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Research themes

Exclusive heavy vector meson \ production Q=\/= J/,Y,1(25),...
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automation
NLO factorisation
global fits Quarkonia Q NRQCD
resummation stability

Inclusive quarkonium production
-Madgraph5_aMC@NLO
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Introduction - why quarkonia?

Charmonium hierarchy Quarkonia: bound states of heavy
Rev.Mod.Phys. 90 (2018) 1, 015003 b k 1
- vas) c, b, quarks
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: S ¥, (D) e.g. gluon PDF constraints at low mom.
3800; 125 VCS — DD fractions and res. scales
0ET napil More broadly,
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R and fundamentals of QCD
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'bound states analogous to those of ete~ (positronium)
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Introduction - why quarkonia?

Quarkonia: bound states of heavy
¢, b, quarks’

Iy S=1 (spin triplet),
L=0 (S wave), J=1

T — T

e.g. gluon PDF constraints at low mom.
fractions and res. scales

are expected to underpin the search
for gluon saturation at the upcoming
EIC and provide constraints on e.g.

the QGP.

'bound states analogous to those of ete~ (positronium)



'Inclusive’ quests



Quarkonium production

Factorisation: proton PDFs (non-pert.)
//
oop > @+ = Y [ dudafpfe)

i,j,n

x & (ij —> QQ[n] +X)(Oy).

short-distance matrix element (pert.) \

long distance matrix element (non-pert.)

Typical quarkonium production mechanisms
- Colour Singlet Model (CSM)’
- Colour Evaporation Model (CEM)  phys. Lett. B 390 (1997), pp. 323-328.

Non-Relativistic QCD (N RQCD) Phys. Rev. D 51 (1995). [Erratum: Phys.Rev.D 55, 5853
(1997)], pp. 1125—1171

1coincident with the LO term in the NRQCD expansion for S wave states
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Quarkonium production

Factorisation: proton PDFs (non-pert.)
//
oop > @+ = Y [ dudafpfe)

i,j,n

x & (ij — QQ[n] + X)(0%).

short-distance matrix element (pert.) \

long distance matrix element (non-pert.)

NRQCD:

expansion in rel. velocity v of constituent heavy quarks allows one to
systematically build up the quarkonium spectrum

e.g. zeroth order term (D (v") in expansion for J/1 (= 3,9, state)

couples to X'(0)o;0(0) and the corresponding LDME can be fixed by the
QED di-leptonic decay width



Automation of quarkonium cross sections

Facilitates:

- Global data/theory comparisons
- Physics cases for future experimental facilities
- Global NRQCD fits
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Automation of quarkonium cross sections

Facilitates:

- Global data/theory comparisons

- Physics cases for future experimental facilities
- |Global NRQCD fits
MadGraph5_aMC@NLO

Only automated matrix element generator at LO and NLO + parton showering
JHEP 07 (2014) 079

- Flexibility to support SM, BSM and large number of particle physics models

i: _i EWF,W W N < i 2 el
+ifPr+nc et d ‘ b
YK e - A Ut--

+Dg-V(®)




—

MadGraph5_aMC@NLO

- But no quarkonia final states -- Why? -- extra complexities arise

Technical: e.g. multi-channeling phase space adaptation needed for quarkonia
*Final state IR divergence cancellation issues (different NRQCD Fock states contribute)
**Feynman integral reduction to master integral basis using standard tools fails

Aim:
Produce automation of LO quarkonium in MG5_aMC with NLO in sight

To date: Towards single and multiple S-wave inclusive
guarkonium (and associated) production at LO

- Colour projectors Ci = (5z-j/\/NC Cs = \/ﬁng

. Spin projectors Q
Interface
Phase space adaptation

*famous resolution of non-cancelling IR divergences through mixing

of P wave states with relevant S wave states at O(v2)
12



'Exclusive’ quests
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Introduction

* Inclusive processes do not well constrain small x/Regge limit domain of PDFs

« Exclusive processes offer sensitive probe of this domain but as of yet not included in
global analyses PDF determination - why?

Off forward kinematics imply sensitivity to GPD over conventional PDFs
Scale dependence and stability of theoretical predictions

CT18ANLO —™

MSHT20 NLO —™
NNPDF3.1 NLO —

u =155 GeV




Introduction

* Inclusive processes do not well constrain small x/Regge limit domain of PDFs

« Exclusive processes offer sensitive probe of this domain but as of yet not included in
global analyses PDF determination - why?

1. Off forward kinematics imply sensitivity to GPD over conventional PDFs
2. Scale dependence and stability of theoretical predictions

* As higher CM energies are realised at LHC, pushed towards small x

. Ryskin 1993
domaln, W ~ ]./X J/Y a3 3 =9 2V$ " 9
LLx exclusive J/psi d—a(v*p = J/Yp)| = e Mg %) zg(z, Q2)J bk Qz
production: dt t=0 48acem Q* MJ/¢ _
Inclusive - e.qg. DIS included Exclusive - can we use

the data?

VM




Introduction

* Inclusive processes do not well constrain small x/Regge limit domain of PDFs

« Exclusive processes offer sensitive probe of this domain but as of yet not included in
global analyses PDF determination - why?

1. Off forward kinematics imply sensitivity to GPD over conventional PDFs
2. Scale dependence and stability of theoretical predictions

domain, W~ 1/x I/ _
o do Tec? M3, 7 [a (Q?) IR E: 0?2
DLLA exclusive)/  —(y*p = J/ypp)| = & = Rofr9(z, Qz)] .
psi production: dt t=0 48ctem % ’ M 3/1/) /
Inclusive - e.g. DIS included Exclusive - can we use

the data?




Introduction

+ Inclusive processes do not well constrain small x/Regge limit domain of PDFs

« Exclusive processes offer sensitive probe of this domain but as of yet not included in global

1.55 GeV)

xglx, g

‘2 A A
10°% 10¢ 102 102 107" 10° 100

analyses PDF determination - why?

1. Off forward kinematics imply sensitivity to GPD over conventional PDFs
2. Scale dependence and stability of theoretical predictions

Scope: how to counteract these problems and so allow exclusive J/psi data to
probe gluon PDF downto ; ~3x10% & u= O(My/y/2)
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General Set up and Framework

L s -— s
p/A p/A
Generalised Parton
Setup for L Jjup follows:. | Distribution (GPD) Cq /g
Ivanov, Schafer, Szymanowski, Krasnikoy, 04 Photoproduction:
c 7 C ¢V * hep-ph/0401131
 Factorisation: X X ~ Ivanov, Schifer, Szymanowski, Krasnikov, 04
§/e ’/s @Q Electroproduction:

* Leading zeroth order term in rel. velocity (NRQCD) e arXiv:1903.00171

» Colour singlet exchange between hard and soft sectors * arXiv:2105.07657
B - Chen, Qiao, 19
1

----------

AO(/ dz |Cy(z, E)Fy(x, &) Z Co(z, ) F, (z,6)| e

—1

q=u,d,s
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GPDs and the Shuvaev transform

o] [¥] ®
| Shuvaev: Relates GPDs to
PDFs at small x under

P physically motivated |
Fig. from Ivanov

" mptions c.f analytici
(P|3,(y)P{},(0) Py~ asSsumptions c.T analyticity et al. 04
Shuvaev 99 Martin et al. 09

forward PDFs from LHAPDF
« Costly computationally due to slowly converging double integral transform

region only. In time-like (ERBL) region imaginary part of coefficient function is
zero



Stability of NLO prediction [+lI

NLO in MSbar scheme 'Effective’ small-x resummation
hep-ph/0401 13| 1507.06942
A. Bad perturbative convergence |NLO ., ectn.l > |LO| and Resummatlon of
B. Strong dependence on scale p opp. sign
‘ (osin(1/8) In(urm))n
1.5 ; r 1 r : 1.5 T ; , ;
(M), A () Ag:z: i R 1) a0 Ag(g) T
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Stability of NLO prediction I+l

1507.06942 1610.02272

- Subtract DGLAP contribution NLO (| ¢2] < Qo?)
Resummatlon of from known NLO MSbar coefficient function to avoid a

((Xs|n( | /E) ,[[I_(MF/m))n double counting with input GPD at QO'
1.5 I ! | 1-5 | | | | | |
A0 —— g =m A _
g c g HE = Mg
1 0
; A+ A + A —— W=y =g .l A"+ AT 4 A —— W=w=pg |
CT18ANLO CT18ANLO

ImA /W2 [GeV™?)
Im A /W? [GeV

-0.5

-1 | | ! | 1 | | ! | 1
-1
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

W{Gev] W [GeV]
Predictions based on three global PDF analyses differ dramatically in large

energy LHC region but are compatible in lower energy HERA region*
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Extraction of low x gluon PDF via exclusive J/psi

Left

Right
Approach 2: Bayesian reweight current global PDF analyses

A n Xmin  Xmin/d-0f xgneW(x, ”’(2)) = nlNy (1 - l‘) x_A

NNPDF3.0 0.136 0966 4451  1.04 lambda = 0.136 +/- 0.006

MMHT14 0.136 1.082 47.00 1.09

CT14 0.132 0946 4825  1.12 n=0.966 +/- 0.025

Neff < Nrep

CAF, Martin, Ryskin, Teubner 2006.13857
¢ : = 6 T IV YT
[ MMHT 14 NLO NNPDF3.0 NLO
Fit 1o axclusive 3¢ dete =3 NNPDF3.0 + D-meson Reweight £z
- NNPDF3.1 + D-meson + small x resum. Reweight
5k 5 Nl NNPDF3.0 + JAy Power Fit (this work -
NN G, NNPDF3.0 + JAy Reweight (this work) £
% \ \\\ T"-;;;-._,‘
e:; 40 0 4 r : \:}., \ o
8 N e,
; N “\‘ o
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xFitter implementation and next steps

i) PDF profiling w/ exclusive J/psi data and
ii) PDF fitting w/ exclusive J/psi+HERA DIS Runl+Il datasets
iii) PDF fitting with generated gluon PDF pseudo-data

G 09 Q’ = 2.4 GeV* B os Q’ = 2.4 GeV*
30‘. 4%NLO DIS ;’;', 4%NLO DIS
1 " NLO DIS+JPSlett 4 " NLO DIS+JPSleft
default DIS
) 0.3
chi2=1357/1131 .
~1.19
° 0.1
:
0 P T Y PEETT BETERTTES BTy

DIS+[PSleff: = wwE  ew
chi2=1400/1151 § ¥ g s
~1.22

10° 10* 10* 107 10 - 10° 10* 10 10?7 10 .



Summary & Outlook

Summary

- Towards full implementation of LO inclusive quarkonium + associated
production for S wave Fock states in MG5. Incorporation into EU virtual
access project NLOAccess

- First fitting results using xFitter integrated with framework with tamed
collinear factorisation at NLO for exclusive J/psi photoproduction

Outlook
- Extension to states with leading P wave Fock states --> global NRQCD

picture, and/or BSM
- Ultimately NLO in mind with few caveats.

- Predictions for exclusive J/psi photoproduction employing HEF-CF matching
formulae and full GPD evolution

Thank you
24



Automation of quarkonium cross sections

Facilitates:

- Global data/theory comparisons
- Physics cases for future experimental facilities
- Global NRQCD fits

In public matrix element generators/event generators:

- Interfacing of e.g. HERWIG or PYTHIA with e.g. MG5_aMC!

Facilitates complete computation, —>

Versatility and enhanced physics simulation capabilities...

...but integration complexity, computational overhead, code
compatibility and increased learning requirements.

le.g. cross sections with quarkonium in jets  JHEP 06 (2016) 121
25



Automation of quarkonium cross sections cont.

Motivated:
Tool Features
« MadOnia (Deprecated) module within MadGraph4 -

Artoisenet, Maltoni, Stelzer
JHEP 02 (2008) 102

« Helac-Onia

Shao
Comput.Phys.Commun.
184 (2013)
Comput.Phys.Commun.

198 (2016)

was not ported to current version (v5)
Single quarkonium production phenomenology

One or more S-wave and/or P-wave heavy
guarkonia production based on tree-level helicity
amplitudes

Limited to LO, not immediately extendable to NLO
(no NLO matrix element or no phase space
integrator for NLO)

ey

26



Amplitude generation & spin projectors

MG5 organises amplitude into colour basis JAMPS'

Efficiency: For given process, may have large # of
diagrams but colour basis will be much smaller

E.g. generate LO g g > ¢ ¢~ colour singlet (CS) and colour octet (CO)

a .-,- T:\‘ I /// : .,-ﬁ.-: ) "_.‘ ;- :-'\\
L s o 7 Y Y N ’ r
P Tl - - / L g
\ -';/ ] - ,,’/ L -':'.>.T:\\. ..'.' ‘-'-"_- ‘b*
' ?-:T // -__...' ':’ -\\-- / ._l.'_ Y /
- ’l' o \ s Rt N
- L | ".' L ",'-. _‘\ C
b

‘:.-" ";\’;-‘\[ A a VeV aTaVeTalas rd

( ’ ' | ! ™ '\.“\I':~-:‘\J::\.":--:‘\/".4" ('-
..°.. ,~. "/.

\
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Amplitude generation & spin projectors

MG5 organises amplitude into colour basis JAMPS'

Efficiency: For given process, may have large # of
diagrams but colour basis will be much smaller

E.g. generate LO g g > ¢ ¢~ colour singlet (CS) and colour octet (CO)

a O

I - ’ 5,
- 7N
o -

[ Y.’g
) o 7 L~
- '\f)/l'n ,.’/ B LK _-:.->T\
\-’:’— T‘" 4 - .\ g
i T\ // .. .':’- Y ."
L o - {
._-.. ' "
I | LoX
(.: »
"\ o - ."-
N
-l 'n\.-/; "~ - £ .‘1‘-7
T\ f . J.
. J.-'* "'\. e
N . .

CO :¢; = Tr(t*t4¢°)
co = Tr(t°tt°)

®)

A=A+ A+ A,
A, = c1An
Ay = oA
Ac = c1A431 + c2 A3
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JAMPl = A11 + A31 X C1
JAMPz = A22 - A32 X C9
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Amplitude generation & spin projectors

MG5 organises amplitude into colour basis 'JAMPS'

Efficiency: For given process, may have large # of
diagrams but colour basis will be much smaller

E.g. generate LO g g > ¢ ¢~ colour singlet (CS) and colour octet (CO)

a l/j:‘ I ) T fi\s.
'-,':.) > v P A
L o ,__,',.:\.-.\_ J '._."_.4’_\
-’ - ;s LA
. B C
; Y
s _'. ) -~ W eV a Vel -~ 7
k )\ 4 = ACONOORO0
~
¢
RaSth | Ny e v
vt L d
b f/ g -\_\_. . \_\"L\ /J - ,'f.:

- Colour projectors for m colour singlet and octet quarkonia production and associated

productions implemented.
call of new functions for use in helas routines

color_algebra.py
color_amp.py e

_— helas_objects.py

implementation of new functions with projectors
29
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Amplitude generation & spin projectors

Generic quarkonium spin projector:

yae—1/29(p2, A2)ls P ;MM u(p1, A1) *

S =0, 1, £(P) Generic fermion line:

P =p1 + p u(p1, A1) ' ... Te v(p2, A2) g
M? = P? J
Contract fermion lines (**) with projector (*) : >C<}
X
1/2
Z)‘£=—1/2 U(p2, A2)T's Pz—;lM(/f’l my) Iy... Ty v(pa, Ag)

~ S aTa (B —ma) o5 u(P,N) a(P, ) (1 —ma) Ty

Veit (P, A) Uott (P, \)
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Amplitude generation & spin projectors

~ 23T (2 —ma) 5 u(P,X) @(P,N) (1 —m) T

Vit (P ) Ueft (P, )

Motivation: MG5 recursively generates diagrams by
carefully merging legs to avoid a double counting
-- need a workaround after spin projector applied because

Q
it 'glues’ the two external quarkonium wfs. X<

Counteract: we introduce new effective wavefunctions

Declaration of new effective spinors in aloha/template_files/aloha_functions.f

Call to these new functions in madgraph/iolibs/helas_calls_objects.py
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