Q SORBONNE
b UNIVERSITE

Towards the Automation of Quarkonium
Production Cross Sections with MadGraph

High Precision for Hard Processes 2024

Lukas Simon

Laboratoire de Physique Théorique et Hautes Energies
Sorbonne Université et CNRS

based on JHEP 07 (2024) 050 [arXiv:2402.19221]
in collaboration with Ajjath A H and H.-S. Shao

September 10, 2024


https://arxiv.org/abs/2402.19221

Quarkonium Production
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Phenomenological relevance

N, gluon PDFs

2\ quarkonia are dominantly produced via gluon fusion
and give direct access to the momentum distribu-
tions of gluons in nuclei and parton correlations in
N\ protons

spin puzzle

quarkonia can help to unravel the role ..
of the gluon spin and angular momen-
tum in the nucleon spin
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Quarkonium production in NRQCD factorisation

do(AB > H+X) =Y ( 3 /dzadzb fasa(@a) foyp(xs) dé(ab— QQ'[n] + X) ) o0

a,b, X
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Quarkonium production in NRQCD factorisation

do(AB > H+X) =3 ( ) /dzadzb faya(@a) foyp(zp) | do(ab — QQ'[n] + X) ) (of)
7 abX PDF partonic
Cross section

Parton Distribution Function (PDF)

» parton distribution functions of partons a and b in the initial
hadrons A and B )

Partonic cross section

» short distance production of a QQ’ pair in a colour representation
C, with spin S and orbital angular momentum state L

» spectroscopic notation of Fock states: n = ZS“LBC]

hadronisation of the heavy quark pair into the physical
quarkonium state H
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Amplitudes with quarkonia

Projection to Fock states

(I,(I{Il)b(kg) — Q(kg)@l(kz;) 4+ ...

A(r) = @ng (k3)T'(r)oxg, (ka)
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Amplitudes with quarkonia

Projection to Fock states

a(k'l)b(k’g) — Q(k’g)@l(k4) 4+ ...

A(r) = @ng (k3)T'(r)oxg, (ka)

Colour projector

colour projection
6C354

Poeq —
Agen(r) = 2, o, PeA(r) =t T /N,
Pc—g = \/ichf§3
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Amplitudes with quarkonia

Projection to Fock states

(I,(kl)b(kg) — Q(kg)@l(kz;) 4+ ...

Spin projector

T_JAQ/(IC4)’Y5U>\Q(]€3)

A(r) = @ng (k3)T'(r)oxg, (ka)

colour projection
Afen (r) =32, o, PoA(r)

spin projection

Ps—o =

2\/2mgmgs

po_ — Dak)f3 (Kurg(ks)
Agie1s1(r) = 2Xn g g BsAgion (r) LT T omamg,

with

K" = kb 4kt
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Amplitudes with quarkonia

Projection to Fock states

a(kl)b(k’g) — Q(k’g)@l(k4) 4+ ...

A(r) = @ng (k3)T'(r)oxg, (ka)

colour projection
Agen (r) = 22, o, P A(r)
spin projection

Afiers3 (1) = Xng ag PsAten (1)

kg — mQ K#+qH
mq +mg:
maos
M= — <K' —¢"
mq +mgs

e d\F
Ay s,y (r) = {(E‘L’ (K)W) A{[C],S}("'):|

q=0

orbital angular momentum projection
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Amplitudes with quarkonia

Projection to Fock states

a(kl)b(k’g) — Q(k’g)@l(k4) 4+ ...

A(r) = @ng (k3)T'(r)oxg, (ka)

colour projection
Agen(r) =3¢, o, PeA(r)
spin projection

Atiers3(r) = Xong g PsAqien ()

orbital angular momentum projection

e d\F
Ay s,y (r) = {(E‘L’ (K)W) A{[C],S}("'):|

q=0

total angular momentum projection
Agiers,n,ay () =225, 5, (DAL A5 S, As) Aqiey,s,y (1)
N e

Clebsch—Gordan coefficient
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Quarkonia in MadGraph



MadGraphb_aMC@NLOwa et a. 2014

Automated cross sections for particle colliders

MadGraph5_aMC@NLO is an open-source software that provides a
complete set of tools for the simulation and analysis of particle
collisions up to next-to-leading order precision in QED and QCD.

Automatic Automation of real
tree-level matrix MadGraph MadFKS corrections using
element generator FKS subtraction

MadGraph

aMC@NLO
Automation of Matching
virtual corrections MadLoop WIGENILD & Merging

Lukas Simon | LPTHE Paris Automation of Quarkonium Production with MadGraph
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MadGraph

Born-level contributions

Automatic
tree-level matrix MadGraph MadFKS

element generator

MadGraph
aMC@NLO

MadLoop MC@NLO

oNLO =-+/d¢>nv+/d¢n+1R

Lukas Simon | LPTHE Paris Automation of Quarkonium Production with MadGraph
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Quarkonia in MadGraph5

in collaboration with A. Colpani Serri, C. Flett, J.-P. Lansberg, O. Mattelaer, H.-S. Shao

Status:
Automated tree-level amplitude generation:
A(ab — QQ'[n] —+ X) = PJ]P’L]P’s]PcA(ab — QQI + X)

» colour projectors P¢ for colour singlets v and colour octets v
» spin projectors Ps for spin 0 v/ and spin 1 / states
» orbital Pz, and total angular momentum projectors P; for P-wave states X

LO cross sections with an arbitrary number of S-wave quarkonia and an
arbitrary number of elementary particles can be computed.

Next:
Extension to P-wave quarkonia and NLO
N——

technical challenges conceptual challenges
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NLO Quarkonium Production
(Real Emission)




MadFKS

Real corrections

Automation of real
MadGraph MadFKS corrections using

FKS subtraction

MadGraph

aMC@NLO

MadLoop MC@NLO

oNLO =/d¢n8+/d¢nv+

7 /14
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Infrared singularities

Py
M = /g; | 1 1
’ 5 pj (pq—pg)2 EqEg(1—B4cos044)
q 9
with 7l
Dq| mq—0
Ba="F5- 1
q Eq
, " pmax 1 for E, — 0
/|M]| F;dIl N/o dEg/_ldcoqug BBy (1= facos 000) — oo forb,, — 0
ANBqg — 1
Infrared singularities:
» soft singularity (£, — 0)
» collinear singularity (049 — 0A 84 — 1)
» soft-collinear singularity (£, — 0and 8, = 0A 5, — 1) g
14
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Subtraction schemes

lim/|MJ|2FJdH(d) — 00
d—4
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Subtraction schemes

lim/|MJ|2FJdH(d) — 00
d—4

Subtraction function

find a suitable subtraction function S which
» reproduces the matrix element in the unresolved limit
» is simple to integrate over the unresolved phase space

lim S= lim |[M;*F;
IR poles IR poles
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Subtraction schemes

lim/|MJ|2FJdH(d) — 00
d—4

Subtraction function

find a suitable subtraction function S which
» reproduces the matrix element in the unresolved limit
» is simple to integrate over the unresolved phase space

lim S= lim |M;*F;
IR poles IR poles

lim/|MJ|2FJdH(d) :/(|MJ\2FJfS) dn<4>+1im/5dn<d>
d—4 d—4

free of divergences analytic solution
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FKS subtraction scheme

Frixione-Kunszt-Signer

do®(r) = do®(r)
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FKS subtraction scheme

Frixione-Kunszt-Signer

do™(r) = (1 — Sy) do™(r)

+ Sy do®(r)

g{k1) P (k)
1. regulate soft singularities: Sy = limpg,

> soft gluon can be emitted from both initial state gluons and from
the QQ’ pair
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FKS subtraction scheme

Frixione-Kunszt-Signer

glks) (ki)
do®(r) = (1 = 84) (1 — (Ca1 + Ca2)) do®(r)
+ (1 —84)(Cy1 + Cy2) daR(T)
+ Sy dUR(T)

N

glk1) P (k)
1. regulate soft singularities: Sy = limpg, o
> soft gluon can be emitted from both initial state gluons and from
the QQ’ pair
2. regulate collinear singularities: C4; = limg,, 0

> collinear gluon can be emitted from both initial state gluons, but not
from the QQ’ pair
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FKS subtraction scheme

Frixione-Kunszt-Signer

glks) a(ki)
do™(r) = (1 = 84) (1 = (Ca1 + Ca2)) do™(r)
+ (1 — 84)(Cay + Ca2) do®(r)
+ Sy dUR(T)

N

glk1) ' P (k)
1. regulate soft singularities: Sy = limpg, o
> soft gluon can be emitted from both initial state gluons and from
the QQ’ pair
2. regulate collinear singularities: C4; = limg,, 0

> collinear gluon can be emitted from both initial state gluons, but not
from the QQ’ pair

FKS for quarkonium production

» new soft subtraction terms w.r.t. production of elementary
particles

» collinear subtraction terms are unchanged q
10/
14




Colour-singlet spin-singlet P-wave
Soft limit of the amplitude
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Colour-singlet spin-singlet P-wave
Soft limit of the amplitude

. . _//<
st @ Eik| s
_\\

g A
i fny
L kj-eh (ki) =
(n+1) J TN
hm -A{7[L1] o1, 1}( r) = E 9s ke QT )A{[l] 0,1 1}( 4)
j=nr

. [sx(K) cex (ki) K g5 (Roki - €3, ()

K-k (K - k;)? ] QSE(QQEW])A({T[Lg],o‘o,o}(ﬂ)
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Colour-singlet spin-singlet P-wave

Integrated soft counterterms

Reminder: subtraction schemes

1im/|MJ|2FJdH(d) :/(|MJ|2FJ—S) dH(4)+lim/SdH(d)
d—4 d—4

free of divergences analytic solution
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Colour-singlet spin-singlet P-wave

Integrated soft counterterms

Reminder: subtraction schemes

1im/|MJ|2FJdH(d) :/(|MJ|2FJ—S) dH(4)+lim/SdH(d)
d—4 d—4

free of divergences analytic solution

Analytic solution:

i tng 0 40y

B
d[y<5)(7«) = %(ﬁn 1(r )N( |: Z Z E({1,1}, {k;,k(})Mu(r\)

k=ng =k

P by

+ Z ( ({1,1}, {kkK})

k=nr

3

K)) M 7D

1 8 1 u? 2 —2 . N
+ <2Nc o (E + log m) - E({1,1}, {K«K})Ceff(QQ[m]))M(ﬁ)]
where the eikonal integrals

3— o ny -1, 8 Brg—
5“"“”“””3"“‘3“2”({mle},{kk,kz}):8W2M2Fkk<kl/ L I O o e

(2m)3=2¢2kY (kg - ki)™ (K - k)7 BlEeun — &)

can be solved analytically.
» singularities appear explicitly as poles in e
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Cross Sections




Inclusive NLO cross sections

Validation of 2 — 1 processes

qq = 02[3558]] +XT H:_| 7
1

99 = CE[IP]R‘]] +XT |_)('=_| 7
i

99 = CE[EPE]] +XT l_)({_| 7
i

99— ce’PI + X T l_)é:_| b

1
1
g9 — cePPY) + X r $ 1 b
1
1

g9 — CE[SPU“]] +xF P B
I
1
g9 — 'SP+ X F p—— 4
1
I
99 ﬁcé[lsé”]JrX - |—)(.=_| 4
1
I
L L s L L
—4 -2 0 2 4

NLO NLO
IFKS — OHELAC—Onia 10°

oNLO
HELAC—Onia

» inclusive cross sections of FKS approach (fully numerical) can be

compared to HELAC-0Onia sno, 20161 (@nalytic phase-space integration) .
/14
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Summary




Summary

» automated cross section computations
for processes with bound states in a
future MadGraph5_aMC@NLO release
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Summary

» automated cross section computations
for processes with bound states in a
future MadGraph5_aMCG@NLO release

» fully differential NLO results require
knowledge about soft gluon emission
from quarkonia

» S-wave quarkonia behave like “massive
gluons”

» P-wave quarkonia lead to more complex
structures
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Summary

» automated cross section computations
for processes with bound states in a
future MadGraph5_aMCG@NLO release

» fully differential NLO results require
knowledge about soft gluon emission
from quarkonia

» S-wave quarkonia behave like “massive

gluons” kl;f_r}o
» P-wave quarkonia lead to more complex
structures

local FKS subtraction term and the
corresponding integrated counterterm
were computed
eikonal limits are check numerically
e-poles of integrated counterterms
cancel analytically against virtual
corrections
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Colour-singlet spin-singlet P-wave

Soft limit of the squared amplitude

sl @ Bik | et

4 e
(R)
ny+nmg
ki - Ky
hm M([1]011} *9;{ Z Tor - ik ke Mkl( )
kl=ns
ki k<l
n$®n
L H
kk m K- kkk‘l m RS
+ : - : M
k; [k'k- . kiK R k'i kk . ki (K i k1>2 k[ls]( 1)
=nr
ki
2e —2 ~ v
- T Cer(QQ g )M}
(K-kf;)z ﬁ(QQ[w]) (r)

BACKUP
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Color-octet spin-singlet P-wave
Soft limit of the amplitude

BACKUP
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Color-octet spin-singlet P-wave
Soft limit of the amplitude

()+HH
hm A{[s] 0,1,13(r Z 9s— . i (kl) Q(I)A([B] 0,1 1)(7')&)
-
+ QQK%;)Q(QQ [P) )As,0,1,13 ()

N &5, (K)-e5 (ki) K-} (kiki - €3, (K)
UK (K k)

X [Q‘eﬂ(QQfSl])A{[lLO,U,O}("j‘) + Q_‘eH(QQl[ss])A([S],O.O,O)(T)‘\)}

BACKUP
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Local soft subtraction terms

100 Ly T T T T T X- T T T T T X
X g9 — e[ P["]gg % 107 X gg—ca' PMgg X4
ey
q7 — ce[*P"]gg X -2k 7~ ' PMgg 4 ]
102k by — col' P bg, X 1 bg — e P )bk
° 2107 x 4
4 ¥ 4 X
% ¥ 1074k X -
—4 L . A
10 5
¢ 107°F X E
. . . . . . . . . .
10=° 107* 107* 1072 107! 107° 107* 107* 107* 10°*
& &
M(r) — limg, 0 M(r 9 . Vs
Asoft = ( ) 5 ( ) X f5 —+ 0(65) s with Es = 557
M(r) 2

Reminder: subtraction schemes

lim/|MJ|2FJdH(d) :/(|MJ|2FJ—S) dH(4)+1im/SdH(d)
d—4 d—4

free of divergences analytic solution

BACKUP
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Subtraction schemes

Concept

L |
1

1 |
- /O do ez [F(a) ~ FO)] + F(0) /O Qe

Subtraction function F(0)

1

e [F(x) — F(0)] is free of divergences (numerical integration)

1
1 . . . .
> F(0) /O dxﬁ divergent but simple to integrate analytically

1
I— / Qe [F(r) ~ F(O)] - TF(0) +O()
0

free of divergences analytic solution
BACKUP
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FKS subtraction

Local soft subtraction function

(Fum (1,2]4)) = (1 — Su)FLm (1,2]4)) . )
+ (SaFim (1,2]4)) 5

Step 1: Find suitable subtraction functions.

» S, extracts the leading soft singularity
» Eikonal approximation

P1 - P2

SiFian (1,2]4) =2Cpg? —— =
W (12 14) = 2000 N n pa)

Finv(1,2)

Free of soft divergences

P1 - P2

Fiam (1,2]4) - 2Cpg? ————
(1, 214) = 20 G pa o)

i (1,2)

BACKUP

Lukas Simon | LPTHE Paris Automation of Quarkonium Production with MadGraph



FKS subtraction

Integrated soft subtraction function

(Frm (1,2]4)) = ((1 — Sa)Fim (1, 2]
+ <S4FLM (1, 2 | 4)>

Step 2: Analytic solution of the subtraction

(SiFin (1,2]4)) = / (g )S: Fiae (1,2]4)

4))

functions.

P1 - P2

dd71p4
— 205rg2
/ (2m)i2E,| ~ F9s

p1-p4a) (P2 - pa)

= .7:(1, 2; G)FLM (]., 2)

Analytic solution

Fiv(1,2)

» singularities are manifest in 7 (1, 2;¢)

Lukas Simon | LPTHE Paris Automation of Quarkonium Production with

MadGraph
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FKS subtraction

Finite remainder

(Frm (1,2]4)) = ((1 = S4)(1 = (Ca1 + Ca2)) Fim (1,2]4))
+ (1 — 84)(Cay + Cuz) Frv (1,21 4))
+ (SaFrm (1,2]4))

Step 3: Combination of real and virtual contributions.

do™0 = Fi (1,2) + ((1 = 84)(1 = (Ca1 + Ca2)) Frm (1,2]4))
Fin (- 1,2) + Fiu (1,22

z
a 272
———CpFim (1,2
—i—27r 3 UF Lm (1,2)
can be integrated (numerically) in four dimension J

BACKUP
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