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(transverse momentum dependent parton distribution functions)

e Part I: //y and TMD-PDFs

e Part lI: Quarkonium mechanism

e Part lll: Accessing gluon TMDs at the EIC
e Part IV: Accessing gluon TMDs at the LHC

e Part V: the TMDShF
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TM D-PDFS:f(X, kz’ QZ) Mulders, Rodriguez, PRD 63 (2001)

(transverse momentum dependent PDFs)

gluon polar.

Unpolarized Circular Linear
Iransverse momentum

Unpolarized i

Longitudinal momentum | <" LongitUdinaI glL
k+A=xy | o ® il

e Transverse fir 81T

oo .
. B olso collinear ~ & T-Even s 1-Odd

hadron
momentum

Note that the TMD notation is analogous between
quarks and gluons!
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TM D-PDFS:f(X, kz’ Q2) Mulders, Rodriguez, PRD 63 (2001)

(transverse momentum dependent PDFs)

gluon polar.

Unpolarized Circular
Jransverse momentum
Unpolarized i
LongitudinszAjfy p ; LongltUdlnaI | glL
0
. Transverse flT 81T
o B8 also collinear ~ & T-Even mm -Odd

hadron
momentum

Note that even if protons are unpolarised

gluons may be polarised!
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The gluan TMDS pOSItIVIty baunds Mulders, Rodriguez, PRD 63 (2001)

———— —— — e — —— — -
e _ —_— —_— — — === — =

Upper bounds on gluon Matrix in the | gluon; nucleon) spin basis
distributions driven by fi+ oL Pzl i6 (gup 4 fb)  2le=i0 (L 4 ind) 2h,
matrix positivity constraints el o-i6 (gup — i £1) P prfe-2iopl  _lzlei6 (bl _ipd)
lbrl gi¢ (B, — i hi) lor|” ¢2i6 fi—gir — 152l et (g — i i)
f; 20
1 2 hy JPWT[ (hfL—I—’LhL) —JPVT[ e *? (91T+if1JF_p) fi+91L
M 2 1 M>
| g p | M 1 p
gl <fF ARSI < —ff ke <L SIS ——f
|pT| 2 pT 2 | T‘

Positivity bounds are useful to determine asymmetries upper limits
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The glucn TMDS pOSItIVIty bOundS Mulders, Rodriguez, PRD 63 (2001)
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Upper bounds on gluon Matrix in the | gluon; nucleon) spin basis

distributions driven by fi+ oL Pzl it (gup +i f) 122l e=i6 (B, 4 L) 2h,

matrix positivity constraints 2] 016 (gur — § 1) . mfonent o i (b _ind)
lprl 66 (hiy, —iht)  BrLedniy fi-ogiL ozl 49 (g1r — i fi7)

;=0
1 2 hy JPVT[ (hiLL—H/hL) —JPWTLB_M (ng+7:f1J71") fi+g1L
M 2 M
g p ] M p

g | <F URELIsE L IR < —2fF Zypte] < L e —|h | < —Lf8

|pT| 2 pT |pT‘

Positivity bounds are useful to determine asymmetries upper limits
Also used for parameterization, e.g. via a Gaussian anstaz

Gaussian with width (pz) Collinear PDF p modifies the broadening 1V moﬁies the x dep.
\ / AN
f2.pd) « G(p2. (p3)) fE) F8(x,p?) o G(pF p(p3)) N(x) f3(x)
s
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Quarkonia o

Processes involving Quarkonia are sensitive to gluons

hadron collisions

p+p 2N+ X p+p = ypt+ X

ep+p-=>Jiy+Jly+X ep+p->Jiy+X?
ep collisions
ce+p—-e+Jw+X
ce+p—-e+Jly+y+X ce+p—oe'+Jy+jet+ X

and more...
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J/y/ ID card

Mass: 3.0969 GeV
Spin: 1

Total ang. mom.: 1

Parity: -1
+ 2S+1LJ(C) _ 351(1) ,

Charge conjugation: -1 R R .
JPC=1""| 1 BNL SLAC
, TINT : _ 1
| Mean Lifetime: 7.2E-21s Aubert et al., PRL 33 (1974) Augustin et al., PRL 33 (1974)
* ]
| J “
\_\ \ B.R.[7[7:~6%each )/
. N _

S (spin) L (orbital a.m.)  J (totala.m.) ¢ (color) P (parity) C (charge conj.)
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Quarkonia are characterised by: Bodwin, Braaten, Lepage. PRD 57 (1994

» Large mass M * small relative velocity v of the heavy-quark pair (QQ)
for charmonium v> =~ 0.3 ¢?

Short-distance scale Long-distance scale
perturbative non-perturbative
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J/y formation mechanism
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Quarkonia are characterised by: Bodwin, Braaten, Lepage. PRD 57 (1994

» Large mass M * small relative velocity v of the heavy-quark pair (QQ)
for charmonium v> =~ 0.3 ¢?

Short-distance scale Long-distance scale
perturbative non-perturbative

(some) Frameworks:

Expanded in power of & Colour-Singlet Model  Non-Relativistic QCD
CSM NRQCD

OQ in a Color-Singlet
and -Octet states

expansion w.r.t. v
oy matrix elements (LDMES)

* @ o g

Production of the heavy-quark pair QQ in a Color-Singlet state

L. Maxia (University of Groningen - VSI) 6
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Tests of y formation mechanism

Collection of observables (@ EIC) that probe the underlying mechanism

oJ/ys polarization parameters
D’Alesio, LM, Murgia, Pisano, Sangem, PRD 7107 (2023)

e Ratio Quarkonium/open-quark at small--
Boer, Pisano, Taels, PRD 103 (2021)

e Azimuthal correlations in J/y plus jet production
LM, Yuan, 2403.02097 (2024)
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Tests of J/y formation mechanism

a = —_—— —————————————— ——

oJ/ys polarization parameters
D’Alesio, LM, Murgia, Pisano, Sangem, PRD 7107 (2023)
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J/y polarization parameters

e _——— === — - — = e

Quarkonium polarization is historically tricky from theoretlcal povV

We can study the J/y polarization by considering its decay into a lepton pair

/- Faccioli, Lourenco, Lect.Notes (2022)
g/ 6/
/4 y*
) o X (Bore-~ Bywy- ~ 6%)
q m
%
@ P
do , Vo, o,
x 1 + Acos @ + pucos20cos ¢ + —sin- 6 cos 2
dx, dy d*P,, dQ 2 e
Beneke, Kramer, Vanttinen, PRD 57 (1998)
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Frame choice

Y Polarization parameters are not frame independent

Different choices for the reference frame

: GJ Qottfried-Jackson frame
" -7 CS Collins-Soper frame
HX  Helicity frame

TF  Jarget frame

i Frames are related by a rotation around the Y-axis
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J/II/ pOI. parameters at high-PT D’Alesio, LM, Murgia, Pisano, Sangem, PRD 7107 (2023)
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—— B — — S S— —— —  ————— —_ — =S = . = ES — =

1.00 F 5 0.6
P distribution varies | —=—— !
more on the CO/CS ; : \,\. Gottfried-Jackson E
tio . N 10
ra . 025 n N - 0.0
( especially shape ) 0.00 £ =140 Gev " p |
[ 2 2 2 o —a - —VU.
and magnitude _0.25 | [ :
L 0.2<z<0.9o0rPr>1GeV 4 —04
~0.50 1
1.00 h 5 0.6
0.75 F Helicity ——- NRQCD (C12) 4 0.4
050 L — -+ NRQCD (BK11) -
| e NRQCD (G13) ] 0.2
0.25 F -
~ -
0.00 F
~0.25 -
~0.50 -

o ® o 0

L. Maxia (University of Groningen - VSI) 10



J/II/ pOI. parameters at high-PT D’Alesio, LM, Murgia, Pisano, Sangem, PRD 7107 (2023)

5 0.6
P distribution varies 1., i,
more on the CO/CS 1
ratio 105 G 02
lally sh B 3 0.0
especially shape oo :
and magnitude : 1 02
7 702 1 -04
Prdistribution also [, —— Fewoey | — con 08
depends on -— NRQCD (C12)  236EVISQiSI00Ger 1o, || 9SEVEOLSI0GE - wRoCD (C12) 4 04
. — - NRQCD (BK11) 02<z<09o0rPr>1GeV - 02<z<09o0rPr>1Gev — - NRQCD (BK11) -
Q blnS ..... NRQCD (G13) loo | e NRQCD (G13) -:' 0.2
~ | -

low vs high
( virtualities )
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Tests of J/y formation mechanism

a = —_—— —————————————— ——

e Ratio Quarkonium/open-quark at small--
Boer, Pisano, Taels, PRD 103 (2021)
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J/y low-Py production at the EIC
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J/y electroproduction at small-P (and within NRQCD) probes CO LDME ratios

Bachetta, Boer, Pisano, Taels, EPJ C 80 (2020)

do -
= do™(py) + do"(¢r. g =
d.xB d}’ d2P T I T° VS [ | S/ﬁ
4.
%

¢ = ¢;, Quarkonium azimuth. angle w.r.t. lepton plane

¢ proton spin azimuth. angle w.r.t. lepton plane
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J/y low-Py production at the EIC
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J/y electroproduction at small-P (and within NRQCD) probes CO LDME ratios

Bachetta, Boer, Pisano, Taels, EPJ C 80 (2020)

O = Vg
= (O

dx,dyd?P; !

2 3p(8) (8)

qT 1 9) <@1//[ P() ]> @P
doY(¢p7) x AVf3(x,q7) + BY—h8(x, q?) cos(2¢p;) wmm» Probes R® = —
1 Mg (0,['sP)) 6P
M, + 2M,Q* + 30" 0?2 o®

UG, _ . 2 (3) () _
A [1 (1 —y) ] [@S + 4 Mvzj(Myzj+Q2)2 @P] + 64 (1 —y) (Myzj_l_QZ)Z P

BV = (1 —y) [—@gﬂ +4
"Ly
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Accessing
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- - " Boer, Pisano, Taels, PRD 103 (2021)
To single out the ratio of LDMEs we need to compare different final states

- Comparison of different quarkonium polarization states

* Quarkonium vs open heavy-quark production
dGU@P

dx,dy d2P;

dGU@P

dx,dy d2P;

D& = qubT NP = Jd¢T cos(2¢)

* @ o g
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Accessing
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- " Boer, Pisano, Taels, PRD 103 (2021)
To single out the ratio of LDMEs we need to compare different final states

- Comparison of different quarkonium polarization states

dGU@P
Do = |apy o
dx,dy d=P
D M (q*+ 1)2 6P +12 (¢* + 2¢* + 12) 6 0,
o where q = ——
DI 3 (M3 (2 +1)° 0P +4 (3¢ +242+7) ) OF M,

Note that for Myzj @(Sg) > @f) ratio is constant
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Accessing

e S _— ——— e —— e — — _

- S - " Boer, Pisano, Taels, PRD 103 (2021)
To single out the ratio of LDMEs we need to compare different final states

* Quarkonium vs open heavy-quark production

O dGU@P 6 dGU@P

D%r = |d N=r = | d¢; cos(2
,[ Pr dx,dy d?P; ,[ Pr cos(2er) dx,dy d?P;
] do29 ] do29
pe0 = [ap;—— V90 = |dy cosipy) —— "
dx,dydzd?K,d?P; dx,dydzd?K,d?P;
KQ * P
where 7 = b is the outgoing quark en. fraction, K = (K, — Kp7)/2 is the transv. difference
q .

* @ o g
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" Boer, Pisano, Taels, PRD 103 (2021)
To avoid contributions from TMD evol. K = Q ( = M,,), whereas z = 1/2

S— e —_ — _ == = — == _ =

15 - T | 7 D@U ] 6 * — T T T T — T T T T o N@U
- y=0.1 R = - — j _ | peos2p —
| DCC : — NQQ
o~ - N> | I :
% 0.5: . I I ‘ 8 5
S, | s
X 0.0 _ = % 0 }
| « -
-0.5/ : 5 _
_1.0: 1111111111111111111111111 ~ _4:
1 2 . 4 5 1 2 3 4 5
Fit No. Fit No.
1. Butenschoen, Kniehl, PRL 106 (2011)
2. Chao, Ma, Shao, Wang, Zhang, PRL 108 (2012) .
3. Sharma, Vitev, PRC 87 (2013) - J/ws 5. Sharma, Vitev, PRC 87 (2013) - Y(1S)
4. Bodwin, Chung, Kim, Lee, PRL 1713 (2014)
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Tests of J/y formation mechanism

e —

Next, | will present a collection of suggested observables at the EIC

e Azimuthal correlations in J/y plus jet production
LM, Yuan, 2403.02097 (2024)
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LM, Yuan, 2403.02097 (2024)

Correlation limit

transverse plane
(//yw and jet back-to-back)

7 q, <)
N L
: ki, q, = ky, +kj;
: .k, —k,
| P oV j
: - 2

A@, = ¢ == Azimuthal Imbalance

L. Maxia (University of Groningen - VSI) 15
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A diagramatic view of emissions

—— —  ————— _

LM, Yuan, 2403.02097 (2024)

We consider photoproduction

Three possibilities to emit a soft gluon from the Born amplitude

16



A diagramatic view of emissions
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LM, Yuan, 2403.02097 (2024)

We consider photoproduction

Three possibilities to emit a soft gluon from the Born amplitude
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&’k aC $ ?
S D2 <2 sCa = 5
A\V1769(g, + k) = 02 sl 1k
J (27:)32Ekg | ] | (g, gi) 272242 | 0 | 7 - ]( QD)
. In —: dominant behavior at low g o

i I N
. In —: related to jet rapidity Y == In —

) 2k

can be foud In
Hatta, Xiao, Yuan, Zhou, PRL 126 (2021)
° I(R’ ¢): under investigation atta, Xiao, Yuan, Zhou, PRD 104 (2021)
J Sun, Yuan, Yuan, PRL 113 (2014)

L
SN Wy Liu, Ringer, Vogelsang, Yuan, PRL 722 (2019)

o o o 0

L. Maxia (University of Groningen - VSI) 17



Single and double logarithms: CO LM, Yuzn, 240502097 (2024

—_— — — e —— —————— —— = - — - _

d3k _ o C 3 11— M?2/i
4 ) s—A Q)12 1/
ABDN1“5D(g +k ) = A5 1% | 1n - —1n — + I(R,
J P ST o B i e p vy R

1 I
+I (ml/jj_a ¢) + — H w—](ml//J_9 Aya ¢) o 513// t(Rv m{/jJ_? Aya ¢)

+ quark + LDME evolution

A\

° ber of double-| | t
. In —and /,(R, ¢)) do not vary from CS case == NUMDEr OT AOUBIE-IOZS 1S NO

affected by the J/y mass or

91 its production channel
1 1-M/i
. — In—————:related to jet and J/y rapidities
2 1-Milt

/from removal of jet rapidity region ¢ Y

jet
“\:&; 1 (ml/jj_a ¢) W-](ml//J_9 Aya ¢)9 11// (Ra ml/jJ_’ Aya ¢) under StUdy

o ® o 0

E L. Maxia (University of Groningen - VSI) 18



* i m Uh al * LM, Yuan, 2403.02097 (2024)
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The azimuthal distributions canbe  jg,m,, ) =2 CI9(R,m,,, Ay = 0) cos(ng)

expanded in a Fourier series )
n:O ‘kjj_‘ = 12 GeV

'Ry CPN(R.myL, Ay =0)
1.0 7= 5 4 1.0 - 0.200
B 7 — C'SM Vs, =100 GeV I
08k - 3.6 | o :
o - NRQED , yi =yp =0 - 0.175
= -1.8 0.8 - ~ NRQCD w. LDME - mix R=04 I
N 0.6F - | -
i 0, !
S - " - 0.150
S 0.4F = —1.8 06 ] -
[s) = 3.6 - - 0.125
- 0.2 g i
O Q B :
"';) S 04 - - 0.100
= < 3
Q - S - - 0.075
O . o4 0.2 - :
Y— [ ] 4.5 T !
d: 0.8_- ] i /”M - 0.050
8 - 3.6 ] !
O 0.0 l
21 - - 0.025
-1.8 I
0.9 0.2 - - 0.000
| | | | | | | !
0.0
i N | 0 1 2 3 4 5 0 1 2 3 5
0.2 0.4 0.6 0.8 1.0 q1 |GeV] q1 |GeV]

gy e

ooooo

Eﬁxﬁ% L. Maxia (University of Groningen - VSI)

S
/N
=
N
N—

(cos
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Azimuthal asymmetries: CS vs CO L. Yuan. 2403.02097 (2024,

——— e — e —_ — —_——

The aZ|muthaI distributions can be IR,m, )= 22 C(l 8)(R m, ., Ay = 0) cos(ng)
expanded in a Fourier series v 7

—_———e—— e ———

n=0 ‘k]J_| = 12 GeV

'Ry CPN(R.myL, Ay =0)

10— I5‘4 1.0 - 0.200
== 1 = CSM V5., = 100 GeV i

08 = = '36 - Iu2 _ § :
- | W NRQCD | i =y =0 - 0.175
= 1.8 08 4 7 NRQCD w. LDME - mix R=04 -

- 0.6 - 00 - a

== - : L+ 0.150

04F - 18 : /
—— 0.6 -

Take-out message:
within CS we have a significant (cos(¢))) asymmetry independently of k; ;

including the CO mechanism there will always be a combination of R and kjl for a

certain Ay that suppresses (cos(¢)) w.r.t. {cos(2¢))

0.2 0.4 0.6 0.8 1.0 q1 |GeV q, |GeV

2 W-No e

* @ o g

19



Accessing gluon TMDs at the EIC
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Proposed phenomenological studies to probe gluon TMDs at the EIC
(mostly asymmetries)

» Azimuthal asymmetries in J/y/ inclusive production

Bacchetta, Boer, Pisano, Taels, EPJ C 80 (2020)
Bor, Boer, PRD 106 (2022)

e Azimuthal asymmetries in J/y/ plus jet production

D’Alesio, Murgia, Pisano, Taels, PRD 700 (2019)

o ® o 0
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Accessing gluon TMDs at the EIC
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Proposed phenomenological studies to probe gluon TMDs at the EIC
(mostly asymmetries)

» Azimuthal asymmetries in J/y/ inclusive production

Bacchetta, Boer, Pisano, Taels, EPJ C 80 (2020)
Bor, Boer, PRD 106 (2022)
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J/y inclusive production

—_— = = = = — = — — — i = e ——e e = - — -

Bacchetta, Boer, Pisano, Taels, EPJ C 80 (2020)

d0(€bTa Cbs) =do U(¢T) + do T(¢Ta CbS)

unpolarized linearly polarized

\ /

a7
doV(¢y) < AYfS(x,q3) + BU— V2 hi-4(x, q7) cos(2¢r)

o) o | 1‘q4Z | ATF-8 (e, g sin(ds — dy) + BT ( hé(x,q7) sin(dg + ¢r) 2?‘;2 h-8(x,q7) sin(gg — 3 ¢T)>]

whereAY = Al and BY = BY

Ill_eading-twist requires the color-octet mechanism!!

o o o 0
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Asymmetries in J/y inclusive production

—_—— e ————— — .
== —_—— = —_— — _ R — —_———e—— e ———

Bacchetta, Boer, Pisano. Taels, EPJ C 80 (2020) Four azimuthal mOmentS
2 1
ACOS(2¢T) X qar hl ° Asin(¢s_¢T) — ‘qT‘
2 {8 8
AW J d¢T d¢S W(¢T9 ¢S) d0(¢Ta ¢S) ZMP f 1 Mp f 1
8 3 1.1
M, fy 2M;
Some asymmetries ratios are direct probes of TMDs ratios:
| 1 sin(¢g—
ASin(¢S_¢T) — ‘qT‘ ng ACOS(2¢T) — ‘qT‘ hl ¥ A 5730 — q72’ hlng
M, f3 Asin(@s+¢r) M, hé Asin(@s+or) leg he
Positivity bounds lead to asymmetries upper limits
ASn@s—dr) < 1 ACOSQPr)  psin(hstdr)  Asinds=3¢r) < A ng
"Ly

LN 4




Numerical results

Asm(ng qu) < 1 and ACOS(quT) Asm(¢S+q§T) Asm(ng 3¢T) < AW

0.5 i - | - | - . . ,
AN nax TA9)

significantly differs | (
among LDME sets “

——————— —— ——— _— —————————— —————

Bacchetta Boer Plsano Taels, EPJ C 80 (2020)

2 My, 4 6 3
0 |GeV]
SV: Sharma, Vitev, PRC 87 (2013) - J/y

10
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TMD evolution of (cos2¢)) asymmetry

e ——— e — — = ——

TMD evolution may play an active role at the EIC

1L g Aln] |
(cospy)) = l A Cos2r) o M = defined as R
2 ELfFAl]
- Al A]El”] - <@1//[n]>

(Term induced by the final state)

The convolution are evaluated within the b;-space (Fourier conjugate of ¢;)

0

GUF Al = | S by dibran) &5 9 fis. b Ao Sudakov S,
0 =¥ resums large logs

= by Jy(brgy) eS80 it 8(x, by) A (by)

0 27
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Suda J/y electroproducti

= —————— e —

Bor, Boer, PRD 106 (2022)

6 2 log(Q?*/A5cp) 2
Sabr 0% = = 2 logQ—2 +log —— T I Beo — log g
P Po M, log(ug/ AQCD) 6 AQCD
2 /
=3 Term induced by the final state

Determined from pp — J/yX
Sun, Yuan, Yuan , PRD 88 (2013)

To improve convergence the Sudakov b dependence has to be modified

bO
Hp, = ; > Hp, =
r \/ b2 + (by/ 0)>

/

where

bT
b, =
\/ L+ (by/bay )

O
Onp

| B(x)_ b%

e_SA(Qzalub) — e_SA(Qzaﬂ[;*) e_SNP(bTaQZ) - SNP — _A lOg

* @ o g
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Numerical results (with TMD evolution) = seeran ooz

= ——————  _— —— ———— — — - — R —

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

lllllllllllllllllllllllllllllllll

0.20] CMSWZ: /5 = 140GeV , = =102 -

O = 3GeV 0.08F SV: /s = 140GeV , x = 1072
! Q — 6GeV | Q = 3GeV
0.15F _ _ B
i Q = 12GeV | 0.06 Q = 6GeV
T - - Q = 12GeV
s
“' 010} -
é o 0.04+

0.02r

0.00f —= : 0.00 | e
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 15 2.0
qr (GeV) qr (GeV)

Bands driven by
Magnitude and 0 dependence vary with LDME choice nonpertubative Sudakov

0.05F

Asymmetries increase monotonically with g

vy OMSWZ: Chao. Ma, Shao, Wang, Zhang. PEL 708 (2012) SV: Sharma, Vitev, PRC 87 (2013) - J/y
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Accessing gluon TMDs at the EIC
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Proposed phenomenological studies to probe gluon TMDs at the EIC
(mostly asymmetries)

e Azimuthal asymmetries in J/y/ plus jet production

D’Alesio, Murgia, Pisano, Taels, PRD 700 (2019)
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Asymmetﬂes |n J / ]I/ plus jet D'Alesio, Murgia, Pisano, Taels, PRD 100 (2019)

- _ — — —  _ — _ _

do
= do(¢p, @, D)
dZ de dy dqu deJ_ ¢T ¢J_ ¢S KwL ~ K_L
— dGU(¢T9 ¢J_) + dGT(¢T9 ¢J_9 ¢S) o o
------- G¢ = Ppr =
do¥ o (Agg +Afcos¢, +AJ¢ cos 2¢l)ff R~y _
dr = Kl//J_ T I{jJ_
+ (ng COS 2¢ + Beg cosLpr— ¢ ) + Beg cos 2(pr— ¢ ) ~ QL —T
7>
+B.% cos(2¢py — 3¢p) + B,® cos(2py — 4qbl)) "2 hllg K — Kl//J_ - Kji
- 2
do! o sin(¢pg — ¢p7) (Agg +Afcosg, +Aj¢ cos 2 l) ‘qul flng
p
+cos(¢ps — ¢pp) (BE sin 2y + BeS sinQepy — b)) + By sin 2y — b)) + B sin(Rpy — 3¢, ) + B;¥ sin(Repr — 44, ) ) 'i}' h8
+ (ng sin(¢g + ¢r) Bfg sin(¢pg + o — ) Bzeg sin(¢pg + ¢ — 2¢h)) Beg sin(gpg + ¢r— 3¢ ) + Beg sin(gg + ¢r — 4¢ l)) ‘]\qjl
pP

S o o
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m eti D’Alesio, Murgia, Pisano, Taels, PRD 700 (2019)

_———— — —— ____ = Ee=——saS === = ——— === — e

do
= do(¢y, ¢,
dzdx,dyd?q;d?K | P41 05 a Ky, ~Ky
= do" (¢, ) + do’ (¢r, by, ) > ‘b_{ _____ =i =
do¥ o< (A8 + A8 cosh, + A8 cos2qp,) f3 Kji~-K, K
. N D1
. Number of Asymmetries
\ - K.
l from n Inclusive J/y J/y plus jet J4
unpolarized 3
gluons
linearly polarized 1 . i hs
gluons | | )

ooooo
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Positivity bounds lead to upper bounds for the asymmetnes

0.6

0.2 f

o o o 0

Numerical results - |

— e —_

0.4 |

0.3 |

| AICOSZ(])T |

0.5 f
: 0?2 =

max

10 GeV?
y=0.3
z=0.7

quark channel
negllglble | Yoy [

04

035}

1 CSI\/I underneath 0.25
' NRQCD *
predleltlons

D’Alesio, Murgia, Pisano, Taels, PRD 700 (2019)
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Accessing gluon TMDs at the LHC

= —_—  — —  _——— = —— _— — —— —————— — — - _
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Proposed phenomenological studies to probe gluon TMDs at the LHC

e Double J/y production

Lansberqg, Pisano, Scarpa, Schlegel, PLB 784 (2018)
Scarpa, Boer, Echevarria, Lansberg, Pisano, EPJ C 80 (2020)
Bor, Colpani-Serri, Lansberq, in preparation

e Azimuthal asymmetries in C-even quarkonia productions
Kato, LM, Pisano, 2403.20017 (2024)

Inclusive single J/y production in pp collisions may be accompanied with factorization-breaking effects

Nonetheless, one can use phenomenological, TMD-based approaches such as GPM and CGI-GPM
D’Alesio, LM, Murgia, Pisano, Rajesh, PRD 102 (2020)

o o o 0
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e Double J/y production

Lansberqg, Pisano, Scarpa, Schlegel, PLB 784 (2018)
Scarpa, Boer, Echevarria, Lansberg, Pisano, EPJ C 80 (2020)
Bor, Colpani-Serri, Lansberq, in preparation
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Asymmet ction.

= — _— —— —— e — ———————— — ——— — -

Double J/y production is dominated by the CS mechanism

mmp absence of color-octet final states that can lead to breaking effects

Two asymmetries generated by the angular distribution of the J/y~J/y system

e |+ (003 245cs) + (cos )
X COS COS
dM o dY o d2P o7 AQ = =
\ \ Distribution measured in the Collins-Soper frame

dQ2Q =dcosf-cd
Associated to the double-J/y system cs 9Pcs

M 4 invariant mass
Y 5 rapidity
Psor ( = gp) transverse momentum

* @ o g
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Asymmetries in uction

- - —_ — e — = = -

Double J/y production is dominated by the CS mechanism

mmp absence of color-octet final states that can lead to breaking effects

Two asymmetries generated by the angular distribution of the J/y~J/y system

d 1+ (cos 2¢hcs) + (cos dehcs)
X COS COS
dM g0 dY g d*Pgqr d€2 = 5
Sy oy L F3Elws Fnte + B gwshite 5] == Fi(Ocg, Mge)
cos 2cs) = 2 FGLf 8]+ F, €lwy hi-& hité] hard-scattering coefficients
F, 6w, h;"8 hi-8
(€03 2cg) = 2 ——— I

2 FyGLfF f{]+ FyGlw, hi& byt 8]

* @ o g
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Band are constructed
combining “positivity-
bound” and “gaussian-
like” predictions

= 2{cos(20¢g))
Mo

50

Discrepancy on the 40

asymmetries
dependence of ij

[I n °/o]

2 (cos(40cg))

* @ o g

Lansberqg, Pisano, Scarpa, Schlegel, PLB 784 (2018)

[|n o/o]
> AN O

My =21 GeV
My = 8 GeV
- |cos Ocgl < 0.25
0 2 & 8 10
Py, [GeV] (@)
- |cos Bpg| < 0.25

[in %]

2 (cos(4dcs))

-10 +

20 +

-30 F

40 |t

-50

0.25 < |cos 6g| < 0.5

2 4 6 8
Py, [GEV]
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DOUble J / ]I/ anno 2020 Scarpa, Boer, Echevarria, Lansberg, Pisano, EPJ C 80 (2020)

- —_— — - — — - = = — —— = = —_— — = ——— e —— — - — — —

2
Myy = 12 GeV PTIiMm = 2 GeVl —- _ 8 |- 0.25 < |cos Bcg| < 0.5
21 GeV 4 Gev'l — X Icos O¢s| < 0.25
30 GeV l g Gey'l — = 15
b;-range of nonpert. physics § !
S o5
. 0 | | | | |
S (in absolute) 0 8 10 12 14 16
Asymmetries increase
8 | )
monotonically with g, s
— 6 L \
cos 2 eak is due to the g U
( _ ¢CS> P - 2 -4 0.25 < [cos Bcs| < 0.5
ratio F5/F,at M, = 12 GeV x
l/jl/j 0 =k | ' | ' e N = | 1 | | 1 | | |
c 2 4 6 8 10 12 14 16 o 2 4 6 8 10 12 14 16
- Na Pyyr FC%eV] Pyy, [GeV]

o ® o 0
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ble J / - Bor, Colpani-Serri, Lansberqg, in preparation
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Cross-section data are not well reproduced by predictions employing TMD evolution
==»> Hints to modify the non-perturbative component of the Sudakov

. 2
(Work in progress) 0.6 - A =0.16 GeV
C Evolution prediction : ygoo = 2.50 Gaussian fit : (g%) = 3.3 £ 0.8 GeV?
_ — N Evolution prediction : yggo = 3.25 <4 LHCbdatawith DPS substracted
— |
Normalized P 0O — QT SpeCtrum = 0.5 C Evolution prediction : ygo = 4.00
(D -
\ S 042
:i: L ﬁ
= - -
& 0.3 - |
3 X I
S 02 =
= -
~ L
a: 0.1 L <]\4QQ> =" GeV, \/§ = 13 TeV
S L
- M — M ,.
S L T, = <\/Q§Q>6 !/QQ’ Ty = < QQ> eYQQ

00 Lo v e v b v v e b v o be oo b e b v bl

0.0 0.5 1.0 1.5 2.0 2.9 3.0 3.5 4.0
o qr (GeV)
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L. Maxia (University of Groningen - VSI) 34



| Sin S %

e Azimuthal asymmetries in C-even quarkonia productions
Kato, LM, Pisano, 2403.20017 (2024)
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Other Quarkonia states

— e ——— — = = = — S

Inclusive C = + quarkonia are also (effectively) described by the CSM

o ('So) X0o (3Po) 02 (3P2)

At LHC we can have unpolarized and transversely polarized protons

do| @]
= F2 4+ F% |S,,| sing
p) UU UT'~BT Sp
dy d<q, \
y = @ rapidity We are considering solely the
g, = @ transverse momentum polarization of the target proton

* @ o g
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Convolutions for ( -even quarkonia

R — _— e — —_——

" Kato, LM, Pisano, 2403.20017 (2024)

Combining different C = + states, we can single out different convolutions

ity o B3] + @ whiohie
i < |11

Flo, < B|fEfE] — G |wyyhs *h;-¢)

2 o G155 F% o< B[] + G [wih; *hf| = € [wiphy Shisf
FoxE|ff
UU 11T F?]OU o Cg[fig fliTg] _ qg[wl’”}Thll 8hlg] + %[W(}};hll 8h1ng

* @ o g
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Gluon TMDs parameterlzatlon.
fEx.pp) = G(p7. (p7)) fi(x)

F8(x,p7) « G(p7.p(p7)) Nx)f(x)

N=+1 p=1/3

(p7) determines magnitude and broadening
of the distribution

The double-node feature of the convolution Is
observed in the comparison

S o o

0.8 T
07  °

0.6 -

0.5

04
03 r
02

0.1 |

0

Numerical results within a Gaussian model - |

o e ——————— —————

Boer Plsano PRD 86 (2012)
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Numerlcal reults W|th|n a Gaussmn model - I

=== == - ——

Kato, LI\/I Plsano 2403.20017 (2024)

Gluon TMDs parameterlzatlon.

L TN Sivers+= po=1/3
fi.pp) = G(p7. (p7)) fFx) 0.0 F & NP . — 173
L ONRG \. p1=p3=1/3
FiCepp) « G(prp(pp)) NOSF®) &0 O
= A S
N=+1 (p2) = 1 GeV? gz - ~k ="
—0.4 \\ /’)\Ar'-’"'/ /‘/
| ) d \\//
(p7) determines broadening of SR e
the distribution —06r0 . T
0.0 0.5 1.0 1.5 2.0
qr [GeV]  ___.
The presence of oscillations around y,, is a signature of ; e
the Sivers and linearly polarized gluons T Xeo
"Ly Xc2
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| | (properly)
Previous studies presented do not include transverse momentum
o\ 9) Echevarria, JHEP 144 (2019)
A[g](z’ kT) o Z Cnn’(Z9 kT) ® <@@[n/]> Fleming, Makris, Mehen, JHEP 1172 (2020)
n’ (decays to light quarks)

o o o 0
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ne TMD shape function_
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Previous studies presented do not include transverse momentum
effect from quarkonium formation
Echevarria, JHEP 144 (2019)

2 2 /
A[@’”’](z, kT) — Z Cnnf(Z, kT) ® <@ @[n ]> Fleming, Makris, Mehen, JHEP 112 (2020)
n/

'

Perturbative tail in SIDIS achieved by matching TMD and collinear frameworks

do | | Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)
i i T/ U U
J/y 5 . / [d¢T do (¢T) ‘TMD 7 Jd¢T do (¢T) ‘coll.
s | T
p ; ; p
Low Transverse . High Transverse
Momentum 5 5 Momentum S
| ' éT ANz k2 1?) = 5 el 1+10 MK (O [n])6(1 —z2)
Aqep < gr < pg A 2m2k2 ° - (Mg + Q%)? !

* @ o g
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D ncti dependence

The perturbative tail presents a process-induced dependence on (O

o M2 2 Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)
A k3t = ———C, | 1+ 1o ~ 0,[n1)5(1 — z
Consequence:

The TMDShF depends on a process-induced quantity (photon virtuality (J) unrelated
to neither a specific hard scale or rapidity regulator choice, as it usually happens for
other TMDs!

This suggests to split up this quantity Ag‘,] = A,[If] X S¢p

/

Universal

N\ Process
. dependent

L. Maxia (University of Groningen - VSI) 40




The TMD shape function process dependence

- ——

The perturbative tail presents a process-induced dependence on (O
M?2 112 ) Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)

AP k22 = ——=C, [ 1 +10og — (0,In]) (1 — )
W 9 TV 2ﬂ2k2 A + 14

Al = Al e S,
/ \ Process

niversal
Universa dependent
Phenomenological test of the separation:
pp collisions S (M) ~0 Easier extraction of Al[,fl](Ml,,) can be
(1 hard scale) | 7 ¥ — AJ(M,) evolved to other
| | C - i - - - scales
2
SIDIS A[n](M T Q ) — Tested at other scales,

>

(2 hard scales) (A[n] xS, )(M, + Q%) e.g. inY production

L. Maxia (University of Groningen - VSI) 41
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 Gluon TMDs are still vastly unkown objects

* Quarkonia (and particular ./ /) allow to access gluon TMDs at low (J )

* Several observables have been proposed to discriminate and understand the
importance of the color-octet mechanism in J/y formation

* Proposal of observables at both EIC and LHC to probe gluon TMDs

* To properly describe quarkonium observable at low ¢ . we need to adopt the
correct factorization

==p TMD shape function
See also: Echevarria, Romera, Taels, JHEP 09 (2024)
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Accessing gluon
TMDs through
] Quarkonium
observables
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Back-up slides
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TMD progress in the qua
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Quark TMDs are entering the precisionera gu
| ’ \ \
1.0 M 1.0¢ |
x=0.1 » |
0.5 0.5
é 0.0 é 0.0/
-05 -0.5¢
NS 68 00 05 ‘1'.é) 10 N .
k, (GeV) -1.0 "k (GeV)
Sivers effect Unpolarized

Sacchetta etal. JHEPS1[2017) |~ Global fits of unpolarized TMDs combining Drell-Yan (DY) and
MAP collab, JHEP 127 (2022) semi-inclusive deep-inelastic scattering (SIDIS) data
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https://link.springer.com/article/10.1007/JHEP10(2022)127
https://link.springer.com/article/10.1007/JHEP10(2022)127
https://link.springer.com/article/10.1007/JHEP10(2022)127
https://link.springer.com/article/10.1007/JHEP10(2022)127
https://link.springer.com/article/10.1007/JHEP06(2017)081
https://link.springer.com/article/10.1007/JHEP06(2017)081

——————— —— ——— —

J/y polarization within NRQCD
- — DAlesio. LM. Murgia, Pisano, Sangem. PRD 107 (2023)

do , Vo, o,
——— x|l + Acos“@ + pucos20cos¢ + —sin“60cos ¢
dx, dy d*P,, dQ 2

Angular parameters are connected to helicity amplitudes 77/ , .
withA=—-—1,0,+1

Parameterization is in accordance to model-independent arguments!

Hermeticity Parity Gauge Invariance
D’Alesio, LM, Murgia, Pisano, Sangem, JHEP 03 (2022)

Within NRQCD helicity amplitudes involve interferences among waves!
up to v

W\ = WAA,PSl(D] + WAA,[15(§8>] + %AA,PSI(S)] + W ap|{S=1,L =1}V

Benele, Kramer, Vanttinen, PRD 57 (1998)

4 order
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J/ll/ invariants at high-PT D’Alesio, LM, Murgia, Pisano, Sangem, PRD 107 (2023)

—— e = e — = - — — = e e ——— e = e
— — — _ — e ———— = — = _ = == - — - —— e = —_ _—

Combinations of 4, u#, and v can provide frame-invariant quantities
l+A4+v  o%f

e.d. S = 0.45 F Vs =140 GeV 4 0.40
34+ 41 0.40 F A :
E 'r«-’ / '_' 0.35
~ 0.35 F —_ -
0.30 .E. Vs =140 GeV :. 0.30
C 9 GeV2<02<100 GeV? ]
0.25 E 20 GeV< W <100 GeV -
' - 02<z<0.9o0rPr>1GeV ]
- . 0.25
. 0.20 |:- .
Validity of a Lam-Tung  ,5,¢
like relation? 0.45 1 0.40
0.40 F :
- 4 0.35
~ 0.35 -
0.30 F—— CSM VS =45 GeV 4 0.30
- ==+ NRQCD (C12) 2.5 GeV2 < Q2 <100 GeV? i
I 10 GeV < W < 40 GeV -
0.25 - NRQCD (BK11) 02<z<0.90rPr>1GeV 4 0.25
NEEEEE NRQCD (G13) I
020 L- 1 I 1 ] ] 1 1 ] I 1 1 1 I ] 1 1 ] 1 I 1 I ] I 1 I 1 1 1 1 ] 1 1 1 I 1 L
0.2 0.4 0.6 0.8 2 4 §) 8 10
!2! Z PT [GeV]

ooooo
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polarizatio
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DAIeS|o LI\/I I\/Iuroua Plsano Sanqem JHEP 03 (2022)

At low transverse momentum all frames coincide

i ¢l
M D

W@_l_ W@ qg[fg%a] \ L)

/3

I L

o 2%. ) %”[whl

W@+ W@

o ® o 0

A[ny]/ — 27[2]{2 C, (1 + log

M -

W

-Q

Matching procedure works
In the same way!

) (0,[n]) 5(1 - z)




Soft gluon n: CS

= = — = = e ——————— e —

- from the interference | </\"|” = g/C, S, (pr. k) | V|

The extra dof has to be integrated out, leading to
dk a.C S t
g 112 <2 s—A 2
J—(znﬁzEkg ADPE s+ k) = 5 ST In i
"N

for covenience, integration over rapidity difference: Aygj = Yo — Y

2 Excludes the jet
J dAygj Sg(pz’ k]) ®(Akgkj > K ) — r);%iljjit?/sreg?c;re}
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Soft gluon radiation: CO quark

- - b ———— —  — — ———— - . — _ _

dk a.C § C.—C, 4 C, 1=-M;/
J —— | 72 50(q, + k) = ——— | 42O’ - log—+—=1In — + I(R, )
(272')32Ekg 27%q1 qf Cy t 2Cp 1-MZ/t
CA 1 1 jet
| C Il//(mwj_a ¢) T 5 w—](mwj_a Aya ¢) 2 W (R9 ml/jJ_’ Ay’ ¢)
F
(1) q,(8) _
1.001 (R) Cy (R, my 1, Ay = 0) - 00 Cél)(R) Cg’@)(R, my1, Ay = 0)
| 1.0

- l [ 5.95
i 3.75 -

0.8 - 2,50 0.8F - -
= - 3.75
== 11.95 P

0.6F - 3.00

i 0.00 0.0 -
— o = 19,95

0.4F = | -1.50

L _9.50
0.75
L _3.75
y 0.00
- e —5.00
0.2 0.4 0.6 0.8 1.0 04 0.6 0.8 10
- S | |
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Soft gluon radlatlon 'LDME evolution

- —— — — - _

¥ Contribution of the evolution from S — P waves
k . €
(3 P(S)) /1 (3 P(S))
Alf — (l gsfddk) k k A() !
A(3P}8)) _ ( _4\/3ig R1> €L, - €,1g \/ZédkA(:sSfl)) dddkA(3S(8))
ke ld "Ry | k- k, N U
The two contributions never mix because of kw ” = ()
‘A(C)l,(3S{1)) ‘2 ‘A(c)l,(3S1(8)) |2 I

I\AG(P())\zdk N a 96

+ B O.CP,)) —
2772@1‘2 Ml/zf <@1(3SI)> ) <@8(3S1)> < 2 O» 2

agreement with: Butenschoen, Knieh, Nucl. Phys. B 950 (2020)
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Motivations to split up the TMDShF

—= —— _— = = ——— — -

Boer, Bor, LM, Pisano Yuan, JHEP 08 (2023)

APz b0, u,) : L+, (141 My | Hi
e <y T; s My — — O O
1% H > g A & (MVZ,+Q2)2 gﬂb

(O[n]) 6(1 — 2)

Reasons to split-up this term:

1. A purely quarkonium quantity should depend on Mw solely

2. In open-quark production the soft-factor may ,,l(pl)\ﬁ‘gg
produce azimuthal dependeces 8

do(res) M2 (0) d?b .
— do'- ib-qr
2qrdM2dydQ s Z [0]/ (2m)2 ©

x Sc(M, b)Z/ dzl/ @[(HA)ClCz]ccalaz

Catani, Grazzini, Torre, Nucl.Phys. B 890 (2014)

Figure taken from Ferrera’s talk it X1

@ Heavy-Quark Hadroproduction from o B2 IBRYE 1 (s e B2 B2 -

Collider to Astroparticle Physics (2019) < fo/m 0121, 86/ oy 1y 2/ 22 0/;,2(2,;)*:
iy
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