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Transverse Momentum Dependent PDFs (TMDs)

PDFs - probability of finding quarks and gluons inside the hadron with given fraction of
hadrons momentum.

1D information about the partons

Do = TFA

Longitudinal motion only Longitudinal + transverse motion

TMD PDFs - gives the distribution of quarks and gluons having longitudinal momentum
fraction x and transverse momenta k | within the nucleon.

3D information about the partons )



Gluon TMDs: A largely unexplored territory

2 3D imaging of the nucleon

o Partons intrinsic transverse motion

o Spin and transverse momentum correlations
3 Orbital angular momentum of partons

o Spin of the Proton: core sector of EIC studies




Semi Inclusive Deep Inelastic Scattering (SIDIS)
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Where we can access the TMD PDFs?
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Gluon Correlator

w NN, EPdf i vo
r (p; P, S) = — I AEP) L &r i (p, S|Tr[Fup(0)U[0,5]F/($) Ue g [P S)er =

(2m)*

The gauge links connecting the two points ensure that the TMD
distribution is gauge invariant.

= Pexplig [, dz" A, (2)]

P. J. Mulders and J. Rodrigues PRD 63 094021(2001)



Gluon Correlator
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Gluon Correlator
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Gluon TMD PDFs at leading twist
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Gluon TMD PDFs at leading twist

Linearly polarized gluon TMD

Unpolarized TMD PDF
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Gluon TMD PDFs at leading twist

Linearly polarized gluon TMD

Unpolarized TMD PDF
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Gluon TMD PDFs at leading twist

Linearly polarized gluon TMD

Unpolarized TMD PDF
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Linearly polarized gluon TMD

Azimuthal asymmetries cos 2¢, cos 4¢

WW-type or Dipole type T-even function

heavy quark pair, dijet,

photon pair Not extracted from experiments

:

|hi (2, k3)| < (2, k3
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D. Boer et al. PRL 106 132001 (2011) Mulders and Rodrigues, PRD 63, 094021 (2001)'4



Gluon Sivers function

S ( XkJ_).S
’ ) AV k)= 2 k)
p """"""""""""" i cg:\:]er?fion
g Se+(p Xk, ): Sivers effect

(A Sivers function inbeds the correlation between the target spin and gluons transverse momentum.
(A Sivers function is Time-reversal odd function.

(4 Sivers function in DY is equal in magnitude but opposite in sign compared to Sivers function in
SIDIS.

AN fo (@, ko )|py = —AY j/w (z,k)|sipIs

[d  lepton-pair production, back-to-back jet production in ep and pp collision.

O Azimuthal asymmetry sin(¢, — ¢r)

D. Sivers, PRD 41, 83(1990) 10



D-meson and jet production at EIC

e(l) +p'(P) = e(l') + D(Py) +jet + X

\ hadron plane /D — meson
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Differential Scattering Cross-Section

Pur
z KJ‘ P
hT

PhT B
= 1Th K =—"7—

pai ~ —K |

e Inthe case, where the D-meson and jet are almost back to back in the transverse plane,

ar| < K|

ar the transverse imbalance of quark-antiquark pair is equal
to the intrinsic transverse momentum of gluon

QT:kJ_g 17



Differential Scattering Cross-Section

Assuming the TMD factorization holds, the total differential scattering cross-section can be written as
3 3

ep—et+D+e+X . 1 d’Y d’P, d’p, 2 4 54

do % GrP2B, Gn)25 Gn)2E. Jdxy d’°K, , 4z (2m)* 6% (¢ + k — p1 — p2)

X éLHV(l, q) @Za(mg, kLg) H;ng—)CC H* Y 9—>cc D(Z) J(Z)

Leptonic tensor

+2(2—y),/1—y(e‘£li —I—e'il_)]
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Differential Scattering Cross-Section

3 3
do.ep—}e+D—(_:+X R d’Y d’F, d'p,
2s (27)*2By (27)° 2E,, (27)°2E,

% éL;w(l, q) (I)[g)a(xgakLg) Hng_)cc H:&’ g—ce D(z) J(z)

Jdz, d’Kk, g 47 (2m)* 6" (¢ + k — p1 — p2)

The gluon correlator (non-perturbative) for unpolarized proton is given as

hy? (K1)

. K K] K2
B (29, k1,) = - lgf}fg(w,kig)Jr(l” e )

Unpolarized gluon distribution Linearly polaﬁfuon distribution
The gluon correlator for transversely polarized proton is given as
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Differential Scattering Cross-Section

Assuming the TMD factorization holds, the total differential scattering cross-section can be written as

ep—et+D+e+X . 1 d*Y d’P, d’p, 2 4 54
do % GrP2B, Gn)25 Gn)2E. Jdxy d’°K, , 4z (2m)* 6% (¢ + k — p1 — p2)

X éLHV(l, q) @Za(mg, kLg) H;ng—)CC H* Y 9—>cc D(Z) J(Z)

Scattering amplitude (perturbative part)

v*(q) + g(k) — c(p1) + €(p2)
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A
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k k

Feynman diagram for D-meson production in
SIDIS process 20



N =0.694
e = 0.101

Kniehl and Kramer
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kp,:transverse momentum of
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fkoDLD(Z, kDL) = D(z)

Phys. Rev. D 74, 037502

Differential Scattering Cross-Section

Assuming the TMD factorization holds, the total differential scattering cross-section can be written as

Jdzyd’K  dz(2m)" 6% (¢ + Kk —p1 — p2)

Fragmentation function (non-perturbative part

o P-p
P-q
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_ P-Ph Zh

P-p, z
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Azimuthal asymmetries

The cross-section as the sum of unpolarized and transversely polarized cross-sections,

Taaic = do(#s,¢r) = do¥ (¢r,61) + do” (¢s, é1)

22



Azimuthal asymmetries

The cross-section as the sum of unpolarized and transversely polarized cross-sections,

Taaic = do(#s,¢r) = do¥ (¢r,61) + do” (¢s, é1)

do¥ — Nde[(Ao + Ay cos ¢y + Ay cos2¢, ) fi (z, @) + (By cos 207 + By cos(2¢7 — ¢ ) + By cos2(dr — ¢ )

By cos(2dr — 36.) + Bycos(20r — 46.)) 5 (2. G| DL2)

M?
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Azimuthal asymmetries

The cross-section as the sum of unpolarized and transversely polarized cross-sections,

dcro = da(qua d)T) — daU (¢T7 qu_) + daT (¢S’ ¢T)

dQ*dydz,d* q,d°K

do¥ — Nde[(Ao + Ay cos ¢y + Ay cos2¢, ) fi (z, @) + (By cos 207 + By cos(2¢7 — ¢ ) + By cos2(dr — ¢ )
+ Bs COS(2¢T — 3CbL) + By COS(2¢T - 4¢ ”‘2 hl g(x ‘g‘ ]

}\[2

/doLda’ = 27| S| l?} | dz [.An sin(¢s — or) f17 (z, qf‘) s 530 sin(¢ps — 3¢+ h“g(l q,
“ ip .

+ By sin(¢s + ¢ )hi(x. g2 )] D(2),
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Azimuthal asymmetries

The cross-section as the sum of unpolarized and transversely polarized cross-sections,

dcro = da(qua d)T) — daU (¢T7 qu_) + daT (¢S’ ¢T)

dQ*dydz,d* q,d°K

do¥ — Nde[(Ao + Ay cos ¢y + Ay cos2¢, ) fi (z, @) + (By cos 207 + By cos(2¢7 — ¢ ) + By cos2(dr — ¢ )
+ Bs COS(2¢T — 3CbL) + By COS(2¢T - 4¢ ”‘2 hl g(x ‘g‘ ]

}\[2

/doLda’ = 27| S| l?} | dz [.An sin(¢s — or) f17 (z, q:)— 530 sin(¢ps — 3¢+ h“g(l q2)
“ ip .
+ By sin(¢s + ¢ )hi(x. g2 )] D(2),

AW(¢S’¢T 2 fd¢5 d¢T d¢J_ (¢Sa¢T) da(¢Sv ¢Ta ¢L)
N fd¢5 d¢T d¢L do’(¢Sa¢T’¢#)

25



Azimuthal asymmetries

The cross-section as the sum of unpolarized and transversely polarized cross-sections,

dcro . = da(qua d)T) — daU (¢T7 ¢J_) + daT (¢S’ d)T)

dQ*dydz,d* q,d°K

do¥ — Nde[(Ao + Ay cos ¢y + Ay cos2¢, ) fi (z, @) + (By cos 207 + By cos(2¢7 — ¢ ) + By cos2(dr — ¢ )

+ B3 cos(2¢r — 3¢, ) + By cos(2¢r — 4¢.)) ‘;2 h! g(x,(ﬁ D(z)

|Q'1‘|
!\[2

T T I g > 1 s :
/dogla’ = 27| S| 19+ dz [.Ao sin(¢s — &) fi7 (z.q7) — 530 sin(¢ps — 3¢r) ——

M, hllg(’ ql

+ By sin(¢s + ¢ )hi(x. g2 )] D(z),

AW(#s:61) = 9 J dés dor dd, W(dg,¢r) do(ds, ér, 6.)

Lg
cos 26y _ qZT [dzBy D (z,¢.)
[dés dpy b, do(s,dr.01) AT =5 fdzAO DG fl o)
N .
e The hy? gluon TMD could be extracted by studying the s 2ba—61) @ [d2By D(z) h-(o,a2)

following azimuthal asymmetries T M [dz A D(2) £ (zah)
P b
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Azimuthal asymmetries

The cross-section as the sum of unpolarized and transversely polarized cross-sections,
do

szdydzhd:)q],d?Kl = da(qua ¢T) — daU(¢T7 ¢J_) + daT(¢S7 d)T)

doV = Nfdz[(A{, + A cosd, + Ay cos2¢>l)fi’(:z:,(ﬁ) + (By cos 2¢7 + By cos(2¢7 — ¢, ) + By cos2(pr — ¢ )

+ B3 cos(2¢r — 3¢, ) + By cos(2¢r — 4. )) — 3 hl g(x,iﬁ)] D(z)

M
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- AVEip o 4 4

+ By sin(¢s + ¢ )hi(x. g2 )] D(z),

AW(¢S’¢T 2 fd¢s d¢T d¢J_ (¢S’¢T) da(¢Sv ¢Ta ¢L)

cos qzr JdzBy D Lg (2 qu
[ dég dép dp, do(g,b7,0,) Asestor — M fdzAgD 2) (e, @)

The hlig gluon TMD could be extracted by studying the

_ ¢ [dzBy D(2) hy (z.,q3)
following azimuthal asymmetries A 29r=01) = VTIg fdz,:{)p 2) (2,2 qTT)

Sivers asymmetry can be extracted through the

sin(¢pg—dr) _ |q1" deAOD qu
azimuthal asymmetry. AOs0r) = 27

M,  [dz Ay D(z fg:c(ﬁ,




Upper bound

=> Linearly polarized gluon distribution satisfies the positivity bound
=> Upper limit of asymmetry obtained when this bound is saturated

Iy (0 )] < f (o)

q B9 2)| — £9 2
| 1 (xaqt)| f1(w7qt)

2M§
M? [de Ay D(2) f (2. |
¢ [ dzBy D(2) by *(x,6}) 2%|B,|

Acos2¢r—o1) — Acos 2or=9,) U=

M2 [dz Ao DC) £l (@) Ao "



Parametrization of TMDs

Gaussian Parametrization of TMDs

q%/<q . . :
QCD Scale: p = y/m}, + Q2
J_g M2 (z,pm) 2(1— r) % r(0 < r < 1) and (g%) are parameters
(33 qu) - r o 5 constant and
m(g%)” r=1/3 (a7) =1GeV®  fqyor
independent
Sivers function Parameterization A. D. Martin, W. J. Stirling, etal., EP) C 63, 189 (2009)

AN . 2|qr| . 2 \/_N e T f’/fIT
fopt (2,0r) = <_ My ) r (#,ar) = z) forp (%) ) - ar @)®  U.DAlesio, etal, PRD 99(2019)036013

Ny (@) = Nya® (1 — )

the extracted best fit parameters are (PHENIX Collaboration at RHIC) Ng =025, a=06, =06, p=0.1

D. Boer, C. Pisano, PRD 86, 094007 (2012) 29
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Numerical Results

Unpolarized differential scattering cross-section
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The bands are obtained by varying the factorization scale in the range %,u < p<2u
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cos 2¢r Azimuthal Asymmetry

0.4 : ; . 0.3 . . . 03 . .
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cos 2¢r Azimuthal Asymmetry
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cos 2(¢r — ¢, ) Azimuthal Asymmetry

Upper
bound

0.4 ' i v 03 . ; T 03 ' ' Q2 = 10 GeV2
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33



Numerical Results- Sivers asymmetry
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Summary

We have discussed the TMDs which are important to explain the 3D structure of hadrons.

We estimate the cos 2¢1 and Sivers asymmetry in almost back to back D-meson and jet
electroproduction at the future EIC.

At the LO the gluon channel only contribute to the partonic subprocess.

We have used fragmentation function to describe the production of D-meson.

The sizeable asymmetry is obtained for both the asymmetries.

Back to back production of D-meson and jet can be a promising channel to access the linearly

polarized gluon TMD and the gluon Sivers TMD at the upcoming EIC.

Thank you for attention .
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Reason for discontinuities

Virtual photon polarizations
transversely polarized Longitudinally polarized

e D=L [ (1 (- - v 40— y) (10 + 1)
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Sivers asymmetry explanation

ASin(9s - 1)

Sivers Asymmetry
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£2 (@ ar) = LEN, (2) £y () /L2 2D

N, (z) = Nyz*(1 — w)ﬁ(—

(2)*"
(m2+K3)

g z (1—2 )ys

The zis integrated over0 <z < 1.




Positivity bound

Gluon Helicity +) +) |—) |—)
@ jy 4 —b—
( @ . . gre 39 ‘
(+| f+d, (g — ifif) 1 ikgg) iR
M ame—i® QB2
<‘|" %(QQT + 2.f1 ) fi] - .9"17[, -1 ql::{p hi’ - szz (h hlg)
9 ~21¢ io i
(1| i —img) e f-dp Sl +ifif)
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Positivity bound for hig
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