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Introduction
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General introduction

Azimuthal modulations of the cross section for inclusive production
of quarkonium pairs in hadronic collisions

v O @y
Inclusive production of J/1) pairs OO Y(ns)
92 X

in pp collisions (gluon fusion)

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

Results — future measurements at LHC fixed-target experiments
— unexplored Transverse Momentum Dependent PDFs (TMDs)
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Our knowledge of the internal structure of the proton

PDFs — great precision
Collinear QCD phenomenology

< only 1D information
< x dependence

4

3D structure of the nucleon
Beyond collinear factorisation

4

Transverse dynamics!

> Nucleon structure in terms of TMDs — quark TMDs
— gluon 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 (k) — generate g7 (final-state)

P(Gev?)
1

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

Gluon TMDs — lack of data I

— Extremely poorly know! T

< How to measure them? S

Inclusive quarkonium production UL 7

e D [ =
e e o 2T [or [0 i
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Quarkonium production processes

Quarkonium = meson made of a Q and its @
< charmonium (cc): J/v¢, W', ne, Xc--
— bottomonium (bb): T, np, Xp..-

ng2s) .7
hadrons hadrons
Y
n(15)
hadrons hadrons y+ radiative
JPC — 0+ 1—= o++ 1++ 1+= 2++

Alice COLPANI SERRI University of Ferrara, University of Paris-Saclay

d target experiments at LHC - strong2020 workshop 7/27



Introduction
00000e

Quarkonium production processes

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

e J/1): 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
e for J/v-pair production: CSM best description
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Gluon TMDs
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TMD factorisation

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

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

do = /dX1dX2d2ET1d2ET25(2)(ET1 + ET2 - qT)

X CDZ"(Xl, ET]_)(DQU(XQ, ETZ) |:./\A/t#p ./\A/t:g

2
+(’)(§)
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Gluon TMDs
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Gluon TMDs

2 independent collinear partonic
distributions:

* f#(x) "unpolarised" Gluon
o g#(x) "circular" U | C L
g Ul fi hi
Unpolarised protons — 2 TMDs: %; L g | hig
e f£: unpolarised gluon TMD Z| T\ fir | gir | b, by

° hng: linearly polarised gluon
TMD
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Gluon TMDs
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Gluon TMDs and correlators

TMD correlator parametrisation Lo

for an unpolarised proton Al C] L
o) (o)

> unpolarised: fF — 1D adrr =

> linearly polarised: hng — E /1’ i ng//hI/ hi;

- 1 .
(DZU(X, kT) = —5 |:gl7l-yf1g(X, k-2r)

Kkt | o K3
M2, T am?,

I
S~

n —
hl g(X: k?,_):|

< Second term goes to 0 if kTt =0
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Gluon TMDs
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Why di-J /1) production?

e Single J/v 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

¢ Single 7 production: no gluon in the final state v/
< but no data at low p7: no TMD factorisation

® Double J/4 production:
> data at low p1 v
> no gluon in the final state v'
< gluon fusion: ISI can be encapsulated in the TMDs
< consider CSM: no FSls
— Safe TMD factorisation
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Azimuthal modulations
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Hadronic cross section

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

do88 o Fi x C[flgflg]
+Fa % Clwahy € h €]
+(F3 x C[wsfEh 8] + Fj x C[wjhy € £E€])cos (20 cs)
+(Fa x Clwy 1)

e first two members: azimuthally independent
® third member: cos (29 ¢s)-modulation

e fourth member: -modulation
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Azimuthal modulations
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Computation of azimuthal modulations

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

1 F3ClwafE hi8] + FLCIwihi8 & v
(cos(2pcs)) = = 3Cl 3g1g1 1+F3 [fgngl] ;/W

2 FC[fEFE] + FaClwahy & hyE] :

1 FaClw. -,
(cos(4dcs)) = «Clwa ]

T 2R C[FE£F] + FaClwahy €, e]

® The hard-scattering coefficients (F1, Fp, F3, F5, Fa) give the
explicit dependence on My, and f¢s

® Set scale Q° = I\/IEW and consider My, = 8,16 GeV
< TMD evolution applied in the computation
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Azimuthal modulations
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Results in collider mode: cos (2®¢s), cos (4P cs)

Plots considering:
® two ranges of cos (f¢s): [0; 0.25] and [0.25; 0.50]

® three values for the invariant mass: 12, 21, 30 GeV; x1=x2

My, = 12 GeV briim = 2 GeV1 —- Myy = 12 GeV briim = 2 GeV'l —-

21 Gev i Gevl — 21 GeV T ) Gevl —

30 GeV 8 Gevl --- 30 GeV s Gevl ---
_ . 8F |cos 6cs| < 0.25
S X Y
£ c
= =
S s 4
o <
2 7
& S,
o o~
0 P = I}
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Pyy; [GeV] Pyy; [GeV]

Eur.Phys.J.C 80 no.2,(2020) 87, arXiv:1909.05769 [hep-ph]
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Azimuthal modulations
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Fixed-target case

Goal: phenomenological study of the azimuthal modulations for
J /1 pair production in pp fixed-target collisions — x; # x2

Implementation: ex-novo code in Python
TMD factorisation
TMD convolutions
TMD evolution
(use of LHAPDF package for PDF parametrisation)
4

Code validation: reproduced published results (collider mode)

I

NEW: first studies with x; # x» (fixed-target kinematics)
(two sets of x1, x2 but same rapidity y = % In )’j—;)
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Azimuthal modulations
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Preliminary: predictions for cos (2®¢s)

Plots considering:

® range of cos(fcs): [0; 0.25], Q =
* two different sets (xi; x2): (1073;

08 Range:0 < |cos(B)| < 0.25

[ x1=0.001,x2=0.1 ,
Q0=8Gev [/ /
07 0=16Gev /[ /

0.6

o IR °
w > «

2cos(2¢) in [%]

o
N

o
-

x1 =0.0001, x2=0.01
Q=8 GeV
Q=16 GeV

o 2 6 8

4
o

4
qr[GeV]
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My
1071) and (107%;1072)

> contribution below 1%
> g7 < Q/2 considered

> big overlap in the low g1
region, not for large g1

> ~ same magnitude for
low and high Q
(lower for lower xi 2)
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Azimuthal modulations
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Preliminary: predictions for cos (2®¢s)

Plots considering:
® range of cos (6¢s): [0.25; 0.50], Q = My,
* two different sets (x1;x2): (1073;107!) and (107%;107?)

Range:0.25 < |cos(8)] < 0.50

[ x1 =0.001, x2=0.1 ; > contribution up to 3%
C Q=8GeV i /’
25 £ o-iscev (measurable)
W F / > g7 < Q/2 considered
i p ig overlap in the |
s > big overlap in the low g7
g, F region, not for large gt
s b A :
C x1 =0.0001, x2=0.01 > ~ same magnltude for
- Q=8 GeV .
00 5| ERTTIN BRI R .o.:l.e?e\./ i |0W and hlgh Q

alen  © s (lower for lower x; 2)
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Azimuthal modulations
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Preliminary: predictions for cos (4®cs)

Plots considering:
® range of cos (A¢cs): [0; 0.25], Q = My,
* two different sets (x1;x2): (1073;1071) and (107%;1072?)

Range:0 < |cos(6)| < 0.25

x1 =0.001, x2=0.1 1

> overlap Vgr

_ > much higher amplitude
P B B for high Q (at high g7)

2 6 8

LB omsce > max contribution 5 — 6%
n 0=16Gev /
: A (measurable)
s F /o
%4 Fx1 =0.0001, x2=0.01 ,r/// >ar < Q/2 considered
s F Q=8 GeV S
%3 £ Q=16 GeV v

o b

4
qr[GeV]
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Preliminary: predictions for cos (4®cs)

Plots considering:
® range of cos (A¢cs): [0.25; 0.50], Q@ = My

* two different sets (x1;x2): (1073;1071) and (107%;1072)
Range:0.25 < |cos(8)| < 0.50
[ x1 =0.001, x2=0.1 ’ . . 0
25 [ o-soer > contribution up to 3%
r £ (measurable)
2.0 : /1 l,’
§1-5 Exl =0.0001, x2=0.01 //’/ >agr < Q/2 considered
§ E g ; ?sGé\e/v '////
S10
i > overlap Vqr
0.5 5
. > higher amplitude for high
o T R B B Q (IOW Q neg||g|b|e)

o b

2 6 8

4
qr [GeV]
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Experimental applications
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LHCb in the fixed-target mode: SMOG2

System for Measuring Overlap with Gas (SMOG): LHCb
implementation for fixed-target data-taking

Upgrade: SMOG2 — openable storage cell in front of the VELO

AL HCAL

EC, Ms
SPD/PS w M
RICH2 ) 2 7
o T L
]
i

(https://arxiv.org/abs/2111.09611)
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Experimental applications
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LHCb in the fixed-target mode: SMOG2

> LHCb can run simultaneously in collider and fixed-target mode
> Beam-gas interaction region well defined
> Large target areal density (£ ~ 1032cm=2s71)

> Possibility to inject a wide range of gases through a gas injection
system (not only noble gases!)

> Large statistics expected for J/v — putpu~
< (15M expected in LHC Run3)
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Conclusions
oe

Summary

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

® Double J/1 production gives the possibility to investigate
gluon TMD induced effects
< azimuthal modulations already studied in the collider mode
® NEW Fixed-target mode: lower azimuthal modulations for
X1 £ 1 (x1 =~ x2, collider mode, seems to be favoured)

® SMOG2: great opportunity to explore quarkonia production
processes, in particular J/1 — p*pu~: will be extensively
produced at LHCb with SMOG2

® FUTURE Further studies can be made in the (near) future
considering polarised protons — access to more gluon TMDs
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Results in collider mode: cos (2 ¢s)

Plots considering:

® two ranges of cos (f¢s): [0; 0.25] and [0.25; 0.50]
e three values for the invariant mass: 12, 21, 30 GeV; x1=x2

My, = 12 GeV briim = 2 GeVl -
wy
21 Gev Tim = 2 el —
N 30 GeV 8 Gev-l ---
S |cos 6¢s| < 0.25
£ 1.5 |- !
/
7
= !
5 1+
S
o
Q
o
g 05
(o]
0 |

0 2 4 6 8 10 12 14 16
Pyyy [GeV]

[in %]

2 (cos(2¢cs))

=12 GeV brjim = 2 GeV'l -
21 GeV 4 Gev'l —
30 GeV 8 Gev!l ---

0.25 < |cos O¢s| < 0.5

2 4 6 8 10 12 14 16
Pyy, [GeV]

Eur.Phys.J.C 80 no.2,(2020) 87, arXiv:1909.05769 [hep-ph]
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Results in collider mode: cos (4®cs)

Plots considering:
® two ranges of cos (f¢s): [0; 0.25] and [0.25; 0.50]

® three values for the invariant mass: 12, 21, 30 GeV; x1=x2

_ o My, = 12 GeV b _2GeV1”
= 1 Wy
o= 200 = =2 er o i -
30 GeV 8 Gevl - 30 Gev 8 Gev'l -

8l y S
< |cos O¢s| < 0.25 3
= / =
S =
s 4 S
< <
= @
S S .
> 2 > 4t \
N N 0.25 < |cos Bcs| < 0.5 \

0 = | -5 | 1 L 1 I | I ]

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Pyy; [GeV] Pyy, [GeV]

Eur.Phys.J.C 80 no.2,(2020) 87, arXiv:1909.05769 [hep-ph]
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Hard scattering coefficients

N & MIMEN G

FR=——+ f1.n(cos Ocs)?" Fp="—— Y f2.n(cos fcs)>"
DI 2 DMty 2=
—23(1— )N o
Fi=F=———""> f3,(cosfcs)*"
DM?W z:% "

1— 2

Fy = M Z fan( COSHCS)zn

2
DMyy 2=

(1)
with: @ = 0 = 213-4(N2 — 1)~27%a¢|Ry(0)|*,

D = Mgy (1 — (1 —a?)cosb25)* and Ry(0) is the J/1) radial wave
function at the origin and N, = 3.

Alice COLPANI SERRI University of Ferrara, University of Paris-Saclay

Fixed target experiments at LHC - strong2020 workshop 4/5



Tabular storage cell SMOG2

Scheme of a tubular storage cell of length L and inner diameter D.
Injection is in the center with flow rate Q, resulting in a triangular
density distribution p(z) with maximum pg at the center

Po
(z)
-L L/2
1 I 5
D LHC
i IQ beam
Injection

(http://cds.cern.ch/record /2673690)
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