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General introduction

Inclusive production of J/¢ pairs in pp collisions (gluon fusion)

U e Xeos -
Azimuthal modulations of the Ob 6'1)2
cross section for inclusive pro- OJ
duction of quarkonium pairs in
hadronic collisions

< understanding the internal
structure of nucleons
< gluon dynamics poorly known

Results — future measurements at LHCb
< Transverse Momentum Dependent PDFs (TMDs)
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TMDs — quark and gluon ones

TMDs — 3D structure of the nucleon
Correlations between k7 and the polarisation of the nucleon/parton
2 components > collinear (x)

-

> transversal (ki) — generate g7 (final-state)

005

Quark TMDs extracted from data
< SIDIS, DY processes
< Precision eral

Gluon TMDs — lack of data
< Extremely poorly know!

o
(GeV)

o
10 0%

< How to measure them? Quark
; . . U L T
Inclusive quarkonium production 1ol 7 m
A. Bacchetta et al. (JHEP 08 (2008) 023) % L giL hiz,
ZIT [ [or [ hix
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Quarkonium production processes

Experimental point of view:
® quarkonium production observed in different experiments

® J/Y: easy to produce and detect
< plenty of experimental data

Theoretical point of view:
® Not clear how to treat quarkonium production

® 3 common models — Colour Singlet Model (CSM)
— Colour Octet Mechanism (COM)
— Colour Evaporation Model (CEM)

® not complete agreement with experimental data

however for J/-pair production: CSM best description

Alice COLPANI SERRI Warsaw University of Technology

QCD Evolution Workshop 2023, I1JCLab 6 /32



Why di-J/¢ production?

® Single J/¢ production: a lot of data at low pr v
< but gluon in the final state — presence of soft gluons
(non-perturbative) between Initial State Interactions (ISls) and
Final State Interactions (FSls) can be problematic
< no TMD factorisation X

® Single n. production: no gluon in the final state v
< but no data at low pr X

® Double J/¢ production:
> data at low pzj-w v
> no gluon in the final state v’
< gluon fusion: ISI can be encapsulated in the TMDs
< consider CSM: no FSls

— Safe to assume TMD factorisation
F. Scarpa et al, Eur. Phys. J.C. 80 no.2, (2020) 87
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® Gluon TMDs
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TMD factorisation

Study of gluon TMDs — TMD factorisation (g7 < Q)

General factorised cross section
< partonic scattering amplitude (perturbative)
< kr-dependent correlators (non-perturbative)

do = J dxy dxod?kr1d?Kr28®) (K1 + k2 — G7)

2
9r
k1=x1P1 + o (&)

| k2=x2 P2

192% T po T 9 V.
X Cbg (X1, le)(Dg (Xg, kT2)[Mup MV0:|

® In order to stay in TMD regime: g1 < Q/2
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Gluon TMDs

2 independent collinear partonic
distributions:

* £E(x) unpolarised Gluon
e gf(x) circular U | C L
g Ul fi hi
Unpolarised protons — 2 TMDs: <|L gir | hig
* ££: unpolarised gluon TMD ALK fir | gir | P, iy

° hf‘g: linearly polarised gluon
TMD
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Gluon TMDs and correlators

TMD correlator parametrisation Ghion

for an unpolarised proton ALl L
s|Ulh } (hf )

> unpolarised: f — 1D adrr =

> linearly polarised: hf‘g — 2 }( f ng//hI/ e

. 17 ., .
LY (x, kT) = —5 {g’;. 2 (x, k2.)

g B
M? 2M2,

N -
hy € (x. k%)}

|
S~

< Second term goes to 0 if kT =0
P.J. Mulders and J. Rodrigues (Phys.Rev.D 63 (2001) 094021)
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Hadronic cross section

The general formula for the cross section of gluon fusion is:

do® « Fy x C[fEfE]
+Fa x Clwyh & h®]
+(F3 x ClwsfE hE] + F] x C[w] hi& E])cos (20 cs)
+(Fa % Clwa )

® first two members: azimuthally independent
® third member: cos (2% ¢s)-modulation

® fourth member: -modulation
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LO Feynman diagram for p(P1) + p(P2) — Q(Pg,1) + Q(Pg,1) + X

(

Py
5 2K kY gt
—— = -
XQP2+k27~+ T
)C1P] + k|T+ ’
B y U kY —gk2
—— G- (T
1

/
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© Gluon TMDs and di-J/{ production
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First "fit" of £2

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

- 2 ( ki
ey exe (5)
where g(x) is the usual collinear PDF
® First experimental determination [with a pure colorless final state] of {k7:)
by fitting C[f££#] over the normalised LHCb do/dPyy, spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb
0.4

® 1% modelled as a Gaussian in kr: 2 (x, T)

" Gaussian . <> fil — ® Integration over ¢ => cos(n¢)-terms

o
w

o
[N

o

over [0 ;<MW>/2]

LHCb data without DPS +——
<MW> =8 GeV

<k-2|—> =3.3+08 Gev?

cancel out

® > <F =onlyC [flg lg ] contributes to
the cross-section

@ No evolution so far: (k%) ~ 3 GeV?
accounts both for non-perturbative and

2 . .
reduced x” = 0.36 | perturbative broadenings at a scale close

to Myy ~ 8 GeV
® Disentangling such (non-)perturbative
effects requires data at different scales

—1_ %_Lm

6 10 12
W-r [GeV]

(<Myy> 2 4
dofdP, /I3 doldP,,  1Gov]
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Introduction Evolution (1)

® Implementing evolution is more easily done in impact
parameter space (bt), where convolutions become simple
products:

W(br, Q) = f(x1,b7;Gr, 1) &(x2, bT: {g, ) H(Q; 1)

® The convolutions are rewritten by Fourier transforming:

Clw f g](x1, 2, §7) = f d%kr1 f d?kr2 6@ (k1 + kro— G1)
X W, m(KT1, kr2) f(x1, k11) g(x2, k72)

=>f —b Im(bT q7) F(x1,bT) E(x2, bT)
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Introduction Evolution (2)

) © dbr
0

x e=SA(bTiQ%,Q) F(xa, bT;[Ji, Up) E(x2, bT;/Ji, Mb)

® S, contains In Qb

® Expressions (based on pQCD) are valid when:
bO/Q < bT < bT,max

® At lower limit Up = bo/b1 becomes larger than Q, i.e.
evolution should stop (Sa =0)

® At upper limit perturbation theory starts to fail, which is not
exactly known. Common to take b7 max = 0.5GeV ™! or
b1, max = 1.5 GevL.

® This effectively boils down to a different resummation:

Hb(bT)/Q — Up(bT)/Q
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Introduction Evolution (3)

® \We need to add a component that takes over as b1 > b1 max:

~

W(br, Q) = W(b;‘_, Q)e—SNP(bT,Q)

® There are different parameterizations for Syp in the literature,
but typically it is chosen to be a Gaussian:

Q
Snp(bT; Q@) = Aln b?l' with  Qnp = 1GeV
Qnp

® We obtain the following expression for the convolutions:
- By de n —SA(b*'Qz Q) -S (b Q)
Clw f g](x1, x2, G7; Q) = EbTJm(bT gT)e 7:Q%Q) o—Snp(bT;
0
x f(x1, b??ﬂir Hb) &(x2, b-’;;ui, Mb)
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Switching on TMD evolution

F. Scarpa, D. Boer, M.G.

@ With a fit we obtained
(k%) ~ 3 Gev?

® Let us compare such a value
with what a proper NLL
evolution up to the scale
Myy ~ 8 GeV would give

® Evolution effects are
measurable

® So far, no x dependence
information
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Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87

<
o

1
=

W7 12 do/dPyy, dPyy,  [GeV-l]
° °
¥ o

<,
0

°

=

=Y

Gaussian <k¢> = 3.3 + 0.8 GeV2 —
Evolved f# , by, € [2;8] GeV'!
LHCb data with DPS subtracted ++

<Myy> = 8 GeV

dordPyy, / [

12.108

8.108

4.10°

Pooy CIRO 9] (Gevl)

1 15 2 25 3 35 4

Pyy, [GeV]
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20 Gev
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Switching on TMD evolution: preliminary update

brim = 4 GeV™!

[ Gaussian fit : (¢2) = 3.3+ 0.8 GeV?
a Evolution prediction : ygq = 2.50
[ F°7 Evolution prediction : ygq = 3.25
F Evolution prediction : ygq = 4.00
[ 4 LHCbdatawith DPSsubstracted

1/ J;

1
1

g
1

ar C[f]

0.1 =
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Switching on TMD evolution: preliminary update

LHCb data expected in a few weeks!

brjim = 2 GeV™!

0.6
il Evolution prediction : Mgg = 6.6 GeV.
[ = Evolution prediction : Mgg = 7.9 GeV
os b Evolution prediction : Mgg = 11.0GeV.
T L
[ L
c L
504 ~
5 L
S F
503 =
3 L
s [
& L
01 (yoo) = 3.25, VS =13 TeV
L To= %e*%uh = "‘v’%zeuw
Uof-yllII|IIII|IIII|IIII|III| 1
0 1 2 3 4 5 6
ar (GeV)
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Switching on TMD evolution: preliminary update

LHCb data expected in a few weeks!

brjim =8 GeV™!

0.6
il Evolution prediction : Mgg = 6.6 GeV.
[ = Evolution prediction : Mgg = 7.9 GeV
os b Evolution prediction : Mgg = 11.0GeV.
T L L
[ L
c L
504 ~ -
5 L
S F
503 =
3 L
s [
& L
01 (yoo) = 3.25, VS =13 TeV
L To= %e*%uh = "‘v’%zeuw
00-'||||I||||I||||I||||I|||I 1
0 1 2 3 4 5 6
ar (GeV)
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O Azimuthal modulations
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Hadronic cross section

The general formula for the cross section of gluon fusion is:

do® « Fy x C[fEfE]
+Fa x Clwyh & h®]
+(F3 x ClwsfE hE] + F] x C[w] hi& E])cos (20 cs)
+(Fa % Clwa )

® first two members: azimuthally independent
® third member: cos (2% ¢s)-modulation

® fourth member: -modulation
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Computation of azimuthal modulations (average)

The corresponding expressions for cos (2®¢s) and cos (4®cs):

1FRC ngghlg + FiC W/hlgfg v
(cos(2¢¢s)) = = [ gl gl ]+ F3Cl fgngl ] i
2 FC[fEFE] + FaClwahy & hy®]
1 F4C[W4 ] 7
(cos(4¢cs)) = = ey
2 FCIFEFF] + FaClwah ® hy € 7
[ J

The hard-scattering coefficients (F1, F2, F3, Fé, F4) give the
explicit dependence on Myy and O¢s

Modulations due to hf‘g
2 _ g2
Set scale Q< = MW

TMD evolution applied within the convolutions
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Preliminary results: 2cos(2¢) at fixed value of cos@

c0s2® modulation with fixed cos© (= 0.1)

L Myy=12

8 Myy=21

L Myy=30
8 -
X6 r
3 L

e

& -+
g r
S L
N L
2 -
0 -

[ T P BT R B

0 12 14
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Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos© (= 0.2)

Myy=12
Myy=21
Myy=30

2c0s(2®¢s) [%]
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Preliminary results: 2cos(2¢) at fixed value of cos@

c0s2® modulation with fixed cos® (= 0.3)

Myy=12
Myy=21
Myy=30

2c0s(2®¢s) [%]
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Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos© (= 0.4)

Myy=12
Myy=21
Myy=30

o

2c0s(2®¢s) [%]
IS
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Preliminary results: 2cos(2¢) at fixed value of cos@

c0s2® modulation with fixed cos® (= 0.5)

Myy=12
Myy=21
7 Myy=30

2c0s(2®¢s) [%]
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Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos® (= 0.6)

Myy=12
; Myy=21

2c0s(2®¢s) [%]
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Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos© (= 0.7)

Myy=12
Myy=21

2c0s(2®¢s) [%]
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Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos© (= 0.8)

Myy=12
Myy=21
Myy=30

2c0s(2®¢s) [%]

e COLPANI SERRI iversity of Technology

QCD Evolution Workshop 2023, 1JCLa 26 / 32



Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos© (= 0.9)

10
L Myy=12
- Myy=21
L Myy=30
8 -
X6~
3L
©
& F
I = |
g 4 -
S - L
~ L e
2 - e
0~ — -
P I T I PRI SR R
0 2 12 14
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Preliminary results: 2cos(2¢) at fixed value of cos@

cos2® modulation with fixed cos© (= 1)

L Myy=12

3 Myy=21

L Myy=30
8 -
X6~
3 L

3

& -+
g4
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.1)

My=12
Myy=21
Myy=30

2cos(4®cs) [%]

L T e e s s e e e B
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.2)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]

L T e s s s e e e B N B
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.21)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]

L T e s s s e e e B N B
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.22)

L Myy=12
L Myy=21
L Myy=30
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.23)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]

L T e s s s e e e B N B
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.24)
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.25)

15
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.26)

15
L Myy=12
L Myy=21
L Myy=30
10 ~
S
=5k
8 L
e.
3
5  F
S L - -
S ke [
N g - =
5 =
P T T T S N TS T N S Y S S S YT S Y S S S SOY S S

Alice COLPANI SERRI versity of Technology

QCD Evolution Workshop 2023, 1JCLa 7 / 32



Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.27)

15
L Myy=12
L Myy=21
L Myy=30
10 ~
S
=5k
8 L
o 8
3
5  F
S L
o I
N g = S e
5 =
P T T T S N TS T N S Y S S S YT S Y S S S SOY S S

Alice COLPANI SERRI versity of Technology

QCD Evolution Workshop 2023, 1JCLa 7 / 32



Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.28)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]

L T e s s s e e e B N B
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos®© (= 0.29)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos® (= 0.3)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.31)
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.32)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]

L T e s s s e e e B N B
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.33)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.34)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.35)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.36)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.37)
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.4)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos® (= 0.5)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.6)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.7)

2cos(4®cs) [%]

Myy=12
Myy=21
Myy=30
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.8)

Myy=12
Myy=21
Myy=30

2cos(4®cs) [%]
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 0.9)
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Preliminary results: 2cos(4¢) at fixed value of cos@

cos4® modulation with fixed cos© (= 1)
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Preliminary results: 2cos(2¢) with integrated cos@

cos2® modulation integrating cos© (range 0-1)
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Preliminary results:

2cos(4¢) with integrated cos@

cos4® modulation integrating cos® (range 0-0.25)

2cos(4®cs) [%]
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Preliminary results: rapidity dependence’
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@ Conclusions
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Summary and outlook

® Quarkonium production is a great tool for many purposes
< exploration of nucleon structure through gluon TMDs

® Double J/¢ production gives the possibility to investigate
gluon TMD induced effects
® New LHCb data (@13TeV) coming soon

® Data driven subtraction of DPS
® First multidifferential measurements (g7, Q, y)
® First constraints on the azimuthal modulations!

® FUTURE Studies can be made considering polarised protons
(FT LHCb) — access to more gluon TMDs

® Di-J/y production: most promising — gluon Sivers function
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The Sudakov Factor and Scales

® The solution of the evolution equations results in:

flg(le br;d, u)= e_ESA(bT’G’“)ff(Xl, bT;Hi/”b)

A1 _1 Nanyan
hy 8 (x, b G 1) = e 22T B (g, by 12, )

® [~ @ avoids large logarithms in H

® TMDs should be evaluated at their natural scale:

V@~ VG ~p
® = take v/Go ~ Mo ~ Up = bo/ b1 (with by =2e~YE), in order
to minimize both logarithms of ubr and Cb%_ in Su, and then

evolved up to v/~ ~ Q
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Perturbative tails

® The large transverse momentum perturbative tail of the TMDs
can be written as:

fE(x, bt Hi, Up) = fz7p(x; Up) + O(as) + O(bTAQCD)

N as(up) (Ldx rx’
h(x, bri 2, Hp) = — - J —,(——1){CAfg/P(X':IJb)+

X X

Cr Z fi/P(X';I-lb)} + (’)(org) +O(bTAQcD)
i=q,q

P. Sun et al. (Phys.Rev.D 84 (2011) 094005)
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® To ensure by/Q < bt we take:
bO 2
be(br) =\ 22+ ()

® For bt < b1, max:

be(bT)

bj,k—(bc(bT)) =

J. Collins et al. (Phys.Rev.D 94 (2016) 3, 034014)
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The Non-perturbative Sudakov Factor

Qe .,
SNP(bT; Q) = Aln bT with  Qnp = 1GeV
Qnp

br,im (GeV™Y) 1 (fm ~ 1/(0.2 GeV)) | A (GeV?)

2 0.2 0.64
4 0.4 0.16
8 0.8 0.04

Table 1: Values of the parameter A for bT,lim and r determined at

@ =12 GeV. A is defined at which exp(—Snp) becomes negligible
(~1073). To estimate the uncertainty associated with the Syp we vary
bT,lim spanning roughly from b7 max = 1.5 GeV~! to the charge radius
of the proton. r is the range over which the interactions occur from the
centre of the proton.
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Hard scattering coefficients

N & 23MEN &
Fi= Z f1,n(cos 9C5)2” Frp=— ¥ Z fa,n(cos 9C5)2”
,DM\?; n=0 DMCTJ\[I n=0
—23(1—a?)N &
F/l=F3=———""> f3,(cosOcs)*"
;=F3 D2, nZ:O 3,n(cos O¢s)
(1_02)2/\/ 6 )
Fy = ————— > f3 n(cosOcs)"

2
DMy, o
(1)

with: o = 2%\ = 211374(N2 — 1)~2m2 0| Ry (0) [,

vy c s
D = My, (1= (1—0?)cos0%)* and Ry(0) is the J/¢ radial
wave function at the origin and N, = 3.
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