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Quarkonium production - the tools

e HELAC-Onia H.-S. Shao, CPC 184 (2013) 2562-2570 & CPC 198 (2016) 238-259

® LO(+PS) automated event generator for quarkonia in the SM

® based on the NRQCD framework, relies on off-shell recursion
relations

e approximate NLO calculation (e.g. NLO*, aNLO) feasible
C. Flore et al., Phys. Lett. B 811(2020) 135926; H.-S. Shao, JHEP 01(2019) 112
L MG5_aMC@ N LO http://amcatnlo.web.cern.ch/amcatnlo/list_refs.htm

e full NLO(+PS) matrix element and event generator in the SM and
for BSM phenomenology

® |0 for any user-defined Lagrangian, and at the NLO for models
supporting such a calculation

e onium feasible within (I)CEM J-P. Lansberg et al., Phys. Lett. B 807 (2020) 135559
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e full NLO(+PS) matrix element and event generator in the SM and
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= Les Houches Events available for both codes
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NLO approximation of J/¢ production: NLO*

P. Artoisenet et al., PRL 101 (2008) 152001, ).-P. Lansberg, EPJC 61(2009) 693 & PLB 679 (2009) 340
CF, J.-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811 (2020) 135926
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e NLO* only contains the real-emission
contributions with an IR cut-off, s;}“",

and is expected to account for the
leading Pr contributions at NLO (P} °)
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Qb 10 — ® NLO* only contains the real-emission

) QNEIPNID"i QCD NLO [PRD 84 (2011) 051501] ==== | . . . 1
10 o= amé QCDNLO: m2 < s < o contributions with an IR cut-off, , /sM"
7 (89) = 1/ (g,q) g m? < s < 9m? - - ! ij!

and is expected to account for the

scale, mass and PDF

103 } uncertainties not shown.| leading Pr contributions at NLO (P} °)
S 1 30 Gev® .
iy ® |t has been succesfully checked against
104 ™ e | full NLO computations for Py > 3 GeV

—
<
&

Vs =319 GeV
Q? < 2.5GeV?
Pr>1GeV
03<2<09

F 60 GeV < W < 240 GeV

do (ep — J/¢ X)/dPt [nb/GeV]

HRLAC-Onia 2.5.0

-
2
EN

5 75 10 125 15 175 20
Pr [GeV]

CSM QCD NLO from PRD 84 (2011) 051501
All the computations are done with HELAC-ONIA [H.-S. Shao, CPC198 (2016) 238].
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T
QCDLO —

QCDNLO [PRD 84 (2011) 051501] ===- |
QCD NLO*: m < sfPiM < 9m? mem
¥ (8Q) = I/ (39) g md < s < 9md - -

Qcm\m"
S = 4m
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scale, mass and PDF

103 | uncertainties not shown |
<Ojfy> =132GeV?
WF = PR = mT
m, =15 GeV
1041 CTEQ6M |
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Vs =319 GeV
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CSM QCD NLO from PRD 84 (2011) 051501

All the computations are done with HELAC-ONIA [H.-S. Shao, CPC198 (2016) 238].
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leading Pr contributions at NLO (P} °)

It has been succesfully checked against
full NLO computations for P > 3 GeV

\/s,ﬂ‘ﬁ/mc € [1:3] suitable for our

study; sm'" = 2m. remarkably

reproduces NLO results
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Let’s revisit HERA data!

2/18



Revisiting HERA data

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

10! : ;
H1 data: HERA2 [EPJC 68, 401 (2010)] e~
H1 data: HERA2 [EPJC 68, 401 (2010)] (b — ]/ subtracted) -
100 5 1
& —
% =
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‘5 = =
o
w107 3
<] = [F = g = M7
= \$—  mc=15GeV
21073 | 20% FD (g~ /) CTNLO
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T 104t Jw
o 10 L ~
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5 . 5| Vs=319GeV o
105 2 225 Gev? E
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All the computations are done with HELAC-ONIA [H.-S. Shao, CPC198 (2016) 238].
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10! ‘ :
H1 data: HERA2 [EPJC 68,401 (2010)] e~ e
[ Hidata: HERA2 [EPIC 6,401 (2010)] (b — J/¢ subtracted) -4 2
100 BN Prompt CSQCDLO % Y+g— 1/7 +g @ KXy

101

102
HE = PR = MT:
o m¢ =15 GeV

do(ep = J/$ X)/dP¢ [nb/GeV?]

103 |+ 20% FD (¢' J/9) CTI4NLO
<Ojfy> =145 GeV? S .
104 £ N ]
~
3]
5 [ Vs=319GeV |
107 £ Q2 <25 Gav? 46
Py >1GeV g
03<2<09 3
107 | 60 GeV < W.), <240 GeV S 18

1 10 100

P? [GeV?]

All the computations are done with HELAC-ONIA [H.-S. Shao, CPC198 (2016) 238].
Scale and mass uncertainties are shown by the hatched and solid bands respectively.

[The quark and antiquark attached to the ellipsis are taken as on-shell and their relative velocity v is set to zero.]
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<
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All the computations are done with HELAC-ONIA [H.-S. Shao, CPC198 (2016) 238].
Scale and mass uncertainties are shown by the hatched and solid bands respectively.

[The quark and antiquark attached to the ellipsis are taken as on-shell and their relative velocity v is set to zero.]
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All the computations are done with HELAC-ONIA [H.-S. Shao, CPC198 (2016) 238].
Scale and mass uncertainties are shown by the hatched and solid bands respectively.

[The quark and antiquark attached to the ellipsis are taken as on-shell and their relative velocity v is set to zero.]
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1073 £ 20% FD (y/= J/p)
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do(ep = J/$ X)/dP¢ [nb/GeV?]

104 s 14 YHcsyptc@an?  (4FS)
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The CSM up to aa? reproduces J/y photoproduction at HERA

— for the EIC, we have restricted our predictions to CSM
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Predictions for J/y + X at the EIC [, /5., = 45 GeV|

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

Prompt CS QCD LO 7
Prompt CS QED LO

® At . /Sep, = 45 GeV, one gets into
valence region

Prompt CS (QCDNLO* + J/i+¢ LO VENS + QEDLO)

102 Js = 45 GeV
{ Q@ <1Gev?
~ L 0.05<z<09
108 | Pr>1GeV 1

10GeV < Wiy, <40 GeV

=
2

5 L
1ew/2GV/1 i

=
1

E1ev/2Gev/10 857

o (ep =]/ X)/dPr [nb/GeV]

di
=
=)

4

HELAC-Onia 2.5.0

E1ev/2Gev/100

=
S

8|
20% FD (4'— /)
<Ofy> =145 GeV?

Prompt C5 1O QC!
Prompt CS LO Q}

R AT

tCS
+QED LO)

TG=)/pag Y
11+ LO VENS 5

Prom

ratio w.r.t.
(QCDNLOY:
coooooo00

O=NWERGINN O~

Pr [GeV]




Predictions for J/y + X at the EIC [, /5., = 45 GeV|
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100 B HE= PR =m Prompt CSQCD LO 3
me=15GeV prompt €S QED .
e = 1 )/+c LO VENS .
101 CTINLO PrompiC5 GCONLOS ® At ,/Sep = 45 GeV, one gets into
Prompt CS (QCD NLO* + J/y+¢ LO VENS + QED LO)

valence region

102 Js = 45 GeV E
2 . . .
sl B <0 1 e Yield steeply falling with Py
T> e\
2ot wav<wy <o} e Yield can be measured up to

Pr ~ 11 GeV with £ = 100 fb~"

[using both ee and pu decay channels and g/ = 80%)

=
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=
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=
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=
S

SF 20% D (/= /)
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hERa i

TG=)/pag Y
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QED LO)

ratio w.r.t
COOO0O000
oRNwRGN®O—

Prompt CS
+

(QCD NLO?

2 4 6 8 10 12 14
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Predictions for J/y + X at the EIC [, /5., = 45 GeV|
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100 —E
W= pp = mp Prompt C5 QCD 1O 523
Prompt CS QEDLO
me=15GeV J/p+c LO VENS

CT14NLO Prompt CS QCD NLO*
Prompt CS (QCDNLO* + J/4-4¢ LO VNS + QED LO)

® At . /Sep, = 45 GeV, one gets into
valence region

102 ,/s=45€e\; E
0 o 2x 00 * Yield steeply falling with Py

Pr>1GeV

wav<wy <o} e Yield can be measured up to
Pr ~ 11 GeV with £ = 100 fb~"

[using both ee and pu decay channels and g/ = 80%)

=
2
&

E1ev/2G0v/1 !

o (ep =]/ X)/dPr [nb/GeV]
o
*

L 12 e QED contribution leading at the
3107 by s 1 largest reachable Pr
109 Faerm |5 ® 7+ qfusion contributes more than

<Opf> = 145GeV?

30% for P > 8 GeV

Prompt C5 1O QC!
Prompt CS LO Q}
hER T

ratio w.r.t.

Prompt CS
(QCD NLO*+QED LO)

COOO0O000
oRNwRGN®O—

2 4 6 8 0 12 14
Pr [GeV]
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Predictions for J/y + X at the EIC [,/5;; = 140 Gev|

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

=R =My Prompt C5QCDLO =
m, =15 GeV
CTI4NLO

® At ,/Sep = 140 GeV larger Py range,
up to ~ 18 GeV

Prompt CS (QCDNLO* +J/ip+< LO VENS + QEDLO)

Vs = 140 Gev
Q@ <1Gev? 9
005<z<09
Pp>1GeV

20 GeV < W,y <80GeV

20% FD (§'~ J/4) 4
<Of> =145 GeV?

Tew/2 GV T

do(e p - J/ X)/dPr [nb/GeV]

Tew 2G0T

T /2 Gav /100 i1

[
QL <
Y

HELAC-Onia 2.5.0

Prompt CS 1O QC!
Prompt CS LO Q)
eI
CRALTE
J/p+cLO VENS 722

Prompt CS
(QCD NLO*+QED LO)

ratio w.r.t.

1
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Predictions for J/y + X at the EIC [,/5;; = 140 Gev|
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ME = PR = mp Prompt C5 QCD LO 7%
me = 1.5GeV Prompt CS QED L

J/4p+c LO VEN:
CTI4NLO Prompt CS QCD NLO

—
Q
>

® At ,/Sep = 140 GeV larger Py range,

] up to Py ~ 15 GeV

-
<
&

Tew/2 GV T

-
2
&

Tew 2G0T

1 Prompt CS (QCD NLO* + J/+c LO VENS + QED LO) ]

- ’ ) up to ~ 18 GeV

2, s = 140 GeV i i i X

2" s <05 * QED contribution also leading at the
w0 T s Wy <30Gev ] largest reachable Py

T . . . .
S10% www-yy | ® 4 g fusion contributions dominant
= <Ofy/> =145 GeV?

T

o,

o

Y

o

—
3
S

T /2 Gav /100 i1

-
S
ES

HELAC-Onia 2.5.0

Prompt CS LO QCD £
Prompt C$ LO Q!
g1

QED LO)
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oF,
Soo0000000
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tCS.

u bq
Jp+elO

+
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(QCD NLO
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Predictions for J/y + X at the EIC [,/5;; = 140 Gev|
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ME=pR=mp Prompt CS QCD LO
me=1.5GeV Prompt CS QED LO

J/p+e LO VENE
CTINLO Prompt CS QCD NLO*
Prompt CS (QCDNLO* +J/ip+< LO VENS + QEDLO)

—
Q
>

® At ,/Sep = 140 GeV larger Py range,
up to ~ 18 GeV

—
5]
N

Vs =140 GeV

-2 ] . . .
v el ot * QED contribution also leading at the
103 Pr>1GeV

20GoV < Wop <80GeV ] largest reachable Pr

ww-yw 1 ® o+ g fusion contributions dominant
<Opy> = 145 GeV?
up to Py ~ 15 GeV

® large-Pr J/¢ photoproduction induced
also by quark initiated processes

Tew/2 GV T

do(e p - J/ X)/dPr [nb/GeV]

Tew 2G0T

T /2 Gav /100 i1

HELAC-Onia 2.5.0

108

Prompt CS L0 QCD £
Prompt C$ LO QED #:75
RERR R TR

Ya=J/bqs -
J/p+c LO VENS 758
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(QCD NLO*+QED LO)

ratio w.r.t.

COOO0O00000
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2 4 6 8 10 12 14 16 18 20
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HQ & Onium with NLOAccess

4/18



Intrinsic charm at the EIC

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

® Recent studies: measurement by LHCb
in Z+charmed jets and NNPDF
phenomenological analysis

R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
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Intrinsic charm at the EIC
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VENS = 3FS*[1-(1-¢.)%)] + (4FS - CT)*e. VENS (noIC) 553

103 =01 Jy= Gy ® Recent studies: measurement by LHCb
G0 < 2509 in Z+charmed jets and NNPDF

Pr>1GeV
10 GeV < Wy < 20 GeV

phenomenological analysis

R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483

® At /Sgp = 45 GeV, yield limited to low

Lev./2GeV/10 fb!

do(ep -]/ ¢)/dPr [nb/GeV]

[l S : Pr even with £ = 100 fb~"
me = 15 Gev . ® Butitis clearly observable ifec = 0.1

mp
107 p <O},> = 145 GeV?

with ©(500,50,5) events for
' ’ ’ Pr[Gev] ! ’ ¢ L= (100,10,1) fb—1
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Intrinsic charm at the EIC

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

ke VENS = 3FS*[1-(1-6.)?) | + (4FS - CT)*e. VFNS (no IC) &53

0N\ <™ ® Recent studies: measurement by LHCb
Fi0 BUG NIt in Z+charmed jets and NNPDF
z e e phenomenological analysis
%“’4 LG ! WOV < Wp <TG R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
2 N ..
T e . ® At /Sep = 45 GeV, yield limited to low
Swef Pr even with £ = 100 fb~"

. e Butitis clearly observable if ¢¢ = 0.1
7 g .
v with ©(500,50,5) events for
2 4 6 8 10 12 14

e (Gev) £ = (100,10,1) fb~"
® At ,/Sep = 140 GeV, Py range up to
10 GeV with up to thousands of events
with £ =100 b~
® Could be observed via charm jet
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Intrinsic charm at the EIC

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

ke VENS = 3FS*[1-(1-6.)?) | + (4FS - CT)*e. VFNS (no IC) &53

0N\ <™ ® Recent studies: measurement by LHCb
Fi0 BUG NIt in Z+charmed jets and NNPDF
z e e phenomenological analysis
%“’4 LG ! WOV < Wp <TG R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
2 N ..
T e . ® At /Sep = 45 GeV, yield limited to low
Swef Pr even with £ = 100 fb~"

. e Butitis clearly observable if ¢¢ = 0.1
7 g .
v with ©(500,50,5) events for
2 4 6 8 10 12 14

e (Gev) £ = (100,10,1) fb~"
® At ,/Sep = 140 GeV, Py range up to
10 GeV with up to thousands of events
with £ =100 b~
® Could be observed via charm jet

® 4FS yc — J/pc depends on c(x) and could be enhanced by intrinsic charm
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Intrinsic charm at the EIC

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

VENS = 3FS*[1-(1-0)%)] + (4FS - CT)%ec VENS (no IC) 55
107§ =01 VNS (RO e Recent studies: measurement by LHCb
e Sy peope in Z+charmed jets and NNPDF
2 Wy e phenomenological analysis
%104 e b POy <My <106 R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
T v ® At /Sep = 45 GeV, yield limited to low
Sosf Pr even with £ = 100 fb~"
. e But it is clearly observable if ¢ = 0.1
L ' with ©(500,50,5) events for
2 "Nl £ = (100,10,1) fb~"
5 1: —EEE ® At /Sep = 140 GeV, Pr range up to
? '1 AR Nninunm \\;N 10 GeV with up to thousands of events
\ LMY . N with £ = 100 fb~"
ok ® Could be observed via charm jet
2 4 6 8 10 12 14
Pr[GeV]

® 4FS yc — J/pc depends on c(x) and could be enhanced by intrinsic charm
® Small effect at ,/Sep = 140 GeV [We used IC c(x) encoded in CT14NNLO]
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Intrinsic charm at the EIC

= - CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926
VENS = 3FS*[1-(1-6.)?)] + (4FS - CT)*e. VENS (n0C) 559 X

107 w=01 YIRS (BrPS IC) 2 e Recent studies: measurement by LHCb
oo oéz;;‘gfvzvg ;O_ ;:“;*ZSGV] in Z+charmed jets and NNPDF
2 PotGw R phenomenological analysis
%104 Len2GV R 20 GV < Wop <106V R. Aaij et al,, PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
L - ® At /Sep = 45 GeV, yield limited to low
e Pr even with £ = 100 fb~"

e But it is clearly observable if ¢ = 0.1
, .

10 with O(500,50,5) events for
% 2-5, ) L = (100,10,1) fb 1
2 NN T —— ° =
s 15 N N \ At \/Sep = 140 GeV, Pr range up to
% :\\\\ N rssrhsr s Y 10 GeV with up to thousands of events
P JMAMHMMIIHmY with £ = 100 fb~"
R ® Could be observed via charm jet

2 4 6 8 10 12 14
Py [GeV]

® 4FS yc — J/yc depends on c(x) and could be enhanced by intrinsic charm
® Small effect at ,/Sep = 140 GeV [We used IC c(x) encoded in CT14NNLO]
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Intrinsic charm at the EIC

CF, ).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

VENS = 3FS*[1-(1-¢.)?)] + (4FS - CT)*e, VENS (no IC) &3 .
103 =01 G=ssy ® Recent studies: measurement by LHCb
> < € . .
% 005 <z <09 in Z4+charmed jets and NNPDF
¢ 15 1Ge . .
2wt 10GeV < Wop <20Gev phenomenological analysis
o
§ R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
5’1075 1ev./2GeV./10 b H H H
h _ ® At /Sep = 45 GeV, yield limited to low
gw* e pcn Pr even with £ =100 fb~1 _
me=15CeY . ® Butitis clearly observable if e¢ = 0.1
7 )5S = e 3 .
bl ks with O(500, 50, 5) events for

' ’ ? e ’ ) £ = (100,10,1) fb~!
® At ,/Sep = 140 GeV, Py range up to
10 GeV with up to thousands of events
with £ =100 b~
® Could be observed via charm jet

® 4FS yc — J/pc depends on c(x) and could be enhanced by intrinsic charm
® Small effect at | /Sep = 140 GeV [We used IC c(x) encoded in CT14NNLO]
® Measurable effect at /Sep = 45 GeV
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Intrinsic charm at the EIC

o 3FS"[]-(1-[<)2)] Ty VNS (o 1C) CF,).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926
109 [ =01 R ® Recent studies: measurement by LHCb
5 005 <2 <0 in Z+charmed jets and NNPDF
2 10Gev < W, <20 Gev phenomenological analysis
%10‘5 R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483
S peasen ® At /Sep = 45 GeV, yield limited to low
Swep : Pr even with £ = 100 fb~"
T Pmpsce . ® Butitis clearly observable if ec = 0.1
1°: <Oi>=145Gev? &l with O(500, 50, 5) events for
9 £ = (100,10,1) fb~"
§ 4 ® At ,/Sep = 140 GeV, Py range up to
£ 10 GeV with up to thousands of events
FEIN with £ =100 b~
E ; ® Could be observed via charm jet

Pr[Gev]

® 4FS yc — J/pc depends on c(x) and could be enhanced by intrinsic charm

® Small effect at | /Sep = 140 GeV [We used IC c(x) encoded in CT14NNLO]
® Measurable effect at /Sep = 45 GeV
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Intrinsic charm at the EIC

o 3}"5‘[]-(1-[()2)] Ty VNS (o 1C) CF,).-P. Lansberg, H.-S. Shao, Y. Yedelkina, PLB 811(2020) 135926

T s s ) eem ® Recent studles:. measurement by LHCb

3 so] <z <0 in Z4+charmed jets and NNPDF

Rl Ny S G <Wrp <206 phenomenological analysis

%10‘5 : B : R. Aaij et al., PRL 128(8) 2022; R.D. Ball et al., Nature 608 (7923)(2022) 483

S peasen ® At /Sep = 45 GeV, yield limited to low

Swep Pr even with £ = 100 fb~"

° m= 136 e Butitis clearly observable if e, = 0.1
1°: e el with O(500, 50, 5) events for

9 £ = (100,10,1) fb~"

§ 4 ® At ,/Sep = 140 GeV, Py range up to

£ 10 GeV with up to thousands of events
FEL with £ =100 b~

E ; ® Could be observed via charm jet

Pr[Gev]

® 4FS yc — J/pc depends on c(x) and could be enhanced by intrinsic charm

® Small effect at | /Sep = 140 GeV [We used IC c(x) encoded in CT14NNLO]
® Measurable effect at \/Sep = 45 GeV: BHPS valence-like peak visible!
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NLO (di-)onium production in the CEM

).-P. Lansberg, H.-S. Shao, N. Yamanaka, Y.-J. Zhang, C. Noiis, PLB 807 (2020) 135559

5 2
10 T T T T T 10
. IS S 13 TeV, inclusive NLO CEM
1040 Vs=8TeV, lyyl <05 Iy ATLAS data —— LO CEM 1222
(2S) LO CEM (x107) 10" F LHCb data(2017) ~—a—
W (28) NLO CEM (<10 —
— 1%L \ 9 W(2S).ATLAS (x107),Jy[<0.5 “--+- ] %
> o
) (1 100 —g
Q 102k % T 1 % =
= oy = c
= =
> 10'¢ o = ] 10 =
s o 3 Ty
ol [ ]l & .
T 1 ) o 10%f
o 101[ 05%=0008 e 1 4 -g
0% =0.006 10°F
102F 049 =0003 |
10° 08 -0 : . : . 1046 2 4 6 8 10 12 14
0 20 40 60 80 100
pr [Gev] PTyy

All the computations were done with MG5_AMC@NLO [). Alwall et al., JHEP 07 (2014) 079].

e Good description of the Py spectrum for single J/ (still some
issues at large Pr)

e di-J/y production cannot be described by NLO CEM
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NLOAccess - the framework

The STRONG-2020 WP VA1-NLOAccess:

e avirtual access for automated perturbative calculation for
heavy ions and quarkonia

¢ an online code library

e any code that could be compiled and launched via bash could
be added

v HELAC-Onia and MadGraph5 (MG5_aMC@NLO) are included

HQ & Onium with NLOAccess
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NLOAccess Tools - homepage

(https://nloaccess.in2p3.fr/tools/)

% NLOAccessTools |Home x  + v - o x
€ 5 C O 8 nloaccessingp ftools/carofiore/ >% 0@ :
Q@ QO RSHDPDIT@HSAE L ~@@@ @@ ~EBEOPE 2 I BEo0«BCOoO@OE*F »omnn »

l A NLOAccess Tooks ~  Runs ~  © Downloads ~  References X Contactus 2 CarloFlore ~

> ‘A' ucL 2
NLOACcess i, "EgnICay == & an

Automated perturbative calculation with NLOAccess

Welcome to NLOAccess!
Here you can use the following tools:
HELAC-Onia

MadGraph5_aMC@NLO

STRENG
2: 20

t t No. 824093,

HQ & Onium with NLOAccess
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HELAC-Onia Web (https://nloaccess.in2p3.fr/H0/)

% NLOAccessTools|Home X 4 NLOAccessTools [HELAC x 4 NLOAccessTools|MGS & x | + v - B X
C 0 & nloacessin2pfiftools/Ho/carloflore/ > % O»@ :
5 Q0O RSHDPDI@HS A4+ ~@0@@olsEEVE S iBOO=MCODE=F 2 on »
l A HELAC-OniaWeb Tooks - Runs -  ® Downloads -~ References X Contactus 2 CarioFlre ~
(3

Automated perturbative calculation with NLOAccess

HELAC-Onia Web

HELAC-Onia ia an automatic matrix element generator for the calculation of the heavy
quarkonium helicity amplitudes in the framework of NRQCD factorization.

‘The program is able to calculate helicity amplitudes of multi P-wave quarkonium states production
at hadron coliders and electron-positron colliders by including new P-wave off-shell currents.
Besides the high efficiencies in computation of multi-leg processes within the Standard Model,
HELAC-Onia is also sufficiently numerical stable in dealing with P-wave quarkonia and P-wave
color-octet intermediate states.

For generating a process, you can:
Upload your input file

Build your input file

STR® PllG

HQ & Onium with NLOAccess
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https://nloaccess.in2p3.fr/HO/

HELAC-Onia Web - run submission

% HELAG X 4% HELAC X | % MGS5_aMC@NLO|PROC ~ x | + v - o x
3 cOn & i > % O»@ :
Q@ QO RSHDPI@HSA+ ~@@@ @~ EBEOPE S IEBEo0*NCO HZ®F2onieo »

A HELAC-OniaWeb  Tools - Runs - = @ Downloads ~  References & Contactus

& CarloFlore ~

HELAC-Onia - Guided input file submission

Create your input file

Edit here your input file:

Input next command(s): Your input ile:

generate p p > cc~(3S11) co~(3511)

cd
decay cc~(3511) > m+ m- @ 0.06
launch

Please, remember to follow this structure for your input fle:

Remove line(s) containing: P
set { parameter } = { value }

Clear fle

launch

For more examples: see this reference or take a look to the
User Guide.

HQ & Onium with NLOAccess

10 /18




HELAC-Onia Web - run submission

% HELAG X 4 HELAC X | % MGS5_aMC@NLO |PROC - x | + v - o x
« C 0 @ nloaccessin2p.fr/tools/HO/carlo flore/quided-ile-submission/ > % O»@ :
Q@ QO RSHDPI@HSA++ ~@@@cE@~EBEOPE S IEBEo0*NCO HZ®Fd2onieo »

A HELACOniaWeb Toos~ | Ruis~  © Downoads -  Refoences X Contactus 2 CaroFioe -

HELAC-Onia - Guided input file submission

Create your inpu”

Edithare your inp generate p p > cc~(3S11) cc~(3511)
set colpar = 1
set energy_beam1 = 7000
set energy_beam2 = 7000
setged =2
decay cc~(3511) > m+ m- @ 0.06
launch

Please, remember to follow this structure for your input fle:

set { parameter } = { value }

Clear fle :
launch

For more examples: see this reference or take a look to the
User Guide.

HQ & Onium with NLOAccess
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HELAC-Onia Web - input file

The input file should be in the following form:

generate { process }
set { parameter }={ value }

launch

Users can have control on several kind of parameters via the set command:

e collisions e quarkonium specific parameters
parameters; (e.g. the values of different LDMEs);
e theory parameters; e physical constants (both EW and
QCD sectors, e.g. Mz or My, or mg, or

® MC setup variables; couplings)

e kind of output (ROOT, Gnuplot,
e kinematical cuts; TopDrawer or LHE)

® PDFs parameters;

HQ & Onium with NLOAccess
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HELAC-Onia Web - results (1)

[nloaccess][HELAC-Onia] Your new results from HELAC-Onia Web - Posta in arrivo - carlo.flore@ijclab.in2p... - O X
File Modifica Visualizza Vai Messaggio Strumenti  Aiuto

@ Postainarrivo - carlo.flo. | @ [nloaccess][HELAC-Or X

[ scaricamessaggi v # Scrivi CJChat & Rubrica ‘ © Etichetta v Cerca <Ctrl+K> Q. =
Da noreply@ijclab.in2p3.frir 4 Rispondi | - Inoltra | &3 Archivia | @ Indesiderata | W Elimina | Altro v
0Oggetto [nloaccess][HELAC-Onia] Your new results from HELAC-Onia Web 12:04

A Me <carlo.flore@ijclab.in2p3.fr>#r

Dear Carlo,

your latest results are now stored in your OwnCloud folder. You can find them in the subdirectory
/HO/PROC_HO_3011.

Best regards,

The NLOAccess Team

HQ & Onium with NLOAccess
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HELAC-Onia Web - results (I1)

% HELACONaWeb[RuN<: x ) PROCHO 1473 Flle-on x |+ e x
csco o doxp s g EEREEEX R
c% @08 RSHDIT@IAW 4 BoHS GBSO *MCOMMBY F P ONN O O OLIPDR « LHAPDRLHA.. W JobsSeach

FLCI G

- Ho_ 147345

cental value for plot (1)
scale vanaton

— ,mw.mmﬁ?

perbin (b

)

WELAC-Onla

l}:figf;;;¥:;f

Relative uncerlainties w1 central value.

s Bl E)
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MGS_&MC@NLO (https://nloaccess.in2p3.fr/MG5/)

® MadGraph5 online version was only limited to LO calculation
® NLOAccess offers access for the first time to full NLO SM online
calculation with MG5_aMC@NLO!

% NUOAccess Tools [Home x | 4 NLOAccessTools IHELAC X 4% NLOAccess Tools|MGS_« X+ v -@x

C 0 & nloaccessin2p3.fr/tools/MGS/carlo lore/ >% O»@:
HQ@QO@RSHEHDPI@HWAL ~90@oB>"EBEOPE 2 I B8 o0+«*3CO B Z F omn »

‘ A MG5_aMC@NLO  Toos -  Rums - © Downloads =  Refeences % Conactus 2 CaroFioe -

g5 W o

Automated perturbative calculation with NLOAccess

MG5_aMC@NLO

MadGraph_aMC@NLO is a framework that aims at providing all the elements necessary for SM
and enomenology, such as the computations of cross sections, the generation of hard
events and their matcnmg with event generators, and the use of a variety of tools relevant to
ovent manipulation and analysis. Processes can be simulated o LO accuracy for any user-
Gofined Lagranian, an e NLO accuracy in he case of models that suppert (s Knd of
calculations - prominent among these are QCD and EW corrections to SM processes. Matrix

‘elements at the tree- and one-loop-level can also be obtained.

Here is what you can do:
Generate a new code

Check your code database

Tl |
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MG5_aMC@NLO - code generation

4 NLOAccess Tools [Home | % NLOAccessTools |[HELAC X 4 MGS_aMC@NLO |Gener: x | + v = @
€ 5 C (& nloaccessingpa fiftools/MGs/caro iore/generate-process/ >4 O8@:
Q0O RSHDPDIEHA ~@@@cnl+«~BDEOVE s BB *MCO 2 Faonn Qo »

‘ A MG5_aMC@NLO | Toos -  Runs ~ | © Downloads - Relerences I Contactus 2 CarloFiore ~

°
- ToJ
[Nioaccess _J ey - [EREHELTSS SN

MG5_aMC@NLO - Generate process

MG5_aMC code generation
‘Submit here your process and, ifdesired, the name of your output folder.
importmodel [
generate
output

Or, if you want to upload your inpu file, do it here:

Choose your file: [ Scegifi  Nessun fle seezionato

« Input file syntax example (e.g.: proton proton --> t =)

HQ & Onium with NLOAccess
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MG5_aMC@NLO - code database

4% NLOAccess Tools [Home X | 4% NLOAccess Tools |HELAC X 4% MGS_aMC@NLO|Datab: X | + v - o x
€ 5 C 0 & nloaccessingpi.iftools/MGS/carlo fore/un-database/ >4 0O8@ :

Q@ QO RSHDI@®ISAL ~@@8@ BEcE@EY B B @ e wn “F 3 ONN OO »

‘ A NLOAccess | Tods ~ | Runs - | © Downloads ~  Releences 1 Contactus 2 CarloFiore ~
°
o
unverEte “ BT INEN

MG5_aMC@NLO - Carlo's database

Process Database °©
Folder name Creation date Creation time Process
(ddimmiyyyy)

test-ag2bbbar-10-11-21 10111/2021 1:12:52 ag>bb~ m
PROCNLO_loop_sm_20 2410912021 14:10:16 pp>tt-[QCD] m
PROC_loop_sm_1 30/09/2021 16:44:07 pp>H[QCD] m
PROC_loop_sm_0 2910912021 23:10:21 pp>hlQcD] m
PROCNLO_loop_sm_19 2410912021 13:04:48 pp>tt-[QCD] m

At A e e an PN P IO -— -

Your personal OwnCloud folder

HQ & Onium with NLOAccess
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MG5_aMC@NLO - code running

4 NLOAccess Tools | Home | 4 NLOAccess Tools [HELAC x

€ 5 C 0 & nloaccessingpa.iftols/carloflore/MGS/PROCNLO loop.sm_20/run/ >% O8@ :
%X Q@Q0ORSHDIBSA+ ~@@@ceoMsBAOPE XS IEBBO=M0CO Faonnoo »

% MGs_aMC@NLO[PROCH X + v - o x

‘ A NLOAccess | Toos~ Ruis~  © Dowloads - Refrences X Conlactus

& CarloFlore ~

°
niversité = LPTHE € 2,
(ionceess K Wgpery - [N

PREEROS T amriA P10

MG5_aMC@NLO - PROCNLO_loop_sm_20

Run the process

If needed, upload here your cards (as multiple dat files or s a single tar gz/zip ile)

Upload cards: | Scegli file |Nessun file selezionato
Order Fixed Order

NLO v o v
Shower Madspin

No shower v oFF .
Reweight MadAnalysis

OFF v o

HQ & Onium with NLOAccess
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NLOAccess - what’s next?
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NLOAccess - what’s next?

¢ include asymmetric collisions in MG5 at NLO:
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NLOAccess - what’s next?

¢ include asymmetric collisions in MG5 at NLO:
extension to eh/eA collisions
[L. Manna, WUT Warsaw]

v+p = bb@NLO

4.0
—e— MGS_central_muF fixed —e— (MGS_central/FMNR_central)

S0 —— FMNR_central_muF fixed 35
& 3.0
8 25

N 2
220

& 100 &
v 15

s
5 VE = 319 Gev 1o
. He = e = 475 GeV 05
10
| 0.0
2 a 10 12 14 2 a 10 12 14

6 8 6 8
<pr> (GeV) <pr> (Gev)

FMNR code from private communication w/ S. Frixione; courtesy of L. Manna
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NLOAccess - what’s next?

¢ include asymmetric collisions in MG5 at NLO:

extension to eh/eA collisions
[L. Manna, WUT Warsaw]

extension to pA/AB/ 7tp collisions and automated computation
of nuclear modification factors (e.g. Rpa)
[A. Safronov, WUT Warsaw]

p+Pb>cé Vs =8.16 TeV
T

NCTEQ15 scale variation =7
nCTEQ15 nPDF uncertainty &=

up=1051,2] g

from A. Safronov’s talk at ICHEP 2022
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NLOAccess - what’s next?

e automation of onium production computations at NLO in MG5
[A. Abdul-Hameed, LPTHE Paris]

e automation of spin and transverse momentum effects for
quarkonium production

[C. Flett, Jyvaskyla U. & 1)CLab Orsay]

HQ & Onium with NLOAccess
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NLOAccess - what’s next?

e automation of onium production computations at NLO in MG5
[A. Abdul-Hameed, LPTHE Paris]

e automation of spin and transverse momentum effects for
quarkonium production

[C. Flett, Jyvaskyla U. & 1)CLab Orsay]

e inclusion of other codes
[suggestions are welcome!]
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NLOAccess - what’s next?

e automation of onium production computations at NLO in MG5
[A. Abdul-Hameed, LPTHE Paris]

e automation of spin and transverse momentum effects for
quarkonium production

[C. Flett, Jyvaskyla U. & 1)CLab Orsay]

e inclusion of other codes
[suggestions are welcome!]

Thank you
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Quarkonium Production Model

Phys.Rept. 889 (2020) 1-106 & EPJC (2016) 76:107 for reviews

e No agreement on which mechanism is dominant
e Differences in the treatment of the hadronization

e 3 common models:

1. COLOR SINGLET MODEL:
hadronization w/o gluon emission; colour and spin are preserved
during the hadronization

2. NRQCD AND COLOR OCTET MECHANISM:
higher Fock states of the mesons taken into account; QQ can be
produced in octet states with different quantum number as the
meson;

3. COLOR EVAPORATION MODEL:
based on quark-hadron duality;
only the invariant mass matters; semi-soft gluons emissions;
color-wise decorrelated ct prod. and hadr.
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HELAC-Onia

H.-S. Shao, CPC 184 (2013) 2562-2570 & CPC 198 (2016) 238-259
HELAC-Onia is an automatic matrix element and event generator for
quarkonium physics

® based on NRQCD framework
® based on off-shell recursion relations

NRQCD factorisation:

o(pp —+ Q+X) = ¥ [dxadxafip () fi/p(x2) (i — QL] +X) (OF)

ij,n

fi/p(X1), f}‘/p(Xz) are the PDFs

&(ij — QQ[n] + X) is the partonic cross section for producing a heavy
quark pair in the Fock state n

n= ZS“L]C, with ¢ = 1, 8 (color singlet or color octet)

(O2) are the LDMEs

HQ & Onium with NLOAccess
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The Color Evaporation Model

e |nthe CEM, an onium production cross section is obtained from
the one for QQ production, with a cut on the invariant mass of

the pair:
(N)LO

do,
(NJLO . (N)LO [2MH ~Y9%q
dog =P /2mQ dmaq dmgq

e jts Improved version (ICEM), momenta are rescaled:

(N)LO

2m do -
dO_(QN)LO _ ,P(QN)LO/ H dm 00 .
2mq dmOQ pQQ:WpQ
Q

HQ & Onium with NLOAccess
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Code vs metacode

What is the main difference between HELAC-Onia and MG5_aMC@NLO?

HELAC-Onia is a code

MG5_aMC@NLO is a metacode, i.e. a code generating another code

HELAC-Onia MG5_aMC@NLO
compilation once once for each
generate command
running run single (re-)run
executable the generated code
each time for the requested
process
code re-usage x v
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NLOAccess - facts and figures

Some facts and figures about NLOAccess:

general information at https://nloaccess.in2p3.fr
HELAC-Onia Web: https://nloaccess.in2p3.fr/H0/
MG5_aMC@NLO: https://nloaccess.in2p3.fr/MGs/
368 users from +4-30 countries all over the world; ~ 3900 runs
features:

® secure two-step registration process

® protected OwnCloud storage is given

¢ file input as first way to submit a run

® live user run status and run history

® almost zero computational cost for the users

® guided input file creation and submission for HO:

https://nloaccess.in2p3.fr/H0/downloads/HO_
online_guide_vo1.pdf
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https://nloaccess.in2p3.fr
https://nloaccess.in2p3.fr/HO/
https://nloaccess.in2p3.fr/MG5/
https://nloaccess.in2p3.fr/HO/downloads/HO_online_guide_v01.pdf
https://nloaccess.in2p3.fr/HO/downloads/HO_online_guide_v01.pdf

NLOAccess - homepage

(https://nloaccess.in2p3.fr)

& HELACOnaWeb|Home X @l nioaccess Virtual Acces- X | e x
C O & nlosccessinzpsfr * 06 »@
c%Q@QORSHDIBA" ¢ ~H@@CcEHN+EEPES iEBBO0*BCOD

Z F @ OWN O O OLHwDRsets « LHAPDRLMA. W Jobsseach  »

‘GENERAL DESCRIPTION FoLLow:

Objectives:

NLOAccess to automated anyone to ~such
as production rates f Iving hadrons. The automation and these
tools are such that these scatterings need not to be pre-coded. In other terms, itis possible that a random user may.
request for the first time the generation of a code to compute characteristics of a reaction which nobody thought of before.
NLOAccess will allow the user to test the code and then to download to run it on its own computer. It essentialy gives
‘access to a dynamical lirary.

This infastucturs s partofa roject

The automated tools on which NLOAccess is based are () the MADGRAPH used by
physics (HEP) commurit, but extended to deal with meson and heavy-fon beams and (i) the HELAC-ONIA code alloving
the computation of cross section or heavy-quark bound states, the quarkonia.

European Urion's Horzon 2020 research
an programme unde grant
agroement No. 824083

“The portal NLOAccess wilallow one to access addiional automated tools. | wil extend the portal of

with to deal with h - =

As of today, in conlrast o HEP, no such place exists for hadronic physics where intereslad colleagues can go test their
ideas and tum them into concrete realisation with automated Monte Carlo tools. In additon, the available tools are limited
0.2 reduced class of applications. For each, one needs 1o instal them one by one, sometimes along with dedicated
libraries and one needs to get familiar with their syntax. A single portal for hadron physics will not only ease the task of the

RECENT POSTS

Jean-Priipps Lansberg gives  talk o

itps//ploaccess.n2p3.fr
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NLOAccess - run status

. |Runstatus x4 HELA x | % MGs_aMceNLO|PROC x | + v -8 x

€ 5 C 0 & nloaccessingps.iftoolsfcarlo fore/account/run_status] > % On@ :
Q0O RSHDPI@HSA+ ~@@6 @ =EE®BE X i EBE@o=mCO HZ®F2onieo »

‘ A NLOAccess | Tods - | Runs - | © Downloads ~  Relerences 1 Contactus 2 CarloFiore -

[NLonccoss_JK NN

NLOAccess - Carlo's runs

Run status. ©

For removing multiple runs, separate the IDs with a comma or a semicolon.

Run ID Date Time Idle Running  Completed Process Tool
(ddimmlyyyy)  (d+hh:mm:ss)

3012 07/01/2022 12:02:07 5 0 0 pp>tt-[QCD] MG5

301 07/01/2022 12:00:47 0 1 6 pp>cc~(3811) c~(@ST)  HO

This page will automatically refresh every 30 seconds. If you want to refresh now the page, ciick on the button below.
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NLOAccess - run history

“ x | 4% HELAC X | % MGS.aMCGNLO|PROC - X % NLOAccess|Runhistory X v - @ x

¢ 0 (T >4 0@
B Q@QORSHDPIFEBSA+ ~@@@ceoBdEBEOPE i B8o0o«NCO “ F P QNN @ © »

A NLOAccess | Tods ~ | Runs - | © Downloads ~  Releences 1 Contactus 2 CarloFiore ~

NLOAccess - Carlo's runs history

Run history °©

To retrieve your results, you can go to your personal OwnCloud folder.

Run D Date Time Running time Process Tool
(dd/mmlyyyy) (d+hh:mm:ss)

3012 0710172022 12:02:07 0+00:00:36 pp>tt-[QCD] MGs
301 0710112022 12:00:47 0+00:04:25 P P> cc~(3811) co=(3511) HO
3009 0300172022 10:11:44 0+00:01:57 99> co~(3811) cc~(3S11) HO
3008 0300172022 10:08:54 0+00:00:02 99> cc=(3811) cc~(3S11) HO
3007 0310172022 10:06:58 0+00:00:09 gg>com HO
2994 21122021 14:04:27 0+00:00:12 gg>co~ HO
2952 08/12/2021 16:08:12 0+00:0242 pp>z HO .

Total number of runs: 917
Total running time (days, hh:mm:ss): 5 days, 6:38:52

STRENG
2: 20
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[ ]
A comparison between pseudorapidity distribution of

> b b at CM energy of 319 GeV
YE e bottom quark production obtained from MGS5 at LO (&

ke 5“ T 5 T FLO*) and with another LO event generator called

) éé | i S Helac-onia (HO).

e T —+— LO_HO,pdf=CT18NLO
Bl -+~ LO_MGS,pdf=CT18NLO
+ —— FLO_MGS,pdf=CT18NLO
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