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Introduction

» pp' = hX : Large transverse single-spin asymmetries
(TSSA) Ay = 20251 of g 1o ~50%

« proper treatment & collinear twist-3 formalism
-however: very challenging
-NLO so far not on the horizon

Towards the transverse SSA for ep = hX at NLO and its
connection to ep = yX

29.07.2024
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Introduction

Simpler similar processes?

ip" - X (DIS) Ip" - hX Ip" - vX

TSSA vanishes for one-photon exchange Accessible at the EIC No twist-3 fragmentation, but

> time-reversal symmetry * Computation at NLO interference

- non-zero TSSA for two-photon . Jet production lpT > jet X lpT > lyX (ySIDIS)
exchange W.S. Albaltan, A. Prokudin, M. Schlegel, Phys.

N. Christ, T. D. Lee, Phys. Rev. 143, 1310 (1966) Lett. B 804, 135367 (2020)

Towards the transverse SSA for ep = hX at NLO and its
connection to ep = yX
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Collinear twist-3 factorization approach

higher twist terms of Effects due to transverse motion Quark-gluon-quark or
familiar quark-quark of the partons, non-zero ky tri-gluon correlations
correlator inside the hadron

The notation in the following slides follows the conventions from K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak, M. Schlegel, Phys. Rev. D 93, 054024 (2016)
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Kinematical twist-3 distribution functions

Correlator with non-zero ky:

Example:

q)lqj(x' )= j 2T
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Kinematical twist-3 distribution functions

Kinematical twist-3 correlator:

cbg’{’](x) = j d%ky kpCqu(x, kr)

1(1),
— EMEPnpSPijﬂT( )q(x)+...

First k--moment of the Sivers function appears:

-

2

2M2 f1 CI( kT)

FE00) = [ dPher gy



Dynamical twist-3 distribution functions

Multi-parton correlators:

du _ .
% j’ j’ ot A+ M (P, 5|7;(0)ig F™® (um)q; (Am) |, S)

M
=?(eP"PSPiF;’T( ) — SEPYsGR (') + ...)

Connection with Sivers function
1
(e, x) = i (x)

D. Boer, P.J. Mulders, F. Pijlman, Nucl. Phys. B 667 (2003)
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Dynamical twist-3 distribution functions

' A Symmetry:

| f) Fi.(x,x")= FL.(x', x)

Gar(x,x")= =G (x', x)

Support:
x| <1,|x'| <1 and
lx —x'| <1

Towards the transverse SSA for ep - hX at NLO and its
connection to ep — yX
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Key features of the calculation

LO result for e(Dp'(P) = h(Py)X :

En

dd 1P

(S) = 0,(S) j dvj—aw(v W)Zeq[

s={+P)?>=2l-P,
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t:(P—Ph)ZE—ZP'Ph,
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171=

Twist-3 effects on the

fragmentation side, which we
do not consider in this talk
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Key features of the calculation

NLO Calculation

Virtual corrections... Real corrections:
...not part of this talk!

Distribution side: Fragmentation side:
Not considered here!
9 — 4
qq — q
aq = q'

99— q



Key features of the kinematical part

OI7 (x) j d(1/2) D! (z)

[ [’
hO0kin
M% dd—lph —jdx
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Key features of the dynamical part

Y
k—k " r
> >
P P
X X
a.p
Endogyn , q P\ iP; U(x x")
da-1p, =fdx jdx jd(l/Z)ZZSDl(Z)Hij( , P = z) ' — x + c.cC
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connection to ep = yX



Key features of the dynamical part

[
[ +K —7r
k/
k— k'
1
(k" —p)+in
1
OC(? ; ) OC<:P—,
X — X X
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Key features of the dynamical part

S(x" — x) |:> IZ:qT(x, x), (GZ:(x,x) = 0),
x" —x 4 q /
dx FFT(xr x); ax, GFT(x)x ) ‘x,:x
5(x") > FL(x,0), GL.(x,0)

§(x' —%) ) F.(x, %), GL.(x, %)



Key features of the dynamical part

2x L _ N
2k >0 FFqT(x' X), GgT(x, X) <71

¢

Keep in in the propagator, perform the phase space integral first, then take the
Imaginary part

¢

Extract imaginary part via
N
loglx + in] = log[|x|] + O(—x)im

But Carefull ¥ =

N



Key features of the dynamical part

Def. ; discontinuity at { = wand polesat{ =0,{ =1
- Need to regularize these poles!
Finite
E,d T ordw F9(x,x0) G2 (x,x0) =
hA0gvyn w . X, X . X, X e
=p, j dvxj 7! “ Ka(”’ O a=gr T OO c)2>zz DE(Z)] N

Poles



Key features of the dynamical part

ldea: add and subtract suitable terms!

FLGxy) (=0 +¢(2-0) -5{A =) — Fh(x,x0)
{1 -0)? (1= 0)?
Extra SFP Extra SGP
6L Gx) (=07 —x3(1-0) — G (x,x0)
{1 —0)? {1 =0)2

No ¢{-dependence in Fil., G1. = go back and apply §(x' — %)



Final result

sGp SFP int 8maimy a, Me'PPnrS
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Connection to ep' = yX (w/o interference)

The result for the related process ep' — yX is readily obtained by the replacements:

N 0
Cr : eg
48 Xem



Connection to ep' = yX - model ansatz

Ansatz for the twist-3 correlation functions

L1, g\ [ T L1, g\ [ T
FFqT(T'(p)=<%(f1T q+f1T q) V2 +2T[(1T q_1T q) \/_7 Cos @

+ ) af, (") (cos@@ng) -1+ » ai . (r)(cos((2n+1>¢)—cos<o))
nZl 2 nZl 2 1

x'=r sin(go+%)

<(1 —x?)(1 = x)?)
X

o)
(1 _ xx’)z ) (1 — (X — x’)Z)E@)(l — |x|)®(1 _ |x’|)@)(1 ~lx— x’|)

X=r cos(<p+%)

Similar for G2, (7, @)



Rapidity plots for ep’ — yX iy -2

Vs =100 GeV,x} = 0.1, = p}. = 5 GeV Vs =100 GeV,x} = 0.3, = pX = 15 GeV Vs =100 GeV, x. = 0.6, = pX =30 GeV
dAo dAo
—— [pb b dAc
dn,dx}, [pb] dn,dx’, [pb] . PPl
- = ] nydx; . I
I . 0.04.L— 00006 — Iniegra
L S AT /
i \ : % Vg o — sGP
/ 2 \ I // 0.0004 - \\ — FF
| \\ ' - SFP
N

-0.02

Towards the transverse SSA for ep = hX at NLO and its

29.07.2024 connection to ep = yX

22



Asymmetries for ep' - yX g2

s =100 GeV, u = pl. s =100 GeV, u = pl,

AUT

0.020 |
0.015|

0.010 |

0.005 |-

20 07.2024 Towards the transverse SSA for ep — hX at NLO and its
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Summary/Outlook

Twist-3 formalism - plethora of different contributions + distribution functions

Combine using EoM-relations and/or lorentz invariance relations
> express result for the gqg — g channel entirely in terms of Fg., G1, and twist-2 FFs

We also obtain (part of) the result for ep’ - yX
- model predictions show potential for large Ayt in certain kinematic regions

Finish the calculation for remaining real correction channel gg — q’
Derive corresponding results for ep” — jet X

Include twist-3 fragmentation effects



Backup

Higher twist terms from the quark-quark correlator familiar from unpolarized and longitudinally
polarized twist-2 calculations:

Wilson lines, like

q i A ., _ WI]0; An] in this case, are
©;(x) = J Eel *(P,$|q;(0)q;(An)|P, S) omitted for simplicity!

() = 5 PRI + 5 M () — 5 M(S - mPysglC) + 3 MAS - mIP, Alyshi (o)

1 1
~1 [P, 8lvs — EM(S —(S-)P)ys



Backup

The phase space integral can be solved analytically, choosing a frame where [+k—p =0 onefinds

| der st (r®)s*((L+ xP + kr — Pp/z —1)?)f(r)

/=
1 (ruQ-w) 2wk \PA-) f
*4(2@358( wii? ) °1—20)) sinl~2¢(6)df J Sin~2¢()dpf (6, )
aaTT;kT—>O

For further evaluation of the angular integrals

e(1—w) 1 we followed:
V.E. Lyubovitskij, F. Wunder, A.S. Zhevlakoy,

J. High Energ. Phys. 2021, 66 (2021)

——ag__l — —1
(1—w) 17a = a86(1 W)+(1_W)++0(8)

Towards the transverse SSA for ep = hX at NLO and its 26
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https://link.springer.com/article/10.1007/JHEP06(2021)066

Backup

Alternative approach (this was used for Ip" = IyX (ySIDIS) in W.S. Albaltan, A. Prokudin, M. Schlegel, Phys. Lett. B 804, 135367 (2020)):
pull the kr-derivative inside the phase space integral:

d
—6((U+xP + kg — Py/z —1)?) 63 (x, kr,
i (L xP d k= Po/z =) 8y (e kn, D) |

00; 2x(l—1) 00;; 0
=5(U+k—p—-7)?)|—2 -— +6;| =
(( p-7) ) [6k$ kr=0 S+t—2k-r\ 0x lkr=0 %L |kT=0 0x
Leading to:
£, do k = xP
Cm_—l;l—jdxjd(l/z)Dq(z)jddr 5+(r2)5+((l+k P—T)Z)
clooe o (20 __2xU=D), 05y L 0057(x) 2x(1-1), .
9,ij dk? lkr=0 §+t—2k-r 0x lkr=0 ox S$+t—2k-r Ylg=0
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https://www.sciencedirect.com/science/article/pii/S0370269320301714

Backup

8' (ww,QFg-(xx0) 85 (v,w,{)Gpr(x,x0) with
{w=-0-) 7 {w-DA-

Another possible regularization:

¢1-20)

A=0W =0 pa () - W =0 ey Fep (%, x0)

FT(x x) +

FqT(x x() B

(w—01-0) ((W A =9

,genuine” hard pole

((W C)(l—C) C(W—C)(l—f)




Backup

There are two types of collinear singularities left at this point

Singularities from neglecting the Singularities from collinear emission of
electron mass the gluon from the quark
>removed by Weizsacker-Williams —“>removed by fragmentation function
contribution renormalization
[ Py .
> as Se (dw z
A s vE q
60® 5= | — Pyw)D{ (=)
z 0@ [ T (w)Df (2
q v p Y e
kJ
g T Quark-gluon splitting function
>
P

Towards the transverse SSA for ep = hX at NLO and its
connection to ep = yX
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Backup

Extraction of Sivers function at scale u = 1.55 GeV (Anselmino etal., Eur. Phys. J. A 39, 89-100 (2009))

M?(k7)
My, (M{ + (k7))?

f1J'1_‘(1),q (x) = — %]\/‘CI (x)flq (x)\/Z_e

N(x) = N9x% (1 —

M, = 0.93827 GeV; (k%) = 0.25 GeV; M; = 0.583 GeV; § = Bq = 346;a, = 0.73; a4 = 1.08; ageq = 0.79;
N% =035 N%=—-0.9;NS = —0.24;N* = 0.04; N? = —0.4; NS =1

For the plots:
NLO unpolarized parton distributions MSTW2008 A. D. Martin, W. J. Stirling, R. S. Thorne, G. Watt, Eur. Phys. J. C 63, 189 (2009)
Parton-to-photon fragmentation function GRV NLO M. Gluck, E. Reya, A. Vogt, Phys. Rev. D 48, 116 (1993) [Erratum: Phys.Rev.D 51, 1427 (1995)]

1 1 1 1
€=6=0.01;a%, = <—§,0, 1,0,§,o>;a§_7 =a5_, =0;bl, = <0,—§,0, 1, 0,§>;bf_6 =bi =0

Towards the transverse SSA for ep = hX at NLO and its
connection to ep = yX
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Backup

s =100 GeV,n, = —1.5,u = p}.

0.0

29.07.2024

Vs =100 GeV,n, =0,u=p

_2p}
xT_f

Vs =100 GeV,n, = —1.5,u = p}.

dAo b dAo (pb]
p
dnyd] P! dn, dx]
100} § — integral
10} 100 - — SGP
— FF
" —— SFP
B
0.100 | — sum
0.010}
0.01}
0.001 |
S
y Il 1 y /] 1 N Il
T 50 0.8 10 *T o0 0.1 0.2 0.3 0.4
Towards the transverse SSA for ep = hX at NLO and its 31

connection to ep = yX



Backup

14
.X'y = —ZpT
T =
s
Vs =100 GeV, u = p’. Ayr
Ayr s =100 GeV, u = p?,
0.010}
0.010}
0.001}
— x}=0.1 —_—1
— x7=0.3
i 1075}
— XT:U.'E
— y=+1.5
! 1 1 1 10_6 3 . | ’ : " | . . . 1 . . . 1 . .Xy
-2 -1 & 1 2 0.2 0.4 0.6 0.8 T
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