.(25)-pp: [PP]

5.0-14.0 < 361 664 + 297 365 + 135 855 + 123

5.0-20.0 < 340 674 + 304 368 + 138 870 + 126
(9n.(25) % Byo(25)-p5)/ (@ X Bypp—spp)

5.0-14.0, y<4 < 0.122 0.484 + 0.217 0.266 £+ 0.099 0.623 = 0.093

5.0-14.0, y<4.5 0.428 + 0.192 0.235 + 0.088 0.551 £ 0.083

5.0-20.0, y<4 <0.115

O Inconsistency with the theory predictions from Bodwin et al.

0 Essential to understand and further constrain uncertainties in theory
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X. production in b-decays at LHCb
EPJC 77 (2017) 609

500

Q Charmonium reconstructed via decays to @@ Z 000 %(15) ey
O True @@ combinations extracted using 2D fit technique 3 15005_ _
5 1000: —f

oo
2800 3000 3200 3400 3600 3800

M) [MeV)

d First measurement of ., production in b-decays

B(b = xcoX) = (3.02 £ 0.47 54 + 0.235y5; + 0.945) X 1077

O Most precise measurements of x., and X, production in b-decays, consistent with B-
factories

we CLEO 2 [2] . CLEO 2 (3]
we  Belle [4] ,
= BaBar [5] By X w  Belle (4]
- b} \ — el
................ iioid o N o ~e BaBar [5
. L3 (8] .
DELPHI [7] - = PDG2016 [12]
B 'Xf.".! x
T LHCDb: (2.76£0.59£0.2320.89)X103 | feeieemieeeceemceeceeeeeeeeemeeeeeesneeeeenn e eenenanennnennaenns
PDG2016 [12]
Quz Average b—xa X . LHCb: (1.15%0.20£0.07%0.36) x 103 b —xe X
0 001 0.02 0 ‘ . - ‘ 0.01 ' ‘ ‘ . 0.02 ' .
B(B,b — x.X)

O Promising channel to study X, polarization PRD 103 (2021) 9, 096006
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X production in b-decays at LHCDb

arXiv:2407.14261
O Inclusive branching fractions

| c¢ — pp, measured | et — ¢¢ [12] | PDG [14]
Bisyoox % Byospp X 1077 | 6.82 % 1.20,00¢ % 0.28,50 +0.595 | 6.67+2.40 | 33.2+13.3
Bhyyox X 1073 3.08  0.54,40s + 0.13,5 +0.205 | 3.02 £ 1.08 15+ 6
Bhsynx X Byoyspp X 1077 | 3.99 % 094,500 #+ 0.11, +0.355 | 2.10+0.83 | 10.6+3.1
By, x % 1073 5.25 £ 1.234t0¢ £ 0.14yt + 0515 | 276 £1.00 | 14+4
Bosyox X Byoysgs X 1077 | 1.15 £ 0.8540s + 00345 £ 0.105 | 0.85+£0.31 | 4.6+2.1
Bb—hx;.-zx x 1073 1.57 & 1.15s¢at £ 0.045yst +=0.105 | 1.15 40.42 6.2+ 2.9

L Averages between different charmonium decay modes

B

BE ; = 0.98 + 0.193tat + 0.05syst + 0088 B(b—) XCOX) — 307 + 0'363tat + 0'078y3t + 0528
B(b— xe2X) B(b— X1 X) = 3.23 £ 0.53,10 + 0.11,,5 =+ 0.455
B( ) =038 £ 0.075tat + 0.0lsyst + 0038 B(b_> XCQX) = 1.16 + 0'203tat + 0'O3sy3t + 015B
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Simultaneous study of J/y and n (1S) prompt produ_

O Simultaneous fit for available J/y and n,(1S) prompt N,Es 0.03F 8
production results £
5 0021 6
. _ 1 i
0 Relation between LDME ~ (O7¢(*Sp)) = §(()“’/‘( 1)), oot —7 4
from HQSS: 1,5 oF '
(OF(*%0)) = 505" (*S1)) : *
Ne(3 g J/L -0'01:_‘ _l— L
(OS ( ‘51)> - <(~)8 ( ‘-0)>- -0.01 0 0.01
(OF(1Py)) = 3(09" 3 Ry)). o
>EB 0.03F
@ Fix CS LDME from potential model 5 ok
CHRSS 5
(Og/w(len = 1.16 GeV? 0.01; ‘
T+
O;
O x2 minimization : -
-0.01
0 0.05
— Han et al. -
— Zhang et al. Lo
— Shao et al. > ] + —]—
— Choo et al. © i
. Butenshoen et al. I
_ Gaoon etal. 0.05
Feng et al. - _
- +
ol ’—h—
0 Reasonable agreement with some predictions T T

Usachov, Zhovkovska, Shao

-onium production Krakom.3.2026




Simultaneous study of y(2S) and n (2S) prompt production

O Simultaneous fit for available w(2S) and n.(2S) prompt
production results

O Relation between LDME
from HQSS: 1
(O15*7(150)) =

(0FPI(38,)) = <o;“25>(1so>>
(03D Py = 3(0y ) CRy))

( ¢(23) (351»

0 Fix CS LDME from potential model
(0¥E5)(351)) = 0.76 GeV?

O X2 minimization

— Han et al.
— Zhang et al.

O Agreement with predictions given large uncertainties
O Negative LDME values ?

0 Charmonia from b-decays will be added

Charmonium production Krakow 25.03.2026
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What do we learn from this phenomenology game

O This technique constrains theory using simultaneously results on charmonia
hadroproduction and on charmonia from b-inclusive decays under assumptions
of factorization, universality and HQSS, with different charmonium states

O Alternatively, once hadroproduction and production in b-decays measured for
charmonium states with linked LDMEs,
the above assumptions can be tested quantitatively
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Charmonium suppression in large systems

0 Charmonium suppression in
large systems is influenced by
several mechanisms

O Colour screening effects:
ccbar pairs become unbound

—> different states yields depending
on their binding energy

0 Recombination processes lead
to an enhancement at higher
energies

Charmonium production

Binding energy (GeV)

J.Phys. G32 (2006) R25
1.16
1.2 11
1
0.8 0.75 o
0.64 0.64 2°f
0.6 /
Tpeak 0.53
04 0.32 S50 03 0.34
0 9 0.18 0.22 0.2
5-1077
0 | |
Q'b’ X2 Xe1 Xc0 J/w Te T" X;JZ X,bl XE)D T/ Xp2 Xo1 Xe0 ¥ ™o
Quarkonium states
a Development of Nature 448 (2007) 302
Start of collision quark-gluon plasma Hadronization
Low s
(RHIC) 0y — 5l —& ®PD
energy L cog @D
()(] 7.“1‘,”'\_ Y _ ié\ D
High Lo/ ~ SR EE) @ -2 @202 YA\
]g \—‘/ ° . o \:‘ ’0 L\ ;o‘\D 0 1/1.0 <
(LHO) > v \O oo — s a5 Y~
-2 A ¥00% o 2" -@
energy » TN ' N 5-JD’ @D
@D
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O Very relevant to study heavy collision systems ' N
0”0 = ||l[:l| Pb-Pb

;"0 i | III p-Pb, forward, 1.5 <y* <45

e,,'-l “IIII Pb-p, backward, -5.5 < y* <-2.5
Cold Nuclear Matter Quark Gluon Plasma
JSw =82 TeV S =5.0 Tev » pPb/Pbp colliding
beam
» PbPb S
p Pb
JSw =110 GeV =69 GeV
e 4 pA fixed-target Injection of noble gases (He, Ne, Ar)
o — B — S ; . —— " ——
modae into the interaction region — unique
p Gas SMOG . o . R
(HBING. AL Pb Gas (Ne,Ar) » PbA ( ) kinematical region accessible!
colliding beam samples _ fixed target samples
= &
o 102 > 107 Beam Energy
= B 5. -502Tev =
2 10 =8.16 TeV = 10 I 2500 Gev
Z M . s qg’a I 4000 Gev
c [}
£ = 1 B 5500 Gev
3 (5}
. o 10!
g 10 T
§ 102 §1°'2 I l I_
= Pbl’b pPb Pbp PbPb ‘é pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe
2013 | 2015 | 2016 | 2018 e 2015 | 2016 | 2017 | 2018




o(w(2S))/o(J/p) depending on multiplicity in pp collisions at vs = 13 TeV

U Relative production ratio measurement

O Distinguish prompt and b-decay
production

O Multiplicity variable: number of VELO
tracks for a PV

=
=

0.8 F + prompt
[ —+ non-prompt

s l4p———— 71—
-9; 1_35— LHCb pp Vs=13 TeV —E
bg’l.zz— : —z
R —
Z 0.9F . -

Candidates / 0.2ps

Candidates / 0.2ps

0.7F
C [ ] co-mover model
06— L w1
0 1 2 3 4
NEY. KNFY Y
tracks tracks’ NB
~ 10p —— ———— -
IS = =
o 9F —— CDF18Tev,pup B2 NLo NrRQCD .-
= - =
9-b 8 il LHCb 7 TeV p+p (prompt) D CGC+NRQCD ___:
>€ 7 - HERA-B 41.6 GeV p+A CMS 7TeV p+p E
2 - ~—— ALICE 13 TeV p+p LHCb 13 TeV p+p, prompt =
= 6 =
= = 2
8 5 =
>= - b
m 4 E =
R = —
= 11 | I | 3
2F } *II o —
S 3
1EH E
O - 1 1 =
0

Py [GeV/c]

JHEP 05 (2024) 243

10551 T T T T T3 4000 T

E Fit for J/y _ E 3 E Fit for iy E
[ 4 data LHCb {s=13TeV ] %3500:—+dm LHCb {s=13TeV 3
10 §_ — total fit E 53000 E — total fit 3
.| 7 prompt o F 77 prompt E
10 é_ non-prompt ';2500 F |/ non-prompt =
wrong PV ‘.%2000 i— wrong PV _f
10? E - - - background E [ ---background 3
E g1500F E
B @] =
10 1000 =
I F E
i T S00F E
[ M NI, /) 8 E
-10 3000 3050 3100 3150 3200
2
me, [MeV/c?]
L R B a AL L S S B S S B B B T

L Fit fo 28 = I Fit fi 28
10° _;_ d;law } LHCb s=13 TeV > 140 _;_:;mw : | LHCb (5=13TeV
F — total fit E 120 - — total fit =
[ 77 prompt o - 7/ prompt B
102 L- " non-prompt - 100 [ ' non-prompt 3
F wrong PV % 80 :— wrong PV —:
[ - --background = F ---background 7
= 60 -
10t LI ]
F 40 —
20 . 3

3650 3700

375 8 00
My [MeV/c?]

O b-hadron decays: little dependence on
multiplicity

O Prompt production: evident decrease of ratio
with multiplicity

O Agreement with the comovers model predictions
and previous measurements

O Improved precision
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Probing charmonium-like states _

M. Prymachenko
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Multiplicity dependent production of x.,(3872) and _

O x.,(3872) is first discovered in 2003 by Belle in decay J/y 1~ PRL 91 (2003) 262001

d The LHCb has since measured the quantum numbers to be JP¢ = 1** PRL 110 (2013) 222001

[ Mass difference is consistent with zero:

(M po + M pr0) = M ;1587 = 0.07 £ 0.12 MeV/c2

O Multiple explanations of x.,(3872) explored in literature:

ompact

Diquark-diquark
PRD 71, 014028 (2005)
PLB 662 424 (2008)

N

Tightly bound via color
Exchange between diquarks
Small radius: ~1fm

PLB 671 82 (2009)

Two light quarks orbit
a charmmonium core

-onium production

o Hadrocharmonium/
adjoint charmonium
‘ PLB 666 344 (2008)

Krakow 25.03.2026

| Hadronic Molecules

PLB 590 209 (2004)
PRD 77 014029 (2008) o
PRD 100 0115029(R) (2019) Very small binding energy

Very large radius: ~ O(10 fm)

Sum of D and D*? masses

bounded via pion exchange 4

>,

Matt Durham, Quark Matter 2019




Multiplicity dependent production of x.,(3872) and @(2S)

U Prompt production

O x.,(3872) produced at collision vertex can be subject to further interactions with co-
moving particles produced in the event

O Interact with other produced particles with break-up cross section
0 Assume no interaction at low multiplicity region
O Production in b-decays
U Hadrons from b-decays originate away from the primary vertex, decays in vacuum
O x.,(3872) from b-decays not subject to further interactions
- Control sample

O High-multiplicity pp collisions plausibly emulate a hadronic environment that
approaches heavy ion collisions in many respects

O High-multiplicity pp collisions
O Provide a testing ground for final state effects observed on quarkonium in pA and AA
d Provide new constraints on the structure of x.,(3872)
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Multiplicity dependent production of x.,(3872) and @(2S)

PRL 126 (2021) 092001
Q If x.,(3872) is a hadronic molecule, then expect Vs = 8 TeV, [Ldt ~2 fbL

small binding energy, 0.01 £ 0.27 MeV,

. < 10000F- LHCb |
and large radius ~7 fm S  F weS)| ~ ppis=8Tev
o o X:1(3872)
8000F- == #*
= 7000k ¥ 8 i
S.Coito, G.Rupp, E.van Beveren, EPJC 73 (2013) 2351 ) = E ool t Wi 'W
N.A.Tornqvist, PLB 590 (2004) 209 L oot ol M *HW +
E.Braaten, M.Kusunoki, PRD 71 (2005) 074005 - - ” i M}Hiﬁd
M.Cardoso, G.Rupp, E.van Beveren, EPJC 75 (2015) 26 L 9000 T e
40002_ - MJ:[Mamﬂ
r v 4 *y,
3000F- o Mﬁw‘?,g;;*"“w
20003‘#’.,-' L WANE Xc( )
1000—_I 1 | 1 1 1 1 | 1 | 1 1 I | | 1 1 | 1 1 1 1 | 1 1 | | I 1 1 1 1
- - 3650 3700 3750 3800 3850 3900 3950
< 1o LHCD @ w[LHCD
~ ‘pp (s=8TeV pp Vs=8TeV )
% 1200 ‘ % o I'l — Total fit J lyn'm (MEV/C )
C . 10| rompt signa
E 1000‘_‘_60< vEL{;(ao 9 C H P P E I
0 - P> 5GeVic 1 % 10°E I' Background . . . .
S s (‘ 8 F 1\ oo e | O Pseudo proper-time to distinguish
~— r [ J: - - R tracks
D € i if P, > 5 Gevie rompt and b-decay components
— L 7 ! I-LI o 1
-E' 400 X , .
w W t0r |8 oy d Measure ratios, X.,(3872) and g(25S),
VY, | ] | for prompt and b-decay components
1

3640 3660 3680 3700 3720

M MeV/c?)

waf(
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Multiplicity dependent production of x.,(3872) and @(2S)

. g [LHcb pp s =8 TeV
O The prompt fraction decreases as the event 5 B 4y (3872)
activity increases, for both x.,(3872) and y(2S) - + c1
08 —+— +yY(2S)
4 +
0.8 -
L ——
L —
0.7 *i—#—
B '
0.6 p,>5 GeVic
R R VR R 1R T R P BT R TR
NVELO
L Possible reasons: tracks

Q Larger average multiplicity of events with bb due to their fragmentation into hadrons and
subsequent decays - larger b-decay component in events with high multiplicity

O Suppression of prompt x.,(3872) and @(2S) production via interactions with other
particles produced at the vertex - reduced prompt production in high multiplicity
events, production in b decays not affected
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Multiplicity dependent production of x.,(3872) and @(2S)

O Ratio of cross-sections, ¥.,(3872) and p(2S), for prompt and b-decay production

o~ ; 3 ; ! | s & X g | ! ' g ! |
e [ 4 LHCD 5 g
+§ }'\‘ _ pp \s=8TeV 4+ Prompt -+ b decays ]
|8 "PE p >5Gevic | , T . .
7 S m 1 Comover Interaction Model, Esposito ezal. 4 W Comover interaction model
<|T M ‘ Molecule Compact ® Molecule ] by Espacito et al., arXiv:
§ :'cé o :_—%}* (coalescence) tetraquark (geometric) _: 2006.1504 4, favours the
E;: § e — < 3 compact tetraquark
o | @ 0.06 — " #1 — scenario
Sz oo ‘#— I d Atweakeql model by Braaten
S O 1 etal, arXiv: 2012.13499,
. 0.02 = g suggests the xc1(3872) is a
: - T e o charm-meson molecule
0 50 100 150 201
NVELO

tracks

O Evidence for relative x.,(3872) suppression for high-multiplicity events

O Expected in a scenario of interactions with co-moving hadrons dissociating large weakly

bound x.,(3872) against compact y(2S)

O Cross-check: production in b-decays
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Central Exclusive Production of charmonium

M. Prymachenko
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Central Exclusive Production

O CEP event: diffractive process of the form pp = pXp, large rapidity gap

n of particles, primary protons Inelastic event

- “I”/ hard core
>

Smgle lefractlon

(]dp P >
L A - s A | *

Double Diffraction
(gap) .
!1 L . e
| CEP elastic
(g9ap) . (gap) P *
p P
F

examples from LHCb

CEP inelastic i
" "‘__-
.. AR 4 00 P N —

p

Elastic Scattering p S
P i
(gap) l u" |
[ 1 A LA LA A p S

After D. d’Enterria arxiv 0806.0883

rapidity gaps, low pt objecté
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Central Exclusive Production of J/p and @(2S) at 13 Te_

O CEP: colourless object exchange, clean QCD tests SciPost Phys. 18, 071 (2025)

O LHCDb PP collisions: pl‘Obe at very low 4 di-y fusion ) ﬂpomeron —— @pomeron exchang\e
Bjorken values, down to x~10°% % d
O Large rapidity gap ,
\ A

e radius
1mm

Station B2

atz=-114.0 m p, g, Y, Z, ...

ptus, eter, e, WHW- Xe, Xp, 1T, Dijet, gg, ...

-8.0<n<-15,50<n<8.0

0 Dedicated CEP trigger

O Exclusivity: precisely two forward muons;
no backward tracks; no activity in SPD
(< 10 hits). Quantify with p; spectrum.

hole dimension
~ 54 x 115 mm

»’ o

—]

Station B1

atz=-19.7M giation BO
atz=-7.5m

Station F1
atz=200m

. . . o 10— T o 10° L L L DL L
O Differential cross sections = £ .. .. . | | X LHCh 4.4 1™ | | -
- T - Y [ 30<y<32s i % 10° 30<y <325
In rapldlty bInS E 1042_ —I—Data ‘I:I Qo —4— Data Fit model ?
. o E n' B e Signal Jiy — p*u=  ====== Signal w(28) = u=u~
D Feeddown from hlg her : L 1. 8 104 ) =§C feed-down % I-Ii,ff(ZlS) feed-il)(;wn 3_
. o 103 = . : ‘-. ontinuum g7~ relastic pp bkg :
charmonium states - ERTIA 1
S P { 2 TN :
) i o 10’ i g T
(W(2S) Xei Xc1(3872)) to 5 E 102 5, M“'M"..- ]
the J/ le taken int N
e J/Y Ssampie taken into #“*W#@
account " 10
2000 2500 3000 3500 4000 0 1 2 3 4 5

-'nonium production

m(u u-) [MeV/e?]

Krakow 25.03.2026

pAutr) [GeVYe?

SB 5.



Central Exclusive Production of J/yp and @(2S) at 13 TeV

SciPost Phys. 18, 071 (2025)
O Differential cross-sections compared to theory predictions

E 9£ I T I 1 T T T I T T T T I T T T T I T T T T I I: E 2.2:I I I I T T I I I f
= - 3 = o) ml -
— 3 — - “E 3
N + E X 18E =
> 7F —— ] — %) -
3 - ++ ] A L6F =
oo R EeR =
~ - . D T E -
5§ SE 3 T 12F - =
- = - 2 - i + + =
g5 ERN RS
JE . O|= 0.8 3
j?I:l Jones er al. LO _E —O|—o 06:—: Jones et al. LO '—*—-_:

28 [ Flett eral NLO E 0.4 NI Jones er al. NLO E

I= ] LHCb (s=13TeV, 44 = 02 1 LHCb (s=13TeV.44 b =

; I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I: :I I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I ;

0 2 25 3 3.5 4 4.5 0 2 25 3 35 4 4.5

Jly rapidity w(2S) rapidity

O Integrated cross-sections times branching fractions

Oty (2.0 < Yy < 4.5,2.0 <1= < 4.5) =400 £2+5+12pb,
T p2s)opip (2.0 < Yyas) < 4.5,2.0 <1+ < 4.5) = 9.40+0.15£0.13 £ 0.27 pb

1 Good agreement with J/@ NLO pre-(post-)diction
O @(2S) calculations to be revisited

0 Confirms a hint of NLO importance from the analysis at 7 TeV
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Photo-production cross-section

O The cross-section for the CEP of vector mesons in pp collisions

IS related to the photo-production cross-section:
dn

ppspp = T(Wa ks ——Oopsp (W) + 1(W_)k_

([:It+
s —

Gap Photon

CEP survival flux

LHCb Iy

J.Phys.G 41 (2014) 055009, and update

0 Compilation of photo-production cross-section = 10°

c
measurements =
0 H1 measured power-law: B
Ovp%/wp(w) = 81(W/90 GeV)%%7 nb o .
O Good agreement between LHCD results
at 7 and 13 TeV

O J/yp photo-production cross-section: agreement 1o
to theory prediction ; no deviation from a pure
power-law extrapolation of HERA data

dn

(IA'_

Jones,Martin,Ryskin,Teubner, JHEP 1311 (2013) 085,

n‘jap—n;"p( W_ )

SciPost Phys. 18, 071 (2025)

\

Photoproduction
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Future program
LHCB-CONF-2025-001

oday

J LHCb and LHC timeline

2021 2022 2023 2024 2025 wvoz26 2027 2028 2029

J FMAIMIII A SIONIDYT FRAIMIT A SIOND T FMAM T J A SIOND T FMAIM I AISIONID 3 FMEAMID T ASIONID T FMEAMIT T ACSIOINID T FMLAIM]D 3 ASIOMNID D FMEARMID T ASIOMNID T FMUAIM 1 T AISIOM D)

Run 3 Long Shutdawn 3 (LS3)
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Total recorded luminosity — pp — 32.8 fb’!

o 40 . ——
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s 35 2026 (13.6 TeV): 1.07/fb % = 15 —
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D LHCb Upgrade I in LS4 L=4x1032cm %! L=2x10%3cm2s1 L=2x10%cm 2!
1.1 visible interactions 5.5 visible interactions 55 visible interactions

U Collect > 300 fb-1 by 2041 / crossing / crossing / crossing

8 fb! collected 50 fb~! collected 300 fb! collected
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LHCb Upgrade Il (LHC Run5) -

LHCb-TDR-023, LHCb-TDR-026

0 LHCb Upgrade Il in LS4 Side View -
O Collect > 300 fb-1 by 2041 Voot Stations foRCH  PicoCal
I Mighty RICH2
| Plle-up of 28 — 42 . Tracker | =
RICHI - - LT

UP

LHCk_) LHCb
Scoping Document UPGRADE Il

M- 3 W e

X [mm]

Time [ps]

A 1 A
-100
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O New vertex, tracking, PID, and CALO detector, and upgraded MUON detector
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Outlook

0 Quarkonium serves a powerful probe for QCD-driven production mecanisms ... consistency
with minimum number of free parameters wanted

L Many more practical user cases, e.g. a tool for an insight on nature of charmonium-like states

U The way to understanding quarkonium production is long and challenging ... but enjoyable

O An impressive progress — both in theory and in experiment — marked with discoveries and

bright ideas ...
... and perhaps still doing the very first steps

O More precision and more consistency checks open the path to understanding quarkonium
production mecanism
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Outlook
QO llustrations from Maria Prymachenko (1909-1997)

Maria Prymachenko
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