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1. COLOR EVAPORATION MODEL [H. Fritzsch, PLB 67 (1977) 217; F. Halzen, PLB 69 (1977) 105]

® based on quark-hadron duality
® only the QQ invariant mass matters; semi-soft gluons emissions
® color-wise decorrelated QQ production and hadronization

2. COLOR SINGLET MODEL [c.-H. Chang, NPB 172, 425 (1980); R. Baier, R. Riickl, Z. Phys. C 19, 251(1983)]
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® Quarkonia as key QCD probes:
heavy-quark hierarchy Mg >> Aqcp, clean experimental signature

® Quarkonium production: a longstanding debate

e Differences in the treatment of the hadronization

® 3 common models:
1. COLOR EVAPORATION MODEL [H. Fritzsch, PLB 67 (1977) 217; F. Halzen, PLB 69 (1977) 105]
® based on quark-hadron duality

® only the QQ invariant mass matters; semi-soft gluons emissions
® color-wise decorrelated QQ production and hadronization

2. COLOR SINGLET MODEL [c.-H. Chang, NPB 172, 425 (1980); R. Baier, R. Riickl, Z. Phys. C 19, 251(1983)]

® hadronization w/o gluon emission
® color and spin are preserved during the hadronization

3. NRQCD AND COLOR OCTET MECHANISM
[G. T. Bodwin, E. Braaten, P. Lepage, PRD 51(1995) 1125-1171; P. L. Cho, A. K. Leibovich, PRD 53 (1996) 150-162 & PRD 53 (1996)
6203-6217]
® double expansion in v and as
® higher Fock states of the mesons taken into account: QQ can be produced
in octet states with different quantum number as the meson
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Introduction - inclusive production

® Single quarkonium production
® NLO computations available for CSM and NRQCD
® NNLO* available for CSM, full NNLO not available in NRQCD

[).-P. Lansberg, EPJC (2009) 61, 693-703 & Phys. Rept. 889 (2020) 1-106]

® NLO fits of LDMEs uncertain, do not fully describe all available data
= see discussion in p.Boer et al., Prog. Part. Nucl. Phys. 142 (2025) 104162
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® Double quarkonium production

® NLO computation available only for gg — J/4J/¢ channel ic-F.qiao, L-P. sun, p. sun,
). Phys. G 37, 075019 (2010); L.-P. Sun, H. Han, K.-T. Chao, PRD 94, 074033 (2016); Z.-G. He, B. Kniehl, PRL 115 (2015) 2, 022002]

® NNLO far

® proposed to access gluon TMDs
[).-P. Lansberg et al., PLB, 784:217-222, 2018; F. Scarpa, et al., EPJC, 80(2):87, 2020]

® (0-CO suppressed, at least v®; CS-CO also suppressed
= TMD factorization may be possible

® CSM only = smearing effects from TMD ShF expected to be suppressed
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® NLO computations available for CSM and NRQCD
® NNLO* available for CSM, full NNLO not available in NRQCD

[).-P. Lansberg, EPJC (2009) 61, 693-703 & Phys. Rept. 889 (2020) 1-106]

® NLO fits of LDMEs uncertain, do not fully describe all available data
= see discussion in p.Boer et al., Prog. Part. Nucl. Phys. 142 (2025) 104162

® Double quarkonium production

® NLO computation available only for gg — J/4J/¢ channel ic-F.qiao, L-P. sun, p. sun,
). Phys. G 37, 075019 (2010); L.-P. Sun, H. Han, K.-T. Chao, PRD 94, 074033 (2016); Z.-G. He, B. Kniehl, PRL 115 (2015) 2, 022002]

® NNLO far

® proposed to access gluon TMDs
[).-P. Lansberg et al., PLB, 784:217-222, 2018; F. Scarpa, et al., EPJC, 80(2):87, 2020]

® (0-CO suppressed, at least v®; CS-CO also suppressed
= TMD factorization may be possible

® CSM only = smearing effects from TMD ShF expected to be suppressed
® role of qg channel?

® recent COMPASS and LHCb data motivate complementary studies for future
fixed-target experiments
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Di-onium production

h1(P1,51) + hz(Pz,Sz) — Q(K1) + Q(Kz) +X
® We consider

(k1) +q(k2) — QK1) + Q(K2)
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h1(P1,51) + hz(Pz,Sz) — Q(K1) + Q(Kz) +X
® We consider
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Di-onium production

h1(P1,51) + hz(Pz,Sz) — Q(K1) + Q(Kz) +X
® We consider

q(k1) +q(k2) — Q(K1) + Q(K2)
o for identifying the TMD region, we introduce
Ky = (K1 —Ka1)/2, Gr = Kip +Kpiy [Gr] < KL

e unpolarized partonic amplitude (integrated over azimuthal angles) agrees with
V. G. Kartvelishvili, Sh. M. Esakiya, Yad. Fiz., 38:722-726, 1983

Di-Q @ FT, REF 2025
3/12

Funded by

the European Union



Di-onium production

h1(P1,S1) + h2(P2,S2) = Q(Kq) + Q(Ka2) + X
® TMD cross section:
do
dy, dy, dZKLdqu 1671'252

/d Rir d?Ryr 6 (Rir + Ror — q1)

Z D9 (x1, kir) ®6q (X2, kor) @ ‘Mqaqgg‘z + {qu PR 6"}
q
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Di-onium production

h1(P1,S1) + h2(P2,S2) = Q(Kq) + Q(Ka2) + X
® TMD cross section:
do o
dy, dy, dZKLdqu 167252

[ dPhesr ok 2 (ki + ey — ar)
Z DI (x1, Rir) o’ (X2, Ra7) ® ‘quﬂgg‘z + {9+ 6"}
q

® Final results expressed in terms of

Kq- Ry 1 5 M2 1 X1 1 z Vi+Ye
— - My =—L  Yoo=-In[Z) ~ n( =0T
I hih,  Trenva e z(1—z2)" '9° 2ln X y1+2ln 1-z
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Angular structure of the cross section

_ 131072 af
243 ML MG s

[Ro(0)[*2*(1—2)* {FUU + F‘°52<‘”T 1) cos2 (g7 — ¢, )

+ [suFfL““’T"”” +5u Fjl““’“”)] sin2(¢r — 1) + \SW\{ 15 sin(gr — gs,)

pon(ortos, 20, ) 5'”(3¢T 9s,-201 )

T sin (¢r +¢s, —2¢1) + F; sin (3¢r — s, — 21 )

sin( ¢ —¢. . sin(pr+ds, —2¢ ) .
+ \Szr\[ (rr- SZ)S'“@PT*‘PSZ) + Ry sin (gr 4 gs, —291)

sin(3¢r—¢s., —2¢ .
FU,.< T L>s,m(3zpﬁ<pSz ~2¢))

+ [double polarized azimuthal modulations]

® all the structure functions can be expressed as products of hard factors and TMD convolutions
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131072 ot

7T 263 MLMEs

IRo(0 >\‘*z“<1—z>“{ruu+F°°“<‘” ) cos2 (g7 — ¢1)

_ i _ 3 P .
+ [suFf;““’T 1) | s, pamaler “)] sin2(¢r — 1) + \SW\{ 15 sin(gr — gs,)

pon(ortos, 20, ) 5'”(3¢T 9s,-201 )

T sin (¢r +¢s, —2¢1) + F; sin (3¢r — s, — 21 )

n(9r-9s,) sin(¢r-+9s,-29 1)

+ [Sar] [ sin (¢r —¢s,) + Fyr sin (¢ +¢s, —2¢1)

F;;n<3¢T*¢52 724&) sin (3¢r — s, — Zlm)]

+ [double polarized azimuthal modulations]

® all the structure functions can be expressed as products of hard factors and TMD convolutions
® only two hard factors appear

M2 M2 M2 M2 M2
Hlz, -2 ) =5-12z(1-2) [1- =2 |- =2, AH[|z-2]=—(1-=-2]|1-122(1-2)]
( M2> ( M) MR M2 M2
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Angular structure of the cross section
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_ i _ 3 P .
+ [suFf;““’T 1) | s, pamaler “)] sin2(¢r — 1) + \SW\{ 15 sin(gr — gs,)

pon(ortos, 20, ) 5'”(3¢T 9s,-201 )

T sin (¢r +¢s, —2¢1) + F; sin (3¢r — s, — 21 )

n(9r-9s,) sin(¢r-+9s,-29 1)

+ [Sar] [ sin (¢r —¢s,) + Fyr sin (¢ +¢s, —2¢1)

F;;n<3¢T*¢52 724&) sin (3¢r — s, — Zlm)]

+ [double polarized azimuthal modulations]

® all the structure functions can be expressed as products of hard factors and TMD convolutions
® only two hard factors appear

M2 M2 M2 M2 M2
Hlz-2|=5-12z(1-2) [1--2|—--2, AH =—[(1- 1—12z(1-2)]
( M2> ( M) MR M2 M2

® same azimuthal modulation as for LO channel qq — +* — ¢* ¢~ of the Drell-Yan process [s. Arnold, A. Metz,
M. Schlegel, PRD 79, 034005, 2009]
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Phenomenology

® We present predictions for the unpolarized cross section and for the following azimuthal
asymmetries:

FEZSZ(fPT*m) AH Clwyy hfq h%‘?}

(cos2(pr — 1)) = = -
Fuu Ho CIffi]
. N FSIn(QbT*‘PS*Z‘PL) AH C[WZ th hQ]
sin(dr + de — 2 — pSin(er+¢s—2¢.) _ Tur _an ur™h M
< (‘PT ¢s ¢L)> uT Fuu H Cmq fﬁ
o a
(sin(¢r — ¢s)) EAZi? (pr—¢s) _ FI.SJI? frds) _ C[WLTﬂq 71Tq]
Fou Clfe£7)
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Phenomenology

® We present predictions for the unpolarized cross section and for the following azimuthal
asymmetries:

2(p7— € 1q
(cos2(¢r —¢1)) = i _ AH Clwyy hy T hy ]

Fuu Ho clf )
. N FSIn(QbT*‘PS*Z‘PL) AH C[WZ th hQ]
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® SPS only; [Ro(0)|? from a power-law type potential; Moo as hard scale of the process
e NLL TMDs: MAP22 for 7~ and PV17 (+PV20_Sivers) and MAP22 for p TMDs;
h? from m. Boglione et al., PLB 854 (2024) 138712
e all predictions involving the Boer-Mulders functions are done saturating the
corresponding bound:
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Phenomenology

® We present predictions for the unpolarized cross section and for the following azimuthal
asymmetries:

FEZSZ(fPT*m) AH Clwyy hfq h%‘?}

(cos2(¢r — L)) = = 3
Fuu H CIf f7)
. N FSIn(QbT*‘PS*Z‘PL) AH C[WZ th hQ]
sin(dr + de — 2 — pSin(er+¢s—2¢.) _ Tur _an ur™h M
< (‘PT ¢s ¢L)> uT Fuu H Cmqﬂq]

(sin(r — gs)) = Asnor—99) _ Fur (:H”S) _ ClWhe 7 fir
w CIF £
® SPS only; [Ro(0)|? from a power-law type potential; Moo as hard scale of the process
e NLL TMDs: MAP22 for 7~ and PV17 (+PV20_Sivers) and MAP22 for p TMDs;

h? from m. Boglione et al., PLB 854 (2024) 138712

e all predictions involving the Boer-Mulders functions are done saturating the
corresponding bound:

My
|y |
® comparison with COMPASS data and predictions for SMOG/LHCspin

9 (x, kr)| < 7 (x, kr)
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Di-J/x) at COMPASS

12 "I" COMPASS data
[PLB 838 (2023) 137702]
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Di-J/x) at COMPASS

12 "I" COMPASS data
[PLB 838 (2023) 137702]
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® COMPASS data for m—p — J/¢J/¥ X at \/s ~ 18.9 GeV
¢ data given as a function of My, gr, and

plPtP ) ple
Xﬁ”ﬂ’ - ‘AXI‘I‘NIJ' _ |X1‘l"1 7Xl‘4‘72" Xﬁ’, _ L
Pbeam Pbeam

® DPS negligible; only ~ 25 events recorded
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Di-J/x) at COMPASS
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e predictions based on MAP extractions (PV17 as baseline for Sivers asymmetry)
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e predictions based on MAP extractions (PV17 as baseline for Sivers asymmetry)

® gg channel negligible (O(1073) pb)

= computation based on [. Bor, PhD Thesis]
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® gg channel negligible (O(1073) pb)

= computation based on [. Bor, PhD Thesis]
® fairly good agreement with measured data
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e predictions based on MAP extractions (PV17 as baseline for Sivers asymmetry)
® gg channel negligible (O(1073) pb)

= computation based on [. Bor, PhD Thesis]
® fairly good agreement with measured data

® NLO QCD corrections and inclusion of feed-down effects can improve our description
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Di-J/x) at COMPASS

12 MAPTMDPion22
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10 + PVI7 (NLL)
o COMPASS data
= T [pLB 838 (2028) 137702
38 B ‘
= wp = J/P J[pX
—‘: 6 V5 =18.9 GeV
§ Q= Myy, qr/Q < 0.5
5 [Ru(0)2 =1.0 GeV?
=4

- 41

0 1 2 I 5

3
qr [GeV]
e predictions based on MAP extractions (PV17 as baseline for Sivers asymmetry)
® gg channel negligible (O(1073) pb)

= computation based on [. Bor, PhD Thesis]
® fairly good agreement with measured data
® NLO QCD corrections and inclusion of feed-down effects can improve our description
® yet, good baseline for estimating azimuthal asymmetries
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Di-J/+) at COMPASS - azimuthal asymmetries (1)

X3 MAPTMDPion22 + PV17+ PV20 Sivers (NLL)
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® predictions made using same kinematics and gr-binning of the unpolarized cross section
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® predictions made using same kinematics and gr-binning of the unpolarized cross section
e large Sivers asymmetry (sign change included)
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Di-J/+) at COMPASS - azimuthal asymmetries (1)

X3 MAPTMDPion22 + PV17+ PV20 Sivers (NLL)
0.20

0.15

7 pl = J T/ X
COMPASS, /s = 18.9 GeV/
Q= My, qr/Q < 0.5

0.05

0 1 2 3 4 5
qr [GeV]

® predictions made using same kinematics and gr-binning of the unpolarized cross section
e large Sivers asymmetry (sign change included)

® sign ofAf‘Ji;1 @1795) griven by dominant & u, channel
= valence region explored in both 7~ and p
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Di-J/+) at COMPASS - azimuthal asymmetries (11)
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® predictions made using same kinematics and gr-binning of the unpolarized cross section
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Di-J/+) at COMPASS - azimuthal asymmetries (11)

— [{cos2(¢r — é1))| (hy sat.)
0.12 — [(sin(@r + ¢s — 2¢.))| (hi sat.)
0.10
0.08
0.06 apl = I/ I/ X
COMPASS, /s = 18.9 GeV
0.04 Q= Myy, qr/Q < 0.5
0.02 MAPTMDPion22+
L — MAP22 PDF (NLL)
0-005 i 3 3 1 5

ar [Gev]
® predictions made using same kinematics and gr-binning of the unpolarized cross section

® maximum modulation of 5-10% and 2-5% for |(cos2(¢r — ¢ 1)), [(sin(Pr + ps — 2¢1 )]
respectively

= |[(cos2(¢r — ¢, ))| magnitude similar to DY case
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SMOG & LHCspin

CZ0 5= 685 GV
= Vs =709 GeV 10 el
V3 = 113.0 GeV Vs = 1130 GeV,
ST /5 = 1146 GeV- 107 V5 = 1146 GeV
z z 5
B ) = = —
= = =
S 5 s (25 (25 X |
< i JOIX = | aq = ¥(28)Y(2S) X 3 W TTX
Q= Moo 2€1[03:0.7] Q= Moo 2€[0.3:0.7) Q= Moo 2 €[04:0.6)
|Ry(0)]> =1.0 GeV? Yoo € [-1.5:0] [Ry25)(0)]* =0.56 GeV3 Yoo € [~1.5:0] . | R (0)] = 4.50 GeV? Yoo € [-1.5:0]
MAP22 grids PDF NLL ~ Mog € [7:10] GeV' MAP22 grids PDF NLL Mg € [9:12] GeV MAP22 grids PDF NLL Mg € [20:30] GeV:
ot 7 3 ] i 5 i 3 3 ) 5 i 3 3 ) 3
qr [GeV] ar [GeV] qr [GeV]

e gg channel no longer negligible: 30/40% of the gg one at low /s, 2x gg channel at
higher energies

= further studies on gluon TMDs needed to confirm our estimates

@ FT, REF 202! Funded by

20 E the European Uni




SMOG & LHCspin

7] s =085 GeV. 21 /5 =685 GeV. FZ /s = 68.5 GeV.
S 6 = 709 Gev . 9 /5 =709 GeV' 9 /5 =709 GV
Vs = 113.0 GeV] 0 Vs = 113.0 GeV- V5 = 1130 GeV|
= I /5 = 114.6 GeV V3 = 1146 GeV" 10 /5 = 114.6 GeV
= 3 3
B e = =
= = =
S 5 s (25 (25 X |
< i JOIX = | aq = ¥(28)Y(2S) X 3 W TTX
Q= Moo 2 €[0.3:0.7] Q= Moo 2 €[03:0.7) Q=Moo 2 € [0.4:0.6]
|Ry(0)]> =1.0 GeV? Yoo € [-1.5:0] [Ry25)(0)]* =0.56 GeV3 Yoo € [~1.5:0] . | R (0)] = 4.50 GeV? Yoo € [-1.5:0]
MAP22 grids PDF NLL ~ Mog € [7:10] GeV' MAP22 grids PDF NLL Mg € [9:12] GeV MAP22 grids PDF NLL Mg € [20:30] GeV:
ot 7 3 ] i 5 i 3 3 ) 5 i 3 3 ) 3
qr [GeV] qr [GeV] qr [GeV]

e gg channel no longer negligible: 30/40% of the gg one at low /s, 2x gg channel at
higher energies
= further studies on gluon TMDs needed to confirm our estimates

® di-J/y yield measurable at LHCb in the fixed-target mode thanks to LHC upgrade for LHC
Run 3
similar expectation for di-y(2S), di-Y
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SMOG & LHCspin

do/dqr [ph/GeV]

CZ0 5= 685 GV 2] /5 =085 GeV T2 5= 685 GeV
5 V5 = 709 Gev . =3 V5=709GeV 9 /5 =709 GV
V5 = 113.0 GeV. Vs = 113.0 GeV: V5 = 113.0 GeV|
= ESY 5= 146GV V3 = 1146 GeV" 10 /5 = 114.6 GeV
Z z
o o
= =
10° =3 =Y —
5 -
.g‘ .;j«‘ 10771
< 5
ad— I X = o] 07— 0(28)v(29) X =< @A TTX
Q= Moo 2 €[0.3:0.7] Q= Moo 2 €[03:0.7) Q=Moo 2 € [0.4:0.6]
|Ry(0)]> =1.0 GeV? Yoo € [-1.5:0] [Ry25)(0)]* =0.56 GeV3 Yoo € [~1.5:0] . | R (0)] = 4.50 GeV? Yoo € [-1.5:0]
MAP22 grids PDF NLL ~ Mog € [7:10] GeV' MAP22 grids PDF NLL Mg € [9:12] GeV MAP22 grids PDF NLL Mg € [20:30] GeV:
107! 3 = 3 - 3
1 2 3 1 5 1 2 3 4 > 1 2 3 4 5
qr [GeV] ar [GeV] qr [GeV]

e gg channel no longer negligible: 30/40% of the gg one at low /s, 2x gg channel at
higher energies
= further studies on gluon TMDs needed to confirm our estimates

® di-J/y yield measurable at LHCb in the fixed-target mode thanks to LHC upgrade for LHC
Run 3
similar expectation for di-y(2S), di-Y
® g;-range for di-Y could be extended, but would probe unconstrained large-x behavior of
unpolarized TMDs
= di-Y production a tool for constraining unpolarized TMDs at large x
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SMOG & LHCspin - Sivers asymmetry

P A s = 685 Gev 59 /5 =709 GeV M4 A o5 Gev | S (s = 700 Gov vl T VE=085GeV | ST V=109 Gev
0 o NN
/. S ! % S )
—0.02] ~0.02| 3
—0.02]
Q= Moo Q = Mog _ Q = Mog
aq— I I X Mg € [7:10] GeV/ 47— $28)$28) X T Mog € [9:12] GeV g —TTX Mg € [20:25] GeV/

VE=1130GeV § S /5 = 1146 GeV V5 = 1130 GeV.

VE=1130GeV ] B /5 = 1146 GV

=S N 0,002
—0.02] N —0.02, N\
SRS

ool NN
—0.04f PVIT grid pdf+ 2 €[0.3:0.7] —0.04f PVI7 grid pdf+ 2€[0.3:0.7] PVIT7 grid pdf+ 2 €1[0.4:0.]
PV20 Sivers Yog € [-1.5:0] PV20 Sivers Yoo €[-1.5:0] —0.04f PV20 Sivers Yoo € [-1:0]
) 1 2 3 1 2 B 3 1 2 ~ 3 1 2 3 1 2 30 1 2 3
ar [GeV] ar [GeV] ar [GeV] ar [GeV] ar [GeV] ar [GeV]

® again, sign change for f;
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SMOG & LHCspin - Sivers asymmetry

20 /5 = 685 GeV

59 /5 =709 GeV

ZZ1 /5 =685 GeV

5 /5 =709 GeV

71 /5 =685 GeV

O s =709 GeV/

—0.02]

—0.04]
PV20 Sivers

PV17 grid pd+
PV20 Sivers

Yoo € [~1.5:0]

—0.04]

PV20 Sivers

0.02]
0. < AN
/. ! % X )
—0.02] ,741‘7,J
—0.02]
Q=Moo Q=Moo _ Q=Moo
4q — Jju T X Mog € [7:10] GeV Moo € [9:12] GeV Foof g TTX Moo € [20:25] GeV
V5 = 113.0 GeV V5 = 1146 GeV V5 = 1130 GeV /5 = 114.6 GeV ,Q:'S” " /5 = 113.0 GeV /5 = 114.6 GeV
0.
—0.02, RN
—0.02]
PVI7 grid pdf+ —0.04 2 €0.3:0.7] PVIT7 grid pdi+ 2 € [0.4:0.6]

Yoo € [-1:0]

E—
ar [GeV]

® again, sign change for f;

1
ar [GeV]

1 2
ar (GeV]

1 2
ar [Gev)

1 2
ar [Gev)

[
ar [GeV]

® negative sign of Af,iﬁ("’r%) (cfr. w/ COMPASS) due to different flavor composition of

1~ and p
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SMOG & LHCspin - Sivers asymmetry

20 /5 = 685 GeV

ZZ1 /5 =685 GeV

5 /5 =709 GeV

qq — JjY I X

Q=Moo
Mg € [7:10] GeV

Q=Moo
Mog € [9:12] GeV'

71 /5 =685 GeV

O s =709 GeV/

/

9= TTX

NN
|

Q=Moo
Mog € [20:25] GeV

Vs = 113.0 GeV'

S /5 = 1146 GeV

V5 = 1130 GeV.

Y /s = 114.6 GeV

—0.04]

= 0.02]

V5 = 113.0 GeV.

B /s = 114.6 GeV

E—
ar [GeV]

® again, sign change for f;

1 2
ar [GeV]

1 2
ar (GeV]

ar [GeV]

2
ar [Gev)

SN -0.02 o RN
~0.02
PVI7 grid pdf+ 2€(03:07] —0.04f PVI7 grid pdf+ 2€[03:0.7] PVI7 grid pdf+ 2 € [0.4:0.6]
PV20 Sivers Yog € [-1.5:0] PV20 Sivers Yoo €[-1.5:0] —0.04f PV20 Sivers Yoo € [-1:0]
) 1 2 3 1 30 3

[
ar [GeV]

® negative sign of Af,iﬁ("’r%) (cfr. w/ COMPASS) due to different flavor composition of

1~ and p

® magnitude of 1-2% expected for di-J/¢ and di-y(2S); di-Y suppressed due to probed

Xz range

@ FT, REF 2025

= larger asymmetry would signal nonzero gluon Sivers function
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SMOG & LHCspin - azimuthal asymmetries

qq— I/ I X hi sat
0.15

0.10)
0.05) ﬁ

(sin(ér + b5 — 26.)|
(cos2(ér — d1))|

-~

V/5 =685 GeV V5 =709 GeV

0.
Mg € [7:10] GeV Yoo € [15:0]
015 Q=Moo 2 €[0.3:0.7]
0.10
0. Ujh ﬁ
/\ Vi= mnf(\/\‘ f 1146 Gev
0.
3
117 [GeV] !11' [U\]

® similarly to COMPASS, maximized |(cos2(¢r — ¢ ))| asymmetry larger, O(10%), than
[(sin(¢r + ¢s — 2¢1)) | (~ 5%)
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SMOG & LHCspin - azimuthal asymmetries

qq— I/ I X hi sat
0.15

0.10)
0.05) ﬁ

[(sin(ér + ps — 26.))]
[(cos2(ér — ¢1))]

-~

V/5 =685 GeV V5 =709 GeV
0.
Mg € [7:10] GeV Yoo € [15:0]

015 Q=Moo 2 €[0.3:0.7]
0.10
0. Ujh ﬁ

/\ Vi= mnf(\/\‘ f 1146 Gev
0.

3
117 [GeV] !11' [U\]

® similarly to COMPASS, maximized |(cos2(¢r — ¢ ))| asymmetry larger, O(10%), than
[(sin(¢r + ¢s — 2¢1)) | (~ 5%)

e slight increase (decrease) of |(cos2(¢r — ¢ ))| (|{sin(¢r + ¢ps — 2¢, ))|) asymmetry at

larger /s
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SMOG & LHCspin - azimuthal asymmetries

qq— I/ I X hi sat
0.15

0.10)
0.05) ﬁ

(sin(ér + b5 — 26.)|
(cos2(ér — d1))|

-~

V/5 =685 GeV V5 =709 GeV

0.
Mg € [7:10] GeV Yoo € [15:0]
015 Q=Moo 2 €[0.3:0.7]
0.10
0. Ujh ﬁ
/\ Vi= mnf(\/\‘ f 1146 Gev
0.
3
117 [GeV] !11' [U\]

® similarly to COMPASS, maximized |(cos2(¢r — ¢ ))| asymmetry larger, O(10%), than
[(sin(¢r + ¢s — 2¢1)) | (~ 5%)

e slight increase (decrease) of |(cos2(¢r — ¢ ))| (|{sin(¢r + ¢ps — 2¢, ))|) asymmetry at

larger /s

® larger asymmetries, O(10 — 20%), (not shown) with larger Mg within same Yoo and z
ranges, and for di-y(2S) and di-Y production
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® gluon contributions suppressed = ideal to probe quark TMDs
® sizable azimuthal asymmetries, especially the Sivers one (~10-15%)

® | HC fixed-target experiments:
® gg channel dominant only up to /s ~ 70 GeV
® small Sivers asymmetries for di-J/y, di-y(2S) (1-2%), even smaller
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Conclusions

e We studied double quarkonium production in hadronic collisions at
fixed-target experiments within the TMD framework

® The gg channel presents the same azimuthal modulations and color-flow
structure as the DY process

® COMPASS (AMBER):

® gluon contributions suppressed = ideal to probe quark TMDs
® sizable azimuthal asymmetries, especially the Sivers one (~10-15%)

® | HC fixed-target experiments:
® gg channel dominant only up to /s ~ 70 GeV
® small Sivers asymmetries for di-J/y, di-y(2S) (1-2%), even smaller
for di-Y
® important for gluon TMDs

® A consistent description of di-quarkonium production, SIDIS and DY is
crucial to study TMDs, their universality and QCD evolution properties
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Conclusions

e We studied double quarkonium production in hadronic collisions at
fixed-target experiments within the TMD framework

® The gg channel presents the same azimuthal modulations and color-flow
structure as the DY process

® COMPASS (AMBER):

® gluon contributions suppressed = ideal to probe quark TMDs
® sizable azimuthal asymmetries, especially the Sivers one (~10-15%)

® | HC fixed-target experiments:

® gg channel dominant only up to /s ~ 70 GeV

® small Sivers asymmetries for di-J/y, di-y(2S) (1-2%), even smaller
for di-Y

® important for gluon TMDs

® A consistent description of di-quarkonium production, SIDIS and DY is
crucial to study TMDs, their universality and QCD evolution properties

Thank you
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The Color Singlet Model

C.-H. Chang, NPB172, 425 (1980); R. Baier, R. Riickl, Z. Phys. C 19, 251 (1983)

The CSM supposes two factorizations:

1. collinear, in which the hadronic cross section can be written as the
convolution of the PDF(s) with the partonic cross section

2. between the hard part (a perturbative amplitude, which describes the QQ
pair production) and the soft part (a non-perturbative, long-distance
matrix element - LDME -, describing hadronization)

e Perturbative creation of two heavy quarks, Q and Q

® on-shell

® ina color singlet state

® with a vanishing relative momentum
® ina3S; state (forJ/y, ¢ and Y)

® Non-perturbative binding of quarks
— Schrodinger wave functionatr =0

CSM: the Taylor series expansion of the amplitude in the QQ relative
momentum (v) to the first non-vanishing (Leading-v NRQCD) term.

Di-Q @ FT, REF 2025 Funded by
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Quark-quark TMD correlator

® g — g correlator for a spin-1/2 hadron:

@l ) = [AEPLEA e 5,1 5(0) o 1) P,5)

® decomposed as
@9(x,kr) = O (x,kr) + @] (x, kr) + DI (x, kr)

where
v k) =3 {f" (X K2)P + ihy (x, k) “;;w:)]} )
®f (x, mw% {g1L(x )5+ (o 2) 15 U;;\;':’]}'
@I(x,kr) = % { _ €Z:T L9 12)p — kT Sy GLI0 ) 2P 4 H (k) o @

o kT'ST 1laq 2 5 [kTyP]
M, ha" (%, ky) v oM,

Di-Q @ FT, REF 2025 Funded by
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Full angular structure of the cross section

o=

12/12

131072 af 4o 4 cos2(pr—¢ )
e [Ra(0)[" 2% (1=2)" < Fyu + Fyy cos2 (¢r — 1)
243 MLMS s

i - i — n(¢r—¢, .
+ [Su FLSLIInZ(d)T #) + Sa Fjll_nZ(% M)] sin2(¢r — 1) + |s1T‘[ s sin(¢r — ¢s,)

sin(pr-+ds, 20 ) 5'n<3<f’7 95,201

Fry sin (@7 + ¢s; —2¢1) + Fy sin (3¢t — ¢s, —2¢1) ]
+ |Sa1] [ (‘PT (PSZ) sin (471 _ 4)52) " FSiTn(¢T+¢Sz -29) sin (¢T s, - 2¢L)

)

in(3p7 s, 2
Fsm( 7ty 20 ) sin (3¢r — ¢s, *24&)] + S Sa |:FLL + FCDSZ(¢T 1) cos2(gr — 4&)}

ur
+ SulSar] [ S(PT—¢s,) cos(¢r — gs,) + FLCTOS(¢1+4’52*2M) cos(gr + gs, — 201
b L) (g zm)] + 1SS [ ) oo )
F::’S(‘PT+¢S1 -29)) cos(¢r + s, — 21) + FTCZJS(3¢T*<P51 “2¢1) cos(3gr — s, 2%)}
+ [Sur][Sar] [F s(9s,~9s,) cos(gs, — ps,) + F;:S(2¢T’¢S1’¢Sz) cos(2pr — gs, — s,
FTC:S(¢S1 ts, =20 1) cos( g5, + s, 2 o1) + F;?S(2¢T+¢S1 —bsy 2 1) cos(29r s, — g, 20.)

cos(297—¢s, +¢s, ~2p ) C°5(4¢T 95,95, =201 )
™ T cos(2¢r — ¢s, +¢s, —2¢1) + T cos(4pr — ds; — s, —2¢.)
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Di-J/y production - v-scaling in NRQCD

Table: Scaling with pr and v of do/dp? for gg — ct(m)cc(n) times the respective
LDMEs and branching fractions for the relevant pairings (m, n) of ct Fock states.

Note that 3Pj[1] are counted separately forJ = 0,1, 2.

(m,n) 3521] 3528} 15([)8} 3P}[8] 3P,[”
3521] 1/p8 | v4/p8 | v3/p8 | v4/p8 0*
55 - | vB/p | VP8 | vB/pS | vB/pS
15([)8] ] Vo /P? v7/p§‘- V7/p§
3Pj[8] v8/p8 | v8/p8
3pj[11 o | vB/p8
* 0 means it starts at O(a2) from 2-c. we, b. knient, pre 115 (2015)2, 022002
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COMPASS kinematics

® COMPASS is a fixed-target experiment, therefore P;" ~ /2 ppeam and P; = M,/ /2, and we have

2 2
Xt = KK {1 M3 ]_&< Mww) axty = KK {1 M3 ] K <1 Mw)

Py T2KKT ] TP 2KZ Py T2k T P\ 2K

with K =K + K and K- =K — K
® Jacobian:
4 (P2 KY K2

T vh ]
(415 — My, ] (g2 |14 M
' PEICEE

A, KL)
axY, axi?)

invariant phase-space:

2E, 2E, 8 (Xﬁ'W)z

-1
Ky d¥K M, ,,
147K n T i dx{" dax]" dm2,, d’qy
Xii" X1 Pheam

cross section:

-1
do 111 M3, }
=< o s |1+ ; /dzkw d*Ror 8% (Rt + kot — qr)
dx‘HW d|Ax‘HW| dMﬁ,w d2qr $* 32 (x“f“)z [ ZX‘HWX1 P?eam .

X Z @q(X1,k1T) ®6q(X27kZT> ® |qu*>//w/¢|2 + {q)q “~ 6(1}
q
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LHCb kinematics

® Jacobian for the transformation (y, y2,K2 ) — (2, Yoo, M% ). We have d?K, = d¢, dM?,
thus we can write

Ay\2
2= 1+e1y1—y2 = 1+1eAy' Yoo = y1;y2' Mo = M1 (1+e§y L,
with Ay =y — vy
® the Jacobian is
ey Pl 0
_ azaYQQ BMZQQ _ (-prleAy)Z (1+elAy)2 0
2 2 2
W10y oM 2M2 sinhAy  —2M?2 sinh Ay “*::,y)z

® Using the expression above for z, one has
et
rewp —A177)

and substituting in J we get /] =1
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