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Production cross-section measurement

Number of events N obserbed by an experiment for a decay (H — AB ...):.

N(H—>AB..)=cxLXxexB(H- AB..)

production cross-section luminosity detection and reconstruction efficiency | | branching ratio

Good final state for studies has high efficiecny and large branching ratio

Cross-section determination:

absolute:
N(H - AB ...)

T [xexB(H—A4B.)

relative:

og _ Ny ><B(H’ — A'B" ...) XeHr
oy Ny~ B(H->AB..) = ¢y

Production studies requre precise luminosity measurement or well-known normalisation channel
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Quarkonium

A bound state of two heavy quarks (c¢ or bb)
v? - typical velocity of

J/y discovery in 1974 —first discovery of c-quark a heavy quark in the
Non-relativistic QCD object: charmonium: v2 = 0.3, bottomonium: v? = 0.1 quarkonium rest frame
three intrinsic scales m » mv » mv?
simple potential model N
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https://link.springer.com/article/10.1140/epjc/s10052-010-1534-9

Qarkonium: Decay modes

Charmonium
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Hadronic final states allow to study different quarkonium states simultaneously

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

Quarkonium: (Un)known modes

nb(1S) DECAY MODES

Mode Fraction (I';/T) Confidence level
) 1  hadrons seen
Good final state for study: 2 Z’ZISZZ not seen
not seen
large and precise branching ratio = large signal ri 4ht 4h~ hot seen
" " ) .. s vy not seen
easy” to reconstruct = high efficiency e utp O E 0%
low background = better precision 7 8% 90%
available for several states = normalisation hy(1P) DECAY MODES
Branching ratios are studied at flavour factories Mode Fraction (Ii/T)
° ° . . +6 %
Lack of information for some states: challenging to find a 1 ms) (52=5)
decay mode for production studies
Bx10° B
P b dKTK~ ot AA =tE- | A(1520)A(1520) ey pprtr
Ne 1.52£0.16 |1.794+£0.20| 29414 unknown | 1.09+0.24 | 9.0+ 2.6 - - 5.3 £ 1.8
J 2.124+0.03 forbidden | 0.83 £0.12 | 0.87+0.09 | 1.89 +0.08 | 0.97 £ 0.08 unknown 17+4 6.0 £ 0.5
Xc0 0.22+0.01 | 0.80+£0.07 | 0.97 £ 0.25 | unknown | 0.33 £0.02 | 0.48 & 0.07 0.31£0.12 forbidden | 2.1 £0.7
h. < 0.15 forbidden unknown unknown unknown unknown unknown 510 £60 | unknown
Xel 0.076 £0.003 | 0.42+0.05 | 0.41 £ 0.15 | unknown | 0.11£0.01 | 0.08 £ 0.02 < 0.09 forbidden | 0.50 £ 0.19
X2 0.073 £0.003 | 1.06 £0.09 | 1.42 £ 0.29 | unknown | 0.18 £0.02 | 0.14 £ 0.03 0.46 £0.15 forbidden | 1.32 4+ 0.34
Ne(25) O.O’?T1 ’ unknown | unknown | unknown | unknown | unknown unknown forbidden | unknown
P(285) 0.29 +0.01 forbidden | 0.07 £0.02 | 0.124+0.03 | 0.38 =0.01 | 0.29 £ 0.01 unknown 3.4+0.5 | 0.60 £ 0.04

New and more precise measurements are necessary for further studies
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.015003

LHCbh s

LHC detectors hunting for quarkonium N

ATLAS and CMS: mid-rapidity region, with muons in final s’ro’re = - p—

JINST 3 (2008) S08003 JINST3(2008) S08004 © 8 & 4 2 2 s s e
ATLAS CMs, s i
EXPERIMENT / { \\ ‘\\\ o e . ,% S

L. CMS+TOTEM
= L@; E l_ !§ =

LHCb: forward-rapidity region, with ALICE: both mid- and forward-rapidity — - -

muons and hadrons in final state regions, with muons and electrons in

final state

IJMPA 30 (2015) 1530022

JINST 3 (2008) S08002

Experiments provide complementary measurements


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

Quarkonium production @ LHC

Origin:
prompt hadroproduction -

T

| prompt
production

Zoy z

decays of higher resonances (feed-down)

N
PV _AhEIUu
i
w(2s) w =

ZPV ZSV N

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

PV e
b-hadron fJ/W

ZPV ZS\/ z

—

Existing measurements:
N production
N<(2S) production in b-decays

J/y, Y(25) and Y(nS) production and
polarization

J/@+l/p/iet/I/W*, J/p+)/y+l/p and
Y(1S)+Y(1S) production

Xc production and polarization
Xp Production

distinguished via
pseudo-proper
decay time

Zsv —Zpv
o, Magq
z

t, =

PV — pp collision vertex
SV — decay vertex

Understanding quarkonium production is challenging both experimentally and theoretically



Quarkonium production: Assumptions and Models

Nearly all models assume factorisation between the QQ formation and its hadronization info a meson
hard-scale QQ formation — calculated as an expansion in powers of a,
soft-scale hadronization — non-perturbative; mostly extracted from dataq; process-independent (universal)

Factorisation depends on a chosen kinematic regime:

- o ]
' A
Collinear, /g% = qr > Agcp " ) y . ,
= + p.s.
Transverse Momentum Dependent, /g% > qr » Agcp P : g-g
B
PB

€C0CLPD "suoLSg'A

kr or High Energy, \/q? > qr > Agcp
Additionally, intrinsic scales are used in hadronization description: m >» mv >» mv?

Most advanced models:

Colour Evaporation Model, Colour Singlet Model, Non-relativistic QCD, Fragmentation Function approach

No consensus on the quarkonium production mechanism
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Quarkonium production: Models

Essential difference in various approaches is in the description of the
hadronization:

BISGSUDT d-T A 01

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

Colour Singlet state

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

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

T
y <12

3 10° /E‘\ | _///I | —+— o E
[©] s < = Data
’E._\ ol - T(1S) corrected cross sections. ;DU % % m NLO NRQCD _; %
= Spin-alignment envelope o6} g = 3=
? B NNLO* CSM (direct only) _\‘\ 5 = CGC+NRQCD 1 S Colour Octet state
o 1° Ny A= e T
e 2 g.‘ N
= 3=
= 1 0 ) 11—
‘z 8 B LHCb \\\ - CT'O
] o (s=5TeV,9.1pb”! &\W =
‘O’_ 101 N ’ P -
!:' ATLAS 5 8 Prompt J/y \\\\\\\\\\\ 7
o } e setsrirrerr NN 3
10T s 7Tev '[ Ldt-18fb" e 20<y<45 M\\W M
R T T B
B R S "“"'l_‘“’s)"[é‘\/?]o 0 5 10 15 20
P, [Ge GeV/
pr [GeV/c]

NRQCD is found to be the most used, because it is based on an EFT and can be improved systematically
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https://indico.cern.ch/event/743635/contributions/3151716/attachments/1737228/2810185/LHCb-191018.pdf
https://doi.org/10.1007/JHEP11%282021%29181
https://doi.org/10.1103/PhysRevD.87.052004

NRQCD: Theory vs Experiment

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

Short distance: perturbative cross-sections + pdf for the production of a QQ pair
Long distance matrix elements (LDMEs): non-perturbative part
Both CS and CO states are allowed with varying probabilities

= LDMEs from experimental data: pr-differential production, feed-down...

Universality: same LDMEs for different Vs, prompt production and production in b-decays

= production at all possible Vs, associated production, separate prompt and b-decays. ..

(O (P = 22 (01 Py))
Heavy-Quark Spin-Symmetry: links between CS and CO LDMEs of 3
different quarkonium states (OX=7 (38,)) = 2J3+ 1 (O (15p))
= simultaneous studies of several states: Nc+J/W, Xcthe... J
T (075(150)) = 5(075 (3 S1))
. J
(0F(81)) = (05" (*So))

(O
3(07/Y (3 Ry))

(O (" P1))
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J/y, ¢w(2S) production

Production measurement via [ *1 final state (e.g. J/Y = utu=, J/Y —» eTe™..)

Cross-section determination in bin[pr,Y]

d*o d Nz -1 ]

dydpr |L]Xqef< B(qq — I*17)x AyxApr
o integrated o fotal o number of signal candidates bin width
luminosity efficiency in the given (pr, y) bin

Prompt and b-decay production of charmonium distinguished via pseudo-proper decay time:

_Zsy — ZPVM
2= pp
Z

Full kinematic range cross-section

14



J/p and @(2S): Combined mass-lifetime fits

Prompt and from b-decay production distinguished via decay time value: ¢, =" pm,,

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

N L I L L LR R
QO =
S 9000 "+~ paa LHCb 3
é) 8000 £ — Total fit function [s=5TeV.9.1 pbfl_:
< 7000 F-— - Prompt J/y 2<pr<3GeVic 3
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&.5000 .
84000 3
< 3
S 3000 E
2 2000 =
[av1 3
O 1000 /s <
0 :

3000 3050 3100 3150 3200
m.,- [MeV/c?]

Production cross-section:

==

do/dp [nb/(GeV/c)]
= 3 9

—

w2 F T T T T T T T T T T T T T T L
(oF C ]
o 1o [ Daw LHCb 4
E F— Total fit function {5=5TeV,9.1 pb” 3
8.10* g Prompt J/y 2<pp<3GeVic g
§ F --- Nonprompt J/y 3.0<y<35 3
3 10° E PV mis-association Jj:[*% =
iS u Non J/y ]
S 10°F
SAN:
10 g
1 L I
-10 -5 0 5 10
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T T T L =
% + Data L
= NLONRQCD - g 102
CGC+NRQCD ] 1
E - E
2 E = 10
i + <}
E E °)
E Vs=5TeV,9.1 pb™! 3 kS
i Prompt J/y \\\\\\\\\\\ 1 1
E 20<y <45 N
. P T R .\\ Wi
0 5 10 15 20
pr [GeV/c]

Pz

Vaskisne iy

—4— Data

FONLL
- PDF uncer.
-] PDF & m, uncer.

- [ ] Total uncer. -
C LHCb 1
i {s=5TeV, 9.1 pb”! i
§_ Nonprompt J/y _§
C 20<y<45 ]
C P IR AR SRR
0 5 10 15 20
pr [GeV/c]

181 (1202 Il d3Hr
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https://doi.org/10.1007/JHEP11%282021%29181

Cross-section determination

Production cross-section:
EB—)pTQ

P
o(A N B 5
Q — 4 id I X— o From DATA

g (B) NE Bao->pp €A-DpD o From PDG
o From MC

b _ _
Bpoax _ Na ., BBopp , €Bovp

Bpopx NB Bao-pp €EA-pD

Prompt and b-decay separation:

prompt and b-decay production distinguished via
pseudo-proper decay time valve:
tz — ZSVp_ZZPV Mpﬁ

two different tecnhiques 1,-cut and t,-fit technique

Using ratio allows to reduce systematic uncertainties

Final state: cc - pp

Production studied in the thesis:
J/@ - normalization channel (p;<14 GeV/c)
N<(1S) — pr-, y-differential x-section
N<(2S), h.— intfegrated x-section

XeJ W(2S) — cross-check

16



n.(1S) production at LHCb at Vs=13 TeV

t,-cut technique: prompt and b-decay production separated using t,-value
s . Relative charmonium yields:
s [ LHCb ]l s sooof  LHCP E
S r Vs=13Tev 1 g 00 s=13Tev J/yp 1 65< pr<14.0GeV/c,20<y <45
g ] §6000: Nc i ] Nprompt Nfrom—b
3 [ J/ 7 5 4000F o - Nc _ Nc _
] —— Y I D T N | ~prompt = 1.18£0.10 —£—— = 0.33 £ 0.02
E t,<80 fs E 20005— TZ>8OfS,f|R)\(Q>]6 ,'. ]/l,l) N]/w
0" %0 00 3100 3200 0" %0 300 3100 3200
Mpp [MeV ] Mpp [MeV]
10 | | | | | | | Cross-feed probabilities accounted in
z W . 3 so00f 3 the simultaneous fit:
S 20f P4 S 4000 F 3
SwE MM, S 2000f- . P gprompt=prompt — () 965 + (.021
;-% 0?_,i!§.-.I§.;.§-.§.i.!.......;...f:!‘;,.'....:..‘.\.0.4.!.1....‘,.!..I'.. .;,:) O;*.....I..C..-\..-..'.'.‘...'.....’:.'?’-.m-l.-..’.d....I....\.l........“:.“....: gprompt%from—b _ 0.0002 i 0.0001
2900 3000 3100 3200 2900 3000 3100 3200 —boprompt
My [MeV] My [MeV] g/rom=b=prompt — (.066 + 0.005

g/rom=b=jrom-b — () 689 + 0.022

Challenging backgound conditions for prompt
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https://doi.org/10.1140/epjc/s10052-020-7733-0

n.(1S) production at LHCb at Vs=13 TeV

t,-fit fechnique

—10.0 <ty < —0.125ps —0.125 < t, < —0.025ps —0.025 < t < 0.0 ps

0.0 <ty < 0.025ps

0.025 <ty < 0.2ps

0.2 <ty <1.0ps

1.0 <ty < 10.0ps
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3 3
2000 10_10 x10 " )
;% i 15F Ig 6000f ,a‘ 500 ,“ . Pl
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0 #’#‘ '%EH }ﬁﬂ#‘*ﬁ;{ 0 ﬂ; {5‘ éf’g’*&’i‘ Ouﬁﬁﬂ m;&i};ﬁ ot % oty [ SR Oeatert? e, oot LR R T
- 0t

2900 3000 3100 3200

My [MeV ]

Simultaneous likelihood fit to M,

2900 3000 3100 3200

Mp [MeV]

2900 3000 3100 3200

Z\/Ipi [ MeV ]

2900 3000 3100 32b0

Mp [MeV]

2000t L L L
2900 3000 3100 3200

]\’[pz—) [ MeV ]

6.5 <pr<14GeV, 2.0<y<45

~500k_. . . .
2900 3000 3100 3200

M5 [MeV]

2900 3000 3100 3200

Mp [MeV]

ps)

oO)

s_{(

Candidate

Candidates / (ps)

—+ Jip data
— Jf fit
J/1 prompt

[T1b— Jp X
— J/ wrong PV

10*

5 In bins of [pr, t,] to extract charmonium yields

Simultaneous integral 2 fit to t, in py-bins to separate prompt and from b-decays charmonium

Results consistent with t,-cut technique
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https://doi.org/10.1140/epjc/s10052-020-7733-0

Ratio between n. and J/y production

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

do(n.)/dpr _ N7IIDC . By p-pp . €) /p-pp

do(J/Y)/dpr N ]I;d, Byespp  Enc—vp

T T T T T T T T T T T T T

B F T T T -
§§ 4F LHCbH §~§ 3 E
S g asp Ya- 13TV | % 06 E
] R e f#o.s:— =
25f 35 0.4;-} %
1§ 0.3F E
(E prompt 02f I:gibwrrev from-b -
0.5 Slope: 0.22 £ 0.11 GeV'' 3 0.1F 20<y <45 =
=0 1z 1 =0 1z 1
pr [GeV ] pr [GeV ]

L61 (0€02]08 DT'sAYd Ing
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https://doi.org/10.1140/epjc/s10052-020-7733-0

Integrated and differential cross-sections

Measurement of integrated and py -differential production cross-sections

do NE B = €1/l
do(ne)/dpr = ;’/ D, P X P x LR o(ne) = ) doy(n)/dpy
Pt jp Pneovp Encopp -

3} - ' ] o 1.8 [ | .
; LHCb n_prompt ] =. L6 - ]
5 10k - = F  LHCb E
10 3 uncertain 3 3 [ .
% F . N o (016} 114662 E © 14 - 6.5 < P, <14 GeV/c I g
tEJ - NLO S?)ilg &%Cle;;alirll%ez i 1.2 :_ 20< y< 4.5 _:
NPB - ]
s - : E Ly ]
© E ] 0.8 -
Ty = 0.6 F E
0F Lueob E OF } } E
[ Vs=13TeV ] 0.4 - ® 3
1'_2.0<y<4.5 ] o2k ® E
g X 1 L L L L 1 , E 0 n ®, . . .

5 10 15 20 0 5 10
pr [GeV/c] /s, TeV

L61 (0€02]08 DT'sAYd Ing

20


https://doi.org/10.1016/j.nuclphysb.2019.114662
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d’o

J/w production at the LHC

(ub/(GeV/c))

dyde

model / data

J/y production and polarisation were studied at
different LHC experiments:

consistent and complementary cross-section
measurements

Description of the production cross-section at
different energies

105 L e e M Bt =~ LA o e o I O I N = S [
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[ [Z]ICEM, Cheung et al. i I [7]ICEM, Cheung et al. RENNLLS
103 NRQCD CS + CO, Butenschoen et al. _ 1073} | INRQCD CS + CO, Butenschoen et al. -
NRQCD k; factorisation, Lipatov et al. 3 NRQCD k; factorisation, Lipatov et al. E
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© 4~ -
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4r 7 > 3r f
3 Ll ]
o+ - (o)
: ¢ E gk .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
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] T
T 102 o "ﬁ‘« [ il SRS
k-] E =
1 . - =
it aiebls SEET TR Wy
10 e ALICE : 5.6 nb'*
JHR s HH ok - WP ATLAS: 2.2 pbt
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LHCb : 5.2, 36, 25 pb!
1o © promptJ/y i Y(15)
o prompt y’
1 myY(18)
g Y(23) lumineosity uncertainties: Y{ZS)
+ Y(38) ALICE:= 3.5% ATLAS:= 3.4%
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Nate: the lines do not represent any theoretical model;
they are added to help guiding the eye through the points

Explicit prediction for n. using HQSS relations
between n. and J/y LDMEs:

(O (180)) = 1OV (381))
<0’§c (3S1)) = <0§/‘”<1so>>
(OF () = 3(0 CRy))
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https://link.springer.com/article/10.1007/JHEP03(2022)190

Ne PIo duction at the LHC Butenschoen, He, and Kniehl PRL 114(2015), 092004
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LHCb data saturated by CS contribution, problem in simultaneous description of n. production and J/y

production and polarizafion Han, Ma, Meng, Shao, and Chao PRL114(2015). 092004
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Following progress in theory: g i: e NLO Brommpt
using constraints from fits to J/p production measurements and q e LHCb Data
fit to n. production measurement, upper limit on CO LMDE exfracted: § | ©
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Simultaneous study of n. and J/y production

N production @ /s = 7 and 8 TeV sets new constraint on J/yp polarization
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Ovutcome:

Impressive progress

Tension with CDF data
Two large CO contributions cancel each other = hierarchy problem = Soft Gluon Fragmentation, etc.?

Joint study of hadroproduction and production in inclusive b-decays?

Same links for n.(2S) and @(2S) are expected = clean test to confront NRQCD [Lansberg, Shao and Zhang]
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N.(1S): Differential production cross-section

Relative n./J/p and absolute n. pr-differential &l &

production cross-sections @ 13 TeV (2015-2016 datq) 3:\3
S

N<(1S) production:

6.5 < pr <14.0 GeV/c,2.0<y <45
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Results may provide important constraints for J/p production and polarization

Nn<(1S) production can be described by CS contribution only; measurement §
in extended py is required: larger slope would indicate possible CO 2
contribution g

o}
Interpretation of n.(2S)/w(2S) much cleaner than for n.(1S)/J/y due to
absence of feed-down
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N.(1S): Differential production cross-section

Relative n./J/p and absolute n. pr- and y-differential
production cross-sections @ 13 TeV (2018 datq)

Relative production cross-section
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Absolute production cross-section

/g

tn,

Extended pr-range compared to the previous analysis
The first measurement of y-differrential n.(1S) cross-section

Slope in pr-differential ratio of n. to J/y production indicates different shape and maximum
pr-spectra

position of
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Comparison with theory and outcome

Extended p;-range:
low pr — probe the transition region between NRQCD and models targeting low prregion
high pr - sensitive to CO contribution
Hadroproduction results are compared with NRQCD CS and CO, and modified NRQCD predictions:
NRQCD CS describes data for pr>7 GeV/c
no CO contribution at high p;
modified NRQCD does not describe n. to J/y production ratio
strong motivation to better understand/reduce theoretical uncertainties
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Rapidity -differential study may provide a tool to reduce scale uncertainties
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Summary and ovutlook

Quarkonia is a great tool to study QCD
Persisting challenges:

simultaneous description of J/g production and polarization -
“polarization puzzle*

simultaneous description of n. and J/g together with J/yp
photoproduction - “HQSS puzzle”

negative contribution in the cross-section

New sources of input are required:
New studies of quarkonia decays
Study of nq and xq states
Associated quarkonia production
Production in heavy-ion collisions
Non-conventional quarkonium




