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And there is Quarkonia everywhere

[arXiv:2203.11601, A comprehensive guide to the physics and usage of PYTHIAS ]
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Hard subprocesses

Hard subprocesses

Hard processes involving charmonium and bottomonium are
provided using NRQCD, including both colour-singlet and -octet
contributions.

do(pp = H+ X) = > do(pp — QQP*'Ly] + X)(O"[H L))
s,L,J

HEL]) = o) |QETL) + o) [QP (L + 1) Ple)

+0(v?) ‘QQ[ZSJr1 (L+ 1)5§)]gg> + ...

H € {3/4,9%(28), Xc0: Xc1: Xc2: ¥(3770),
T(1S),T(ZS),T(3S),Xb0,Xb1,Xb2}
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Hard subprocesses

Hard subprocesses

Hard processes involving charmonium and bottomonium are
provided using NRQCD, including both colour-singlet and -octet
contributions.

do(pp > H+X) = 3 ddpp — QQP*' L] + X)(O"P=1L,)
sLJ
HETL) = 0(1)|QQPL]) + 0(v) QAP (L= 1) le)
+0O(v?) ‘QQ[ZSJr1 (L+ 1)5§)]gg> + ...

H € {3/4,9%(28), Xc0: Xc1: Xc2: ¥(3770),
T(1S),T(ZS),T(3S),Xb0,Xb1,Xb2}

A standardised interface to HELACONIA is also included.
Lund University
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Hard subprocesses

Looks like standard partonic 2 — 2 sub-processes:
»gt+g—>H+g
»g+q—H+q
»q+qd—H+g

Also, only for Sy colour singlet states
»gt+g—>H+y

»gt+g—o>H+H
»q+q—oH+H
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Hard subprocesses

Note that colour octet states will show up in the PYTHIA Event
with (non-standard) id on the form 99n4nsn.nyny
(e.9. J/psi[3S1(8)] = 9941003).

By default there is a mass split between the singlet and octet
states (200 MeV), and every octet will decay into the
corresponding singlet state plus a soft gluon before
hadronisation.

Note also that an octet state will participate in the parton
shower as a massive gluon.
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Parton showers

Parton showers

For large transverse momentum there will arise large
logarithms in the quarkonium cross sections: log(p. /my)
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Parton showers

Parton showers

For large transverse momentum there will arise large
logarithms in the quarkonium cross sections: log(p. /my)

» Resum and evolve inclusive fragmentation functions

[e.g. Braaten & Youang, hep-ph/9302307, hep-ph/9303205; Ma, hep-ph/9503346, hep-ph/9504263.]
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Parton showers

Parton showers

For large transverse momentum there will arise large
logarithms in the quarkonium cross sections: log(p. /my)

» Resum and evolve inclusive fragmentation functions
» Unsum and produce exclusive events with parton shower

[e.g. Ernstréom & Lonnblad, hep-ph/9606472, hep-ph/9612408.]
[e.g. Braaten & Youang, hep-ph/9302307, hep-ph/9303205; Ma, hep-ph/9503346, hep-ph/9504263.]
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Parton showers

Parton showers

For large transverse momentum there will arise large
logarithms in the quarkonium cross sections: log(p. /my)

» Resum and evolve inclusive fragmentation functions
» Unsum and produce exclusive events with parton shower

Soon to be included in PYTHIAS

[Naomi Cooke, Phil liten, LL, Steve Mrenna]
[e.g. Ernstréom & Lonnblad, hep-ph/9606472, hep-ph/9612408.]
[e.g. Braaten & Youang, hep-ph/9302307, hep-ph/9303205; Ma, hep-ph/9503346, hep-ph/9504263.]
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Parton showers

Standard QCD splittings
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Parton showers

Standard QCD splittings and bremsstrahlung from octet onia
states
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Parton showers

Standard QCD splittings and bremsstrahlung from octet onia
states

q g H8
q+<; g/mgi g He
g g q g

Add quarkonium production

Q g g
Q +< g m< g g 9 TV T
H! H! H!

o1
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Parton showers

Standard QCD splittings and bremsstrahlung from octet onia
states

q g H8
q+<; g/mgi g He
g g q g

Add quarkonium production

Q g g
Q +< g m< g g 9 TV T
H! H! H!

And let them Compete!

o1
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Parton showers

In the parton shower language, logarithms sum up to
No-emission probabilities (c.f. Sudakov form factors)

By ordering the emissions in some scale, p, we get the
probability of something happening next:

PO
dPuext = P(p,2z) x exp <— / P(p’,Z)dp’dZ> dpdz
P
= P(p,z) x A(po, p)dpaz
The no-emission probabilities factorise:

OPuxta = Palp, 2) x Dalpo, p)Ab(po, p)Ac(po, p) - - - dpdlz
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Parton showers

» How do we choose scales for the quarkonium splittings to
get a relevant competition?

» How do we avoid double counting octet and singlet
splittings?

» How do we avoid double counting with hard subprocess
(LO/NLO) MEs?

We need to think about ME/PS matching/merging.
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Multiple quarkonium & multi-parton interactions

Multiple quarkonium & multi-parton interactions

» Double onia sub-process
» Double parton scattering

» All quarkonium processes are available as multi-parton
scattering processes (switched on by default)

Note that the MPI QCD cross sections are regulated by

as(pt +Pio(9)) [

T ase?) (P2 + P?y(s))”

(o]

o —

to take saturation into account.

Quarkonium in PYTHIA8 11 Leif Lénnblad Lund University



Multiple quarkonium & multi-parton interactions

Colour reconnections

hadron jet

hadron \% N hedron hadron

beam remnant beam remnant

hadron jet
Flow-like boost effects

= More pr

T hadron jet

g

hadron

A c-quark from one scattering can be reconnected with an ¢
from another. If the resulting string has too low mass, it will be
collapsed to the closest available charmonium state.
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Multiple quarkonium & multi-parton interactions

ol

Note that a cc pair from a shower splitting will never be
reconnected.
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Multiple quarkonium & multi-parton interactions

ol

Note that a cc pair from a shower splitting will never be
reconnected.

Except if they radiate (and you are using the QCD colour
reconnection model).
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Hadronisation & decays

Lund String Model

No quarkonium states are formed in the string fragmentation.
(Except indirect production via B-decays).

P e 10711 = in P 8
c/u~ € "o~ = zero in PYTHIA
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Hadronisation & decays

Lund String Model

No quarkonium states are formed in the string fragmentation.
(Except indirect production via B-decays).

ma—ms .
Pejy~e ™ = ~107"" = zero in PYTHIA8

For the rope model in heavy ion collisions we can have higher «
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Hadronisation & decays

Decays

<particle id="443" name="J/psi" spinType="3" chargeType="0" colType="0"
m0="3.09692" mWidth="0.00009" mMin="3.09602" mMax="3.09782">
<channel onMode="1" bRatio="0.8023950" meMode="43" products="83 -83"/>
<channel onMode="1" .0594000" products="11 -11"/>
<channel onMode="1" .0593000" products="13 -13"/>
<channel onMode="1" 0130000" products="441 22"/>
<channel onMode="1" .0056000" products="113 111"/>
<channel onMode="1" .0056500" products="213 -211"/>
<channel onMode="1" .0056500" products 213 211"/>
<channel onMode="1" .0036000" products 15 113"/>
<channel onMode="1" .0036000" products 215 213" />
<channel onMode="1" .0036000" products="215 -213"/>
<channel onMode="1" 0043000" products="225 223"/>
<channel onMode="1" .0022000" products="313 -315"/>
<channel onMode="1" bRatio="0.0022000" products="323 -325"/>
<channel onMode="1" bRatio="0.0022000" products="-323 325"/>
<channel onMode="1" bRatio="0.0025000" products="321 -323"/>
<channel onMode="1" .0025000" products="-321 323"/>
<channel onMode="1" .0021000" products="311 -313"/>
<channel onMode="1" .0021000" products="-311 313"/>
<channel onMode="1" .0019000" products="20323 -321"/>
<channel onMode="1" .0019000" products="-20323 321"/>
<channel onMode="1" .0015000" products="10213 -211"/>
<channel onMode="1" .0015000" products="-10213 211"/>
<channel onMode="1" .0023000" products 0113 111"/>
<channel onMode="1" .0004800" products="10331 223"/>
<channel onMode="1" .0007400" products="223 221"/>
<channel onMode="1" .0003600" products 0331 333"/>
<channel onMode="1" .0008000" products 33 335"/>
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Hadronisation & decays

Hadronic rescattering

As of version 8.303, PYTHIA includes a full hadronic rescattering
machinery (a la UrQMD)

Could in principle destroy or produce quarkonium states.
Especially in heavy ion collisions.

Quarkonium in PYTHIA8 16 Leif Lénnblad
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Conclusions

PYTHIA8 loves quarkonium! And more love is on the way:

» Shower production of quarkonium

v

Matching/Merging

Rope hadronisation in HI
Shoving in HI

Colour reconnection in HI

v

v

v
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Thanks!
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