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The 3-D nucleon structure in momentum space is
still not known yet!

Parton intrinsic transverse momentum?
Spin and k, correlations?

Angular momentum of partons?

Spatial distribution?
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Gluon TMDs

O Gluon-gluon correlator at leading twist

Gluon field tensor

" dg~d*E - |
r*”“(x,kT;P,S):f (2m)3 =e (P SITF (0o F 7 (E) W alllP.S)iz—o

<
Wio,5)="P exp (—Lgf dzuA“(z])
0

= Parameterizations: for the unpolarized (U) and transversely polarized (T)

target
Gluon Polarization
v 1 v prqg 2 pﬁ}pT v p T . .
(I)?] (x,pT) = — —d]ﬂ fl(x,pT) -+ 5 -+ g} P ( ,pT) U | Circular | Linear
2x M, 2M;, = - T
S1ul ff h; & |BOER-MULDERS
= Tg |KOTZINIAN-
o| L h
v 7 P1pSTs 1 v P1 ST | S P” AL MULDERS
(D?r (x.pr) = { Ef;" —p 17!( ) eﬂ M g{T(x PT) E T lg / /ﬁg hlg
M, p - 17 ng! 1 N7y
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Mulders and Rodrigues PRD 63 094021(2001)



R BACK-TO-BACK J /4 — jet AND J /1y — y PRODUCTION IN ep SCATTERING

> Consider the electroproduction processes: e(l) + p(P) - e(l') +J/P(Py) +v(p,) + X
e() + p(P) —» e(l) +]/P(Py) + jet(p;) + X

hadron plane

Xem — axis
z 1s fraction of virtual photon
energy carried by J /¢ in
2/ A proton rest frame.
Lem — QTS

y* —p c.m. frame

do « |[TMD — PDF| @ dé @ [Hadronization]




R BACK-T0-BACK J /v — jet AND J /4y — y PRODUCTION IN ep SCATTERING

direction

Assume TMD factorization.

p —y" center of mass frame which move along z

Py, and Pj, are transverse momentum of / /i and jet

respectively in the plane orthogonal to the proton

momentum.

qr = Py, + P,

> In the case where

We define sum and difference of transverse momenta

L ¢ denotes azimuthal angle of qr

lqgr| < |K |, the /Y and jet are almost back-to-back in the transverse plane.

N

P’(,bJ_NK_L

N¢L—ﬂ'

Transverse Plane

L.

X

Dyl ~ —K |

TMD Factorization

@



CROSS SECTION: ep — e + J /1 + jet + X

1 a3l d3Py ~ d*Pj 5 A cd o
2s (2m)32E ) (2m)32Ey, (2m)32E; fdxd pr(2m)*6 (q tDg — Py PJ) X

! 2\ g 9Y 2T/ g x9Y 2]/ g
aL.u'l-l' (l, Q)ijq/v (x, pT)MH,V M,U,’V’

do =

Lepton tensor: L** (1, q) = e2(—g"* Q2 + 2(IHU + 1H'14))
Parameterization of gluon correlator for unpolarized proton target at ‘Leading Twist’

wv! 2 1 prT vv! p%’ lg 2
D, (x;PT)=Z 7 (x, PT)‘l' Mz +91 2_1\/15 hy?(x, p?)]

Unpolarized gluon distribution
Linearly polarized gluon distribution

@



QUARKONIUM PRODUCTION

> Quarkonium is a bound state of heavy quark and anti-quark (QQ)

QQ pair with [>5 +1Lgl’g)] quantum number

Describes conversion of QQ[n] states

into final quarkonium state.

o Non-perturbative; long distance
NRQCD factorization matrix elements (LDMEs)

Hard

do =714 = dg[ab — ce(n)](0 | OV | 0) process

Perturbative short distance coefficient

Cross section in particular color, angular momentum and spin

state “n”: =1L ;» calculated by perturbative QCD

Soft process

G.T. Bodwin et al, PRD51 (1995), Lepage 95 @



FEYNMAN DIRGRAMS

Gluon initiated hard process: y*g — QQ g, contributes significantly over the quark(anti-quark)
initiated hard process: y*q(g) — QQ q(g), in the small—x domain.

* P *
7 (q) p 1 5 P 7 (9)
YWy, % +k YW, % +k o W,
P, P,
50000 5~k OO0k STEOE00
9(p,) ( %) 9(p,) 9(p,)
9ib)
7' (q) 7 (q) 97y p 7
S 4k
2
P, P,
T 3
9(p,) JP) g(p,) g(p,)

Tree level Feynman diagrams for the hard process:y*"+g—>c+cCc+g

®




AMPLITUDE CALCULATIONS USING NRQCD

The amplitude can be written as

M(y*g - QQI=*LS"P1(Py,) + g(»))

d3k
) j s Vit L 5SS VI T[0(4,p, Py, k) Pss, (P, )]

LS, D. Boer and C. Pisano (2012)

8
0(q,p, Py, k): amplitude for production of QQ pair. 0(q,p, Py, k) = z CnOm(q, p, Py, k)

m=1

The spin projection operator, Psg_ (Plp, k), projects the spin triplet and spin singlet states of QQ pair

P P [I.. = y° for spin singlet (S = 0

?SSZ(Pw»k)=z<%81:%szSSZ>v<7"’—k,sl>ﬂ<7"’+k,sz> ssz =V pin singlet (5 = 0)
S$1S52

1

lgg = effz (Pzp))/u for spin triplet (S = 1)
32 (—Py + 2k + My)lss (Py + 2K + My) + 0(k?)

B 4M,, ‘

g



Rmplitude Calculations

Since, k < P; ,amplitude expanded in Taylor series about k = 0

First term in the expansion gives the S-states (L = 0,/ = 0,1). The linear term in k gives the P-states
(L=1,] =01,2).

_ 1
The S-states amplitude : M[zs+15](1’8)](P¢, k) = ERO (O)Tr[0(q, p, Py, k) Pss,(Py, k) |k=0

The P-states
amplitude :

3
MR (P, k) = i j;-n Ri©) ) €6t (Py)(LL; SS,1JJ)Tr{O6(0)Pss, (0) + O(0)Pss,o(0)]
L

_ 9 . )
Oa(o) — aka,(?(q,p,Plp,k) |k=() :PSSZQC(O) —W\‘Pssz(q,p,Pw, ) |k=0
Contribution: 35", 35(® 1568 3 Pj((i)o,1,2) R, and R} are related with the LDMEs @



FINAL CROSS SECTION: ep — e + J /1 + jet + X

do

dZddedequzKJ_ = d0(¢Sa d)Ta ¢J_) — dGU(¢T, ¢J_) + dO'T(ng, ¢T, qu_)

deV = N [(Ao + Ajcos) + Ay cos2¢ ) )fi(x.q7) + (Bycos2¢r + By cos(2pr — ¢, )

e
+ By cos2(¢pr — ) + By cos(2¢pr — 3¢, ) + Bycos(2pr — 4, )) M—Z hng(x, q7)
P

do’ = N|S7| lsm(qﬁg — ¢r)(Ag+ Ajcos¢p| + Aycos2¢, ) L\(Zﬂ fﬁ(x q7)

P

+ cos(¢ps — ) (By sin 2¢py + By sin(2pr — ¢ ) + By sin2(dpr — ¢ )
3
+ Busin(2y —3,) + B sin(2y —46.)) L Y (x.43)
p

+ (By sin(¢pg + ¢r) + By sin(¢ps + pr — ¢, ) + By sin(¢ps + ¢pr —2¢ )

+ Bssin(¢s + ¢r — 3¢, ) + By sin(¢s + ¢dpr —4¢,)) L\Zﬂ hng(x,‘I%)] ;




ASYMMETRY CALCULATIONS
bsdn) — o) ADsdbrdp W (s, ¢r)do(ds, dr. b )

Weighted azimuthal asymmetry: A w(

J dosdgprdg  do (s, dr,b1)

: : U. D’Alesio (2019)
Azimuthal modulations probe Boer-Mulder gluon TMD:

L 2 Lg 2
ACOS2¢r — q%" BO hlg(xv q%") ACOS2(pr—p1) — ar 82 hl ()C, qT)

- M A fi(x.q7) M3, A f1(x.q7)
Lg 2
Azimuthal modulations which can Asin(¢s—¢r) — |qT’ f 1T ()C, qT)

be exploited to extract polarized M P / ? (x . Q%)
19 19 1g

TMDs f;7,h] and hi; | | B Y ()C 2)

(ps+r) — 1971 20 T \X- 47

M T 2
asin(ps—30r) _ _ |271” Bo hif(x.q%) » Ao f1(x, g7)
2M;, Ay fi(x.47) e

Asin




GAUSSIAN PARAMETERIZATION (GP)

flg (x,q%) and hf 9(x, q2) are assumed to be factorized as function of x, i.e. collinear PDFs and a Gaussina

function of the transverse momentum g;.

2|qr|
2 N T lg
1 - 47 = fg/pT(xvCIT): (_ ) 17 (X%, qr)
f(xar) = £ o ——ze a0 My
m(q2) V2e 1—p e 9r/Plr)
M2 F9 2(1 ,__af =2—N(x)f g/p(x) 4T~ 3\3/2
hJ_g(x q%) . Pf1 (x;.u) ( _r)e _W 7 P <qT>
1 X = 1\ 2 "
s (a+5)
(a7) N, (x) = N x4(1 — x)? la +f)ﬁ
r (0 <r < 1) and (g?) are parameters ap
We took, 7 = 1/3 and (q7) = 0.25 N,=025, a=06, =06, p=0.l
U.D’Alesio (2019)
Linearly polarized gluon TMD satisfies a positivity bound
qar |, .
g 2 g 2
2Mp |h1 (x' qT)| = fl (x, q7) D. Boer and C. Pisano (2012)

L



PARAMETERIZATION: SPECTATOR MODEL (SM)

A.Bacchetta, F. G. Celiberto, M. Radici, and P. Taels (2020)

Nucleon is assumed to emit a gluon and the remaining is treated as a single on-shell particle called spectator
particle.

Mass of the spectator particle is allowed to take a continuous values described by a spectral function, py(My)

A C _(MX—ZD)Z
+ e o
B+ u?t  no

. g 2) — (© £y 2. px(My) = p*®
Gluon TMDs: F9(x, q?) = [, AMxpx(Mx)FI(x, qf; My)

where, A,B,C, D, a, b, o are free parameters
At leading-twist, T-even unpolarized and linearly polarized gluon TMDs can be written as
9 (x, g% My) = |(@Mxgy — x(M + My)g,)* |(Mx - M(1 = )" + g7 | + 247 (q? + xM}) g3 + 2q?M*(1 — x) (497 — xg3)| X
[(2m)2axm2(12.0) + 2)°]

A9 (x, g% My) = [4M2(1 — x)g2 + (13(0) + a?) 3] x [@m)*x(13:(0) +q2)°]

p?(1—x)?
L2 (q2+1%(0%))?

Where g, , (pz) are model-dependent form factors, given as: g, , ('pz) =K

p? is gluon momentum, k1, and Ay are normalization and cut-off parameters respectively, @
and L4 (A%) = xM} + (1 — x)A% — x(1 — x)M?



RESULTS: / /1) — jet PRODUCTION

cos2¢,; azimuthal asymmetry in

(A) Gaussian Parameterization

B)

(B) Spectator Model oot
/

Kinematics: /s = 140 GeV §<_0‘u;
0.1<y<1, 0<gq;<1GeV

Q = /M5,+Kt2

Plots as function of K; and y are

(B) ki

- ———_———
_—

-0.05F .

at fixed z = 0.7 odf :

% -0.15? ]

< ol ~ =" NRQCD

-0.2f S 3

Significant contribution to A¢°S2®t s} _
coming from color octet states. AN

1 2 3 4 5 6
K, (GeV)

Asymmetry hardly change with /s

We used CSMWZ set of LDME
Chao (2012)

AA(:()S2¢.t
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RESULTS]/I/) — jet PRODUCTION PRD 106.034009

A — — N _ — R e
I Upperbound 1 0.3F ]
[ - = = = Spectator model ] T — +++ = Spectator
i N\ - — - — (Gaussian Parameterization| 1 0.25F I __ '___ %ﬁ]ls)smnl tion M
0.3r “. |=:=- TMD Evolution i 251 ~ evolutionf;
(A) Comparing |A°052%¢| (&) g |~ N y=03 | =0z . ]
. 0.2F " — - g .
calculated in SM, GP and TMD > » N 2=0.7 % & 0asp-——._ _ _ , ]
. . ~. .- 1] = | -.< \ :
— ~ - . J L * -~ . “ -
evolltmon with the upper bound o ~_ T 3 0.IF K, = 2 GeV DR
on the asymmetry. : — - ] 00st  z=0.7 ~ N
)] e S NP PR DRI B ] (|| A T S i Rl D
1 2 3 4 5 6 0.2 0.4 0.6 0.8 1
K, (GeV) y
-g';_';' 1 1 ) )
0.05_— .
(B) Contribution to |4°052¢¢|
. - - O —— —— =t g =i = —
from all the color singlet and (B) T | R - T ]
8 il g [ - ]
color octet states for two sets of o | | ",
LDMESs, CMSWZ (left) and SV 0.2 Total |A") - Tl Total ") 1
- [ J.l)m T i = 0_ 3 .\,Dllr 1
(right). ; y=03 =5 ] i Y T
0.4f z=07 |7 70| O1F 2E0T =

Chao (2012) 2

' 6
Sharma (2013) @




AMPLITUDE CALCULATIONS USING NRQCD

> e()+p(P)—e(l) +]/‘/’(P¢) + Y(py) +X

The amplitude can be written as

M@y*g - QQI**LT®1(Py) +v(p)))

d3k
) f Gy Vit UL 3 S UITHO(q, . Py k)Pss, (Py, K))

L,S, D. Boer and C. Pisano (2012)

Contribution: 351(8)




UNPOLARIZED CROSS SECTION: /4y — y PRODUCTION

103 E
T Vs =140 GeV — 1
LN Vs =45 GeV - ]

—_ —_

= S
& IS
T T

do/dK; (pb/GeV)
—
=

—
<
~3
I
|

—_
<
o]

do/dz (pb)

102

1073

10

[ ' y T T T ' T ' T y ]
f Vs =140 GeV —— |
: Vs = 45 GeV -~ .
L | L | | 1 L | L
03 0.4 05 06 07 038 09

A sizable cross section, expected to be detected at upcoming EIC.

Z < 0.9 : avoid contribution
from diffractive process and
prevents hitting ultraviolet
divergences.

0.3 < Z : avoid contribution
via resolved-photon channel

Its measurement can provide a clean probe CO mechanism within NRQCD framework.

Provide clean extraction of a CO LDME

D. Chakrabarti,RK,A. Mukherjee,R.Sangem,PRD.107.014008 @
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ASYMMETRY AT EIC: / /4y — y PRODUCTION

0.2 ! I ! | ! I ! I ! 0-2 ! I ! | ! I ! I !
[ z=04 Q® =20GeV? = = = ] [ z=07 Q® =20GeV2 = = = ]
y=01 Q?=10GeV? — | | y=01 Q?=10GeV? —— |
015 [ : 0.15 .
5 ‘\ _§
_> . 3
= ©
S s
I w S 01
%
- <
0.05 0.05
0 - 0 | | | 1 |
1 2 3 4 5 6
KJ_ (GEV)
. . 2 Byl 2 1B, |
Model independent Upper bounds on the asymmetries: |Acs 21| < 27’ [Acos2Pr=d1)| < 2A—
0 0

Asymmetries are independent of center of mass energy.

f
Asymmetrjes are independent of LDMEs. D. Chakrabarti,RK,A. Mukherjee,R.Sangem,PRD.107.014008 @



ASYMMETRY AT EIC: / /4y — y PRODUCTION

0 T T T T T T = 0 T T T T T T ——
Vs = 45 GeV ] i ]
2 2 2 2
y=0.1 Q=10Gev2 — | N\ ,, Q=10 GeV ]
-0.05 7 =04 QZ =20 GEV2 - - -0.05 N 4 Q2 — 20 GeV2 L

~
-— ="

o 01r . _01f Vs = 140 GeV .
e e
€ € =
Z -015F . T 015} Z_gi |
< < K, =3GeV
02 F - 02 F i
025 | . 025 F -
_03 L | L | L 1 L ] 1 _03 L | L | L | L ] "
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
qr (GeV) qr (GeV)

Upper bounds on the Sivers asymmetry is 1.

qr dependent of Sivers asymmetry is obtained using Gaussian parameterization. Asymmetry
depends on center of mass energy. Asymmetry hardly depends on virtuality.

f
D. Chakrabarti,RK,A. Mukherjee,R.Sangem,PRD.107.014008 @



CONCLUSION

We calculated the azimuthal asymmetry in J/Y — jet and [/ — y electroproductions where the pair
produced in a almost back-to-back in the transverse plane.

We used NRQCD framework for J /1) production.

ACS(2P1) gand A0S 2(P1-%1) azimuthal asymmetries probes the linearly polarized gluon TMD, where as the
ASn(¢s=97) can probe gluon Sivers function.

We show the numerical estimates of the asymmetries in a model dependent parameterizations of the TMDs
and model independent upper bounds on these asymmetries using the positivity bounds on TMDs . We found a
sizable azimuthal asymmetries both in | /1) — jet and J /13 — y productions.

Back-to-back / /Y — jet and | /Y — y electroproduction could be a promising channel to probe poorly
known gluon TMDs at the future proposed EIC.

Thank You @



Back up

LINEARLY POLARIZED GLUON DISTRIBUTION FUNCTION (BOER-MULDERS) hll I(x, k%)

» Interpret hf 9 (x, k%) as "azimuthal correlated" gluon distribution function.

> It affects the unpolarized cross section and cause azimuthal asymmetries: (cos(2¢))

> It’s a time-reversal even function and in the small—x domain, can be Weizsacker-
Williams(WW) or dipole distribution depending on type of Wilson line.

« Wilson lines: + + or — — ==mm) WW distribution

« Wilson lines: + — or — + =mmm=) dipole distribution
Linearly polarized gluon distributions were first introduced in
Mulders and Rodrigues, PRD 63,094021 (2001)

It can be probed in Drell-Yan and semi-inclusive deep inelastic scattering (SIDIS) processes. Though
it has not been extracted from the data yet, but lot of theoretical studies has been done. @



CONCLUSION

We calculated the cos2¢; azimuthal asymmetry in a / /Y and a jet electroproduction where the | /i — jet pair
produced in a almost back-to-back in the transverse plane.

We consider the full NRQCD framework for / /1) production

We show the numerical estimates of the A°°5?¢t using the parameterizations of the TMDs in the Spectator
model and the Gaussian parameterizations.

We also show the effect of TMD evolution on the asymmetry, where we see that the magnitude of the
asymmetry is small as compare with the asymmetries calculated using the TMD parameterizations.

We obtained a significant asymmetry both in the Spectator model and Gaussian parameterizations of TMDs.

Back-to-back / /1 and jet electroproduction could be a promising channel to probe poorly known ’
linearly polarized gluon TMDs at the future proposed EIC. @
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