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Gluon TMDs

o TMD-PDF f(x, kt, @?)
e The gluon correlator
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Linearly polarized gluon TMD hllg(x, q%)

e It can be probed in Semi Inclusive Deep Inelastic Scattering
(SIDIS), and Drell-Yan processes.

e By extracting cos2¢ T azimuthal asymmetry one can probe
1
hl g(xv CI%—)
2
o 1L
o It follows positivity bound, 2q—A/T,s\h1 €(x,q%)| < fE(x,q%)
Mulders and Rodrigues (2001).


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.094021

Sivers gluon TMD flng(X: q7)

e correlates the hadron spin and polarization of gluon
e T-odd function

e By extracting sin(¢s — ¢ 1) azimuthal asymmetry one can
L
probe f77¥(x, q3).

o It follows positivity bound, ‘Lz'm#g(x,q%n < E(x, ¢2)

Mulders and Rodrigues (2001).


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.094021

Azimuthal Asymmetries



Kinematics

e (N+p"(P) = e (I') + J/(Py) + 7+ (Px) + X

e back to back scattering =
larl? < [KL[? ~ M2 = TMD
factorization.
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Total cross-section

In back to back lepto-production of J/v and 7* — TMD
factorization is expected to follow
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https://link.springer.com/article/10.1007/JHEP10(2013)024
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Total cross-section

3
ep—retd/Ppm+X _ 1 _ d3 Py &Ppn f 2 4 <4 -~ -
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’ ’ * J/4 sy ¥ J
x éLM‘ (, q)q,gu (x, klg)[M:;ag_} /w+gM“'/ya/g—> /1/1+é’j D(2)J(2).

o Color Singlet Model:
cC — same spin, orbital and color state as
that of final J/4. Braaten, Fleming, Yuan

(1996) . 2541, Qﬁas?‘::n Wxiuth mp[;s:ible Quarkonium
o Color Evaporation model: g
cC — colored
color is bleached by final-state soft %"o
interactions. Amundson, Eboli, Georges, ,/{
Halzen (1997)
o NRQCD:

2) Non-perturbative
cC — can be color singlet or color octet. transition to the

. bound
Bodwin, Braaten, Lepage (1994) \ J ound state

o Difference between CEM and NRQCD —
CEM all the color configurations are
equiprobable, for NRQCD they are not

1) Perturbative part

Image: Rajesh
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Total cross-section

3
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’ ’ * J/4 sy ¥ J
x éLM‘ (, q)q,gu (x, klg)[M:;ag_} /w+gM“'/ya/g—> /1/1+é’j D(2)J(2).

In our work, we implement the NRQCD to calculate
the J/) production matrix elements

The relative momentum k2 < Mg = non-relativistic

approximation of QCD.
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Long Distance Matrix Element.

CE(2$+1L(J1,8)) to J/
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Total cross-section
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o M(k)|k=o - S wave scattering amplitude, 1 5
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e W/, — Long Distance Matrix Elements
Kishore, Mukherjee and Rajesh (2020)
D’Alesio, Murgia, Pisano, and Taels (2019).
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Total cross-section
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and ©£ production
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momentum kig
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e This allows us to approximate the P

pion formation as a collinear process






cos2¢pr Azimuthal Asymmetry
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cos2¢pr Azimuthal Asymmetry

Saturation of positivity bound — Upperbound
Upperbound — maximum value of azimuthal asymmetry for given parameterization
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TMD parameterizations



Gaussian Parameterization

o Drell-Yan and SIDIS = transverse

2\ —a%/(a%)
momentum spectra — roughly i (o ar) =fF(x Qf)ﬂqz v aroeer
2
Gaussian in nature. Stefano Melis 2
208 1— L
(2014) b8 (e, ) = My fE (x, Q) 2(1 — N, a3

2
e TMDs = Collinear pdf m(q7)? r

(X_dependent) @ transverse D. Boer, C. Pisano, (2012)
momentum dependent

(g7-dependent) part. /()
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momentum-dependent part is )
Gaussian in nature. 971 Lo @)1 < a2 16 0x, a2 < e, a2)
Mp 2M2
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D(z, Q) pion fragmentation function
NNFF10-Plsum_lo Ng =025, a=06, B=06, p=0.1

Qr = 1/'773/, + Q2 scale D’Alesio, Flore, Murgia, Pisano, Taels (2019)
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Numerical Results and Discussion



Unpolarized Scattering cross-section
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e K| increases x; — 1, pdf — 0
e to avoid fragmentation and soft gluon emission we set 0.3 < z; < 0.9
e restrictions on z; = do/dz, — 0 as z, — 0.7

Qr

e band is uncertainty in scale 5 < Qf < 2Qf
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Unpolarized Scattering cross-section for LDME sets
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o the 1-0 error band due to CMSWZ LDMES Chao, Ma, Shao, Wang, and Zhang
(2012)
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Unpolarized Scattering cross-section for LDME sets
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e The 1-o error band in the azimuthal asymmetries
~ 4% and \Ac°52(¢T7¢L)\MaX error is & 4 — 5%
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o |AS2OT |1 error is A



Effect of LDMEs
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o Difference between unpolarized cross-section due to LDME sets

Chao, Ma, Shao, Wang, and Zhang (2012)
Sharma and Vitev (2013)
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Effect of LDMEs
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o Difference between upper bound due to LDME sets
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Effect of LDMEs
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o State wise contribution to upper bound for A%S2¢T
. . 8
o For both sets the dominant state is ISé ) state
e For the SV set of LDMEs, the dominant state is smaller compared to the CMSWZ set

Chao, Ma, Shao, Wang, and Zhang (2012) Sharma and Vitev (2013)
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Upperbound
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o K increases xg — 1, pdf — 0 = |A®32¢T |y, decreases

o |AS2¢T |, increases as Q increases
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Upperbound
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Upperbound
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Upperbound

e As K| increases By increases = |AC°52(¢’T*¢J-)\M3X increases
o |Acs2eT=d1)|,,  ~ Constant for y and z, variation

° |AC°52(¢T_¢L)|M3X decreases as @ increases
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Comparison between Gaussian parameterization and Upper-

bound

|Acos26r|

—— Upperbound
rrrrr Gaussian parameterization
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o |AS2¢T |, maximum difference is 5%
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g7 dependence of the Asymmetries

ASin(r = s)
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e g7 = Py + ~=t dependence shows a peak for all asymmetries

e Sivers peak —» g7 ~ 0.25 GeV
o AS2A9T—¢1) & AS29T peak — g1 ~ 0.7 GeV

e Sivers Asymmetry increases as @ increases
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Conclusion

o We estimate the cos2¢ 7, cos2(ér — ¢ ) and Sivers
asymmetry in electroproduction of J/v» and 7 at the future
EIC.

e cos2¢T, cos2(pT — ¢ ) are sizeable &~ 20 — 30% and Sivers
asymmetry ~ 10 — 15%

e These kinematical regions will be accessible at EIC

e Back-to-back production of J/1 and ©* can be a promising
channel to probe linearly polarized gluon TMD and the gluon
Sivers TMD at EIC.
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Gluon Correlator
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Gluon Correlator

Gluon Helicity
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Matrix element for J/v) and ©* production

- d3k
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L.S,
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e expand M(’y*g — QQ[zSHL(Jl’S)]g) as series expansion of k

e zeroth order term is S wave scattering amplitude
first order terms in k is P wave scattering amplitude
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0
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Kishore, Mukherjee and Rajesh (2020) 23
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S and P amplitude
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The saﬁ(Pq/,) is polarization tensor corresponding to J = 2 which is symmetric in the Lorentz indices and follows
the relations ,

3
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. 1
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D. Boer and Pisano (2012)
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S and P amplitude

S — Wave amplitudes
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MESPIPy. pe) = = Fo(0 3o T 2 00 + M)t ]
P c i=1
f 3
MNPy, pe) = ﬁ dape Tr| D7 0i(0) (P + My ),
i=1

MNPy, pg) = 71?0(0)"‘/5 fabe Tr|(01(0) — 02(0) — 03(0) + 204(0))

Py + /Vh/))“Ys]
P — Wave amplitudes

V2 3 .
MPPENPy. pg) = 3 fabe\| 7 RI(0) D f, (Py)(LLz; S| L)
L,S,

Tr[(014(0) + Osa (0) — O34(0) + 20404(0))7)551 (0)
+(01(0) + O6(0) — 03(0) + 204(0))Pss,  (0)]-
Kishore, Mukherjee and Rajesh (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.054003

Total differential cross-section

Integrated over the final momenta,

a3 dQ3dy
(2m)32E,  16m2

&3Py, dzd®Py P, dzd?Pj,
(2m)32E,  (2m)32z = (2m)32E;  (2m)32z

The four-momentum delta function

F(q+ps—Py—Pr)=  26(1-z-2)s

. Z(M? + P3| )+ zP7| +22Q?
ys

z(1—z)ys
& (pr =P —Pyi),
Back to back J/1) and 7% in transverse plane
Py, —Pj1
g =Py, +Pj1, Ki= wfj
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©10"Y(*sp)l0) | (010" Cs)io) | 01077 sy | (0103”7 CPo)l0)/m?
Ref. 1.8 + 0.87 0.13 £0.13 1.2 x 102 1.8 + 0.87
Sharma (2013) x10~2GeV3 x1072GeV3 x10~2GeV? x102GeV3
Ref. 8.9 + 0.98 0.30 £0.12 12 x 102 0.56 + 0.21
Chao (2012) x 10~ 2GeV? x10~2GeV3 x 10 2GeV3 x 10~ 2GeV3
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.87.044905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.242004

Spectator model

Parameter | Replica 11 ‘ Parameter ‘ Replica 11

6.0
0.78
1.38

346
0.548

%] (GeV2)
o (GeV)
Ax (GeV)
K1 (GeV2)

0.414
0.50
0.448
1.46
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all 4-momenta

pl = xP" + (pg - P+ M?x)n* + pl ~ xP" + plt,

P2 +M2
Pt = Yt Vpiy AP g)nt + P!

RS S

2zP - q pL
Pi.
pr—__TJL_ pui(1-Z)(P-q)n* +P"
™ 2(1 o Z)P . q +( Z)( q)n + Jl1»
Q2

qg" = —xgn" + @ni ~ —xgP" + (P q)n',,
po Ao (Po0) e VI g

y y y

[ qu

Q% = —¢°, s:(P+/)2
Q? q
/

_ PPy
- 2P.q’

P-q

P .
XB y:P , Z =
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TikZ Arrow at 45-Degree Angle
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