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B Introduction

B Probing nucleon structure

Images taken from

';‘;i Front. Phys. 16(6), 64701
Nucleon structure Lepton-nucleon deep inelastic scattering (DIS)

Why nucleon structure important?

 Fundamental components of the structure of matter
* Insights into the properties of strong interaction

* Inputs for describing high energy reactions

* Prerequisite for doing new physics researches
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Introduction

Inclusive DIS

SIDIS

One-dimensional imaging of the nucleon
Without fragmentation functions (FFs)

Target spin asymmetries

Three-dimensional imaging of the nucleon
Accessing fragmentation functions

Azimuthal and/or spin asymmetries

More abundant physical contents!
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o) Introduction

. . do o y2 ’YQ
B Semi-inclusive DIS (SIDIS) dady dy dz don dPE, — 7502 2(1 — o) (1 M _>

2x
{FUU,T —+ 5FUU,L —+ \/28(1 —+ 6) cos Qp, F((}ngﬁh
+ 2cos(20n) F557 4+ Ae V/22(1 — 2) singy, F3o

+5) |V 2e(1 + ¢) sin gy, F(S]i?,¢h + esin(2¢p) Flsji?,2¢h]

+ S| A [\/ 1—c2 Frp ++2e(1 —¢2) cos o, Fz(f(bh]

+ S ||

Sin(¢ _¢ ) FSin(¢h—¢S) _|_€Fsin(¢h—¢5)
A. Bacchetta et al., JHEP 02, 093 (2007) - os) (FUET o)

+ e sin(¢n + ¢s) F;i;(gbh“"%) + ¢ sin(3én — ¢s) ng;(i%cﬁh—cbs)

+V/22(1 F o) sings FER9S 4+ /221 + ¢) sin(2¢), — ¢g) Fn2on=0s)

18 structure functions for SIDIS
1810 VIS contn - ) 70 4 VIR cons 7

with polarized lepton and nucleon

+/2e(1 —¢) cos(2¢), — ds) Fz?,f(%h%)] }
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o Introduction

B Semi-inclusive DIS (SIDIS)

Fyur ~ f1 ® Dy Number density

Fip ~ 911 @ Dq Helicity

Forg ™ %9 ~ fif ® Dy Sivers l
FL?S(th—qbs) - ® D,

FsiTn(thJr(pS) ~hi @ Hy Transversity

A. Bacchetta et al., JHEP 02, 093 (2007) [€0s 2¢n _ hi_ R Hf‘
uu

Ppi~M < Fot 2% ~ by, @ Hi Worm-gear T-L

Boer-Mulders

TMD factorization applies.

sinGn-¢s) ;1 L |
Structure functions are expressed by Fyr hir @ Hi Pretzelosity

the convolution of TMD PDFs and FFs.
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B Introduction

B Kinematic regions of SIDIS

Mapping kinematical regions of SIDIS in
ar terms of the produced hadron's rapidity and

“ | y transverse momentum in the Breit frame
\\\ “ /,/

P . P i
! P W ANANANANN mom ;
| 7 Q’ qr

Ppy = qr ! L’

v, / Ph Hard|Transverse
L Momentum|- Current Region

- m gt
e YB,b _

SRsb ﬂ q_T E q_T 5 9 A
6 ) Q D Q Q 9 Q Q -Q
TMD - Current Region Soft/Central Target Region
Region
< >

y
M. Boglione et al. JHEP 10 (2019) 122
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Introduction

Mapping kinematical regions of SIDIS in

ar terms of the produced hadron's rapidity and
e’ transverse momentum in the Breit frame
e - / Ph
. Collinear factorization Yo ¢
m m | /
0 |
Hard|Transverse : —
P Momentum|- Current Region :
1
1
P
: P h
|
el/B,b)ﬂ,q_T ﬂ q_T e_yB’bvga%r :
Q@ Q' Q e
TMD - Current Region Soft/Central Target Region
— Region :
TMD factorization ? .
< S
Y

M. Boglione et al. JHEP 10 (2019) 122
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o Introduction

B SIDIS in the target fragmentation region (TFR)

e Surprisingly high number of events in the TFR were found at HERA.

M. Derrick et al. (ZEUS Collaboration), Phys. Lett. B 346, 399 (1995).
I. Ahmed et al. (HI Collaboration), Phys. Lett. B 348, 681 (1995).
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o Introduction

B SIDIS in the target fragmentation region (TFR)

e Surprisingly high number of events in the TFR were found at HERA.

M. Derrick et al. (ZEUS Collaboration), Phys. Lett. B 346, 399 (1995).
I. Ahmed et al. (HI Collaboration), Phys. Lett. B 348, 681 (1995).

/e
* Theoretical description: the concept of fracture function o
F(x,ép): Fracture function <P
Parton distributions in the presence of an almost collinear particle P Pr
observed in the final state.
(conditional probability, hybrid of PDF and fragmentation function) Pp =~ &pP
L. Trentadue and G. Veneziano, Phys. Lett. B 323, 201, 1994 do ~ F(x,ép) Q H
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B SIDIS in the target fragmentation region (TFR)

Major theoretical developments
v NLO calculation: Graudenz, NPB 432, 351 (1994).

v’ Operator definition and evolution: Berera and Soper, PRD 53, 6162 (1996).
v' All-order proof of factorization (twist-2): Collins, PRD 57, 3051 (1998).

v Application to hadron collisions:
Ceccopieri and Trentadue, PLB 668, 319 (2008), Ceccopieri, PLB 703, 491 (2011).

v’ Classification of quark fracture functions at twist-2 for a polarized nucleon target:
Anselmino, Barone, and Kotzinian, PLB 699, 108 (2011); PLB 706, 46 (2011).

o Introduction
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B Introduction

B SIDIS in the target fragmentation region (TFR)

 Quark fracture functions at twist-2

1 [ dkTdk~ :
MU xpg k. c.Ph )= — | ———8(k™ —xg P~ ) Tr(MT !
(xg,k1,¢, Ppy) p: o) ( BP ™) Tr( )
1 [ dET A% yp-et d>Py —
— | 5 SLjixpPTET—k &) . . -
= e P,S|y(O)I'|Py, Sy; X)(Pp, Sp; X , 0, P,S
=/ — ;f S (P ST 1P, 13 X) (P S X1y (7. 0.8,)IP. )
1 o~ Pp xS A ki xS, - Si(ki x Ppy) ~ 16 TMD fracture
1 f hl X 3L o LXS1 o1 (KL X Ppy) 1
M * mp, T my Tt mymp, ML functions at twist-2
- ~ Py, -S A k,-S ~ k, xP ~
MUYV Z s AL+ hi lAM’}+ 1 lAM%ﬁ— L X PhL \prth
Mp my mympy
. . S P! ~r Sik! . (P, -S)P! . ki -S|k .
Mlio y5]=51ATMT+ 11 ATMQ’—I— I J_ATMLL_l_ hl zl hl ATMI%h_|_( as zl) J_ATM%_J_
o o i N Anselmino, B d Kotzini
' i B . i ij . ij . nselmino, barone, an otzinian,
LU SOP = Pr - SOKy o €PN o SIRLI A g Phys. Lew B699, 108 201);
MNMp Mp my Phys. Lett. B706, 46 (2011).
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Introduction

B SIDIS in the target fragmentation region (TFR) Only four structure
functions at twist-2
e Structure functions in the TFR sin(dn—ds)
FUU,T FUT,T
dUTFR 20l§m _)/2 2 2 |Ph_L| h 2
= 1—y+ = M(xg,¢, P2 ) —1S M7 (xp, ¢, P2 ) si —
dxpdy dc 2P, dds — 02y {( y+ 5 )Za:f?a[ (xg. ¢, P; ) —1SL] - T (xB. ¢, Pj; ) sin(¢y ¢s)]

P
+ My (1 — %) D e [s..AML (%6, P2,) +15. nf“ AM? (g, ¢, Py ) cos(éy — ¢s>] }

h
I Fi T~ FCOS($h=s)

LT

Can we go beyond the twist-2? For:

1. More accurate description of the process

Anselmino, Barone, and Kotzinian,

2. Novel azimuthal/spin asymmetries Phys. Lett. B699, 108 (2011);
Phys. Lett. B706, 46 (2011).
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o Introduction

B SIDIS in the target fragmentation region (TFR)

* Preliminary results from JLab

010 Clag,ﬁ CLAS12 beam-spin asymmetry results
= 005~ | ] ;‘;‘f . show different behavior in CFR and TFR !

=5 1
S  0.00—— {—*_.1 ------------------------- | _
%LTF ! {4 1 © " sensitive to FLS;,n ¢, F;in ¢

00N VT | 1" "™ Twist-3 structure functions!

|12% Scale Systematic‘ | | ¢ e
-0.10 '
-1.0 -0.5 0.0 0.5 1.0

A. Accardi et al., arXiv:2306.09360. See also the talk given by T. Hayward at SPIN2023
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Twist-3 contributions for SIDIS in TFR

B Kinematics and structure functions

Hadronic plane \

h(P, Leptonic plane
e(l,20) + ha(P,S) - e(l) + h(Py) + X m\{)\\ >
) 2 7 Y@ mey ) i
o a”y / el
= 2 LN, I YWH (q,P,S, P
depdydéndipd? Py 46,Q* " ( W )
/ / / / - / QZ - _qz’
LAY (LA, U) = 201007 + 1700 —1- 1 gHY) + 2@ €"P9L L, 02
diz XB = oP . g’
W (g, P8, ) = Y [ 15 55 (Sihal (@) hX) (XK (0) ki ) T
) @n
Yy = _P d
— 2 _ o . ’
P* ~ (P*,0,0,0) JH — (1 yxBP+, Q ,Q\/ 1 y}o) [
ZxpyP*" P,-q P
— - D Q — ~ —,
P]f_(Pi-{»Ph»PhJ_) q“=(—xBP+,2 BP+,O,O) $h P-q P*
P

S,PT S M , '
Suz(LM,—Zzyr,Sl) Zh:ﬂ%/«l'
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B Kinematics and structure functions

Hadronic plane \

do' n ( Ph) \ Leptonic plane ,
dwpdydéndpd® Py VO |
) V'@  ha(P) zy
o COS COS !
zBYQ? {A(y)F vur + E(y)Fuu,i + B(y)Fiy *" cos gn + E(y) Firp " cos 2¢n e
+ XeD(y)F32 %" sin ¢y, + A\eSL [C’(y)FLL + D(y)F£% " cos th]
sin . sin . A =y’ - 2 2’
+ St [B(y)FUL¢h sin ¢p, + E(y)FUde’h sin 2¢h] (y) =y y+
. el ; . _ B(y) =2(2-y)v1-y,
+ 1501 [ (AW SR 7 + BE@)Fgne %) sin(én — ¢s) + B(y) Fp T sin(gn + ¢5) Oly) = y(2— ),
sin . sin . . sin - . D = 2y+y/1 — v,
+ B(y)FUTd)S sin ¢s + B(y)FUT(2¢h #5) sin(2¢n — ¢s) + E(y)FUT(Bd)h ) sin(3¢n — ¢S)] E((y)) 2(y1 )
y) =2(1—y).

+ 2|51l [ D) FE?* cos ¢s + Cu)F3 %9 cos(gn — ¢s) + D(y) Fip % cos(2¢n — ¢s)] }-

18 structure functions for TFR SIDIS with polarized lepton and nucleon beam
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B Hadronic tensor

, T D T D A T
Hadronic tensor at ! g , L gy
kn h : kz“ g | kl k2 A | g k1 ......
the tree level 7 1 S 71 NS
—>— ! — > ! — - ! > : -
ha ! ! ! Multiple gluon scattering

() (b) (©) in the final state.

3 3

v, :/ (gvrl;ss [(’Y“(% +d)"); 2mo ((k + ‘1)2)] Z/ (37:)74 e~ " (halti(n)|hX ) (X h|;(0)|ha),
X
A3y d3ky i(f, . ) .
we] = [ 128 [(fwaél L e e ) 26 (ks + 0)?) ki ~ Q(1,22,2), with 2 ~
X (_igs)Z/ d(gjf)j171 e el =R M (h g a; (1) R X) (X |G (1) (0) [hea),
X

5 Carrying out the collinear

we| :/ d (];1:)6]“2 [(7“ (kl(-lilq; 9 Yo (kg + 4)v > 276((k2 + 9)%) expansion procedures ... ...

(Prof. Liang’s talk)

d>nd?
wig) [ St e T g ()G () BX) (XAl (O ).
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B Hadronic tensor twist-2

WH = gp(WyTy")iiMji(zp) + [ 20~ (YT yLaY™ Y )i M5 ji(zE) + (1 < V)*] /

1
X2 — IR

_i&' o
+{ h(v“v*uav Y )i / dzo [P

= —imd(zo — xB)]M%,ji(a:B,xg) + (p 1/)*}

Mis(@) = [ g pomsze T S a5 EL ) IhX) XA 0001 0)a),

MGi(w) = / zgfz’z;)4e‘”’°+"‘ ;%AI%(n")ﬁll(n_)IhX>(XhI3i(£n¢i)(0)]IhA>,

dn~dny —izq T —i(z2—z1 3 h(n— *(mT
M3y (o1,2) = [ B omtoad 0 e e g 1) X (Xl P o 0) )
X

Ln(z) = ’Pexp{ —1gs /Ooo dA G+()\n+m)}
Gauge invariant matrix elements!
gsF*e = g,[0%GT — 81 G+ O(g?)
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Twist-3 contributions for SIDIS in TFR

B Fracture functions defined via the correlation matrices

M) = G0 [ o - PPt 4 (- Mor P LTS
(’Vg;’\?)” 7 (Sphs - Phi 51 “MSL lr) + 57 o (Bo 1 4+ M2y + S P 1) - b 'E%\fﬁ Sialh )]+,
Mi(w) = (ZA;” (=Ptub + M8 uor + P uly + #5 pubr) Fracture functions
N (72;5%9 (PhJ_la MS%lyy + P Il — Pﬁ;\fﬁ SmlST) e up to twist-3
35 (51, 32) = (zj_v)“ (Pevw’ - MS%wr - Syl - © ’gi;fﬁ S1put) @ =eta,,
(VZX;”)” (Bgvo" + MSSvr + S.Pg vl - Péj;-\fﬁs pUh) +o PP, = PR Py + g B )2
* Red: twist-2. * Only chiral-even terms contribute
* Green: twist-3 * Similar form (k; = Py ) and naming rules as TMDs
* Functions of (x, &y, Pf)) See e.g., S.Y. Wei, YK. Song, KBC, Z.T. Liang, PRD 95, 074017
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Twist-3 contributions for SIDIS in TFR

B Fracture functions defined via the correlation matrices

The twist-3 fracture functions are not independent from each other!

Applying QCD equation of motion iy - Dy = 0, gives:

x[us () + il ()]

= w00 + i) + [ dy [P—= = w8y — 0| W ) — o o)
S | K
The relations take a unified form! wll R
L | h
T | null
T h Four sets of equations
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B Hadronic tensor in terms of fracture functions

P Pry -
e = <2t (v = P uty) e (suts = Pt

2 {N—V}( Ph_L'S_L h) 21 _,,](h PhJ_“gJ_ h) {M—u}( Pi%J_ h)
+P Py, U M ur P. l M I P- qS ur = 2M2UT
%M P2 251 =u 2iSL lu
" P. qs[fql(z 2M2ZT) P P{“ u ~ P’[:i 2

" = q*+2xg Pt M
AtrBvY} = ArBY + AV B#

. _ AlbpYl = AvBY — AVB#
The hadronic tensor can be expressed by those fracture functions

defined only from the quark-quark correlator.

Current conservation satisfied: qMWW = q,WH =

SHERTEMTTR
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Twist-3 contributions for SIDIS in TFR

B Results for structure functions and azimuthal asymmetries

Structure functions

Azimuthal/spin asymmetries

o P, n : |13 ni| utr
F — F51n(¢h ¢S) | sin _ — e Vo
UU,T = TBU1, UT.T A =z puly, (sin(¢n — és))uT oM u,
_ Pui| Twist-2 1B, 1 |C(y) I
Frr = zpgl Feos(Pn=9s) _ l—x l cos(Pn — ¢s))LT = LT,
LL BU1L, LT M Bl < (¢ ¢ )) 2MA(y) Uy
P . 21 Py1| B(y) zgu P,.| D(y) zgl*
FE%S'% _ _2|IZ;J_|szuh, lelr}tbh _ 2|IZ;J_|:B2 " (cos dp)yy = | hL' Ey; 'Zl (sindp) Ly = | g;' A((y; 51 :
- h
sin 2|PhL| cos 2 PhJ_ i = |Phl| B(y) xBuL — IPhJ" D(y) xBlL
FUL¢h - _Twzjgu’i, Frr = l Q | 7 lLa (in gn) Aly) w ' cos dn) 1. Q Aly) w
2 oM Twist-3 - _Mwww _ _MD(y)zslr
Fgpts = —Sabur,  F% = -Soadin SRS =0 4w 0T =G A w
P2, B(y) zpu P2, D(y)zplh
sin — P cos - P hl T - =__hi T.
FUT(2¢h ¢s) _ _Lhl IEBUTa Frr (2én—0s) _ _ T hl -’E2BlT- (sin(26n — 95)) 2MQ A(y) w cos(2¢n = ds))ur 2MQ A(y) w
QM QM
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Collinear matching of fracture functions

A

Ot

Collinear PDFs/FFs

Yp Overlap region Agep K Ppy <K Q

Hard

Momentum|- Current Region

1 gr,
QT Q
TMD - Current Region

eyB,b

TMD PDFs/FFs

<€

m m
Q’ qr

Transverse

woar

G,

Soft/Central
Region

Large transverse momentum is generated
perturbatively.

Bbqu

00 Fracture functions can be re-factorized
Target Region | and matched to collinear PDFs/FFs in

Fracture functions | the overlap region.

L

y

SHERTEMTTR

20231115 18H EM 26



B Matching of unpolarized/longitudinal polarized fracture function

“Vis P, -S Vi P, -S
M;j = (;N)CJ [[Ul(xafh,PhJ_)]_ hLM Lu?:r(i’f',fh,PhL)] T (752’;\/’0) : [Sﬂ[llL(x,fh,Phl)]— MM LZ?T(CU,Sh,PhL)] + -
mﬁm @ @w th.c. ;‘; L—lfi—‘?] En—éi_«.' +h.c.
l I l I S § l § § I 5
>~ P o ! >~ > |, b > ! = > ! > .
quark PDF & gluon FF gluon PDF @ antiquark FF
o 1 dz [ 2, 2 §n 2 2 2
. . ut(z, &, Phi) =05 =~ | 5 |2CFdg(2)a(y) 5 (2" +47) + dg(2)9(y) > 5(2"2 +§h)]
Twist-2 matching L - v Y
_2 L [d] 2 (2 4?4 d Eh (s _
hi(z,&h, Ph1) =95 ﬁ;%_ o _2C’ng(z)Aq(y) " (z° 4+ y°) + dq(z)Ag(y)y2 (z2 fh)] Y=t 6/
2
Scales as 1/PhJ. Accessing the twist-2 unpolarized/longitudinal polarized PDF in TFR
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Collinear matching of fracture functions

B Matching of transverse polarized fracture function

“Vis P, -S Vi P, -S
Mij = (;N)CJ [Ul(xafh,PhL) - hJM L[L‘?T(iff,fh,PhJ.)]] + (752’;\/.0) ? [SLllL(fB,fh,PhL) - %Z?T(xaghyphl)]] +-

T-odd T-even
Absorptive parts required! (single-spin asymmetry) No absorptive part required
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Collinear matching of fracture functions

B Matching of transverse polarized fracture function

Pn -5,
M

P, -51
M

[U?T(x,fh,PhL)]] + 7 )i [ Sphin(@,&ns Pry) —

Mij — (7 )ij [Ul(x,ﬁh,PhL) - oON

IN l?’T(xagh)Ph_L)] +

T-odd
Absorptive parts required! (single-spin asymmetry)

(Prof. Yoshida’s talk)

o000Qooot

0000000000

|
I
|
00000600000

0000a000000
00000 Q00

-— |

1
kg — kg +ie

Fr

s —imd (K — k)

Hard-pole Soft-fermion-pole

|

000000

00000000000
00000000000

00000000000

000000 >

f“f_
0000 @ 00000

00000000000

000000
000000

w2
f
ﬁ
f
ﬁ

Soft-gluon-pole pole from 3-gluon correlations
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Collinear matching of fracture functions

B Matching of transverse polarized fracture function

Matching results after

) o Ne [ dz 22 collinear expansion
_ulT(x7 gha Ph.l_) =9sH1 4 2 dg(z)_ ghTA(ya LIJ) - (gh + 2SCZ)TF(y, .’I)) p

M HP By Y

%U?T(x’gha Ph1) p = g; ]\1, P,lﬁ / dg(2 ):1:§ L [(wz — &) Tr(y,0) — (§n + a;z)TA(y,O)] Gauge invariant!

1 N, [d 1 OTr(y,

Mu’ftr(ﬂ:, En, Phl) sop = %)ﬁll z—;dg(z)ﬁ [z3(y3 + 322y — 22°)Tr(y,y) — yénz*(y? + x2)—Fa(5 y)]

L _ 4mgit; 2 2.2 Twist-3 PDFs
MulT(xafhyphL) ~ pid / ( )z 5 2(§h + 22727 — {pa2) [N(y, y) — O(y, y)]

3G hl Y J &) twist-2 FFs
— 2(&; + 4a”2% — 3&,22) [N (y,0) + O(y,0)] + y(&n — wz)zd—y [N (y,0) + O(y,0)]

—y(& + w2z2)d% [N(y,y) — O(y,)] }

Scalesas 1/P;,

Tr(x1,%2), Ta(x1,%2), 0(x1, x2), N(x1, X2):
gauge invariant twist-3 collinear PDFs.

E-T, PLB 150, 383; Q-S, PRL 67, 2264.
Ji, PLB 289, 137. Beppu et al., PRD 82, 034005.
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Summary & Outlook

B Summary

 TFRis complementary to CFR for describing the SIDIS process and studying the
nucleon structure.

 We have calculated the TFR SIDIS for polarized lepton beam and nucleon target up
to twist-3 in tree level of pQCD. The results for structure functions and azimuthal
asymmetries are given using the gauge-invariant fracture functions.

 The matching of fracture functions to PDFs and FFs up to twist-3 is studied in large
hadron transverse momentum region.
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Summary & Outlook

B Outlook

Twist-4 contributions to TFR SIDIS? NLO corrections, especially gluon contributions
to structure functions? ... ...

 Model calculations, phenomenological studies

Looking forward to experimental progress. Physics on SIDIS @ EicC

Wt/
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B Matching of transverse polarized fracture function

“Vis P, -S Vi P, -S 3
M;j = (;N)CJ [U1($,€h,Ph¢) — hJM J'U?T(x,mehJ_)] + % [ Splip(z,&n, Pr1) — %Z?T(x,ﬁh,Phl)J + -

A ! Y A 4
ow/::il'm
|
|
|
]
1 1
|

(a1) (b1) (c1) (dy) (e1)

=
=

00000002

0000000Q0000000
000000000000000

I
I
I | \ I

0

— > — >

(a2) (b2) (c2) (do) (e2)

QOOOOO(SE::

Three parton correlation contributions to the matching of lfT
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Collinear matching of fracture functions

B Matching of transverse polarized fracture function

1 —16mo€2 [ dzd 2

MZ?T 2G13G - (]:%-_0;2 : / :2:;;2 dq(z){:__ZTF(x27 T2 + y) - y(y fzx2) [N(yaxZ) o N(y - x27y) + 2N(y — L2, —332):|
T x%(yl_ 2) (372£h [O(y — x2,y) — N(y — 2, y)] + (26ny + ym2z — Y’z — £p2) [N(y, z2) + O(y, 332)]
F el + 22) ~ 260) [Ny = 2, ~2) + Oy - 20, -2)|)

il’llT — 14 / d_jdg(z) |:(H2p,T(x7 €h)qT(y) + H2p,8(wa fh)%(y))

M egreca 2PnL ) 2

+ %/dw‘z (TF(y,wz)H(%ﬁh,-’Ez)+TA(y7x2)HA(x7§h’x2))]

2 2 2 B 2 1
H(-’L'7 67 $2) - gsghz CAZE 2y + 2C’F_(xy - x2(a: + y))] )
yro(y —x2)| = x2—z (0
292622 [, (22 + zoy)(z2 +y — 27) 1
H , &, = £ C 4+ 2Cr—(x(2z — y) + + .
A(m § $2) y$2($2 _ y) - A (iL‘z _ x)(w2 _ y) Fy(x( 4y y) $2($ y))
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