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.
Approaches to Quarkonium Production

See EPJC (2016) 76:107 for a recent review

@ Quarkonia are bound states of heavy quarks (cc, bb, be and be)

@ Nearly all approaches assume a factorisation between the production of the
heavy-quark pair, QQ, and its hadronisation into a meson

e Different approaches differ essentially in the treatment of the hadronisation

@ 3 fashionable models:
© Corour EvaPORATION MODEL: application of quark-hadron duality;
only the invariant mass matters
© CoLOUR SINGLET MODEL: hadronisation without gluon emission
each emission costs a;(mq) and occurs at short distances
© Corour OcTET MECHANISM (encapsulated in NRQCD): higher Fock states of
the mesons taken into account; QQ can be produced in octet states with
different quantum # as the meson
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CEM vs. CSM vs. COM

@ CoLoUR EVAPORATION MODEL

e any QQ state contributes to a specific quarkonium state
e colourless final state via a simple 1/8 factor

e one non-pertubative parameter per meson, supposedly universal
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© CoLOUR EvAPORATION MODEL
e any QQ state contributes to a specific quarkonium state
e colourless final state via a simple 1/8 factor
e one non-pertubative parameter per meson, supposedly universal
© CoOLOUR SINGLET MODEL
e colourless final state via colour projection; quantum numbers enforced by spin
projection
e one non-pertubative parameter per meson but equal to
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o this parameter is fixed by the decay width or potential models and
by heavy-quark spin symmetry (HQSS)

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 4/38



R
CEM vs. CSM vs. COM

(2]

CoLOUR EVAPORATION MODEL
any QQ state contributes to a specific quarkonium state
colourless final state via a simple 1/8 factor
one non-pertubative parameter per meson, supposedly universal
COLOUR SINGLET MODEL
colourless final state via colour projection; quantum numbers enforced by spin
projection
one non-pertubative parameter per meson but equal to
the Schrodinger wave function at the origin
this parameter is fixed by the decay width or potential models and
by heavy-quark spin symmetry (HQSS)
CoLOUR OCTET MECHANISM
one non-perturbative parameter per Fock States
expansion in v?; series can be truncated
the phenomenology partly depends on this
HQSS relates some non-perturbative parameters to each others and
to a specific quarkonium polarisation
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Public multi-process matrix-element/event Generators

without onia

with onia

LO
- Alpgen
Mangano, Moretti, Piccinini, Pittau, Polosa

+ MG5/ME5

Alwall, Herquet, Maltoni, Mattelaer, Stelzer

« HELAC-PHEGAS

Cafarella, Kanaki, Papadopoulos, Worek

« Sherpa ...
Gleisberg, Hoche, Krauss, Schaelicke, Schumann,
N LO Winter
- MG5_aMC

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer
Shao, Stelzer, Torrielli, Zaro

« HELAC-NLO

Bevilacqua, Czakon, Garzelli, Hameren, Kardos,

Papadopoulos, Pittau, Worek

- GoSam

Cullen, Greiner, Heinrich, Luisoni, Mastrolia,
Ossola, Reiter, Tramontano

« OpenLoops, Recola ...

LO
« MadOnia

Artoisenet, Maltoni, Stelzer

« HELAC-Onia

Shao

NLO

. 777

Single process; not automatised
« BCVEGPY (for B(c))

Chang, Wang (XG),...
« FDC (NLO)

Wang (JX),...

J.P. Lansberg (IPNO)
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What for : new observables

Observables

Jw+)
J/w+D
J/w+Y
J/w+hadron
Jiw+z
J/p+W

J/W vs mult.
J/p+b

Y+D
Y+y

Y vs mult.

Experiments
LHCb, CMS, ATLAS,

DO (+NA3)

LHCb

DO

STAR

ATLAS

ATLAS

ALICE,CMS (+UAT1)

—- (LHCb, DO, CMS
?)

LHCb

CSM  CEM
NLO, LO?
NNLO*

Lo L0?
(NLO  LO?
Lo —
NLO  NLO
Lo Lo?
Lo Lo?
NLO, LO?
NNLO*

NLO LO?
NLO? LO?

NRQCD

LO

LO

LO

LO

Partial

NLO

Partial
NLO

LO
LO?

Tools and methods for quarkonium physics

Interest

Prod. Mechanism (CS
dominant) + DPS

Prod. Mechanism (c toJ/psi
fragmentation) + DPS

Prod. Mechanism (CO
dominant) + DPS

B feed-down; Singlet vs Octet
radiation

Prod. Mechanism + DPS

Prod. Mechanism (CO
dominant) + DPS

Prod. Mechanism (CO
dominant) + DPS

DPS

Prod. Mechanism (CO LDME
mix) + gluon TMD/PDF

Prod. Mechanism + DPS

Prod. Mechanism (CS
dominant ?) + DPS

November 24, 2016
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Part 11

MadOniaf

TMost slides from a presentation by P. Artoisenet
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Automatic generation of quarkonium amplitudes in
NRQCD

Pierre Artoisenet and Fabio Maltoni
Centre for Particle Physics and Phenomenology (CP3),
Université Catholique de Louvain, Chemin du Cyclotron 2,
B-1848 Louvain-la-Neuve, Belgium
E-mail: pierre . artoisenet@uclouvain. bd, ffabio.maltoniGuclouvain.bd

Tim Stelzer
Department of Physics, University of Illinois at Urbana-Champaign,
1110 West Green Street, Urbana, IL 61801, U.S.A.
E-mail:

ABSTRACT: We present a simple method to automatically evaluate arbitrary tree-level am-
plitudes involving the production or decay of a heavy quark pair QQ in a generic ZSHLI;‘ﬂ],
S- or P-wave state, i.e., the leading short distance coefficients appearing in the NRQCD
factorization formalism. Our approach is based on extracting the relevant contributions
from the open heavy quark-antiquark amplitudes through an expansion with respect to the
quark-antiquark relative momentum and the application of suitable color and spin projec-
tors. To illustrate the capabilities of the method and its implementation in MadGraph a
few applications to quarkonium collider phenomenology are presented.
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MadOnia

I ntroduction: the purpose of MadOnia
— o

® expression of cross sections within NRQCD:

o(ij = Q+X) = Y 6(ij — QQn) + X)(0%(n))a

n

» (O%(n)) is the long distance matrix element
® 6(i+j— QQ(n) + X) is the short distance cross section
#® MadOnia: automatic tree-level computation of 5(ij — QQ(n) + X))
25+ ! L (1) open quark amplitude
(MadGraph)
j jy f do :W (2) projected amplitude
(MadOnia)

(3) phase-space integration
(unweighting — MC event generator)
J.P. Lansberg (IPNO) Tools and methods for quarkonium physics
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MadC

Capabilitiesand Validation

a

—

® validation:

® gauge invariance has been checked
® charge conjugation conservation:

ACS + @k +1)y) =
ACS! + 2k =
ACPY 4 (2k)y) =
ACPM + 2k =

ACPM + @k +1)y) =

o o o o o

® comparison with analytical amplitudes point by point in the phase space

with %, j, k = quarks or gluons, for all S- and P-wave states, colour-singlet
and colour-octet transitions

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 10/ 38



ustration

® example: B, production from ete™
#® enter the process: fill the input file proc_card.dat

# Begin PROCESS # This is TAG. Do not modify this line

le+e->bc"cb™ [3511, Q0 # First Process

nCcD=99 # Max QCD couplings

QED=2 # Max QED couplings

lend_coup # End the couplings input
bie->bc"cb™[1501] @1 # Second Process

[1CD=09 # Max QCD couplings

NED=2 # Max QED couplings

bnd_coup # End the couplings input

done # this tells MG there are no more procs

# End PROCESS # This is TAG. Do not modify this line

# Model informatiom

# Begin MODEL # This is TAG. Do not modify this line
sm

# End MODEL # This is TAG. Do not modify this line
P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 11/38




MadOnia

[ llustration

® example: B, production from eTe™

® Output:
MadOnia generates a fortran code that gives the squared matrix element
summed/averaged over polarization degrees of freedom at an arbitrary
phase-space point:

Z |M (et (p1)e” (p2) — b(p3)e(pa) Be(ps))|?
Ay As

=] =

L o

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 12/38



| llustration

® interface with a phase-space generator to produce cross sections

® B, production via colour-singlet transitions (o in fb)

1So[1] 351[1] 1P 3P[1] 3Pi[1] 3Py[1]
ete~@my | 1.5810% 2.2510% 1.72102 1.0010% 2.0910% 2.25102
~YQLEP I 0.513 5.17 0.160 2.6610~2 574102  0.263
~Yp@HERA 356 1.17103 83.1 21.2 50.4 197
pp@LHC | 3.93107 9.82107 5.2110 1.79106  4.4010°  1.06107
ppQTevll | 2.54106 6.47108 3.2910° 1.2410° 2.8710°  6.8110°

® [, production via colour-octet transitions (o in fb)

!S0[8] 35118 1P [g] 3 Po[8) 3P [8) 8 P[8]
ete~ 1.64 2.31 0.162 0.105 0.217 0.235
vy | 5.38107% 5421073 1.69107% 283107° 6.041075 2.7710~¢%
vp 1.15 8.25 0.494 7.451072 0.238 1.57
PP 4.2010° 1.88106 1.1910° 1.3710* 6.2010% 2.2410°
pp 2.8610*  1.2710°  8.1310°  9.8210°  4.2410° 1.56 10%
L TIMING: 5’ to enter all processes in the input card, 2 hours of run
Tools and methods for quarkonium physics November 24,2016 13/38



Mad

® T + 3 jets production at the Tevatron

subprocesses:

dg_uuxdbbx3S11 gd_uuxdbbx3S11 gu_uuuxbbx3S11  ug_uddxbbx3Sl11 uux_uuxgbbx3S11
uxu_ddxgbbx3S11  du_udgbbx3S11 gdx_uuxdxbbx3S1 N ug_uggbbx3S11
uxd_uxdgbbx3S11  uxu_gggbbx3S11 dulexdgbbeSll gux_uxddxbbx3S11
ug_uuuxbbx3S11 uxdx_uxdxgbbx3S11 uxu_uuxgbbx3S11 yum 2 gg uuxghbx3S11
gux_uxggbbx3SI1 uu_uugbbx3S11 uxg_uuxuxbbx3S11 uxux_uxuxgbbx3S11 dxu_udxgbbx3S11
gu_uddxbbx3S11 ud_udgbbx3S11 uux_ddxgbbx3S1l  uxg_uxddxbbx3SI1  dxux_uxdxgbbx3S11
gu_uggbbx3S11 udx_udxgbbx3S11  uux_gggbbx3S1l uxg_uxggbbx3S11

=~ 2000 Feynman diagrams (reduced by a factor i after the colour and spin projection are

applied)
L B B R
0.1000 sy >2mb?
0.0500 F— -
5 [ ]
<] i - iy
> 00100 -
£ 0.0050 — —
o £ ]
& r gg - gegY b
S 0.0010 —
" 0.0005— —
P T AUV IR I P B e
0 5 10 15 20 25 30
Py (GeV)
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MadOnia

® J/4 production from 7 collisions (Lep II, /s = 196 GeV)

vy — gJ/¥(*51(8]) 23 vy — 9997 /¥ (*S1[1])
! i

N

6 Feynman diagrams 120 Feynman diagrams
T S B D B
L <0(3s4[1])>=1.16 GeV3
£ 1076 <0(3s4[8])>=1.06 1072 GeV3 —
o r 4
g 1078 - vy > g 1/% (s8] .
e 10710 | —
§ el ]
5 10 I vy > ggg I/¥ (3s4[1]) ]
10714 TR PR PR PR R 11

0 10 20 30 40
PT (GeV)

Tools and methods for quarkonium physics November 24, 2016
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MadOnia

® cTe” —n.+ X @ 10.6 GeV

subprocesses:
ete” — neqqg ete” — 1999 ete” — nece
o(necc) = 58.7 b

1078 r——— T T T T T g
F do(ete™ » 7o+ X)/dz  (nb) ]
VS=10.8 GeV

o(neggg) = 3.721b

ate™ -+ 0B M,

1074
o(n.999) = 1.63 b
ete™ - ggg g
g Remarks:
ete™ > qagn, o
1070 o(J/1bce) = 148 b

o(J/vgg) = 266 fb

10-7 WERIN ST S S S — I —" PR PR
0.5 0.6 0.7 0.8 0.9 1.0 E—
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MadOnia

Summary about MadOnia

Possibility to look at the quarkonium polarisation

Possibility to generate LHE files (— Pythia)

Interfaced with LHAPDF

@ Tuned version to compute NNLO™ cross sections

Possibility to include photon fluxes from ion collisions

Available in MG4 (not anymore via the web interface, it seems)

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 17/ 38



Part 111

HELAC-Onia
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Computer Physics Communications 198 (2016) 238-259

Contents lists available at ScienceDirect c:wvum PHYSICS

Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

HELAC-Onia 2.0: An upgraded matrix-element and event generator ®Cmsm
for heavy quarkonium physics”

Hua-Sheng Shao

PH Department, TH Unit, CERN, CH-1211, Geneva 23, Switzerland

ARTICLE INFO ABSTRACT

Article history: We present an upgraded version (denoted as version 2.0) of the program HELAC-ONiA for the automated
Received 22 July 2015 computation of heavy-quarkonium helicity amplitudes within non-relativistic QCD framework. The
Accepted 6 September 2015 new code has been designed to include many new and useful features for practical phenomenological

Available online 28 September 2015 simulations. It is designed for job submissions under cluster environment for parallel computations via

PyTHON scripts. We have interfaced HELAC-ONIA to the parton shower Monte Carlo programs PYTHIA 8

gz“zzﬁ;i h enerey physics and and QEDPS to take into account the parton-shower effects. Moreover, the decay module guarantees that

cump\:llir;gg By pIY; the program can perform the spin-entangled (cascade-)decay of heavy quarkonium after its generation.
Phase space and event simulation We have also implemented a reweighting method to automatically estimate the uncertainties from
Quantum chromodynamics renormalization and/or factorization scales as well as parton-distribution functions to weighted or
Lattice gauge theory unweighted events. A further update is the possibility to generate one-dimensional or two-dimensional

plots encoded in the analysis files on the fly. Some dedicated examples are given at the end of the writeup.

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 19/ 38



HELAC-Onia

Generic method

off-shell recursion relations.

Example : g g > t t~ g (16 Feynman diagrams)

sm3 a0 e «  cmacme

‘:’: T
s a0 e sams ocoa0E0

Do mae by Masiogns MCHNO

O mate by Masiss OO

# of matrix calculations = 5 external WFs + (16*3-1) vertices = 52

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 20/38



HELAC-Onia

Generic method

off-shell recursion relations.

- Example : g g > tt~ g (16 Feynman diagrams)

5 + 6

t

1 g 23

] 24 —
3 ' 25 e
4 - 34 wmsmsrrmr

35 —4+
T RSTSS 45 "

J! J?
TP=T'+ T eg. 22"”%/*//3
23

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics
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HELAC-Onia

Generic method

off-shell recursion relations.

- Example : g g > tt~ g (16 Feynman diagrams)

5 + 6 + 4x3

g

1 y 23——— 1234 \
9 24 - 235

3 \ 25 : 245 s

4 e 3 ermmrrstrerrsrns 345wmuwgmmm!
g 35—+

J* J? 7
| | |

23
TJ}=7J%+TJ'eq. e 5 =T AT T

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics

no 4-pt vertex
because there are
only 2 gluons at level
1
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HELAC-Onia

Generic method

off-shell recursion relations.

- Example : g g > tt~ g (16 Feynman diagrams)

5 + 6 + 4*3 + (4+3+1)

1 verormes || 23— 234 e 2345 i
s || 24— 235——
3t 25 : 245 <
4 ¢ 3wt 345
5 g 35—+
45—
J! J? T J!

L | | |

34
J=J*+J"' +J'eq. J'=J"+IJ"+J"+IJ" no 5-pt vertex in QCD
2345

5

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 23/38



HELAC-Onia

Generic method
off-shell recursion relations.

Example : g g > t t~ g (16 Feynman diagrams)

5 + 6 + 43 + (4+3+1) +1=32

)

1 : 23— 234 2345

2 f 24 ¢ 235 :

3 - 25 : 245 ¢

4 = 3w 345wmawgmmm

5 S 35—

45—
4
J! J? J? J A

32<52 1 A=J%+1leg 1

a" < n! with large n=# of external legs

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 24/38



A few keywords

@ One or more S- and P-wave onium tree-level helicity amplitude in NRQCD
@ Color: octet and singlet

o Currently restricted to SM: possible for BSM extension

@ Unique opportunity to produce multiple onia

o Event generation

@ Yields and polarisations

e Spin-entangled decays

o Interface to parton shower Monte Carlo programs

e Automatically take into account multiple transitions

@ Proton-nucleus collisions

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 25/38



HELAC-Onia

New developments in version 2.0
« More user-friendly interface

MadGraph5_aMC@NLO HELAC-Onia 2.0

Alwall, Frederix, Frixione, Hirschi, Maltoni,
Mattelaer, HSS, Stelzer, Torrielli, Zaro (2014)

/bin/mg5 /ho_cluster
>generate p p > tt~[QCD] | generate p p > psi psi
> output pp2ttx > launch

> launch

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 26/38



HELAC a

NEW DEVELOPMENTS IN VERSION 2.0

- Decay module

- Guarantee spin-correlations in heavy quarkonium decay chains.

. Forinstance, Xe — J/¥+vy — €10 4+~

e Considering the helicity amplitude for the decay process is A(x), where x is the set
of variables to characterize the kinematics.

e The maximal weight of [A(x)[? is Winax-
e Randomly generate a phase space point x.

e Uniformly generate a random number r € [0,1]. If |A(x)[? > 7 X Wiy, the event
corresponding to x is retained. Otherwise, go to the former step.

Tools and methods for quarkonium physics November 24, 2016 27 /38



HELAC a

NEW DEVELOPMENTS IN VERSION 2.0
- Shower module

- Interface to external parton shower Monte Carlo;garoo(?% ms.

ISR

ISR

2 = T
0012 0010
> o010 = Z = T
s & oo
S o008 = S s ) e}
S = S 0.006 . T
2 = - - ~3
& 3 & E
> >
W2 .2 0004 -
— 10
= Lo 5 LO+ISR
S LO+ISR 5 —
5 NLO = 0002 — NLO+ISR
NLO+ISR
. . 0.000 ]
3 4 0 1 2 3 4 5

Pi©V)  HELAC-Onia + QEDPS  Pw(&V)

Tools and methods for quarkonium physics November 24, 2016 28/38




HELAC-Onia

NEW DEVELOPMENTS IN VERSION 2.0

+ Analysis module

- Generating topdrawer, gnuplot, root files on the fly. One-
dimensional or two-dimensional distributions.

- Reweighting method is applied to estimate scale and PDF
uncertainties on the fly.

- Addon codes

« Double parton scattering for J/WV pair production:
2 scatterings at a time

. Planned :

« Fragmentation function module

« TMD module etc

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016
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HELAC-Onia

Highest-Multiplicity processes:
NNLO* QCD Corrections

ATLAS Collaboration (2014)
107

T T T T T T T
ATLAS Prompt y(2S) data
V5=7 TeV, 2 1fp" —e— lyl<0.75 (x10F)
—a— 0.75< lyl<1.5 (x10°)
—a— 15<1yl<2.0

NNLO* QCD
correction.

€ - First done by
MadOnia [ Artoisenet,
JPL, Maltoni (2007)].

« Thefirst2>4
process with at least
one quarkonium.

jm— NLO NRQCD
- - - - k; factorisation
L5552 Colour Evaporation

+ HELAC-Onia
reproduce the
MadOnia result
between 10-40 GeV.

B(y(2S)=J/y(—p i) mr)- dPe¥Sdp, /dy [nb/GeV]

10 20 30 40 50 60 70809010°
v(@S) p, [GeV]
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HELAC-Onia

Highest-Multiplicity processes: p p > W+ W +cc

JPL, Shao (2014)

7 TeVeLHC DPs
01, =t CMS Accep. c=s= LOSPS+sm 1. NNLO level process
— Fo e e ===" NLOSPS for double psi
% ‘ m‘_f_, @; SPS /production.
O 0001y 0 Eeedhes S e Sl
= E i '] ----- SPE 35 4 '
£ [ | 1 « Thefirst2 >4
= | brerer———— process with at least
= Tl 4 two quarkonia.
\% o S .
= : . Satl‘sfactory accuracy
= 107k ; { achieved for all plots
E within one week on
single core.
—9 1 1 1
1075 20 30 60 80

plii
T
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Summary about HELAC-Onia

e HELAC-Onia is an user-friendly public tool to study heavy quarkonium
physics in an automatic way.

@ Based on recursion relations, it can be employed for high-multiplicity
processes with a reduced computational cost.

It provides a simulation tool for one or more S-wave and/or P-wave heavy
quarkonia production based on tree-level helicity amplitudes.
e To do:

e Ongoing developments to meet various application purposes.
o Generalise to higher-order (e.g. NLO QCD correction).

J.P. Lansberg (IPNO) Tools and methods for quarkonium physics November 24, 2016 32/38



Part IV

A trick to move to NLO accuracy
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MG5aMC@NLO & CEM

MadGraph5 _aMC@NLO in A nutshell

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro *14

4 commands for a NLO

calculation
MadLoop
MadGraph
aMC@NLO > ./bin/mg5_aMC
CutTools MC@NLO > generate process [QCD]
> output
> launch
I—— ——

Trick: In the CEM (quark-hadron duality), the quarkonium cross sections are
proportional to those of heavy-flavour-pair production up to a maximum
invariant mass mq = 2mp (or mpg)

Nota: also works with some slight tunes of MCFM.

=} = = = E DA
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QCD corrections to the CEM P dependence

JPL, H.S. Shao JHEP 1610 (2016) 153
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QCD corrections to the CEM P dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

State of the art computation:
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“@NLO & CEM

QCD corrections to the Z + J /v

JPL, H.S. Shao JHEP 1610 (2016) 153

LO was not even knoswn:

10°
Prompt J/@+Z production at 8 TeV LHC
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Homework: Pick up you preferred (SM or BSM) particle and compute the
associated production x-section with a J/y in the CEM.
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Part V

Conclusion and outlooks
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Conclusion and outlooks

Need for automated tools for tedious quarkonium-related computations
@ Need reinforced by numerous recent experimental studies at the LHC

Two automated tools on the market: MadOnia and HELAC-Onia

HELAC-Onia: maintained and developped

@ First NLO evaluations with unautomatised tools

or with the CEM (but with caveats with regards the physics)

@ a NLO tool still to be devised (with octet + polarisation)
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