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OUTLINE

* Quarkonium polarization within NRQCD

 Formalism

« TMD and collinear factorization

« Matching between factorization schemes

* Considerations on EIC predictions
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QUARKONIUM POLARIZATION

By measuring the polarization we can understand the angular
momentum state in which the particle is produced

* Test of perturbative QCD

 Test of hadronization models (CSM vs NRQCD vs ...7)

Color Singlet Model | Non-relativistic QCD approach
(CSM) (NRQCD)
Quarkonium produced through colored

Quarkonium produced perturbatively as 00-pair that evolves non-pertubatively

color-neutral Q Q-pair

Baier Ruckl, Z.Phys.C 19 (1983) Bodwin Braaten Lepage, PRD 55 (1997)
Berger Jones, PRD 23 (1981) Cho Leibovich, PRD 53 (1996)
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QUARKONIUM POLARIZATION IN SIDIS

A y*(q) + p(P) —>]/l/J(P¢) + X inJ/y rest frame
i Semi-Inclusive DIS (SIDIS)

Different choices for the reference frame

Z., GJ Gottfried-Jackson frame

HX  Helicity frame

I
:, =,
| Z TF Target frame
!

VZ,, Frames are related by a rotation around Y-axis
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HELICITY CONSERVATION IN LEPTON DECAY

Polarization of quarkonia is accessed by the angular distribution of its decay products

=== decay into fermion-antifermion is a clean case for >S; states

Electroweak and strong forces preserve chirality chirality = helicity = spin alignment

(relativistic limit)

Example J /Y — [*1~

l Wigner D-matrix

5

[+

Ml+l_ — + 1, - 1
P. Faccioli et al., EPJC 69 (2010)
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ANGULAR STRUCTURE OF THE CROSS SECTION

do
Parameterization of the SIDIS cross section do = " 74
dxpdydzd®P;,dQ

do < Wy (1 + cos? 0) + W, (1 — cos? )
+ Wy sin 20 cos ¢ + Whya sin? 0 cos 2¢

Boer Vogelsang, PRD 74 (2006)

obtained from model-independent arguments:

Hermiticity Parity conservation  Gauge invariance

H +
=== 8 helicity structure functions W (6, ¢) solid angle of [

@ SIDIS variables h
2 _ 2 _ @
Q = —q°,Xp _ZP-q'

— * i _Pa _ PPy
P=4l| =) V" polarization Y= 2= 5g

with A=T,L,AJAA = [/1 helicity

Independent linear combination of W}
Wy = [1+ 1 - »*IWi + 1 - y)W,
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FACTORIZATION SCHEMES

TMD factorization for SIDIS is proven at leading twist

2 2
qr << U Collins, Cambridge University Press (2011)

Collinear factorization is valid at high transverse momentum

[ qr: photon TM w.rt. Py, P ]

qr > Ngcp
: . It could exist a region where both
Low Intermediate High . .
factorization schemes are valid
: : N K g% K p?

2 2 2 2

g << H Nacs< G7<< M Nocs< A7 .
Do they describe the same
dynamics?

P ! 2 qu Bacchetta Boer Diehl Mulders, JHEP 08 (2008)

AQCD IJ'
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J /W POLARIZATION WITHIN NRQCD

In the NRQCD approach there is a double expansion: a; and v
a=4q,44

Collinear aa? subprocess v +a = ccln](Py) +a with Fock states
] n :25+1L[c]
TMD oo subprocess y* + g — ccln](Py) J
up to v* order st tslel 3gl8l 3P][8]
vl ~/=0,1,2

unpolarized

NRQCD waves with different L and S quantum numbers :
_ . . interference between
contribute separately to the polarization — [ P-waves ]

W prr = Wy [351[1]] + W [1558]] + W [351[8]] + W s [{S =1,L = 1}[8]]

e A, A/ — _1, O’ _|_1 ]/l/) polarization Beneke Krdmer Vinttinen, PRD 57 (1998)
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COLLINEAR FACTORIZATION

Partonic subprocesses at o’ v*(q) + a(p,) — cc|n] (Plp) +a(p,) a=qd9

q q

VWA VWA g N p MW\ -
’ :. .%-: [ |,‘ .:-—_’-:.: 1 :. ,u’gh: |'- el_—_':: ~P .
fmmwﬁi%v - S~ 0, pol. partonic cross
Pa . k
: ﬂ@ﬁa% o > /E\ section fory*g — J /Y
Pa Pa Pa

Pa

(a)

4 frame independent structure functions surviving in
AL qr <Qupto O(AQCD/qT) and 0(qr/Q)

Wip = 6an—5 7 (5 ® f7 + 6Py ® £7)(x, u?)

Wr, Wi, W, Wi

Wy = 6f % [L (Qz“”"’) £ 0o i?) + (Bag @ £2 + Pyt ® £7) (1)

Q2+M Q%2+M? 11C 4—4n¢T
—) L( 2 )_ZCAln( 1/)) AR
qar qT 6
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TMD FACTORIZATION

. Leading twist TMDs
Partonic subprocesses at 0404

gluon polar. sl e —__— .
* - npolarize ircular inear
v (@) + g(pa) — ccln](Py) P
q Unpolarized i hy
> P” . . L
|/ A - Longitudinal giL hi
\ / Transverse fir g1t hy, hiy
-
Pa Mulders Rodriguez, PRD 63 (2001)

Structure functions are combinations of pol. partonic cross section 6}; and TMID PDF
==m=) same as collinear at small g

Neglecting smearing effects:
W) =6, (x, q%) Wiy = Giphi(x, q%)
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MATCHING AND SMEARING EFFECTS

Inthe Apcp K qr K Q region
(A, P) = (L, 1), (T, L), (L)

-Wi| =0

Wi
AA TMD

_apl _ P
WAA|TMD 0 Wi

coll. coll.

===m) Matching requires shape functions

Echevarria, JHEP 10 (2019) Fleming Makris Mehen, JHEP 04 (2020)

Shape function Al"lis a TMD generalization of NRQCD LDME

2
04 U
F9 o c[£9pN AM(K2 12y = ——(C, < 0:[n] > In—
L A ] (e, 1) 212 k*. 4 sl k2. k% > m2

hllg — [whngEf]] Ag‘] (k%, u?) not observable at this a; order

Boer D’Alesio Murgia Pisano Taels, JHEP 09 (2020) D’Alesio LM Murgia Pisano Sangem, in preparation
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EIC: COLLINEAR REGION PRELIMINARY RESULTS

do
Experimentally a different parameterization is usually adopted for do =
y dxpdydzd*P,dQ
do o< 1 + Acos? 6 + usin 26 cos ¢ +Esin2 6 cos 2¢
Wy — W, W 2Whp A =41 === transverse
A= = V= where
Wr + W, Wr + W, Wr + W, A = —1 === |ongitudinal

=mmm) egsier to access

Next: focus on 1 in CSM and NRQCD at scale 11y /2 < i < 21y~ = \/Mi + 02

NRQCD with different LDME choices

C12 Chao Ma Shao Wang Zhang, PRL 108 (2012) ====) nclude polarization data
G13 Gong Wan Wang Zhang, PRL 110 (2013) ===m) include polarization data
BK11 Butenschoen Kniehl, PRD 84 (2011) ====) include low P; unpolarized data
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PREDICTIONS FOR EIC
/5 = 45GeV CSM vs NRQCD

T [ T T T [ T T T [ T T T [ T T T ] --.---.---.---.----GJbestframeforl

05 E 3
.. E_ /_\ 1Gev2 < QZ < 100G€V2 Collins-Soper _E
M 10GeV < W < 40GeV 2 CSM
03 02<z<09 E
< 02 3 ° dependence on scaleu

0.1 ;- é
0.0 ;— - C E NRQCD
-0.1 F =
-0z E 1 dependence on LDME

- 1 PRELIMINARY S p.
05 E = CsSM choices

= Helicity Target EEE NRQCD (C12)
04 F mmm NRQCD (G13)
03 E NRQCD (BK11) [ C12 ]

< 02 - almost unpol. prod.

0.1 :-
0.0 ? _ : o
—0.1 - / / —_
02 E

= | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 4 6 8 10 2 4 6 8 10
P‘r [GEV] P‘r [GEV]
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PREDICTIONS FOR EIC

JS = 45GeV Wave contributions

FT T 1 T 1 [ T T T [ T T T T 1 T T T [ T T T [ T T T T 1 T T [ T 1T T 1 =
zi E /—_\ 1G€V2 < Q2 < 100G€V2 Collins-Soper E CS
o3 b 10GeV < W < 40GeV 2 CSwave is the main
- 0.2<z<09 3 . . .
02 E 3 contribution up to mid Py
~< = 5
01 £
0.0 ;— N M é CO
—0.1 i' K é
02 E Gottfried-Jackson — 3, Pwaveisthe main CO
- PRELIMINARY = : .
os E E—— 2 contribution
== oo €2 1w gluon at lower Py
03 E NRQCD (BK11) 3
i >/ i ™= quarkat higher Pr
01 = =
= 3 3 .
00 ¢ Q - _ 3 COquark ~S;waveisthe
:z: ] / COquark S, wave / i + main contribution at high
' = 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 14 PT for a specific ChOice Of
2 4 6 8 10 2 4 6 8 10 ]
Pr(GeV] Pr(GeV] frame and variable
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PREDICTIONS FOR EIC

\/s = 45GeV Z cuts

:- LI B | | | T [ 1 1 T 1 T T T T 1T LI B | T 1T [ 1 T T [ T T 1 | L T 1T [ 1 T T 1 -: 1 3
zj é_ 1GeV? < QZ < 100GeV?2 Collins-Soper E . CO SO and P] waves
0'3 : 10GeV=T=-4QGeV 3 divergeforz —» 1
02 £ /\

~ c 5
01 £ = Can we trust results
00 E I S~ 3 -

ol B X in such case?
—0.2 E_ Gottfried-Jackson e — _E
- PRELIMINARY -
05 F EN CSM 5
E Helicity Target BN NRQCD (C12) 1
04 F mEm NRQCD (G13) 73
03 E NRQCD (BK11) 3
02 E E

< E 3
0.1 :- E
0o b - >4/

01 E / / ~ 3
—02 E £
= | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -
2 4 6 8 10 2 4 6 8 10
Pr[GeV] Pr(GeV]
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PREDICTIONS FOR EIC

0.6

0.4

0.0

0.6

0.4

0.0

s = 45GeV

Gottfried-]acﬁm

Helicity

1GeV? < Q% < 100GeV*?

PRELIMI

NARY

Collins-Soper

"

Target

I CSM

I NRQCD (C12)
I NRQCD (G13)

NRQCD (BK11)

/

S
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1 1 1 1 1 1 1 1
2 4
Pr [GeV]

1 1 1 1 1 1 1
6 8

10

Z cuts
(new)

Imposing z < 0.6 we get
«NRQCD-safe» results

. Higher values at low Py

main contribution

— gluon CS wave
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PREDICTIONS FOR EIC

Js = 45GeV AVS Z
1.0 __||||||||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||__
038 i- Gottfried-Jackson 1GeV2 < Q2 < 100G€V2 Collins-Soper -; LESS dependence on
06 F 10GeV < W < 40GeV 3 * LDME choices for NRQCD
- - PT > 1GeV ]
< 04 F \ 3 results
02 F -
00 £ == 1, Noapparent divergence
02 F 3 forz> 0.6
- PRELIMINARY :
Y E BN CSM ]
C . I NRQCD (C12) Z
0.8 - Helicity Target == NRQCD (G13)
06 [ NRQCD (BK11) -
~ 0.4;— ;
02 | :
o - s - .
o2 E —— \—/ 3
TENEEEE NN ST AN AN ENE NS SRS ERE N B A NN EE IEEEE IEEEE NN AN NN NS FNEEE FE RN e
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
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CONCLUSIONS

* Study of J /Y polarization states in different frames at EIC

* Information extraction regarding TMD PDFs

*In TMD region WALA is related to the linearly polarized gluon distribution

Proper shape functions are necessary to provide correct expressions in the
" intermediate g region

] Preliminary predictions for EIC in the collinear approach already highlight the
importance of precise polarization data
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HADRONIC TENSOR PARAMETERISATION

Properties of the hadronic tensor WH#Y

Gauge-invariance projector to g orthogonal space
"W, (q. P, Py) =¢"W,,(q, P.Py) =0 ) G = g _ f}:‘rgu
Parity
W (q. P, Py) = W,,(q,P,Py)
Hermeticity
W (q, P, Py) = W] (q.P. Py)

General parameterisation of WHV

4 R 7 o r DK DV J' r D DU D D r T
WH(q, P, Py) = =Wa g + Wo PHPY — S W3 (P P] + Py PY) + Wy PP
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HELICITY STRUCTURE FUNCTIONS

1 do y o’ Q?

_ LMW, : Wiy W[ 21T o I
By dzg dy dtPy, dQ (87)2 Q with LW, 2 {[l—'_(l y) W+ (1—y) W }

Introduction of helicity structure functions

Z Wﬂﬁ (:C; b {'A; PU) f‘}’}h}\! Z WA}“' G}i)\’ Where Wf)\f = {:i(P ) E}if ( U) W

ALAS A A

From hadronic tensor conservation properties

W = Whi Win = (—UHMWPA A
Generic form of the helicity structure tensor
Wis =~V +WERA) (9ap — TaTs) + WL =W —=WEA) ZaZs — WA (XaZp + ZaXp) — 2WAA XaXp

Summing over the decaying lepton pol. vectors  wW»” =wZ7, " gﬂ'(Pt-,.)Fﬁ*(Pﬁ,.) = WL g

generates the cross section parameterisation o=—bLl L ap M

gL = (f ?-Pﬁ-_. (! Pj + !5}73) + - P,)° (18
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PARTONIC CROSS SECTION

Polarization partonic cross section for 2 — 1 photon-gluon fusion v'+g-J/Y
aage’ |1 4
ot = (4m)2 —25 |2 < 05(1Sy) > +—5 < 05(°Py) >[6(1 — 2)
| aagel |1 1 4 3My +Q* 3
o7 = (4m)* Y §<08(SO)>+ > 5 < 0g("Py) >|6(1 — 2)
Y My (M3 + @?)

Lo gamy?— 5% o 3y s s(1 - )

Opp = —4\4T gl Fo —Z

My (Mj, + Q)

| aae? Q? 3

oy, = 64(4m)? < 0g("Pp) > 6(1—2)

My, (M, + 0?)°
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MISMATCH

Full form of the mismatch

Wi — Wi =0
AA coll. Al ‘TMD , )
Cy Q% + M
wf| -wf|  =of—————n _
coll. TMD (Mg + Q?)q7 q5

A P) = (L, 1), (T, L), (L)
where TMD result are obtain with the TMD-PDF expansion at [qr| > Agcp

2
0419y, q2; %) = (5 ® £ + 8Py ® £9)(x, 12)

2
2mg

£ G qi ) = 5 [ (QZ+M"’)f1 G k) + (Prg ® f + Pyt ® £2) (2]

~ 2n2q3
Q%+My, ) Coln (Q2+M5,) 11C4—4nTR
" _

q7 6

_L
(‘IT
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MORE PREDICTIONS FOR EIC

\s = 45GeV

Gottfried-Jackson

BN NRQCD (C12)
I NRQCD (G13)

T
CsSM

Collins-Soper

1GeV? < Q% < 100GeV?
10GeV < W < 40GeV
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MORE PREDICTIONS FOR EIC

\s = 45GeV

T T I T T T I T T T | T T T T 1 T T | T T I T T T I T T | T T 1 T I <

04 B CsM -
- _ mEE NRQCD (C12) e .

03 E Gottfried-Jackson mmm NRQCD (G13) \ 3
- NRQCD (BK11) ]

0.2 j 2 2 .
. 1GeV? < Q2 < 10 ]
0.1 10GeV < W < 40GeV =
s 02<z<09 n

00 m
—0.1 ;' Collins-Soper i
- PRELIMINARY .

04 F 77 -7 -
E Helicity Target E

03 & m
0.2 | .
a o 3
01 F 3
0.0 .
-0.1 £ .
il | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =

2 4 6 8 10 2 4 6 8 10
PrGeV] Pr1GeV]
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MORE PREDICTIONS FOR EIC

\s = 45GeV

Gottfried-Jackson

Bl CSM
BN NRQCD (C12)
I NRQCD (G13)

Collins-Soper

1GeV? < Q% < 100GeV?
10GeV < W < 40GeV
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i NRQCD (BK11) _:
: 0.1<z<06 :
= PRELIMINARY ;
3 — — 7
? Helicity Target ';
E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [
2 4 6 8 10 2 4 6 8 10
Pr[GeV] Pr [GeV]
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MORE PREDICTIONS FOR EIC

T [ T T T [ T T T [ T T T T 1
0.5

0.4

1GeV? < Q% < 100GeV?

10GeV < W < 40GeV
0.1<z<0.6

0.3

0.2

0.1

0.0

\/E

Gottfried-Jackson

= 45GeV

Collins-Soper

PRELIMI

NARY

0.5 Helicity

0.4

0.3

I CSM

N NRQCD (C12)
B NRQCD (G13)
NRQCD (BK11)

Pr[GeV]
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MORE PREDICTIONS FOR EIC

\s = 45GeV

Gottfried-Jackson Collins-Soper
1GeV? < Q% < 100GeV?
- 10GeV < W < 40GeV
Pr > 1GeV

PRELIMINARY

s CSM
BN NRQCD (C12)

Il NRQCD (G13)
NRQCD (BK11)

Helicity Target

—-0.4 p by v v s By v g n By g By v nr By g n v b v g n By o byl t by s v By v v v rn v Bpvn g By v By wv o by ppn By naly

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
z z
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MORE PREDICTIONS FOR EIC

\s = 45GeV
mLBL LI N R LA LN LRI BLELELELE BRI LI L L L I L LN N LB NN BRI I
C mEm CSM ]
0.5 Emmm NRQCD (C12) Gottfried-Jackson Collins-Soper E
0.4 - I NRQCD (G13) E
4 E i NRQCD (BK1Y) /\ 5
03 [ ><-:
> ozi _. — 3
o1g . 1GeV? < Q2 < 100Ge E
00 F ——t e 10GeV < W < 40GeV 3
_o1 E Pr > 1GeV E
: PRELIMINARY :
05 E :
04 E \ 3
03 F 3
> 02 E E
01 E 2
o.oé -E
= Helicity Target 3
—0.1 :|I||||I||||I||||I||||I||||I||||I||||I||||I| |I||||I||||I||||I||||I||||I||||I||||I||||I|-
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Z Z
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