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@ Probe of intrinsic charm in double-charm production;
@ Probe of double parton scatterings / parton correlations in associated production;

The reason why we can measure ¢ and Y well (coupling to 1 oy and not to 2 g) is also
the reason why their production is extremely complex, ... and not understood.

Conversely, other quarkonia (77g, xg) or pairs (coupling to 2 ¢ but not to 1 7y) are much
less measured, and yet it seems we understand better their production mechanism
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1997: First prompt x. inclusive crosss section out by CDF
Clear issue with the CSM

@ 2007: Run2 CDF prompt inclusive J/¢ and ¢’ polarisation out by CDF
NRQCD under tension

@ 2012: Discovery of x,(3P) below the BB threshold by ATLAS
The Y (3S) is no more fully direct

2015: First prompt 7. inclusive cross section out by LHCb
NRQCD cannot describe the world | /1 data

@ 2017+2023: Multi-dimensional measurements of |/ pairs by ATLAS &
LHCb ?
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@ No consensus on the mechanism at work in quarkonium production

@ Yet, nearly all approaches assume a factorisation between the production of
the heavy-quark pair, QQ, and its hadronisation into a meson

o Different approaches differ essentially in the treatment of the hadronisation

@ 3 fashionable models:
@ COLOUR EVAPORATION MODEL: application of quark-hadron duality;
only the invariant mass matters; bleaching via (numerous) soft gluons ?

© COLOUR SINGLET MODEL: hadronisation w/o gluon emission; each emission
costs ag (mQ) and occurs at short distances; bleaching at the pair-production
time

© COLOUR OCTET MECHANISM (encapsulated in NRQCD): higher Fock states of
the mesons taken into account; QQ can be produced in octet states with
different quantum # as the meson; bleaching with semi-soft gluons ?
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¢ Gluon fragmentation then LO in ag: larger rates

— CO fragmentation « Long Distance Matrix Elements (LDMEs)

— When Py, >, the gluon is nearly on-shell and transversally pol.
— NRQCD spin symmetry:Q has the same polarisation as the gluon
X Experimentally, this is clearly contradicted !

— Yields expected to peak near end pointsinete™ — J/¢pX and yp — /X
(even after SCET resummation)

X Such peaks have never been seen: LDME fine tuning needed !
X Cannot describe both the high-Pr and Pr-integrated hadroproduction yields
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¢ data: a little less hard than the blue curve
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@ Polarisation: 180 : unpolarised; 351 & 3P]8]: transverse
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of 2 CO components : 3558] VvS. 15([)8] & 3P][8]

@ At NLO, the soft component becomes
harder (same effect as for CSM)

 data: LTiStTC less hard than the blue curve
and interferes with it; 1 Sy alittle softer

@ Due to this interference, it is possible to make the softer 15([)8} dominant yet

with nonzero 3P][8] and 3S£8] LDMEs
@ Since the 3 associated LDMEs are fit, the combination at NLO still describes
the data; hence an apparent stability of NRQCD x-section at NLO

@ What significantly changes is the size of the LDMEs
(8] (8] [

@ Polarisation: 180 : unpolarised; 351 & 3P]8]: transverse

@ As such, it is hazardous to use NLO LDME:s for other processes at LO !
As an illustration, some NLO LDMEs are negative = ¢© x (O) < 0

]

° 3P][8] becomes as hard as 3558
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Problem of negative NLO quarkonium cross sections

[Y. Feng, JPL, J.X. Wang, Eur.Phys.]. C75 (2015) 313]; JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497; A. Colpani Serri, Y.
Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556
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The current situation in one slide ...

For an up-to-date review, see JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
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@ Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now
[large NLO and NNLO correction to the Pt spectrum ; but not perfect — need a full NNLO]
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@ Colour-Octet Mechanism (COM) helps in describing the Pt spectrum
@ Yet, the COM NLO fits differ a lot in their conclusions owing to their
assumptions (data set, Pt cut, polarisation fitted or not, etc.)
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@ Colour-Evaporation Mechanism (CEM) <+ quark-hadron duality
tends to overshoot the data at large Pt — issue shared by some COM fits
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For an up-to-date review, see JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)

@ Colour-Singlet Model (CSM) long thought to be insufficient
...not as clear now
[large NLO and NNLO correction to the Pt spectrum ; but not perfect — need a full NNLO]

P.Artoisenet, J.Campbell, JPL, EMaltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693; H.S. Shao JHEP 1901 (2019) 112

@ CSM is doing well for the Pr-integrated yield
S.J. Brodsky, JPL PRD 81 (2010) 051502;A. Colpani Serri, Y. Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556
@ Colour-Octet Mechanism (COM) helps in describing the Pt spectrum
@ Yet, the COM NLO fits differ a lot in their conclusions owing to their
assumptions (data set, Pt cut, polarisation fitted or not, etc.)
@ Colour-Evaporation Mechanism (CEM) <+ quark-hadron duality
tends to overshoot the data at large Pt — issue shared by some COM fits

All approaches have troubles with ep, ee or pp polarisation and/or the . data
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Quarkonium production September 8, 2023 10/28


http://arxiv.org/pdf/1903.09185.pdf

|
Universality of NLO NRQCD fits ?

Plot from M. Butenschion (ICHEP 2012); Discussion in JPL, Phys.Rept. 889 (2020) 1
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Further caveats: LDME upper limit from 7. data clearly violated by the 3 fits !
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Table: Scaling with as, pr and v of do'/dp% for gg — ct(m)ct(n) times the respective

LDMEs and branching fractions for the relevant pairings (m, n) of ¢t Fock states. Note
that 3P]m are counted separately for ] = 0,1, 2. [By B. Kniehl and Z. He]

(m, n) 35£1} 35£8] 1Sg8} 3p}8] 3p}1]
35%” wk/ pé} wdvt/ p% wdvd/ pé} advt/ p% 0
3S£8] . a?vs / p‘% a§v7 / pg zx;*vs / p% a?vg / p%
15([)8} wiot/ p% wto’ / pf% ato’ / pf%
3P][8] ago®/pd | adod/ph
P wlo® /p}
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Table: Scaling with as, pr and v of do'/dp% for gg — ct(m)ct(n) times the respective
LDMEs and branching fractions for the relevant pairings (m, n) of ¢t Fock states. Note

that 3P]m are counted separately for ] = 0,1, 2. [By B. Kniehl and Z. He]

(mm) | 3 gu 3 ES] 15([)8] 3p][8] 3P}1]
U [ ad/p | adot/ph | adod/pd | adot/pd | O
5 A A AT
[ } 0°/ph | ad’/py | el /py
3P][8] wo®/p% | adod/pd
31’}1] wiod /pl
e Different scaling in the litterature v° vs v* for 15([)8], but similar pictures
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@ CO are NNLO in v? for single ¢, N*LO in v? for double ¢
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@ ”0” can be misleading, it just means that it start at a2, like J /4 + 7
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Table: Scaling with as, pr and v of do'/dp% for gg — ct(m)ct(n) times the respective
LDMEs and branching fractions for the relevant pairings (m, n) of ¢t Fock states. Note

that 3P]m are counted separately for ] = 0,1, 2. [By B. Kniehl and Z. He]

(mm) | 3 gu 3 ES] 15([)8] 3p][8] 3P}1]
U [ ad/p | adot/ph | adod/pd | adot/pd | O
5 A A AT
[ } 0°/ph | ad’/py | el /py
3P][8] wo®/p% | adod/pd
31’}1] wiod /pl
e Different scaling in the litterature v° vs v* for 15([)8], but similar pictures

@ CO are NNLO in v? for single ¢, N*LO in v? for double ¢
@ ”0” can be misleading, it just means that it start at a2, like J /4 + 7
@ Indeed, rule of thumb, for cc, ag ~ 22, but do not forget the Pr scaling
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I/ +]/9 atlow Pf¥ (more generally PY¥ < Myy)

@ [/1: relatively easy to detect. Already studied by
LHCb, CMS, ATLAS & DO0; NA3

LHCb PLB 707 (2012) 52; JHEP 1706 (2017) 047; CMS JHEP 1409 (2014) 094;
ATLAS EPJC 77 (2017) 76; DO PRD 90 (2014) 111101; NA3 PLB 158 (1985) 85
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J/+]/¢ atlow P{* (more generally PY* < Myy)

@ [/1: relatively easy to detect. Already studied by
LHCb, CMS, ATLAS & DO0; NA3

LHCb PLB 707 (2012) 52; JHEP 1706 (2017) 047; CMS JHEP 1409 (2014) 094;
ATLAS EPJC 77 (2017) 76; DO PRD 90 (2014) 111101; NA3 PLB 158 (1985) 85

@ Negligible g7 contributions even at AFTER@LHC
(v/s = 115 GeV) energies

J.P.L., H.S. Shao NPB 900 (2015) 273
@ Atlower energies (AMBER, SPD), 47 contributions
need to computed
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1L ‘ [ LO SPS+smearing  §
- NG 55
: relativel detect. Already studiedby g e e
@ [/1: relatively easy to detect. Already studied by 8 +&) max
LHCb, CMS, ATLAS & D0; NA3 ) =
LHCb PLB 707 (2012) 52; JHEP 1706 (2017) 047; CMS JHEP 1409 (2014) 094; sv
ATLAS EPJC 77 (2017) 76; DO PRD 90 (2014) 111101; NA3 PLB 158 (1985) 85 %l-—
@ Negligible 47 contributions even at AFTER@LHC 2
(v/s = 115 GeV) energies S o6b b 7TevelHC |
J.P.L., H.S. Shao NPB 900 (2015) 273 1077 § - CMSACD‘GP-
Lo 1S 0 10 20 0 40
@ Atlower energies (AMBER, SPD), 47 contributions PYY (Gev)

need to computed
@ Negligible CO contributions, in particular at low
P?w [black/dashed curves vs. blue; log. plot]

JPL, H.S. Shao PLB 751 (2015) 479; P. Ko, C. Yu, and J. Lee, JHEP 01 (2011)
070; Y.-J. Li, G.-Z. Xu, K.-Y. Liu, and Y.-J. Zhang, JHEP 07 (2013) 051

@ No final state gluon needed for the Born

contribution: pure colourless final state
JPL, H.S. Shao PRL 111, 122001 (2013)
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J/+]/¢ atlow P{* (more generally PY* < Myy)

@ [/1: relatively easy to detect. Already studied by
LHCb, CMS, ATLAS & DO0; NA3

LHCb PLB 707 (2012) 52; JHEP 1706 (2017) 047; CMS JHEP 1409 (2014) 094;
ATLAS EPJC 77 (2017) 76; DO PRD 90 (2014) 111101; NA3 PLB 158 (1985) 85

@ Negligible g7 contributions even at AFTER@LHC
(v/s = 115 GeV) energies
J.P.L., H.S. Shao NPB 900 (2015) 273
@ Atlower energies (AMBER, SPD), 47 contributions
need to computed
@ Negligible CO contributions, in particular at low
P?w [black/dashed curves vs. blue; log. plot]

JPL, H.S. Shao PLB 751 (2015) 479; P. Ko, C. Yu, and J. Lee, JHEP 01 (2011)
070; Y.-J. Li, G.-Z. Xu, K.-Y. Liu, and Y.-J. Zhang, JHEP 07 (2013) 051

@ No final state gluon needed for the Born

contribution: pure colourless final state
JPL, H.S. Shao PRL 111, 122001 (2013)

@ In the CMS & ATLAS acceptances (Pt cut), small
DPS effects, but required by the data at large Ay
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On the importance of QCD corrections at large P?lp

JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479; CMS JHEP 1409 (2014) 094; ATLAS EPJC (2017) 77:76

@ At Born (LO) order, the P#‘p spectrum is (5(P#lp): 2 — 2 topologies
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@ At Born (LO) order, the P#‘p spectrum is (5(P#lp): 2 — 2 topologies
@ It can be affected by initial parton kr [+ interest for TMD studies]
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On the importance of QCD corrections at large P?lp

JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479; CMS JHEP 1409 (2014) 094; ATLAS EPJC (2017) 77:76
by : Dy, :
@ At Born (LO) order, the P;" spectrum is 6(P;"): 2 — 2 topologies

@ It can be affected by initial parton kr [+ interest for TMD studies]
@ By far insufficient (blue) to account for the CMS measured spectrum
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On the importance of QCD corrections at large P?lp

JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479; CMS JHEP 1409 (2014) 094; ATLAS EPJC (2017) 77:76
@ At Born (LO) order, the P#‘p spectrum is (5(P#lp): 2 — 2 topologies
@ It can be affected by initial parton kr [+ interest for TMD studies]
@ By far insufficient (blue) to account for the CMS measured spectrum
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@ NLO & contributions are crucial here and do a good job even up to the largest P#w
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JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479; CMS JHEP 1409 (2014) 094; ATLAS EPJC (2017) 77:76
by : Dy, :
@ At Born (LO) order, the P;" spectrum is 6(P;"): 2 — 2 topologies

@ It can be affected by initial parton kr [+ interest for TMD studies]
@ By far insufficient (blue) to account for the CMS measured spectrum
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@ NLO & contributions are crucial here and do a good job even up to the largest P#w
@ We do not expect NNLO (a¢) contributions to matter where one currently has data

[the orange histogram shows one class of leading Pr tx? contributions ]
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On the importance of QCD corrections at large P?lp

JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479; CMS JHEP 1409 (2014) 094; ATLAS EPJC (2017) 77:76
by : Dy, :
@ At Born (LO) order, the P;" spectrum is 6(P;"): 2 — 2 topologies

@ It can be affected by initial parton kr [« interest for TMD studies]
@ By far insufficient (blue) to account for the CMS measured spectrum
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@ NLO & contributions are crucial here and do a good job even up to the largest P$¢
@ We do not expect NNLO (a?) contributions to matter where one currently has data
[the orange histogram shows one class of leading Pr a® contributions ]
@ Confirmation at larger P?lp with ATLAS data !
Note: the NLO* SPS red band in ATLAS EPJC (2017) 77:76 is wrong !
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An excess at large Ay (or Myy)
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An excess at large Ay (or Myy) ?
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An excess at large Ay (or Myy) ?
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Origin of this excess: | double parton scattering ‘ [not CO]

ATLAS measurement: oo = 6.3 &+ 1.6(stat) &+ 1.0(syst) + 0.1(BF) & 0.1(lumi) mb
Our theory-driven 2015 extraction from CMS data: oo = 8.2 £2.0 £2.9 mb
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New multi-differential analysis of LHCb: I

SPS-DPS separation

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
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New multi-differential analysis of LHCb: I

SPS-DPS separation

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
@ SPS & DPS separated assuming negligible SPS contribution in 1.8 < Ay < 2.5
according to NRQCD/CS predictions
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See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]

@ SPS & DPS separated assuming negligible SPS contribution in 1.8 < Ay < 2.5
according to NRQCD/CS predictions

@ Checked that, in this bin, the yield is flat in A¢ as expected if DPS dominates
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New multi-differential analysis of LHCb: I

SPS-DPS separation

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]

@ SPS & DPS separated assuming negligible SPS contribution in 1.8 < Ay < 2.5

according to NRQCD/CS predictions

@ Checked that, in this bin, the yield is flat in A¢ as expected if DPS dominates
@ Taken at face value confirmation that LHCb probes with quarkonia larger o

than ATLAS & CMS.
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Part II1

Double-quarkonium production as tools
to probe the gluon transverse dynamics
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Gluon TMDs in unpolarised protons
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I
Gluon TMDs in unpolarised protons

X, k

o Gauge-invariant definition: é é
P

v d(g-p) d? i(x . nv np :
@5 (x, kr, g, ) = / %H Pkr) ¢(p|F (0)joz F" (g)u[lér()]'m’g.p/zo

e U and U’ are process dependent gauge links
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I
Gluon TMDs in unpolarised protons

x, kg

o Gauge-invariant definition: é é
P

v d(¢-p)d? i(x . nv ny :
O (k£ = [ S P PP (0} (Ol P

xP-n)2(2m)3 gP'=0

e U and U’ are process dependent gauge links

@ Parametrisation: P.J. Mulders, J. Rodrigues, PRD 63 (2001) 094021; D. Boer ¢t al. JHEP 1610 (2016) 013

1 . Kk K2 ,
O (x, kr, g, 1) = —ﬂ{gﬁvff (x, kr, 1) — < e +g 21\/T12> Iy “’(x,kT,u)} + suppr.
4 P
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I
Gluon TMDs in unpolarised protons

x, kg

o Gauge-invariant definition: é é
P

v d(g-pP d2 i(x . nv ny :
O ok, Gop) = [ P i) bl (0)u P () P)|

(xP-n)2(2m)3 gP'=0

e U and U’ are process dependent gauge links

@ Parametrisation: P.J. Mulders, J. Rodrigues, PRD 63 (2001) 094021; D. Boer ¢t al. JHEP 1610 (2016) 013

nv 1 W g k¥k¥ nv k% 1lg
q>g (x, kT/ g! ]’l) = _Zx 8r 11 (X, kT/ ‘ll) - M2 +gT M2 h1 (x/kT/ V) +suppr.
4 14

° ff : TMD distribution of unpolarised gluons

° h]L 8. TMD distribution of linearly polarised gluons
[Helicity-flip distribution]
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Gluon TMDs in unpolarised protons

x, kg

o Gauge-invariant definition: é é
P

v d(g-pP d2 i(x . nv ny :
O ok, Gop) = [ P i) bl (0)u P () P)|

(xP-n)2(2m)3 gP'=0

e U and U’ are process dependent gauge links

@ Parametrisation: P.J. Mulders, J. Rodrigues, PRD 63 (2001) 094021; D. Boer ¢t al. JHEP 1610 (2016) 013

w 1 J e k¥k¥ Hv k% lg
q>g (x, kT/ g! ]’l) = _Zx 8r 11 (X/ kT/ ‘ll) - M2 +gT M2 h1 (x/kT/ V) +suppr.
4 14

° ff : TMD distribution of unpolarised gluons

° h]L 8. TMD distribution of linearly polarised gluons
[Helicity-flip distribution]

e Both enter the computation of the gy dependence of e.g. H production
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Accesssing the gluon polarisation with Q + Q

do88
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Accesssing the gluon polarisation with Q + Q

do88
F

(X Ma, M, 0, ) CIEF]
XaAy
= helicity non-flip, azimuthally independent
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N
Accesssing the gluon polarisation with Q + Q

do88
F

(X Ma, M, 0, ) CIEF]
XaAy
= helicity non-flip, azimuthally independent

Fp
—_———
+ (EM/\,AMtA,—A> Clwz x hnghig]
X

= double helicity flip, azimuthally independent
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N
Accesssing the gluon polarisation with Q + Q

do88
Fy

(X Ma, M, 0, ) CIEF]
XaAy
= helicity non-flip, azimuthally independent

Fp
—_———
+ (EM/\,AMtA,—A> Clwz x hnghng]
X

= double helicity flip, azimuthally independent
F3

+< ) MAﬂ'/\bMi/\a,Ab) Clws xflé’hfg} +{a < b}
Aoy
= single helicity flip, cos(2¢)-modulation
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N
Accesssing the gluon polarisation with Q + Q

do88
Fy

(X Ma, M, 0, ) CIEF]
XaAy
= helicity non-flip, azimuthally independent

Fp
—_———
+ (EM/\,AMtA,—A> Clwz x hnghng]
X

= double helicity flip, azimuthally independent
F3

+< ) MAﬂ'/\bMi/\a,Ab) Clws xflé’hfg} +{a < b}
Aoy
= single helicity flip, cos(2¢)-modulation
Fy
—

+ (ZM/\,f,\Mi/\,A) C[W4 X hi_ghi_g]
A

= double helicity flip, cos(4¢)-modulation
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TMD modelling : f{ and the 2017 ¢ +  LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217
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TMD modelling : f{ and the 2017 ¢ +  LHCb data

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

- =, _72
o f2 modelled as a Gaussian in kr : £ (x,k3) = 55,% exp <%)
T T

where g(x) is the usual collinear PDF

@ First experimental determination [with a pure colorless final state] of <k%>

by fitting C[fSf] over the normalised LHCb do/dPyy, spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb
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TMD modelling : f; and the 2017 ¢ + v LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217
— 8

- - R
o ff modelled as a Gaussian in kr : f£ (x,k}) = 3 <$)
where g(x) is the usual collinear PDF

@ First experimental determination [with a pure colorless final state] of <k%>
by fitting C[fSf] over the normalised LHCb do/dPyy, spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb

0.4 ——
Gaussian f9, <kf> fit —
over [0 ;<MW>/2]

o
w
T

LHCb data without DPS +—+
<M >=8GeV &
<k8> =3.3+0.8 GeV?

1F +’%“ reduced x =0.36

o
¥

o©

<My 12 4
doldP,,,. /I3 dofdp,,,,  1Gev]
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TMD modelling : f; and the 2017 ¢ + v LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217
g LT g T2y g) —kz
o f© modelled as a Gaussian in k7 : f© (x, k5.) = <—
A T i k) = gy P (@)
where g(x) is the usual collinear PDF
@ First experimental determination [with a pure colorless final state] of <k%>

by fitting C[fSf] over the normalised LHCb do/dPyy, spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb

o 04 : ——— @ Integration over ¢ = cos(n¢)-terms
3 Gaussian fj, <kp> fit — cancel out
= over [0 ;<MW>/2] 9. .
so3l | @ F, < F; = only C[f{f;] contributes to the
x LHCb data without DPS cross-section X )
® | | @ No evolution here: (k7.) ~ 3 GeV
o 02 <My,,> =8 GeV ] accounts both for non-perturbative and
;3 <k&>=3.3+0.8 GeV perturbative broadenings at a scale close
£ 01 p + reduced %° = 0.36 - to Myy ~ 8 GeV
& @ Disentangling such (non-)perturbative
%} 0 ‘ effects requires data at different scales
5 o 2 4 6 8 10 12
Py [GV] (@)
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Switching on TMD evolution

F. Scarpa, D. Boer, M.G. Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87
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Switching on TMD evolution

F. Scarpa, D. Boer, M.G. Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87

@ With a fit we obtained
(K2) ~ 3 GeV?
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Switching on TMD evolution

F. Scarpa, D. Boer, M.G. Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87
o With a fit we obtained
(K2) ~ 3 GeV?

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

F. Scarpa, D. Boer, M.G. Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87

@ With a fit we obtained Gaussian <kf> =33 2 08 Gev? —
2 2 Evolved fQ , brjm € [2;8] GeV!
<kT> ~ 3 Gev ';; 0.5 LHCb data with DPS subtracted
¢
@ Let us compare such a value "~ oal
with what a proper NLL s
. B -
evolution up to the scale s
Myy ~ 8 GeV would give Yy —
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Switching on TMD evolution

F. Scarpa, D. Boer, M.G. Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87
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Switching on TMD evolution

F. Scarpa, D. Boer, M.G. Echevarria, JPL, C. Pisano, M. Schlegel, EPJC (2020) 80:87

With a fit we obtained
(K2) ~ 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

X depel‘ldel’lce J. Bor, A. Colpani Serri

Besides the Pw broadening,
(cosng) studies give access to
the linearly-polarised-gluon
distributions
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New multi-differential analysis of LHCb: II

Looking for scale evolution

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]. Theory prediction; D. Boer, J. Bor, A. Colpani Serri, JPL, to appear

@ Constraint to work in the TMD region: P#w < Myy /2
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New multi-differential analysis of LHCb: II

Looking for scale evolution

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]. Theory prediction; D. Boer, J. Bor, A. Colpani Serri, JPL, to appear

@ Constraint to work in the TMD region: P#w < Myy /2

@ Expect a slight broadenning in P?w for increasing scales Myy;
data not yet conclusive but pave the way for gluon TMD evolution studies
@ Likely need a wider lever arm in My
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New multi-differential analysis of LHCb: II

Looking for scale evolution

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]. Theory prediction; D. Boer, J. Bor, A. Colpani Serri, JPL, to appear

@ Constraint to work in the TMD region: P#w < Myy /2

@ Expect a slight broadenning in P?w for increasing scales Myy;

data not yet conclusive but pave the way for gluon TMD evolution studies
@ Likely need a wider lever arm in My
@ No x dependence seen in the LHCb acceptance in agreement with our predictions
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New multi-differential analysis of LHCb: III

First hint of azimuthal modulation from linearly polarised gluons !

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]

@ Constraint to work in the TMD region: P?p < Myy /2
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New multi-differential analysis of LHCb: III

First hint of azimuthal modulation from linearly polarised gluons !

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
@ Constraint to work in the TMD region: P?p < Myy/2
@ Subtract the DPS in each bin in ¢g to get the SPS
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New multi-differential analysis of LHCb: III

First hint of azimuthal modulation from linearly polarised gluons !
See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
@ Constraint to work in the TMD region: P?p < Myy/2
@ Subtract the DPS in each bin in ¢g to get the SPS
@ Extract the size of the cos 2¢ and cos 4¢ modulations in the SPS yield
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New multi-differential analysis of LHCb: III

First hint of azimuthal modulation from linearly polarised gluons !
See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
@ Constraint to work in the TMD region: P?p < Myy/2
@ Subtract the DPS in each bin in ¢g to get the SPS
@ Extract the size of the cos 2¢ and cos 4¢ modulations in the SPS yield
@ First hint of a nonzero (cos 4¢) (—9% =+ 5%)
= first hint of linearly polarised gluons in unpolarised protons
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New multi-differential analysis of LHCb: III

First hint of azimuthal modulation from linearly polarised gluons !
See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
@ Constraint to work in the TMD region: P?p < Myy/2
@ Subtract the DPS in each bin in ¢g to get the SPS
@ Extract the size of the cos 2¢ and cos 4¢ modulations in the SPS yield
@ First hint of a nonzero (cos 4¢) (—9% =+ 5%)
= first hint of linearly polarised gluons in unpolarised protons
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These numbers are compatible with our predictions [asymmetries at the per cent level,
not larger] which however depend strongly on the cos fg region:
(cos2¢cs) o cosfcs whereas (cos 4¢cs) changes sign around cos 0cg = 0.2
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Online tools for future prospects
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A EU Virtual Access to pQCD tools: NLOAccess

[in2p3.fr/nloaccess]

NLOAccess =

Home Theproject ~ News ~

GENERAL DESCRIPTION FOLLOW:

Objectives:

NLO/
observables -such as production rates or kinematical properties - of scatterings involving hadrons. The
automation and the versatility of these tools are such that these scatterings need not to be pre-coded. In
other terms, it is possible that a random user may reguest 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 essentially gives access to a

Aunamiral likran,

ess will give access to automated tools generating scientific codes allowing anyone to evaluate
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|
HELAC-Oma Web [nloaccess.in2p3.fr/HO/]

HELAC-Onia Web Request Registration References Contact us +JLogin

uniyersité
FARIS-SACLAY

Automated perturbative calculation with HELAC-Onia Web

Welcome to HELAC-Onia Web!

HELAC-Onia ia an automatic matrix element generator for the calculation of the heavy
L ium helicity amplif inthe of NRQCD

The program is able to calculate helicity amplitudes of multi P-wave quarkonium states
production at hadron colliders 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 quarkenia and P-wave color-octet intermediate states.

Already registered to the portal? Please login.

Do you not have an account? Make a registration request.

SR@NG
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|
MGS@NLO online [nloaccess.in2p3.fr/MG5/]

A MG5_aMC@NLO

Request Registration  References X Contact us

universite

- LPTH

.
P

Automated perturbative calculation with NLOAccess

MG5_aMC@NLO

MadGraph5_aMC@NLO is a framework that aims at providing all the elements necessary for
SM and BSM ¢ such as the computations of cross sections, the generation of
hard events and their matching with event generators, and the use of a variety of tools
relevant to event manipulation and analysis. Processes can be simulated to LO accuracy for
any user-defined Lagrangian, an the NLO accuracy in the case of models that support this
kind 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.

Please login to use MG5_aMC@NLO.

STRENG

Quarkonium production
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The last piece in the puzzle: the 7,

do/dp; (nb/GeV)

« LHCb Data =
Ev b b b b o3
6 8 10 2 14 16 13
pr (GeV)
Data LHCb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)
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B

ok VS =8 TeVand2<y<ds T NLOPrompt

do/dp; (nb/GeV)

* LHCb Data

P T O N I S IS TP
s 0 12 1 16 h
pr (GeV)
Data LHCb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)

@ 7). x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
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10 B VS =8 TeV and 2<y<ss T NOPomn
5 — sl
———— ‘(S[lxl e

do/dp; (nb/GeV)

(GeV)
Ll-'ICb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)

@ 7. x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
@ Any CO contribution would create a surplus

@ Even neglecting the dominant CS, this induces constraints on CO /¢ LDMEs

via Heavy-Quark Spin Symmetry : (/// ‘P(ls([]S])) = (1t (35[18])) <146 x 1072 GeV?

pr
Data

[Additional relations: (¢ (1S®1)) = (179 (3s1¥)) /3 and (e (1PP)y = 3 x (/¢ (3PP
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@ 7. x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
@ Any CO contribution would create a surplus

@ Even neglecting the dominant CS, this induces constraints on CO /¢ LDMEs
via Heavy-Quark Spin Symmetry : (/// ‘P(ls([]S])) = (1t (35[18])) <146 x 1072 GeV?

@ Rules out the fits yielding the 1SE8] dominance to get unpolarised yields
@ Even the PKU fit has now troubles to describe CDF polarisation data
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do/dp; (nb/GeV)

(GeV)
Ll-'ICb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)

@ 7. x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
@ Any CO contribution would create a surplus

@ Even neglecting the dominant CS, this induces constraints on CO /¢ LDMEs
via Heavy-Quark Spin Symmetry : (/// ‘P(ls([]S])) = (1t (35[18])) <146 x 1072 GeV?
@ Rules out the fits yielding the 1SE8] dominance to get unpolarised yields
@ Even the PKU fit has now troubles to describe CDF polarisation data
@ Nobody foresaw the impact of measuring 7. yields: 3 PRL published right after the LCHb data

came out (Hamburg) M. Butenschoen et al. PRL 114 (2015) 092004; (PKU) H. Han et al. 114 (2015) 092005; (IHEP) H.F. Zhang ¢t al. 114 (2015) 092006

[Additional relations: (¢ (1S®1)) = (179 (3s1¥)) /3 and (e (1PP)y = 3 x (/¢ (3PP

pr
Data
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
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@ Even though we find it a natural, accounting for DPS introduces another parameter
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@ How to check that one is not playing with a further d.o.f. on the theory side?

J.P. Lansberg (IJCLab) Quarkonium production September 8, 2023 31/28


http://arxiv.org/pdf/1903.09185.pdf
http://arxiv.org/pdf/1903.09185.pdf

N
Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
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@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns

@ We define F%, (Fllﬁjlw) as the fraction of events containing at least one . (¢')
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N
Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
°
°

We define F%, (Fllﬁjlw) as the fraction of events containing at least one . (¢')
DPS _ m 0a0p

Under DPS dominance (e.g. large Ay), 077> = 75 i (m: symmetry factor)

¢ _ pXe c di AV A= ' di ¢\ pdirect _ (pdirect)2
Fiy = Fiy x (Fiy +2F§" +2F ), Fypyy = Fyy X (Fyy + 2Fe + 2Fy7) Fueet = (Fgieet)
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
°
°

We define F%, (Fllﬁjlw) as the fraction of events containing at least one . (¢')

Under DPS dominance (e.g. large Ay), oS = % G (m: symmetry factor)

¢ _ pXe c di AV A= ' di ¢\ pdirect _ (pdirect)2
F)lf’l/J — Fi X (Fg +2F¢1rect +2Fl,b )/szzp — FIP X (F#] +2F¢1rect +2F$ ),lel/r]ect — (lerect)

@ Under SPS CSM dominance,

!

° Filp is slightly enhanced by symmetry factors,

° F%, unlike single quarkonium production, is not enhanced and is found to be small
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
°
°

We define F%, (Fllﬁjlw) as the fraction of events containing at least one . (¢')

Under DPS dominance (e.g. large Ay), c2FS = 1 %%

Wb = 7 ag (m: symmetry factor)

¢ _ pXe c di AV A= ' di ¢\ pdirect _ (pdirect)2
F)lf’l/J — Fi X (Fg +2F¢1rect +2Fl,b )/szzp — FIP X (F#] +2F¢1rect +2F$ ),lel/r]ect — (lerect)

@ Under SPS CSM dominance,

!

° Filp is slightly enhanced by symmetry factors,
° F%, unlike single quarkonium production, is not enhanced and is found to be small

@ Overall: | (CSM)SPS | Low Py DPS | High Py DPS
Eb, 50% 15% 15%
Fyy small 25% 50%
@ Based on up-to-date feed-down values (/1 is 80% direct at low Pr) JPL. arXiv:1903.09185
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JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
°
°

We define F%, (Fllﬁjlw) as the fraction of events containing at least one . (¢')

Under DPS dominance (e.g. large Ay), c2FS = 1 %%

Wb = 7 ag (m: symmetry factor)

¢ _ pXe c di AV A= ' di ¢\ pdirect _ (pdirect)2
Fiy = Fiy x (Fiy +2F§" +2F ), Fypyy = Fyy X (Fyy + 2Fe + 2Fy7) Fueet = (Fgieet)

@ Under SPS CSM dominance,

!

° Filp is slightly enhanced by symmetry factors,
° F%, unlike single quarkonium production, is not enhanced and is found to be small

@ Overall: | (CSM)SPS | Low Py DPS | High Py DPS
Eb, 50% 15% 15%
Fyy small 25% 50%
@ Based on up-to-date feed-down values (/1 is 80% direct at low Pr) JPL. arXiv:1903.09185

@ Hence the importance of measuring |/ + ¢ and /¢ + x.
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N
Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479; JPL JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)
@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
°
°

We define F%, (Fllﬁjlw) as the fraction of events containing at least one . (¢')

Under DPS dominance (e.g. large Ay), c2FS = 1 %%

Wb = 7 ag (m: symmetry factor)

¢ _ pXe c di AV A= ' di ¢\ pdirect _ (pdirect)2
Fiy = Fiy x (Fiy +2F§" +2F ), Fypyy = Fyy X (Fyy + 2Fe + 2Fy7) Fueet = (Fgieet)

@ Under SPS CSM dominance,

!

° Filp is slightly enhanced by symmetry factors,

° F%, unlike single quarkonium production, is not enhanced and is found to be small

@ Overall: | (CSM)SPS | Low Py DPS | High Py DPS
Eb, 50% 15% 15%
Fyy small 25% 50%
@ Based on up-to-date feed-down values (/1 is 80% direct at low Pr) JPL. arXiv:1903.09185

@ Hence the importance of measuring |/ + ¢ and /¢ + x.
@ [/1 + 1. can also tell something about DPS and about o
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New multi-differential analysis of LHCb: II

SPS-DPS separation with i + ¢’ ?

See Talk by L. An at EPS-HEP 2023 and [LHCb-PAPER-2023-023]
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Experimental wishlist for pp collisions

HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!
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@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!
@ Idem for x,’s, in particular for x;(3P) : unknown for P below 20 GeV

@ . and x; should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !
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but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!
@ Idem for x,’s, in particular for x;(3P) : unknown for P below 20 GeV

@ . and x; should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !

@ Update of the 7. cross-section measurement, extend to Pt < . to extract the
gluon TMDs and to higher Pr to test production models
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@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!

Idem for yx;’s, in particular for x;,(3P) : unknown for Pt below 20 GeV

Xc and xp should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !

@ Update of the 7. cross-section measurement, extend to Pt < . to extract the
gluon TMDs and to higher Pr to test production models

First prompt 7/ cross-section measurement See JPL, HLS. Shao, H.E Zhang, PLB 786 (2018) 342
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HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!

Idem for yx;’s, in particular for x;,(3P) : unknown for Pt below 20 GeV

Xc and xp should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !

@ Update of the 7. cross-section measurement, extend to Pt < . to extract the
gluon TMDs and to higher Pr to test production models

First prompt 7/ cross-section measurement See JPL, HLS. Shao, H.E Zhang, PLB 786 (2018) 342

First prompt /i cross-section measurement
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Experimental wishlist for pp collisions

HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!

Idem for yx;’s, in particular for x;,(3P) : unknown for Pt below 20 GeV

Xc and xp should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !

@ Update of the 7. cross-section measurement, extend to Pt < . to extract the
gluon TMDs and to higher Pr to test production models

o First prompt 77 cross-section measurement See JPL, HLS. Shao, H.E Zhang, PLB 786 (2018) 342
@ First prompt h. cross-section measurement
e Confirm the prompt (2S) polarisation measurement

[going longitudinal at large P and y]
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HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!

Idem for yx;’s, in particular for x;,(3P) : unknown for Pt below 20 GeV

Xc and xp should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !

@ Update of the 7. cross-section measurement, extend to Pt < . to extract the
gluon TMDs and to higher Pr to test production models

First prompt 7/ cross-section measurement See JPL, HLS. Shao, H.E Zhang, PLB 786 (2018) 342

First prompt /i cross-section measurement

Confirm the prompt 1(2S) polarisation measurement
[going longitudinal at large Pr and y/]

Absolute prompt ), polarisation measurement
[Currently only a ratio was measured]
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HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

@ Measurement of X, cross sections (and feed-down to [ /) towards large Pr
but more importantly down to Py = 0 [maybe using the | /{pupu channel]

Latest data: ATLAS J. High Energy Phys. 07 (2014) 154!

Idem for yx;’s, in particular for x;,(3P) : unknown for Pt below 20 GeV

Xc and xp should be studied for themselves (specifically for Pt — 0): only a
handful of studies; still very poorly known !

@ Update of the 7. cross-section measurement, extend to Pt < . to extract the
gluon TMDs and to higher Pr to test production models

First prompt 7/ cross-section measurement See JPL, HLS. Shao, H.E Zhang, PLB 786 (2018) 342

First prompt /i cross-section measurement

Confirm the prompt 1(2S) polarisation measurement
[going longitudinal at large Pr and y/]

Absolute prompt ), polarisation measurement
[Currently only a ratio was measured]

First 77, measurement
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Experimental wishlist for ep (mostly EIC) and e*e™
(Belle-II) collisions
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e Differential measurements of inclusive (2S) photo and electro-production
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Experimental wishlist for ep (mostly EIC) and e*e™
(Belle-II) collisions

e Differential measurements of inclusive (2S) photo and electro-production
o First measurement of inclusive . photo and electro-production

o First measurement of inclusive 7, photo and electro-production

@ Same for bottomonia
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Experimental wishlist for ep (mostly EIC) and e*e™
(Belle-II) collisions

Differential measurements of inclusive ¢(2S) photo and electro-production
First measurement of inclusive ). photo and electro-production

First measurement of inclusive 7. photo and electro-production

Same for bottomonia

then the polarisation
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Experimental wishlist for ep (mostly EIC) and e*e™
(Belle-II) collisions

Differential measurements of inclusive ¢(2S) photo and electro-production
First measurement of inclusive ). photo and electro-production

First measurement of inclusive 7. photo and electro-production

Same for bottomonia

then the polarisation

First measurement of e ¢~ — 1(2S) + Xnon e
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@ //¢ + D without Pt cut on the D

@ Quarkonium + jets (and not quarkonia in jets)
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Experimental wishlist for new observables in pp
collisions :

@ [/ + b via for instance prompt-nonprompt [ /4 + ] /¢ production

o ] / l/) + 7’/0 JPL, H.S. Shao PRL 111, 122001 (2013)

@ //¢ + D without Pt cut on the D

@ Quarkonium + jets (and not quarkonia in jets)

@ Isolated quarkonium cross-section measurement

o/ P+] / P (orY+Y): JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217
e do/ dpw in different bins of My to study the gluon TMD ff

o Measure the azimuthal modulations to extract hllg
o Feed-down pattern to confirm SPS/DPS dominance J.PL. H.S. Shao PLB 751 (2015) 479
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Experimental wishlist for new observables in pp
collisions :

@ [/ + b via for instance prompt-nonprompt [ /4 + ] /¢ production

o ] / l/) + 7’/0 JPL, H.S. Shao PRL 111, 122001 (2013)

@ //¢ + D without Pt cut on the D

@ Quarkonium + jets (and not quarkonia in jets)

@ Isolated quarkonium cross-section measurement

o/ P+] / P (orY+Y): JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217
e do/ dpw in different bins of My to study the gluon TMD ff

o Measure the azimuthal modulations to extract hllg
o Feed-down pattern to confirm SPS/DPS dominance J.PL. H.S. Shao PLB 751 (2015) 479

@ Y + b via for instance Y + nonprompt J /¢
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e Resonant contribution from x,; decay (well studied; still a lot to be learnt yet)
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New Observables: which and what for ?

@ QUARKONIUM + PHOTON

e Resonant contribution from x,; decay (well studied; still a lot to be learnt yet)

o Q+ Xvs Q+ v+ X: one emitted gluon replaced by a photon : similar kinematical
dependence but different QQ quantum # — constraints on the production model

o Some NLO and NNLO* contributions known R.Li and J.X. Wang, PLB 672,51,2009; JPL, PLB 679,340,2009.
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dependence but different QQ quantum # — constraints on the production model
Some NLO and NNLO* contributions known R.Li and J.X. Wang, PLB 672,51,2009; JPL, PLB 679,340,2009.
H® — {Y,]/%} + v indirectly sensitive to the charm and beauty Yukawa coupling

Search by ATLAS PRL 114 (2015) 121801
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@ QUARKONIUM + PHOTON

e Resonant contribution from x,; decay (well studied; still a lot to be learnt yet)

o Q+ Xvs Q+ v+ X: one emitted gluon replaced by a photon : similar kinematical
dependence but different QQ quantum # — constraints on the production model
Some NLO and NNLO* contributions known R.Li and J.X. Wang, PLB 672,51,2009; JPL, PLB 679,340,2009.
H® — {Y,]/%} + v indirectly sensitive to the charm and beauty Yukawa coupling

Search by ATLAS PRL 114 (2015) 121801

Can be used to extract the distribution of linearly polarised gluons hf'g (x, ET)

W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014)
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@ QUARKONIUM + PHOTON

e Resonant contribution from x,; decay (well studied; still a lot to be learnt yet)

o Q+ Xvs Q+ v+ X: one emitted gluon replaced by a photon : similar kinematical
dependence but different QQ quantum # — constraints on the production model
Some NLO and NNLO* contributions known R.Li and J.X. Wang, PLB 672,51,2009; JPL, PLB 679,340,2009.
H® — {Y,]/%} + v indirectly sensitive to the charm and beauty Yukawa coupling

Search by ATLAS PRL 114 (2015) 121801

Can be used to extract the distribution of linearly polarised gluons hf'g (x, ET)

W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014)

@ QUARKONIUM + Z
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New Observables: which and what for ?

@ QUARKONIUM + PHOTON

e Resonant contribution from x,; decay (well studied; still a lot to be learnt yet)

o Q+ Xvs Q+ v+ X: one emitted gluon replaced by a photon : similar kinematical
dependence but different QQ quantum # — constraints on the production model
Some NLO and NNLO* contributions known R.Li and J.X. Wang, PLB 672,51,2009; JPL, PLB 679,340,2009.
H® — {Y,]/%} + v indirectly sensitive to the charm and beauty Yukawa coupling

Search by ATLAS PRL 114 (2015) 121801

Can be used to extract the distribution of linearly polarised gluons hf'g (x, ET)

W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014)
@ QUARKONIUM + Z

e Similar advantages compared to photons
e Some NLO contributions known

COM: L.Gang et al. PRD83,014001,2011; CSM: B. Gong et al. JHEP 1303 (2013) 115; CEM: JPL, H.S. Shao JHEP 1610 (2016) 153
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New Observables: which and what for ?

@ QUARKONIUM + PHOTON

e Resonant contribution from x,; decay (well studied; still a lot to be learnt yet)

o Q+ Xvs Q+ v+ X: one emitted gluon replaced by a photon : similar kinematical

dependence but different QQ quantum # — constraints on the production model

Some NLO and NNLO* contributions known R.Li and J.X. Wang, PLB 672,51,2009; JPL, PLB 679,340,2009.

H® — {Y,]/%} + v indirectly sensitive to the charm and beauty Yukawa coupling
Search by ATLAS PRL 114 (2015) 121801

Can be used to extract the distribution of linearly polarised gluons hf'g (x, ET)

W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014)
@ QUARKONIUM + Z

e Similar advantages compared to photons
e Some NLO contributions known
COM: L.Gang et al. PRD83,014001,2011; CSM: B. Gong et al. JHEP 1303 (2013) 115; CEM: JPL, H.S. Shao JHEP 1610 (2016) 153
e Despite the small x-section, easier to access for CMS and ATLAS (triggers)

First observation by ATLAS EPJC 75 (2015) 229

e Probe of Double Parton Scatterings (DPS) whereby
the Q and the Z are produced in 2 independent scatterings
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o Observation by NA3 (SPS) in the 80’s: sensitive to intrinsic charm at large x ?
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QUARKONIUM PAIR

One of the easiest to access ( + ¢, + Y and even Y + Y observed)
Observation by NA3 (SPS) in the 80’s: sensitive to intrinsic charm at large x ?
Test the production mechanisms: CSM for [/ + ] /4; maybe COM for J/¢ +Y

JPL, H.S. Shao PLB 751 (2015) 479; H.S.Shao, Y.J. Zhang, PRL 117, 062001 (2016)

CSM known up to NLO

L.P. Sun, H. Han, K.T. Chao PRD 94 (2016) 074033
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New Observables : which and what for ? II

QUARKONIUM PAIR

One of the easiest to access ( + ¢, + Y and even Y + Y observed)
Observation by NA3 (SPS) in the 80’s: sensitive to intrinsic charm at large x ?

o Test the production mechanisms: CSM for J/¢ + J/1; maybe COM for [/ + Y

JPL, H.S. Shao PLB 751 (2015) 479; H.S.Shao, Y.J. Zhang, PRL 117, 062001 (2016)
o CSM known up to NLO L.P. Sun, H. Han, K.T. Chao PRD 94 (2016) 074033
o Probes of DPS C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
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QUARKONIUM PAIR

One of the easiest to access ( + ¢, + Y and even Y + Y observed)
Observation by NA3 (SPS) in the 80’s: sensitive to intrinsic charm at large x ?
Test the production mechanisms: CSM for [/ + ] /4; maybe COM for J/¢ +Y

JPL, H.S. Shao PLB 751 (2015) 479; H.S.Shao, Y.J. Zhang, PRL 117, 062001 (2016)

o CSM known up to NLO L.P. Sun, H. Han, K.T. Chao PRD 94 (2016) 074033
o Probes of DPS C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
° Probes Of gluon TMDs since CSM dominant JPL, et al. PLB 784(2018)217; F. Scarpa, et al. EPJC (2020) 80:87
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QUARKONIUM PAIR

One of the easiest to access ( + ¢, + Y and even Y + Y observed)
Observation by NA3 (SPS) in the 80’s: sensitive to intrinsic charm at large x ?
Test the production mechanisms: CSM for [/ + ] /4; maybe COM for J/¢ +Y

JPL, H.S. Shao PLB 751 (2015) 479; H.S.Shao, Y.J. Zhang, PRL 117, 062001 (2016)

o CSM known up to NLO L.P. Sun, H. Han, K.T. Chao PRD 94 (2016) 074033
o Probes of DPS C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
° Probes Of gluon TMDs since CSM dominant JPL, et al. PLB 784(2018)217; F. Scarpa, et al. EPJC (2020) 80:87
@ QUARKONIUM + W
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o Also quite accessible (J/4+ charm and Y + D measured by LHCb)
o Also sensitive to DPS
e No NLO analysis; potential to test models still unclear
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