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Partl: J /1y — jet pair producticn in ep scattering

[Effect of TMD Evolution on cos2¢ azimuthal asymmetryinep —» e’ + J/¢Y + X studied  D.Boer,]. Bor (2022) ]

» Consider the electroproduction processes: e(l) + p(P) - e(l') +] /1/)(P¢) +jet(Pj) + X

hadron plane

___________________________________

Lem — QTS

y* —p c.m. frame

SIDIS Kinematics
_ P-Pp
A (— P.q) <1

z 1s fraction of virtual photon energy
carried by cc in proton rest frame.

q* = —Q* (virtuality of photon)
Q> P-q

2P-q7 TP




J /W — jet pair production In ep scattering

» Consider the electroproduction processes: e(l) + p(P) »e(l’) +] /II)(P,I,) +jet(Pj) + X

hadron plane
KXo, — GTES

dé = déV t9/a—cclnl+g/q

|Quarkoniam: | /]

___________________________________

Py, < M,,: Standard NRQCD: (0, [n])é6(Z — z)
L LDME

y* — p c.m. frame Aqcp K Py K My,: Shape function: Ap,(Z, k) )

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



J /Y — jet: Back-to-back In The Transverse Plane

P¢_]_NKJ_

» Py, and P;, are transverse momentum of / /i and jet

respectively in the plane orthogonal to the proton
momentum. = ) b= by =0

Ngb_L—ﬂ‘

Transverse Plane

. . Py ~ —K.
» We define sum and difference of transverse momenta y[
y* —p c.m. frame "
qr = Py, + Pj, , K, = Py, 2_ Pj\ ¢ denotes azimuthal angle of qr

» In the case where||qr| < |K, |, the /1 and jet are almost back-to-back in the transverse plane.

\, TMD Factorization
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CROSS SECTION: ep — &' + JU + jet + X

1 a3l d3 Py, 9 4 o4 s
25 (21)32E 1 (21)32Ey, (27T)32E — [ dxd?pr(2m)*5%(q +pg — Py — P;)X

a LEE (1, )@Y (x, pi)MIY =TV 9 M > g

do =

Lepton tensor: L** (1, q) = e2(—g"* Q2 + 2(HU + IH'14))

Parameterization of gluon correlator for unpolarized proton target at ‘leading twist’

q)vv'( 2) 1 [ vv']cg( 2 ) + (p;/" p}{’ + v/ p% > hlg( 2 )]
X, Pr) = —91 X, Pt g1 X, Pr
g 2x . M3 2Mz | !

Unpolarized gluon distribution
Linearly polarized gluon distribution
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feynman diagrams

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

\ . Q(Pj) . )
7 (9) p 1 5 p, 1 p. 10 by
Wi, 71 +k g, o5tk W, 77“ +k W, 2
TO00000 9(Pj>
"G‘SW %_ k W—‘—% —k %— k PL
o) %) o) a0, g(ﬁw@éﬁ% kL
9(P; 9
! 9<Pj>
7' (g) h 7 (q) 9(F;) - 7' (g) % A () %+ k
+ —
2 2
9(p,) oP) 9(p,) 9(p,) g(P) N u

Tree level Feynman diagrams for the hard process:y*"+g—>c+c+g
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Rmplitude Calculations Using NRQCD

The amplitude can be written as

M(y*g - Q@ 25+ 91 (py) + g)

z j (27-[)3 LPLL (k)<LLZ'SS |]]Z>Tr O(q D, PI/)' k):PSS (Pl/)! k)]

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

0(q, p, Py, k): amplitude for production of QQ pair. 0(q,p, Py, k) = Z CmOm(q, D, Py, k)

m=1

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

1 .1 P P .. = y° for spin singlet (S = 0
?SSz(Plp’ k) = z <_51;ESZ|SSz>v<7¢_ k Sl) ( 21'[) + k SZ) SSZ y p g ( )

5152

lgs, = esftz (Pw)yu for spin triplet (S = 1)

(=P + 2k + My)Tgs (P + 2K + M) + 0(k?) @

3/2
4M¢



Amplitude Calculatiens Using NRQCD RK, Mukherjee, Pawar, Siddigah, PRD 106 (2022)

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,] =0,1,2).

. 1
The S-states amplitude : M[25+15](1'8)](P¢, k) = \/?T[RO (0)Tr[0(q, p, Py, k) Pss, (Py. k) |k=0

The P-states
amplitude :

3
MR (Py, k) = ~i j; RI(0) ) € (Py)LLy; S, 1) Tr{0g(0)Pss, (0) + 0(0)Pss, (0)]
L

o 9,
0,(0) = mo(q. p, Py, k) |k=0 Pss,a(0) = WPSSZ(CI»P» Py, k) |k=0

R, and R; are related with the LDMEs
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Rsymmetry Calculations

Final expression of the unpolarized differential cross section:

do
dz dy d?q; d?K

1 1
B (27T)4 16sz(1 — z)Q* {(Ag + A;cosp, + A, cos 2¢lm

q
+ M_g( hy? (x, qTﬂ(BO cos 2¢r + By cos (2¢r — ¢,) + B; cos 2(¢pr — ¢, ) + Bz cos (2¢r — 3¢,)
+ IB4 COs (2¢T - 4¢J-))} RK, Mukherjee, Pawar, Siddigah, PRD 106 (2022)

f d¢s dor dep, W(ps,pr,¢1)do

: ion: AW@s.¢1.¢1)—
Azimuthal modulation: A [d¢s dpr dd, da

Boer, Mulders, Pisano, Zhou, JHEP 1608 (2016)

cos 2¢7 azimuthal asymmetry as function of z, x5, y and K;:

J dar qr ]?42 Boh (lg(x CIT)}

J dar qr Ao[fl (%, QT)} @

(cos 2¢p) = ACOS 29T =




Results: cos2¢ - asymmetry

cos2¢, azimuthal asymmetry in

(A) Gaussian Parameterization
D. Boer and C. Pisano (2012)

(B) Spectator Model

Bacchetta, Celiberto, Radici, Taels, EPJC 80 (2020)

Kinematics: /s = 140 GeV
Z=07 0<gq;<1GeV

Q = /Mj,+Kt2

dr = q: . K, = K; and ¢1 = ¢,

We used CSMWZ set of LDME

Chao (2012)

(B)

RK, Mukherjee, Pawar, Siddigah, PRD 106 (2022)
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Part2: Evelution 0f TMDs it and Rogors G011

Echevarria, Scimemi,Vladimirov JHEP 09(2016)004

Scale evolution of TMDs can be obtained by solving the Collins-Soper evolution equation and renormalization
group equation.

In impact parameter space(br —space ), TMDs can be expressed as

F(x,b;,,u) =e —35AGT St ) B (x, by, o, o) : Perturbative part
F(x,b;, ¢, n) represents TMDs in by —space

S, is a perturbative sudakove factor; valid in the perturbative domain: |br| < 1/Agcp

e resumms the leading logarithms; to avoid large logarithms: u ~ \/? ~Qand uyg ~+/{o ~ up ~ 1/by

2 —
S, atLOisgivenby S,(by,p) =24 f”z d_‘; as (it )( — %) @



Evolution 0f TMDs

For by < AE%D, perturbative tails of the TMDs can be given by OPE:

~ ~ Aybat and Rogers (2011)
Fg/A(x: br,Uo, o) = Z Cg/j(x: br; o, So )®fj/A (%, 1o )
J=a,9.9

Cy/a(x; up):Wilson coefficient function which are different for each TMDs, expands in powers of o as

k
Cara(X:1p) = 85a6(1 — x)_|_z (X <“S§£lb))

For large b, we need to introduce a non-perturbative Sudakov factor that freezes the perturbative
contribution slowely as b; gets larger.

F(x bT;( ,Ll) — e ZSA(bT:z (OI/‘.UO)F(.X. le (OJ.uO)e_SNP(x ,b1)

Perturbative part / bO/Q ~ 0 for bT =0 b;" — pTeSCTiption
br =——b; to ensure that by < brpay
r T = by fOT by > 0

L




Evolution of TMDs with leading terms: B

Perturbative tails of flg and hf Y9 given by integrated PDF; only leading order terms:

flg (x, br; o, §o) = fg/a (x; 1o ) + o(ag) + o (brhgcp)

hf Y requires a helicity flip and therefore an additional gluon exchange; perturbative tails starts at o(a)

R Cats(uo) (LdR (% X Cras (o) 1d% /% X
A Gobrimo d0) = 2 [T (1) a ) + RN [ (22 1) fad) + o@s) + o (rigen)
x j=a.q"*

P. Sun, B.-W. Xiao, F. Yuan (2011)

Perturbative Sudakov factor S,, with inclusion of one-loop running of ag; we set u ~ \/? ~ Qand uy ~ /(o ~ Up

| 36 Q? Q2 In(Q?%/uf) 11— 2nf/cA> <1n(Q2 /AgCD)>] ,
Salbr; Qb ) = 33 — 2"f lln #1% ¥ lnAZQCD " <1 - 1H(Q2/Aéc0)) ¥ ( 6 " 111(#1%//\%2@) +olag)

D.Boer, ]. Bor (2022)

br(br) = or plerir =0 Uy ~1/by = Up = @bo = u, <Q
T b~ 1/br b= L > M
V1+ (br/brmax)? \bTmax for by — o Qbr + bo @




Evolution of TMDs with leading terms: B

Evolved TMDs at final scale, u =
7 1 0 Ut
f2 G br; Q) = foya (6 up e 254(briQkb ) g=SNP(DT) 4 o (gr)

hy9(x,br; Q)

C dx /% Coae(Ur Ldx /x
-I” S(ﬂb)f = (S 1) fora(opp) + e f (2= 1) 4G )| e 25402 ) swpein
/[ x X \X /[ L ), X \x
]1=4,9
+ o(asd)

Fourier Transformation to the momentum space

: 1 oL a(bh 0 )
[P qr; Q) = 5 j dby brJo(brqr)fya (; uj) e 24T Qb ) g =Snp(abr)

U 11905470

2M2

o

ki) (1d% (2 ) as(uy) (1R (2 R R
= ] dby bez(quﬂl sy ] (5= 1) foraGomn) + N L (5 ) o) | 724006 ) g Sweteom
X

X X

+ 0’(6! ) o @



TMD Evolution; expanded to o (ag): A

For by K AE%D, perturbative tails of TMDs can be given by OPE:

~ ~ Aybat and Rogers (2011)
Fg/A(x: br,Uo, o) = Z Cg/j(x: br; o, So )®fj/A (%, 1o )
J=a,9.9

Cy/a(x; up):Wilson coefficient function which are different for each TMDs, expands in powers of o as

k
Cara(X:1p) = 85a6(1 — x)_|_z (X <“S§ilb))

For large b, we need to introduce a non-perturbative Sudakov factor that freezes the perturbative
contribution slowely as b; gets larger.

1 *
F(x, by, ¢ ) = e 25Ty b2 o 11 )e=SNP(HDT)

Perturbative part / bO/Q ~ 0 for bT =0 b;" — pTeSCTiption
br =——b; to ensure that by < brpay
r T = by fOT by > 0

®




TMD Evolution; expanded to o (ag): A

1
Expansion in resummation, e z2°4 —» 1 — S, /2 and coefficient fucntion Cy/j to o(as)

fig(xi bT}M)
= fgsa (6 11p )
g <CA1 2 ‘le _ 11CA — an [,lz

1 A A
Z dx X
. ¥ _ri . ¥ g% -S ,b 2

1=q,9,9

. Boer, D’Alesio,Murgai,Pisano,Taels (2020)
*We neglected the running of g here Boer,Bor,Maxia,Pisano,Yuan (2023)

2
: T
At inpute scale, y,: Cgl/g = —ES(1 —X) Cgl/q = Cgl/c—l = Cpx

i\li_g(x, bT}M)

A

Coas(uy) (rdx /% o Cras(up) tdg (% Sk —
_ | La%s\Hy j - (;_ 1)fg/,4(x:# 2) 4 —FZSATD 2 j 7(;— 1)fj/A(x,ub2) e ~SNP(XDT) 4 o (a2)
X j=CI,C_I X

[ [
L




Non-perturhative Sudakov factor Sy p

Syp 1s introduced to suppress perturbative contribution in the large by region (non-perturbative)

/ 1for by - 0
General Charectistics: e ~Snp(x.br,Q)

0 for bT

L—

Functional form of S, is largely unknown, however often choosen to be gaussian in b

Q

2
Case 1: Syp(br; @) = Aln (=) B2(br),  Qup = 1GeV (o) = Jb;+(b° be

\/1 + (bc/bTmax)2
Scarpa,Boer,Echevarria,Lensberg,pisano,Schlegel (2020)

A is fixed by defining a byy;,,, such that e “>NP becomes negligible (~1073) for given Q

s 5> and  bi(by) =

To estimate uncertainty, we consider by, = 2,4 and 8 GeV ™!, which roughly spans the region from
brmax = 1.5 GeV~! to the charge radius of the proton.

Case 2: Syp(x,bp;Q) = [A In (QiNP) + B(x)] bz, Qnp = 1.6 GeV

Inspired by parameterization obtained from fitting SIDIS, DY and Z-boson production data. @
)

S. Aybat and T. Rogers, PRD 83,114042 (2011

J. Bor and D. Boer, PRD 106, 014030 (2022),
2204.01527



Non-perturhative Sudakov factor Sy p

Case 1: >
b
belor) = o3 +(2)

Syp(br; Q) = Aln <QiNP) bg (br), Qnp = 1 GeV

Case 2:

Syp(x,br; Q) = [A In (Qi) + B(x)] bz, Qnp = 1.6 GeV

NP

|
|
|
|
|
|
|
|
|
|
|
|
|
1.0 1 Approach-A | 1.0 1 Approach-B
— briim =2 Gev~! 1 — briim =2 Gev~!
|
— bpjim= 4 Gev ™! I — bpjim= 4 Gev !
0.8 1 0.8
— briim=8 GeV~! ! —— bpjim =8 GeV~!
|
|
,-é 0.6 1 | f-é 0.6
» 1 “»
E I L
Q Q
3 | 3
U 0.4 1 v 0.4
|
|
0.2 : 0.2 -
|
|
0.0 1 I 0.0 1
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|
|

Scarpa,Boer,Echevarria,Lensberg,pisano,Schlegel (2020) D.Boer, J. Bor (2022)
x =001, Q2 =20 GeV? @



Approach-A :Syp(br; Q) = Aln (QL) b2%(br) (case-1)

Results

0.25
—— Approach A b jim = 8GeV~?!
---- Approach A b i, = 4GeV~!
0.201 - Approach A by jim = 2GeV ™!
OXX1 Approach B
leim =8 GeV_l
& 0.15 VS =140 GeV g
2 Q = 4.47 GeV 8
(@] (@)
< .10 2=07, x=0.01 <
Kr=2.0 GeV
0.05
0.00- ; ; .
0.0 0.2 0.4 0.6 0.8 1.0
dar (GeV)
x = 0.01

NP

Reduced range of g for which the positivity bound is satisfied

0.060 1

0.045 1

o
o
w
o

—— Approach A b jim = 8GeV~?!
---- Approach A b i, = 4GeV~!
-------- Approach A by jim = 2GeV~!
X1 Approach B

Vs =140 GeV

Q =4.47 GeV

Kr=2.0 GeV

z=0.7, x=0.003

0.0 0.2 0.4 0.6 0.8
ar (GeV)
x = 0.003

Approach-B: Syp(x, br; Q) = [A In (QLNP) + B(x)] b? (case-2)
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Results

Sun (b @) = [l (55) + B b3

QNP

leim = 8 GeV_l

leim =2 GeV_l

0.05 ;
| 74 Approach A
| =~ Approach B
0.04 - bP
0.037 y5 =140 GeV
10=4.47 GeV
0.02 -
1z=0.7
0.01
0.00 - . sl . | |
0.0 0.2 0.4 0.6 0.8 1.0
ar (GeV)
x = 0.01
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Results

Sun (b @) = [l (55) + B b3

QNP
0.04
: 771 Approach A
| XX]I Approach B
- — -1
003 T \/_= 140 GeV leim - 8 GeV
I |{0=12Gev
N 4
§ 0.0212z=07
< | Kr=2.0 GeV
0.01-
- | briim = 8 GeV 1
(R
AR K
0.00 —= 4-_A[_,-gg G GESIIRIRIRRESS by = 2 GeV™
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ar (GeV)
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|Acos 2¢T|

Results

Sup (b @) = [a1n (5 ) + BGo)| b3
Qnp
0.04
| ZZ1 Approach A
| XXI Approach B
| — -1
003' \/_= 140 GeV leim - 8 GeV
| 0=12 Gev
0.021z=07
| Kr=2.0 GeV
0.01-
- briim = 8 GeV~!
SRR
EATIRXRKRKS
0.001 ‘ll/__lé 'A.V.V‘A’A‘x.“‘A‘ QR leim — 2 GeV~!
0.0 0.4 0.6 0.8 1.0

ar (GeV)
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x=0.01
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|Acos 2¢T|

Results

Sup (b @) = [a1n (5 ) + BGo)| b3
Qnp
0.04
| 771 Approach A
| XXI Approach B
0.031 5 = 140 Gev briim = 8 GeV™
| 0=12 Gev
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0.011
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,vvooooooo )
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Summary

We calculated the cos2¢,; azimuthal asymmetry in a back-to-back J/i - jet pair production shows a
promising channel to prove poorly known linearly polarized gluon TMD at the future proposed EIC.

We consider the standard NRQCD framework for |/ /1 production. However, for the full TMDs
factorization for / /i - jet pair production process may require for introduction of shape function.

We show the effect of TMD evolution on the asymmetry in two different parameterization for the
perturbative tails of the TMDs and found they differ at large scale (.

The parameterization of nonperturbative factor, particularly in the large b; region, show a significant
role on the evolution of TMDs and hence on the cos2¢ asymmetry.
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