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STRUCTURE OF THE NUCLEONS IN TERMS OF QUARKS
AND GLUONS : STILL NOT UNDERSTOOD COMPLETELY

LGt

parton intrinsic motion
spin-k, correlations?
orbiting quarks?
spatial distribution?
nucleon mass?

Pic : M.Anselmino



NUCLEON STRUCTURE : PROBED THROUGH
ELECTRON-PROTON DEEP INELASTIC SCATTERING

Scattering through a virtual photon

Interacts with the quarks in the nucleon

(collinear) parton distributions (pdfs) q(x) ;
probability to find a parton in the nucleon
with momentum fraction x ; depend also
on the momentum scale

d aep—wx d 5.€q—>€q
Cross section dz dQ? dQ2




EXPERIMENTS AROUND THE WORLD

Aerial View of the Large
Hadron Collider in Geneva




ELECTRON-ION COLLIDER (EIC)

The EIC to be built at Brookhaven National Lab, USA will
collide highly energetic electron beam with proton/heavy ion

to take ‘snapshots’ at high accuracy --tomography of the
nucleon
Will try to understand the glue (gluons) that binds us all

Will explore how the spin (1/2) of the proton is made from the
spin and orbital angular momentum of the quarks and gluons
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Will explore the correlations between spin/OAM and
intrinsic transverse momentum
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COLLINEAR PDFS : NUCLEON STRUCTURE IN I-D

\ Motion of quarks in the transverse plane
/TIN ignored
Longitudinal momentum / o|®

L]

kT = 2Pt “ .

S | Non-perturbative : Is extracted by fitting
o 0 .
| ¢partons— experimental data
\®*
// %, Scale evolution of pdfs can be calculated
Sr
/ M

Independent of process : once extracted can be used to predict cross section of another process as the scale
evolution is known




TRANSVERSE MOMENTUM DEPENDENT PARTON
DISTRIBUTIONS (TMDYS)

3 8 =
o

Large (30-40% ) Single transverse spin asymmetries were seen
Ry e at FermiLab and RHIC experiments
— /' Such large asymmetries cannot be explained in terms of collinear
Longitudinal momentum °|® . . .
Kt =Pt 8 leading twist pdfs : need TMDs, or twist three pdfs
[ ]
\ : ¢« . : Ay Vs X in T Production
e Partons (FNAL 1991)
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TMDs : functions of x and intrinsic transverse momentum : Gives a 3 D - e e s v
) . sl 3 |
picture of the nucleon in momentum space 3
. . . 04— I —
Correlations of spin, OAM and kr :in terms of TMDs {




TRANSVERSE MOMENTUM DEPENDENT PDFS (TMDS)

TMDs play a role in processes where two scales are present Q2 >> g2

SIDIS Ip » I'h X \

For SIDIS and DY, TMD factorization is proven to all orders in aand leading twist

Collins, Cambridge University Press (2011)
Boussarie et al, TMD handbook 2304.03302

For some processes, attempts have been made to prove TMD factorization at one loop and beyond leading twist



TRANSVERSE MOMENTUM DEPENDENT PDFS (TMDS)

TMD-PDFs hard scattering TMD-FFs

TMDs play an important role in single spin and azimuthal asymmetries

Process dependent due to the gauge link or Wilson line in the operator

Gauge invariant definition of ¢ (not unique)
oM o (P, S| PO UG w(&)| P,S) Us,e) = Pexp (—ig /C o dsuA“(s))

O :quark correlator, parametrized in terms of TMDs

Gauge link : resummation of initial and/or final state gluon exchanges : process dependent



QUARK TMDS

QUARKS unpolarized chiral transverse
= \ fl / hl
L o 1
8L hy,
T 1 T Nyl
flr Eir hlrj,"hlr

Angeles-Martinez et al., Acta Phys, Pol. B46 (2015)
Mulders, Rodrigues, PRD 63 (2001)
Meissner, Metz, Goeke, PRD 76 (2007)

Extraction of unpolarized TMD as well as the Sivers function
Upto NS3LL

There are eight quark TMDs at leading
twist

Only three of them survive after
transverse momentum integration

Two TMDs, Sivers function and Boer-
Mulders function are odd under time
reversal

TMDs contribute in different azimuthal
angle asymmetries

Pavia 2017, JHEP 06 (2017) Bury, Prokudin, Vladimirov, PRL 126 (2021)
Scimemi, Vladimirov, JHEP 06 (2020) Echevarria, Kang, Terry, JHEP 01 (2021)
MAP Collaboration, JHEP (2022)  Bacchetta, Delcarro, Pisano, Radici, CP, PLB 827 (2022)



GLUON TMDS

GLUONS | ,0larized | circular linear
L CONE
) fit g | M
Angeles—MartineTVIet al-Acta I.Dhys, Pol. B46 (2015) HE = KB +
ulders, Rodrigues, PRD 63 (2001) 1 1T

Meissner, Metz, Goeke, PRD 76 (2007)

MEUse o (P, S| Trc [ FH(Q)US o F () UE ] 1P, S)

Gluon TMDs need two gauge links for gauge

invariance

2
2Mp

Linearly polarized gluon
1 *  distribution in
unpolarized hadron; T
even

Gluon Sivers function in
Transversely polarized
proton

Lo
hr

2
PT hlLTg Vanish under pr integration

In contrast to quark TMDs, very little is
known about gluon TMDs

Mulders, Rodrigues, PRD 63 (2001)
Buffing, Mukherjee, Mulders, PRD 88 (2013)

Boer, Cotogno, Van Daal, Mulders, Signori, Zhou, JHEP 1610 (2016)



SIMPLE EXAMPLE OF PROCESS DEPENDENCE OF TMDS :
SIVERS EFFECT

Diff cross section for SIDIS with transversely polarized proton can be written as

do-é—l-p(ST)—)f'hX 2 a2 Xon
dz, dQ? dzp 2Prdds = QF
st = y)2FUU + (2 —y)y/1 —y cos g Fe2® + (1 — y) cos 2¢y, Fr2o
5 UU UU

1 + 1 A 2 ; = - ! e lepton plane
[ (2 y) Sln(ﬁf)h . ¢S) FUT(¢h ?s) P (1 . y) SlIl(Cbh 4 ¢S) FUT(¢h+¢s)

4 (1 - y) sin(3¢h 3 ¢S) Fg;(3¢h—¢s)

+ (2-y) /1 —y(sinds Fr?s +sin(26, — ¢s) Fg,j;(%h—ess))] }

. F functions contain different TMDs : each come with a
sin(o— 2/(pla\ a
FUT ($—¢s) B E GQGIT X Dl different azimuthal modulation
y

Sivers Function



SIVERS FUNCTION

1 R
Faip.s (X by ) =Ty p(X, kL)+§ANf (X,k, )S-(pxk,)

q/p?

Sivers function TMD (D. Sivers; PRD (1990)) is related to the probability to find an unpolarized quark inside a
transversely polarized nucleon

It includes the correlation between the quark intrinsic transverse momentum and the transverse spin of the proton

In some models it is related to the orbital angular momentum of the quarks

Meissner, Metz, Goeke, PRD 76 (2007), 034002

T-odd function ; depends on gauge link



PROCESS DEPENDENCE OF TMDS

Gauge link is also present in collinear pdfs : but it is possible to choose a gauge (light-front gauge)
where the gauge link becomes unity.

This is because the collinear pdf operator is bilocal only in the longitudinal direction
but TMD operator is bilocal both in longitudinal and transverse direction

P(y~ )T (0) Py, y - )Ty(0) y =y’ —y°

For TMDs, even if one chooses the light cone gauge the effect of the gauge link remains
and in fact plays a very important role for the T-odd TMDs like Sivers function.
Such TMDs would be zero if the gauge link is not taken into account

J. C. Collins, Phys. Lett. B 536 (2002) 43



SIVERS FUNCTION : PROCESS DEPENDENCE

Gauge link : depends on specific process .
Example : SIDIS (final state interaction, future
pointing gauge link) and Drell Yan (initial state
interaction, past pointing gauge link)

5
-~

Sivers function in Drell-Yan process is same in

magnitude but opposite in sigh compared to

PR -~ o the Sivers function probed in semi-inclusive
% E_

DIS

Collins, PLB (2002); Boer, Mulders, Pijiman,

Nucl. Phy. B (2003
J_[DY] T k2) J_[SIDIS] (x k2) EE e

However, more complex processes have complex gauge link structure, and factorization is not always guaranteed



LINEARLY POLARIZED GLUON DISTRIBUTIONS

Linearly polarized gluon distributions were first introduced in
Mulders and Rodrigues, PRD 63, 094021 (2001)

Operator structure of unintegrated gluon distributions can be different in different processes. In the
literature, at small x,VWeizsacker-Williams (WW) gluon distribution contains both past or both future
pointing gauge links and dipole distributions contain one past and one future pointing gauge link. These
are also called f and d type distributions, contribute in different processes

Extensive literature on unintegrated gluon distributions.

Linearly polarized gluon TMD : Measures an interference between an amplitude when the active gluon is
polarized along x (or y) direction and a complex conjugate amplitude with the gluon polarized in y (or x)
direction in an unpolarized hadron

Affects unpolarized cross section as well as generates a cos 2¢ asymmetry



GLUON SIVERS FUNCTION (GSF)

Distribution of quarks and gluons in a transversely polarized proton is not left-right symmetric with respect to the
plane formed by the momentum and spin directions — this generates an asymmetry called Sivers effect

D. Sivers, PRD 41, 83 (1990)
Highly sensitive to the color flow of the process and on initial/final state interactions (T-odd)
In some models, the Sivers function TMD is related to the orbital angular momentum of the quarks

Very little is known about GSF apart from a positivity bound
Depending on the gauge link in the operator structure there can be two different gluon Sivers function, f-type and

d-t
U Bomhof and Mulders, JHEP 02, 029 (2007),
Buffing, AM, Mulders, PRD 88, 054027 (201 3)

Burkardt’s sum rule, which states that the total transverse momentum of all quarks and gluon in a transversely
polarized proton is zero, still leaves some room for GSF (30 %), moreover d type GSF is not constrained by it.

M. Burkardt, Phys. Rev. D 69,091501 (2004)

Back-to-back J/||J-photon/jet/pion production processes in eP collision are effective ways to probe the gluon TMDs :
expect TMD factorization. Only f-type gluon TMDs contribute



GLUON TMDS IN J/W PRODUCTION PROCESSES

Semi-inclusive J/{ production in eP collision is a good cannel to probe gluon TMDs

Godbole, Misra, AM, Rawoot, PRD (2012); AM and Rajesh EPJC (2017)

For low transverse momentum region, TMD factorization is expected to hold and for large transverse
momentum collinear factorization is applicable. In the intermediate region, results from these two formalisms
should match

TMD factorized description of the process needs smearing effects to be taken into account in the form
of TMD shape functions. The perturbative tail of the shape function can be obtained through a matching

procedure. M. G. Echevarria, JHEP (2019), Boer et al, JHEP (2023)

Also gluon TMDs can be probed in back-to-back production of J/{ and photon/jet/pion, TMD factorization is
expected to be valid. The small scale is provided by the transverse momentum of the pair. By varying the
invariant mass of the pair scale evolution of the TMDs can be studied

So far the smearing effects and the shape functions are not calculated by matching procedure



GLUON TMDS IN J/Ww AND PHOTON PRODUCTION

We consider the following process where the proton can be unpolarized or transversely polarized

e(l) + p'(P) » e(l') + J/w(P,) +7(p,) + X,

M? 1-y 1 Q? VI—=y -
Pﬂ:n&+7”n{;znﬁ, W= ; xBn/i-}-;En’i-F ; o,
2
b= —xpont +=—n" ~ —x,P*+ (P - K
g' =—xpnl + o —n. =% + (P - q)nf, 02 = zyS S = (P +1)?
_ P-q Q° . |

s 1 & d’p,  dp, Yy = P B = op . Partonic subprocess : virtual photon-
28 (2x)*2Ey (27)°2E,, (27)°2E, q gluon fusion
X / dxd’p;(27)*6*(¢+p—P, — p,) J/W production in color singlet channel in virtual photon-photon

fusion is suppressed due to a larger gluon density

= @Uw(l’ 9)Qq’ (x.pr)H,,Hif. Use TMD factorization D. Chakrabarti, R. Kishore, AM, S. Rajesh,

Phys.Rev.D 107 (2023) 1, 014008




PRODUCTION OF J/W IN NRQCD

In NRQCD the heavy quark pair is produced in the hard process either in color octet or in color

singlet configuration

Then they hadronize to form a color singlet quarkonium state of given quantum numbers through soft gluon
emission

Hard process is calculated perturbatively and soft process is given in terms of long distance

matrix elements (LDMEs) that are determined from data

The LDMEs are categorized by
performing an expansion in terms of
the relative velocity of the heavy
quark v in the limit v < |

C. E. Carlson and R. Suaya, Phys. Rev.D 14,3115 (1976).
E.L. Berger and D. L. Jones, Phys. Rev. D 23, 1521 (1981).
R. Baier and R. Ruckl, Phys. Lett. B 102B, 364 (1981).

R. Baier and R. Ruckl, Nucl. Phys. B201, | (1982).

E. Braaten and S. Fleming, Phys. Rev. Lett. 74, 3327 (1995).
P.L. Cho and A. K. Leibovich, Phys. Rev. D 53, 150 (1996).

G.T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D 51, 1125
(1995); 55, 5853(E) (1997).

The theoretical predictions are
arranged as double expansions in
terms of v as well as a..



PRODUCTION OF J/W IN NRQCD

QQ pair with [25 +1L§1’8)] quantum number

Soft process

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

J/Y is a bound state of charm quark and anti-quark (QQ)

Long distance matrix elements (LDMEs) : Describes
hadronization of of QQ[n] states into final quarkonium state

=y

NRQCD factorization

do =7/ = 5 dglab — ce(n)](0 | O/ | 0)

N

Perturbative short distance coefficient

Subprocess cross section for formation of heavy quark pair in

: : 25+1
particular color, angular momentum and spin state “n” : Ly,

calculated by perturbative QCD




GLUON TMDS IN J/Ww AND PHOTON PRODUCTION

J/b and photon almost back to back

P, —p, qr < K|
> :

qr=P,, +p,., K, =

We use NRQCD to calculate )/ production. At leading order only one  , , ~ &
CO state 3858) contributes

Cross section depends on only one LDME at LO , and the asymmetry becomes independent of the LDME

v 1 v v . . .
@y (x,p7) = 5= {—g’} fixp7) + (prT + gr 2pA;2) I(x ,p%)} In the back-to-back kinematics, we approximate

P, ~-p, ~K,

v S c 7 -3
o (5pr) = 5 { - T it i) + i P25 g g
. M, o pv} e"{” Mulders and Rodrigues, PRD 63, 094021
P1,€7" Pt PT'STth(x, 2y _ P1ofr S + Sr,ei py W (x, PT)} (2001)

oM M, 7 4M

+
p



CROSS SECTION AND ASYMMETRY

g dof ) = do¥(gr,4,) + do” )
dzdydr,dg, K, ¢s, pr.¢1) =do” (97, ¢.) +do’ (¢s, dr.¢1).
deV =N {(Ao + Ajcos ¢, + A, cos2¢, ) fi(x,q%) + (Bycos2¢r + By cos(2epr — 1) Unpolarized proton
+ By cos 2(¢pr — ¢ ) + B3 cos(2pr — 3¢, ) + By cos(2pr — 44, )) A‘{ITz hlg(x qa7) |»
= N|S7| lsin(,ps —¢7)(Ag + A cosd, + A, cos 2¢¢) |‘1T| FH(x, q2) Transversely polarized proton
+ cos(¢s — ¢r) (Bo sin 27 + By sin(2pr — ¢ 1) + B, sin 2(¢r —¢.) Weighted asymmetry :
+ B3 sin(2¢pr — 3¢ ) + Bysin(2pr — 4¢ 1)) |§/IT| oy AW(dsbr) = 2 fd¢sd¢Td¢¢W(¢s ¢r)do(ds, dr, P1)
, , * [ dpsdprdg, do(ds, dr.¢1) ,
+ (Bosin(¢s + ¢r) + By sin(¢ps + ¢r — @) + By sin(ps + ¢r —2¢ )
. . 7] Using the weight factors, specific azimuthal
+ By sin(ds + dr = 3¢.) + Basin(ds + dr —4.1)) )~ hir(x 47)| modulations are isolated.

p

C. Pisano, D. Boer, S. J. Brodsky, M. G. A. Buffing, and P.J. Mulders, J. High
Energy Phys. 10 (2013) 024.



ASYMMETRY

Lg 2
Bl , X,
Acos2¢r — a7 Bo hi?(x,q7) Asin(@s—¢r) — 97| flg( qu), hd = hl, + 211";2 h#z
M2 Ay fg( ,q7) M, fi(x.q7)
. * Bo hif(x.q3)
2 hJ_g 2 o |q | BO hg(x, q2) ASln(¢S—3¢T) e o |qT| 01T\ MYT |
pcos2tr—p1) — 91 B2 b1 (x.q7) Asin(ps+gr) — 1971 Bo 11X, 47 2M3, Ay fi(x.43)

M2 Ay fo(x,q%) M, A, f1(x,q7)

The coefficients A and B are calculated in NRQCD. Only one CO state contributes in the cross section namely

(0]07 (s{¥)[0)

Using cross section data one can fit the LDME
Iqu & g 2

|f1T (@00 25 E,a)

2

2M2
|qT| hg 2 & g 2
M | 1(x97qT)| — fl (xgaqT)a

IQT|3
2M3 |h

The LDME cancels in the asymmetries : clean probe
of gluon TMDs

|th(xga qT)l < fil(zg, qT)

Positivity constraints :

(xg7qT)| < fl (xg, qT)



GAUSSIAN PARAMETRIZATION OF THE TMDS

Numerical estimate of the asymmetries are dependent on the TMD parametrization. We have used a Gaussian
parametrization

£ (x, p) Is the collinear unpolarized pdf at a scale (q%) =1 GeV?

= 2 2
jer=i g Ml/f + 0 M. Anselmino, U. D’Alesio, and F.

e—97/{az)

fi(x.q7) = f1(x, 1)

7(q7) !
Murgia, Phys. Rev. D 67 (2003).
2 D. Boer et al, PRL 108 (2012), Boer and
hng(x,q%) _ M%,ffgx,zy) 2(1-r) el_rqu? M, is the proton mass, r=1/3 Pisano, PRD 86 (2012)
n{q7) r
(a+p) P
2lqr\ o N g(x) = Ngx*(1 — x)f
8y (i) = (=522 i) e~ o
> 1, il N,=0.25, a=0.6, p=0.6, p=0.1.
\/2e — T 7
227 g(x)fg/p (x) 0 qr ( 2>3/2 . U. D’Alesio, C. Flore, F. Murgia, C. Pisano, and P. Taels, Phys. Rev. D 99
i

(2019)



ASYMMETRY WITH GAUSSIAN PARAMETRIZATION

OF TMDS

0.06 [

0.05 |

05201 |

| AC(

D. Chakrabarti, R. Kishore, AM, S. Rajesh, Phys. Rev D Phys.Rev.D 107 (2023) 1, 014008

0.04 F
0.03 f
002 f

001 f

; T
y=0.1
z=04
KJ_=3GEV

T : T =
Q? =20GeV% - - = |
Q% =10 GeV?

-
- A

1
0.2

1
0.4
qr

1 L Il L
0.6 0.8 1

(GeV)

0.06 ———
y=01
z=07
0051  K,;=3GeV

0.04 |

s2(dr-d 1) |

0.03 |

I ACO

002 f

0.01 f

T ! T !
Q* =20GeV? - = = |
Q% =10 GeV?

L 1
0 0.2

0.4
qr

0.6
(GeV)

|
0.8

Asymmetry does not
depend that much on
CMS energy

Has peak value around qr
=0.7 GeV

kinematics chosen for
back-to-back
configuration



SIVERS ASYMMETRY

O K T % T 0 T T T
Vs =45 GeV ] I ]
=01 2 =10 GeVZ —— e 2 =10 GeVZ —— . .
a5t Y= o nea?--- ] 005F N - o ea?--- ] Sivers asymmetry is
K =3Gev ' e ' negative, depends on
o 01rF . A Vs = 140 GeV -
s : the CMS energy
S S y=01
£ 015 ] g 0r o4 i
) o Ke=dew Does not depend
021 g 02 . P
~ much on the photon
i 1 Rl 1 virtuality
_03 L 1 " 1 " 1 L 1 L _03 L 1 L | L 1 L 1 "
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
qr (GeV) qr (GeV)

Sivers asymmetry quite sizable at EIC kinematics and using Gaussian parametrization of the TMDs

D. Chakrabarti, R. Kishore,AM, S. Rajesh, Phys. Rev D Phys.Rev.D 107 (2023) 1, 014008



BACK-TO BACK PRODUCTION OF J/W AND JET

e () +p(P) = e (I')+J/w(P,) +jet(P;) + X, 4 I 9(Py) ) 4 W*(q) h
Wi, Sk W, é Stk W, 7‘+A W, 2
0% =—4>, s=(P+1)?, W? = (P + q)?, oo 9(F)
P, B, P,
OO0 Rt S ok P,
Q2 P-g P.-P 9(p,) (P%) ’ 9(p,) ) 9(p,) ’ g(ﬁ% 5k
v 9(r; g
Xp = , y = —, 7= . o(P)
2P : -l P- . . | |
1 9 v (q) iw 7 (g) Q(Pf)&w v (q) %+k 7 (q) %H:
9 " 2
Use TMD factorization in the kinematics where P, ;:MT&P | ;%P \
: : e 2 S
the outgoing J/Y and (gluon) jet are almost op,) £ R 4, ) oy
back-to back s T R

FIG. 1. Feynman diagrams for the partonic process y*(q) + g(p,) = J/w(P,) + g(P;).

Use NRQCD to calculate the |/ production

Raj Kishore, AM, Amol Pawar, M. Siddiqah,

Also compare with the color singlet (CS) model result
Phys.Rev.D 106 (2022) 3, 034009



CALCULATION OF AMPLITUDE USING NRQCD

The amplitude can be written as
* = 1,8
Mg - QQI*L™1(Py) + 9)

d3k
— Z f 23 Yt (L 5SS, TN TE[O(4, P, Py, k) Pss, (Py k)]
L,S,

D. Boer and C. Pisano (2012)

8
Amplitude for production of QQ pair : O(CI; D, Py, k ) = z CnOm(q, 0, Py, k)

m=1
The spin projection operator, Pgg_ (Pt.b' k), projects the spin triplet and spin singlet states of QQ pair

Pss, (P, k) = Z <§S1;752|552>U (7— k, Sl>u (7+ k, 52) ss, = v~ for spin singlet ( )

S$1S2

lgs, = ng(Plp)Vu for spin triplet (S = 1)

1
= (=Py + 2k + My)Tigs, (Py + 2k + My,) + 0 (k?)

B 3/2
4M¢



BACK-TO-BACK PRODUCTION OF J/Ww AND JET

L_dv 4P, 4P, M(}'*g—>QQ[”+1L(1’8)]g)

dazzs(zn)32E,,2Ew(2n)32Ej(2n)3 :
d’k
x/dxdlpT(zn)454(q+pg—Pj—PW) 2n) Wi, (K)(LL;SS |JJT,)
1 / / *— *qgy*—
XELW (Lg)Y (x,p}) M ~IVIMT IS, X Tr[O(q, Py Py, k)Pss (P, k)],

30(8) 1¢(8) 3p(8)
Contribution comes from the color singlet state (3551)) And color octet states (°S17,°So s PJ(O ))

In NRQCD, k, the relative momentum of the charm quark is small.
We have Taylor expanded the amplitude about k=0.The first term gives the S wave contribution and second

term the p wave contribution By, oo B

Formation of the bound state J/{) from the heavy quark

pair is encoded in the non-perturbative long distance

matrix elements (LDMEs).These are obtained by fitting

data P ~—K;

Upper bound of the asymmetries : U. D’Alesio, F. Murgia, C. Pisano, and P. Taels Phys.Rev.D 100 (2019) 9, 094016



ASYMMETRY

_ _P-Py q <Ky do _ 1 1 90 o2
q: = P!//_L + PjL’ Kt = T dZdydedzqtdet - (27_[)4 16SZ(1 _ Z)Q4 (AO T Al Cos ¢L =+ AZ COs 2¢J_)f1(x’ qt)
qt2 lg 2
2 —=h , B 2 B 2¢, — B 2(¢p, —
(o826} A fqtdqt&—’%Bohllg(x, ) +M% 1 (x,q7)(By cos 2, + B, cos(2¢p, — ¢ ) + B, cos2(p, — ¢, )
cos2¢,) = 8= 7 S
f 4:dq:Aof1(x, q7) + B; cos(2¢; — 3¢, ) + B, cos(2¢; — 4¢¢))}-
, o Spectator model : Spectral function
Gaussian parametrization of TMDs :
00 o My-D)?
1 Fi(x,q7) :/ dMxpx(Mx)F*(x, q; Mx). px(My) = e Lﬁ—ge_( Sa ,
9(x a2) = 7 -q%/(q?) M B+ u** 7o
1306, G) = ) oy e/, o
t
Myx :mass of spectator : continuous
: L3(A%) = xM% + (1 — x)A% — x(1 — x)M>.
2 %9 2, =T ol ij _
hng(x, q%) _ M%f‘({(X,,M) 2(1 — r) el_’:‘#, fi (x,q75 Myx) = 291[(1)](3" q;,S) + ®Y(x,q,,—9)]
ﬂ<q%>2 r = [(2Mxg; — x(M + Mx)g,)*[(Mx — M(1 - x))* + q7]

+2q7(q7 + xM%)g5 + 2q;M*(1 — x) (497 — xg3)][(27)*4xM?> (L% (0) + @7)°] ™,

h ( q M ) = 1 5”11 m i,n 2 € 5” ¢n ( q S) Qn ( q )
1 '{’ 1 X ) ( j ) {3 '{’ 1 '(’ 1 5

= [4M2(1 = x)g} + (L3(0) + @?)g3] x (22 x(L3(0) + )],

(q?) =025 GeV2.  r=1/3

A. Bacchetta, F. G. Celiberto, M. Radici, and P. Taels, Eur. Phys. J. C 80, 733 (2020).



TMD EVOLUTION

Also incorportated TMD evolution in the asymmetry
Aybat and Rogers, PRD 83, 114042 (201 1)

TMD evolution is done in impact parameter space
Saand S, are perturbative and non-perturbative
Fx,b2,0%) = Z (Cyrp ® £1)(x, 02) Sudakov factors
® p=4a.9 A (25 \i2
07,0007 5, (007 Cs [2d 0} 1-2mycp\  Swmgle(gh)t  en-toe.
X e 2SA(b Qf’Qi)e—Snp(bt*Qf), SA(b%,Q%,Q%):f/QZfrILZaS(ﬂ) (10g ;72f_ 6f A) an
i , Scarpa, Boer, Echevarria,
Boer, D’Alesio, Murgia, Pisano, and Taels, JHEP :ﬁas(llo szf 11-2n;/ CAlong), Lansberg, Pisano, Schlegel,
(2020) 40. z °\2 ° Q; 6 07 EPJC(2020)
= ./ M?* + K2 _ 2
Or =/My +Ki- A=23 GeV Used b, prescription to prevent Q,

Q; =2e77E/b, larger than Qs for low b,

q
2 h P (x,q)

1 s [(Ca, ,0% 11C4—2n; Q2 2
/ bydb,Jo(b ,q,){ff’(x Qf)—%[(j"l o8 -6 ”flogQ’;)f?(x,Q% s ds (3
l l :_;/ dbb.J5(q;b,) [CA/ ?(;_1) ?(X’QJZ‘)

Final expressions are :

f1(x.qf) =27/,

Q2
+(Py @ 1 +Py® 1) (x. ) log - ff(x,Qj%)}}x $2p82)



COMPARED WITH DIFFERENT RESULTS

UPPER BOUND OF THE ASYMMETRY

(a) 0.4 v e r—r—r—r—r r—r—r—r—r (b) I I I T —_— p—
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Result is Gaussian parametrization lower
— 02F & = .
] § onl ) than in spectator model
°i ] i 4 Ui R o - '~.
0.1f s, ] \\'\. . . .
S X 0.01f % Asymmetries in CS smaller than in NRQCD
0.05 | ~ o\ Sy
[} ol A e Y l—.__.—l—'—:::s OE e e e T e i 1 _'—_'\‘3
W e 2 M s s T Raj Kishore, AM, Amol Pawar, M. Siddiqah,

Phys.Rev.D 106 (2022) 3, 034009



CONTRIBUTION TO ASYMMETRY FROM DIFFERENT
STATES

Vs = 140 GeV
O e ®» —————————————
0.05tL b
02} ! Q:,/M51+Kt2,
. oot s e SO ek W
oe: O 't ot s ot e et e e e ] g [ /‘./ .............. ]
2 ‘ 8 : ‘ =
< < 005 L/ — y=0.3
021 A t L
[ —.s0 ] 01t . W () LDMEs from K.T.
0.4 w1 i ] Chao et al, Phys.
12 3 4 5 ¢ 1 2 3 4 5 6 Rev. Lett. 108, 242004
In (a) dominating contribution come from a single state whereas in (b) (b) LDMEs from Sharma
contributions come from several states andVitey, Phys. Rev. C 87,

044905 (2013)
Raj Kishore, AM, Amol Pawar, M. Siddigah Phys.Rev.D 106 (2022) 3, 034009




J/Ww AND PION PRODUCTION

M2+ P? po_ 1
— : K ™ L 7 P — — PH
P#_Zﬂ(P q)n+ 2z7rP-q P PﬂJ_, al P
PH = lpﬂ_ ! M721’ PH P.P
@ 27T 2P.P.\ 2z 2= PP T 7.
Vi o
Zr = “Pg

Khatiza Sheikh, Amol Pawar, AM, Sangem Rajesh, 2406.00271 [hep-ph]

Fragmentation of the outgoing
gluon into pion

v (q) + a(k) = J/P(Py) + a(Fa)

Back-to-back |/ and pion : transverse
momentum of each large.

Treated fragmentation of final state
parton into pion as collinear

Contributions from both quark
and gluon channels estimated



CROSS SECTION AND ASYMMETRIES

VY o 3P B3P
d ep—etJ/P+nt+X _ 1 Y 7r dz, 2k , dz (27)* 6 B _p,
’ 2s (2m)32Ey (2m)32Ey (2m)32E, | 0 Tt z(2m)*6*(¢+ k — Py — P,)

1 4 aa’ *a a A ¥y a—J a
x @LW (1, q) @2 (z, kLa) M2 T/ pMET 2T VHE D(2) g ().

do

QP aydry P PR, = (045 #1) = d07(9r,61) +d07 (45, ¢1).

doV = N/dz {(.Ao +Ajcosg | + Axcos2¢,) fi(zg,q2) + (Bo cos2¢, + By cos(2¢r — ¢ 1)

2
+ By cos2(¢pr — ¢1) + Bz cos(2¢r — 3¢1) + Bacos(2¢ — 4¢ 1)) % hi9(zg,q2)| D(2).
P

do” = N|S,| /dz [sin(qbs — ¢7) (Ao + Aicosp | + Ay cos2¢ ) lj\l/l—T|f1LTg(xg, q2)
. o . p
Calculate coefficients in NRQCD + cos(ps — ¢r) (Bosin 26 + By sin(2¢r — ¢ ) + Basin 2(pr — ¢.)

3
+ B3 sin(2¢; — 3¢ ) + By sin(2¢, — 4¢J_)) |§I\;—L hiLTq(xga Q:2r)
p

+ (Bosin(¢s + ¢r) + By sin(ds + ¢ — 1) + Basin(ds + ¢r — 2¢1)

+ Bysin(gs + ¢ — 3¢.) + Basin(ds + or — 461)) L1hg (z,,42)| D(2).
p



COEFFICIENTS

AO _ <O|O351[1]|O> A;Sl[l] + <0|03S1[8]|0> A;Sl[s] + <0|0150[8]|0> AOSO[S] + <0|OJ/¢ |O> A;PJ[S]

J/ J/ J/¢
35,11 1 5.8 8 S 1g
Bo.2 = (010, 5:M10) By3 ™M + (010, 7110y B3 + (0j0, 0y B2 + (0107 0) By5 ™
Gluon channel : example sl _ 1024Q? 202y - 1)[u2 (@ +5) (2 (Q%+5) + (@ +5)°
of one of the contributions ’ y2(Q2 + 5)2(Q2 + s + £)2(2Q% + s + u)2 (Q? + t + u)®

+4t%) +2u (12 (Q%+5)" +2° (207 +5) + Q7 (@2 +5)°) (@7 +5+1) + (2 (@7 +5)" +Q* (@7 +5)”
+4Q**)(Q* +s+1)%] — (y—2)y + 2) [Qlo (2 (5s% + 14st + 6t%) + 14u(s + t) + 3u?) + Q®(s*(43t + 26u)+
10s% 4 13s(t + w)(3t + u) + (t +u) (8t + Ttu + u?)) + Q%(u (73s°t + 245° + 44st? 4 Tt%) + 475°t* + 31s°t+

5s* + 19st3 + ud(4s + ) + u2(s + t)(22s + 5t) + 4t*) + Q* (33(26152 + 47tu + 18u?) + s%(3t + 2u) (52 + 12tu

+ 3u®) + s*(10t + 11u) + s° + st (13t%u + 4¢° + 13tu® + 3u®) + (¢ + w) (2t + 2tu + u?) ) + Q?s(s®(Tt*+
13tu 4 Tu?) 4 s*(20t%u + 5t° + 17tu® 4 4u®) + s*(t + 2u) + stu (7t + 11tu + 3u®) + 2t%u(t + u)?) + Q™ (5s+

Tt + 3u) + Q™ + s2(s +t + u)(s2(t? + tu + u?) + stu(t + u) + tzuz)] }



UPPER BOUND OF THE ASYMMETRIES

o
(6]
=
v

2 2 2 2
0.41 —O =50 GeV 00<z<1.0 x0.4_ f— O =50 GeV
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s 0.3] 0.0=9gr=1.0GeV >
|
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ol 0.2 P
S y=03
<
0.1
0.0 0.0

The upper bounds for the A°52¢7 (left panel) and A°°Sz(¢T ¢1) (right panel) azimuthal asymmetries are

functions of K, in the process ep — e + J/v¥ + 7+ + X at /s = 140 GeV using CMSWZ [73] LDME
set. The fixed parameters include y = 0.3, 2, = 0.3 and Q? = 50 and 80 GeV2. Kinematic variables z and gr are
integrated over the interval [0, 1]. The ratio of quark contribution to the total scattering cross-section is shown as a
band, obtained by varying Q? from 50 to 80 GeV?2.

Khatiza Sheikh, Amol Pawar, AM, Sangem Rajesh, 2406.0027 | [hep-ph]



ASYMMETRIES USING GAUSSIAN
PARAMETRIZATION

0.5

o
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Sty 2 — 2 R 2 = 2
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(a) (b)

Gaussian parametrization for the A°2¢7 (left panel) and A°°32(#7=¢1) (right panel) azimuthal asymmetries
are shown as functions of K| at /s = 140 GeV using CMSWZ [73] LDME set. The fixed parameters include y = 0.3,
zy = 0.3 and Q% = 50 and 80 GeV?. Kinematic variables z and gr are integrated over the interval [0, 1].

Khatiza Sheikh, Amol Pawar, AM, Sangem Rajesh, 2406.0027 | [hep-ph]



ASYMMETRIES USING GAUSSIAN
PARAMETRIZATION
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Gaussian parametrizations for the A°52¢7 (left panel) and A 2(¢7~%1) (right panel) azimuthal asymmetries
are shown as functions of g1 at /s = 140 GeV using CMSWZ [73] LDME set. The fixed parameters include K|, = 2.0
GeV, y = 0.3, 2y, = 0.3 and Q2 = 50 and 80 GeV?2. The variable z is integrated over the interval [0, 1].

Khatiza Sheikh, Amol Pawar, AM, Sangem Rajesh, 2406.0027 | [hep-ph]



QUARK AND GLUON TMD CONTRIBUTIONS
TO THE SIVERS ASYMMETRY
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Siver asymmetry is shown as functions of K| in the process ep — e + J/¢ + 7 + X at the EIC with
cm energy of /s = 45,140 GeV using CMSWZ [73] LDME set. The fixed parameters include y = 0.3, z,, = 0.3 and
Q? = 80 GeV2. The variables z, qr are integrated over the interval [0, 1].

Khatiza Sheikh, Amol Pawar, AM, Sangem Rajesh, 2406.0027 | [hep-ph]



QUARK AND GLUON TMD CONTRIBUTIONS
TO THE SIVERS ASYMMETRY
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Siver asymmetry is shown as functions of g7 in the process ep — e + J/¢ + 7% + X at the EIC with cm
energy of /s = 45,140 GeV using CMSWZ [73] LDME set. The fixed parameters include K| = 2.0 GeV, y = 0.3,
zy = 0.3 and Q? = 80 GeV?. The variable z is integrated over the interval [0, 1].

Khatiza Sheikh, Amol Pawar, AM, Sangem Rajesh, 2406.0027 | [hep-ph]



SUMMARY AND CONCLUSION

Discussed theoretical estimates of azimuthal asymmetries in back-to-back production of |/{p —photon, J/{-jet
and J/y-pion production in eP collision, in the kinematics of the upcoming EIC

Used NRQCD and CS mechanisms to calculate the J/{ production rate

In J/y-photon production only one LDME contributes : asymmetry is independent of LDME choice.
Robust probe of gluon TMDs . Cos 2® asymmetry small but sizable Sivers asymmetry.

In J/{-jet production, significant contribution to cos 2® asymmetry in NRQCD, smaller in
CSM. Also considered effect of TMD evolution. The asymmetry is also sizable if one observes
back-to-back }/y and pion.

Asymmetry depends on LDME sets chosen, as well as the parametrization of gluon TMDs.

For asymmetries in J/{-pion production, contribution from quark initiated channel small compared to
gluon.
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