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; 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

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

2
{FUU,T —+ 5FUU,L —+ \/28(1 —+ 6) cos Qp, F((}ngﬁh
+ £c0o8(20n) FS5 2" 4+ Ao V/22(1 — €) sin gy, F35 7"

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

+ S)j Ae [\/ 1—e2 Frp ++2e(1 —¢) 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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Introduction

B Semi-inclusive DIS (SIDIS)

Fyur ~ f1 ® Dy Number density
Fip ~ 911 @ Dq Helicity
Forg ™ %9 ~ fif ® Dy Sivers
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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Introduction

0 >
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’ qT : /*
/e Ppo=—qr/zv 0 L > 7
Py, V!
> . . . / Ph
Collinear factorization L
Yp
— m m
Q’ qr e’

Hard|Transverse
Momentum|- Current Region

e m q_T m q_T _yB,b, g, %T P Ph
Y Q? Q Q’ Q \
TMD - Current Region Soft/Central Target Region
- - Region
TMD factorization P,
< = >

y

Mapping kinematical regions of SIDIS in terms of the produced M. Boglione et al. JHEP 10 (2019) 122

hadron's rapidity and transverse momentum in the Breit frame
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Introduction

B SIDIS in the target fragmentation region (TFR)

 TFR SIDIS events were found at HERA.

M. Derrick et al. (ZEUS Collaboration), Phys. Lett. B346, 399 (1995).
I. Ahmed et al. (HI Collaboration), Phys. Lett. B34S, 6581 (1995).

/e,
* Theoretical description: the concept of fracture function o %Qi

F(x,&): Fracture function

xP
Parton distributions in the presence of an almost collinear particle P _)_kph
observed in the final state.
(conditional probability, hybrid of PDFs and FFs) l Py = ¢pP
L. Trentadue and G. Veneziano, Phys. Lett. B323, 201 (1994) do ~ F(x,ép) Q H
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Introduction

B SIDIS in the target fragmentation region (TFR) Only four structure functions
at twist-2 and the tree level.
e Structure functions in the TFR sin(pp—os)
FUU,T FUT,T

do TFR 2002 /

2
y [Pp | .
=DM 1-y+=)> e M(xs.,. Pj,)—|S M4 (xg. ¢. P} -~
dxp dy d¢ d* Py des sz{( Y 2); “[ (*B.¢. Phy) = 1S mn 1 (X8, &, Py ) sin(¢n — os)

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

h
T Fir T~ FCOS($h=s)

LT

Anselmino, Barone, and Kotzinian,

Can we go beyond twist-2 or tree level? For: Phys. Letr. B699, 108 (2011);

o Phys. Lett. B706, 46 (2011).
1. More accurate description of the process

2. Novel azimuthal/spin asymmetries
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Introduction

B SIDIS in the target fragmentation region (TFR)

* Preliminary results from JLab

0.10

Ck)g.ﬁ CLAS12 beam-spin asymmetry results
5 005 ] b show different behavior in CFR and TFR !
= I
S 0.00 {—fﬁﬁ.,{ -------------------------
El Y. .q. e HyFuy : :
ad 05— O i 1_ ——— Sensitive to ?, F;ind).
[12% Scale Systematic] | [ e Structure functions beyond twist-2 !
0 ~0.5 0.0 0.5 1.0

A. Accardi et al., arXiv:2306.09360.
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) Twist-3 contributions for TFR SIDIS

B Kinematics

Hadronic plane \

h(P, Leptonic plane
e(l,1,) + hy(P,S) - e(l") + h(Py) + X e\i)\\ >
] / Yo mey [/
o Oz Yy / e(l"
= LA, WM (q, P, S, P
drpdydéndpd®Py,  46,Q% * (1 Ae, )WH (g h)
Q% =—q°
LM (LA, 1) = 2(IH1 +1°1H —1- 1 gM) 4 20 €™P7 L1 ,
xB = Q )
W (0, P, Fr) = 3 / 1772 (S ha (@) [AX ) (X h|J* (0)|a; S) 2P-q
P-q
Y ==
— 2 [1 — .
~ (P+,0,0,0) B = (1 yXBP+, Q _, Q y, O) l
2xgyP™ Y Pp-q P
— - D Q — ~—,
R=@LRRD =t L 0n) =g T

P -
S, Pt SM . p.
so= G S g %%%/«1.
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) Twist-3 contributions for TFR SIDIS

B Hadronic tensor

, T D T D A T
Hadronic tensor at | ! B fe o -
k h 1 21 B I 1 2 | =
the tree level RN S 71 NS
ﬁ ! > ! > ! > Multiple gluon scattering

() (b) (©) in the final state.

3 3
we| = / (gﬂ’;?) [(fyu(;e +7"),; 2m6((k + q)2)] > / (;1734 e~ (B |0h; ()[R X ) (X hJap; (0| a),
X
d3kq 3k, i(fy + , ) .
WHY ) :/ (27)6 [(7“(%1 + 51)% (ks (+ q)2¢_*)_ i€7 >ij 271'(5((]{:1 +q) ) ki ~ Q(l; /12; /1)) with 1 ~
(i) 3 [ e heni ko) ) X XRIGE (1) 0) ),
< (2m)
ol [ PRy [, i+ ﬁ) _ ) Carrying out the collinear

W c _/ (27)6 [(7 (k1 +¢q)? — Yalky + )7 >m- 20 ((kz +a)%) expansion procedures ... ...

d>nd? "
wig) [ St e T g ()G () BX) (XAl (O ).
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Twist-3 contributions for TFR SIDIS

B Hadronic tensor twist-2

/

WH = gp(WyTy")iiMji(zp) + [ = (VY T YLaYTY)ig MG ji(zE) + (1 < V)*] /

2q
1
92 — IR

—3 o
+ {A(W“vﬂuw 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~dn; i T —i(z2—z1 N ho(n— (i
M i5(o1,00) = [ ol Tzemion o s )P S bl () X)X Blg (s O )
X

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

F+NEEENTYEZASIL 202448 H T8 14



Twist-3 contributions for TFR SIDIS

B Fracture functions defined via the correlation matrices

S (p pB)
T P -S PP
B )
(757\?) J [ (SLllL - %z{aﬁ) = (P,’lllh + MS8 Iy + Sy Pp U — —bLbl snga)] T
(e )
o )i PP :
M3 i;(@) = (21\2 : ( — g ul + MSTuor + SLPE ufy, + 478 gl ) Fracture functions
y PSP up to twist-3
_ (o o)
o Y )ij o o e Py P
F,Z.j(xl,g‘;z): (2]\])'7(Ph_]_wh—MSL’LUT—SLPhJ_’LUg— h_]Lw,h_LS ’w%) &fle :gL al,
(a 'B> a pB « 7
(’yz],}\l;r’)” (PhJ_fu + MS%vp 4+ Sp P2 vl — Ph?vf’u S vT) +--- PIELPhj_ = P2 Py + g% P2, /2
* Red: twist-2. * Only chiral-even terms contribute
* Green: twist-3 * Similar form (k; = Py ) and naming rules as TMDs
: 2
* Functions of (x, ¢y, Py) See e.g., S.Y. Wei, YK. Song, KBC, Z.T. Liang, PRD 95, 074017
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) Twist-3 contributions for TFR SIDIS

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 ()]

K K : 1 , K K
= Ugs(x) +ilgs(x) +i | dy Py v ind(y — x) [ [ws (x, ¥) —vs (x,¥)]
Four sets of equations

The relations take a unified form! s | Kk

null | h
The hadronic tensor will be expressed by those fracture L | n
functions defined only from the quark-quark correlator M. T | null

T h
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o Twist-3 contributions for TFR SIDIS

B Results for structure functions and azimuthal asymmetries

Structure functions Azimuthal/spin asymmetries
sin — ﬁ . ﬁh.L uh
Fyu,r = zpus, FUTS’?“h ?s) = Lj\j'm'Bu?Ta (sin(¢n — ¢s))ur = |2M| f,
cos(bn— 1Py | Twist-2 1B, |C) I
Frp = xBllL, FLT(¢h ¢s) = TZBBZ?T. <COS(¢h - ¢S)>LT = 2MA(y) ’Lll,’f

Feostn — _@ shuh, Frinen _ % 251", {cos gn)vy = —‘ﬁgﬂ ﬁézi xi?h, (singn) Ly = ‘szﬂ ljgg xifh,

Fonon —@x%u’i, Feoson — —@x%l%, (sinn)ur = _|P5¢| ﬁggyji wz‘f’i’ (cos dn)LL _|P5J_| ljgg wzllr}f

F[sji;rbs _ —%x%u% Fo bs _ —%szlT, Twist-3 (sinds)ur = —%%MZT (cosds)rr = —%%%
rpeene) = Piogu, pgeecen - Phoan ot~ un = gl 21 (s =~ 2
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B Gluonic contribution
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One-loop contributions for TFR SIDIS

B Gluonic contribution

Gluon fracture functions

of 1 8 1 1 6 p2 )¢ £5? P,fj“_Pﬁ i
-MG == 2_—2€9¢ Uig + 5775 2M2 (PhJ_P Lt 5 5 2 _ 9 91 PhL)tlg + 5L Z_llgL + AM2 tlgL
97 Po-S. ,  Pui-Si S(f_ﬂl BRI m]  Bs+857P) h
Ty e M VT M 9 19T — ypp2 19T SM bgr +-

The hard parts

)275%2,}/ (k k2)2’yu (kl A k2)7

(kg — ks

HES, (g, b ha) = T 19

77 oy ((]iéll__]iégg))z v

H{f;l)/iﬁd)(kga ki, k2) = Tr |y + (k1 < k2).
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One-loop contributions for TFR SIDIS

B Gluonic contribution

Tr P?
Fcos 20 _ _as hl / P,
2
sin 2¢p as1TF PhL
FUL "= I 2M2£B Z /B/ﬁh 1gL($B/Z7€h7Phl)7
poin@on—9s) _ aslr B L 2 p Z / (xB/2,&n, Prl)
ur 21t 4M3 B/gh 1gT ySh)y )

sin(¢p+¢s asTF PhJ_ dz P
FUT( " ): 27 2Mw Z / 2[ 1gT(xB/z7£h7Ph_L)+ hL hh (xB/Zaéha-PhJ_) .

5/ 2MZ 19T

Four structure functions generated uniquely by the gluon fracture functions!
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One-loop contributions for TFR SIDIS

B Quark and gluon contribution

[4TFZZU19($B/Z fh,Ph_]_) +20FZU1(IIJB/Z Eh,Ph_J_)]

Four = —wB /

Z B/En %
O PhJ_
Tt M M P Z /

sin(¢n—¢s) _
FUT,Lh ° .
B h

[4szzulgT(:vB/z En, Pry) + 2Cp2uln(zp/2, &, Phl)]

Twist-4 if at
the tree level

Moy @/ 26, Pur) + Ha(2)ur (@p /2,60, Prs)

Fyur —wBZ /
- o

AHg(Z)llgL(ﬂUB/Z Eny Prn1) + AHy(2)liL(zB/ 2, §h7PhJ_)]

FCOS(¢h $s) _ Pr CUB Z /

Fsm(¢h 7—[ g(Dutyr(xB/2,En, Pri) + He(2)ulr(z5/ 2, gh,PhL)]

B/h

AH gy (xB/2,En, Poi) + AHy(2) i (zB/ 2, €h,PhL)]

LO + NLO
corrections

B/&n
2 > 2 2 s Q2
Hq<z)=6<->+“—;{qu(z>an2 ver2(%F) -5(5) -0+ami- i mes- (T 4]) 5(2)]}, Hy(2) = 5= | Pao(e)1n %7 —TF(1—2z>]
Q Inz 3/1 1+z ™ 9 _ _
AH (z)—é(z)+ {Aqu(z)ln“ +Cp|(1+ 22 )( . )+—§(§)+ lnz+2+z—<?+§> 5(z)]}, AHQ(Z):;“_S AP, (2) (ln%_1)+2TF§
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Structure S ] Structure
functions . functions
sin(¢p—ds)
F UT,T s
FyuL Fl?;"n£¢h_¢5)
Fsos #n FEn@ntos)
2 .
Ry " Ror
Fon on pEin@én=9s)
o on pEnGen=¢s)
in 2
Fop o FEos s
FLL FLC’I?S(Qbh_QbS)
FL25 % FEos@bn=¢s)

All 18 structure functions are non-zero up to twist-3 or one-loop level.
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Summary

 TFRSIDIS is factorized with fracture functions. TFR is complementary to CFR for
describing the SIDIS process and studying the nucleon structure.

* We calculate the TFR SIDIS up to twist-3 at the tree level of pQCD. Structure functions
and azimuthal asymmetries are given using the gauge-invariant fracture functions.

* By adding one-loop contributions at twist-2, all 18 structure functions for TFR SIDIS
are non-zero.

Wt at/
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