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o) Introduction

B Probing nucleon structure

Lepton-nucleon deep inelastic scattering (DIS)

o X
Images taken from Front. Phys. 16(6), 64701

_ Inclusive DIS ) Semi-inclusive DIS
Why nucleon structure important?
* Fundamental components of matter * Three-dimensional imaging of the nucleon
* Properties of strong interaction e Accessing fragmentation functions
* Inputs for describing high energy reactions * Azimuthal and/or spin asymmetries
* Prerequisite for new physics researches * Flavor separation
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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 _>

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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o Introduction

B Semi-inclusive DIS (SIDIS)

Fyur ~ f1 ® Dy Number density
Fip ~ 911 @ Dq Helicity
Forg ™ %9 ~ fif ® Dy Sivers
FLCTOS(th—cbs) - ® D,

iniTn(thJrqu) ~hi @ Hy Transversity

A. Bacchetta et al., JHEP 02, 093 (2007) [7€0S 20 _ hi' Q Hf‘
uu

Ppi~M < Q F;in o hi, ® Hi Worm-gear T-L

Boer-Mulders

TMD factorization applies.

FSin(3¢h_¢S) - hi_T R Hf'
Structure functions ~TMD PDFs & TMD FFs

UT Pretzelosity

8 leading structure functions
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Introduction

4 P «—
- > W ANANANNN
oF: , ’
’ |
/e PhJ.—_QT/Z: P > 7
Py i
> . : : P

¢ Collinear factorization Vo v fhn
i
Q, qr e’

Hard|Transverse
Momentum|- Current Region

CVBb 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

Kinematical regions of SIDIS in terms of the produced hadron's M. Boglione et al. JHEP 10 (2019) 122

rapidity and transverse momentum in the Breit frame
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0y Introduction

/

B Fracture functions and target fragmentation region (TFR) SIDIS /6

e >

 Fracture function: F(x, &)

Parton distributions in the presence of an almost collinear particle
observed in the final state. xP P, ~ &P
(conditional probability, hybrid of PDFs and FFs) p Py h h

L. Trentadue and G. Veneziano, Phys. Lett. B323, 201 (1994)

do ~ F(x,é,) Q H
 TFR SIDIS with hadron transverse momentum

dGT;R zzazgm{( — Y+ )Ze[ XB9§aP}21 ) |S || h_LlMl’Il‘(xBag»szl_L)Sin(¢h_¢S)]
dxpdyd¢d<Pp; dgs Q<y mp

| Pp | h 2
4 structure functions +K’y( - _) Ze [SHAML(XB ¢ Pjiy) +1S1| AM7(xp.¢. Py ) cos(¢n _¢5)] }

mp
at twist-2

Anselmino, Barone, and Kotzinian, Phys. Lett. B699, 108 (2011); Phys. Lett. B706, 46 (2011).
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Introduction

B SIDIS in the target fragmentation region (TFR)

Recent experimental studies on TFR hadron production

Beam-spin asymmetry for back-to-back
dihadron production

H. Avakian et al., PRL 130, 022501 (2023)

1
0.10 ‘ob‘
clasy
eN — epX ‘
0.05 - A !_{
>
I
0.00——— { 777777777777777777 L\ V1AV U S E—
f i * 1 1 L Ha, FLy
-0.05 - - - | I
| 12% Scale Systematic | | lo NHa, FuL
-0.10 '
-1.0 -0.5 0.0 0.5 1.0
ITp

Structure functions from CFR to TFR

A. Accardi et al., EPJA (2024) 60:173
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» Twist-3 contributions for TFR SIDIS
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Twist-3 contributions for TFR SIDIS

. Kinematics Hadronic plane \
’ h(Py) Leptonic plane
e(l,Ae) + ha(P,S) > e(l') + h(Py) + X e\\\\ i

4

Y@  ha(P) z/

do o’ Yy / /%V / i
XY L (AW (q, P, S, P
dzpdydEndpd®Py,  46,Q% po( )W (q h)

QZ — _qZ
LM (1, Ae, U) = 2(1#1Y + 1UF — 11 gH) 4 2iAee P71, 1, ,
xB = Q )
WH (g, P, S, Py) Z / €% (S; ha|JH () |hX ) (X | J” (0)|ha; S) 2P~ q
P-q
Y =757
1-— 2 J1 =
P”z(P'l-,0,0,0) lﬂ:( yXBP+; ¢ .|.1Q y,O) P
y ngyP y , _P- « 1
P = (B, P P q" = (—xgP", szB —50,0) 2~Pq
SM_SLP’“ SLM ; _Pn-q P
=y oSt hTopag T pF

R = SIDIS in the Target Fragmentation Region Bt REEYTESEEMERS 2024.04 +3§ 11



B Hadronic tensor

o
>—

. 7/’% :
Hadronic tensor at o :
the tree level AR

ppi—

(a)

P.ARN

0000000

L

k2“§ : ‘kl kz“
S 71\

e N S
b

wer| :/ (g:;?, [(’w(lé+51)'y'/)i,27r5((k+q)2)] ;/ it
/
| d3k1d3k2 [ z(;é1 + ¢)
(k1 + q)?
—igs) / d377d3771 o—ik1m ik —k2)m

ol + ) ) 23 (ks + 0)?)

(

1J

)

d377 —ik-m

7”) 216 ((k1 + 0)°)

(c)

Multiple gluon scattering
in the final state

(halti(n)|hX)(Xhl¢; (0)|ha),

~ Q(1,22%, 1), with } ~ 2¢cP

77d3771 o—tk1m gi(k1—k2)- o
vt =R (b 4 [y ()[R X ) (X RIG (1)1 (0) | ha),

Collinear expansion
for the hard parts ... ...

(Palthi(n)G*(m)[RX ) (X h|th; (0)|ha),
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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

_7:&' o
+{ h(v“v*uav Y )i / dzo [P

= —imd(zo — xB)] MG% ii(xB,T2) + (1 1/)*}

d’l’]_ —ia:P+77_ I (n— - )
Mo(@) = [ gy D Ralls (1)L BN (KL O O ),
M550 = [ gy " o haldy (1)L ) XML Lo ) O,

« dn—dn_ —1T1 Tn——i To—xI1 T N — oaf. —
Fij(@1,72) = / dmg e TRy (halbs () BX) (X hlgs ()i ()| ha).
X

. . . En(x):’Pexp{—igs/Oood)\ G+(An—|—x)}
Gauge invariant matrix elements!
9. F* = g,[0% Gt - 07 G+ 0(93)
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Twist-3 contributions for TFR SIDIS

B Fracture functions defined via the correlation matrices

M) = 20 [ (o, - Prp ) o L (p — M8 - 5B - PPl g )]
(p pB)
(Yp5): Py, -5, P\ P,
- O (s, - ) o e (B aeste st - B )]
a pB)
(’Y )zg Pii_LPhl
5.4i(T) = ( P2 ul + MSYusr + S P ul, + —hL-hl g u ) :
o 2N, hLto . Rt M o Fracture functions
i P(apm . )
+ % (Ph_Lla + MSlor + SpP 15, — %Smlgﬁ-l- e up to twist-3
a pB)
o (’Y )z So Sa  h P}fJ_PhJ_ h
Fij(@1,2) = Ty (PhL - MSfwr = SpPfyw — ZAppeS B“’T) Red: twist-2.
; P(apﬂ) . Py
(’72]’1’75)9 (Phﬂ) + MS%ur + Sy P2 vl — h?thS v%) Foee, Green: twist-3
o * Only chiral-even terms contribute
a =€e"a,,
PP = Pp P + g2 P2, /2 * Similar form and naming rules as TMDs, (k; — Pp )
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Twist-3 contributions for TFR SIDIS

B Fracture functions defined via the correlation matrices

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

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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Twist-3 contributions for TFR SIDIS

B Results for structure functions and azimuthal asymmetries

Structure functions

Azimuthal/spin asymmetries

— 5] h
_ sin(pn—cs) _ |Ehil  p Lo _ |Pailuip
Fyur = zpuq, Forr = [ TBUiT (sin(¢n — és))vr = oM w
_ Pui| Twist-2 1B, |C(y) I
Frr, =zgl Feos(@n—os) _ l—x b cos(pp, — LT = LA
LL Bl1L, LT M Bl < (¢h ¢S)> 2MA(y) Uy
— — > h 2] h
2| Py | ; 2| Py | _ _|Pui| B(y) zpu _ [Pui| D(y) 5l
cos ¢ h L h sin _ hL h
Fou™ =-—3% g2, FRnen — 9] xRl (08 n)ov = ~"07 A(g) "ur SO0 = 07 )
_ - h D h
sin 2|PhL| cos 2 PhJ_ = —|Phl| B(y) YBYL —|PhJ'| D(y) xBlL
Fipom = — Q ~Thul, Fip® = lQ ‘|w23l1}f, fsinn)u Q Aly) w ’ (cosgn)L Q Aly) w
oM oM Twist-3 _ _MB(y) spur _ _MD(y) zslr
Fgpts = —Sabur,  F% = -Soadin L (7 (008 =70 at)
o - D2 D2 h
sin B P2 cos B P2 _ _ PhJ_ B(y) TBUT _ - _ Ph_]_ D(y) xBlT
Fonon=9s) —Q'E\?‘m%u;’%, Fyoon=9s) —Q’ﬁ‘xél:’; Sin@0n = 0s)0r = "0 Aly) w0 BTN = T G Ay Ty
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»One-loop contributions for TFR SIDIS

BRA=E SIDIS in the Target Fragmentation Region o tELEDSERYIEAS 2024.04 Fifg 17



B Gluonic contribution
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W'LW(CLPaSaPh):O‘sTFZB%/?/dq)klkgH'LwaB(kgak17k2>MG,aﬁ(xafhaphJ_)a
f

—~
=y
—

a 1 1 d)\ —i\T + a
M (2, &n, Pro) = 265,(2m)3 xp+/27re o ;“’A(P )| (GT(n) L] (An))* | X (Fp))
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One-loop contributions for TFR SIDIS

B Gluonic contribution

Gluon fracture functions

af 1 af 1 af p2 h -siﬁ Pifipi?_l}_
MG - 2 % gJ_ ulg+2M2(Ph_LP_L+2_2€g_L PhJ_>t1g+SL Z—llgL‘I' 4M2 t].gL

A 16 ~{a pb a B a ppb
QLB Phl'S-Luh _I_PhL'SL ﬂﬂl PiEJ_PhJ}_thh Pi;[LS } S{ Ph_{ th 1.
2 — ¢ M 19T M 9 19T — AM2 1gT M lgT

The hard parts:

Hiy Vi (g, i kz) = T 17" ((]Zg__,f))ﬂ%zv“ ((]Zg__,f))g |+ (k1 ¢ ko),
UV - (k k ) m (kl o kg) oz-
H(c) ? )(km ki, kQ) =Ir k (k‘ _ ]432)2 k27 (kl _ kg)ny + (kl NS k2)
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o One-loop contributions for TFR SIDIS

B Gluonic contribution

cos 2 asTF
sin 2¢p asTF PhL
FUL "= o 2M2x Z /B/ . 1gL($B/Z7€h7PhJ_)7
poinBen=¢s) _ aslr B L rp Z / (xB/2,&n, Pn1)
ur 21t 4M3 B/fh 1gT ySh)y )
sin(¢n+¢s)  CslF Phi dz 2 P
FUT " - 27 2Mw Z /B/gh 1gT(xB/z7€h7Ph-L) + 2M2tlgT(xB/Z7§h7PhJ_) .

Generated uniquely by gluon fracture functions!
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One-loop contributions for TFR SIDIS

B Quark and gluon contribution

FUUL——OCBZ // ,
B/&n

sin(ép— O PhJ_
i = e et [

[4TFZZU19($B/Z fh,PhL) +20FZU1(IIJB/Z Eh,PhJ_)]

[4szzulgT(acB/z En, Pry) + 2Cp2uln(zp/2, &, Phl)]
B/&n

FUUT—wBZ /

S1n P
FUT(;gh ¢s) _ Lhi ""BZ /

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

Z Mo ulyr@n /2,60 Pas) + Ho( D)t (28/ 2,0, Pas)]

B/h

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

FCOS(¢h $s) _ Pr CUB Z /

o [AHe g (@n /2 6 ) + A ()l (wn /2 60 P,

Q2

Hq(z)=5(z)+g‘—;{qu(z)1 5+ Cr|2

(%), -2 (), -

AH,(2) =6(2) + — {Aqu(z) In Cj +Cr

Qs

(3ep)eel} o

(1+z)(hlz)+_g(%)+ H;z lnz+2+z—<%2+g> 5(5)]}, AH,(z) =

Twist-4 if at
the tree level

LO + NLO corrections

Pyy(2)In 32 —Tr(1—22) ]

Qs Q2‘ _
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o One-loop contributions for TFR SIDIS

Structure Twist Structure
functions functions
Fyur v (2) v (a2 FipaPn=¢s) v (2) v (@l
FyuL v (ag) F;iTr)lL(d)h_(pS) v (ag)
FSo° Pn v (3) F;iTn(¢h+¢s) v (ad)
F$o% 2% v (as) Fom s v (3)
FLSli]n ®Pn v (3) F;;n(2¢h—¢s) v (3)
F;in én v (3) F;;n(3¢h—¢s) v (ad)
e / (@) B v 3)
Fi v (2) v (ag) FS(@Pn=9s) v (2) v (@)
FLCLOS ®n v (3) FL(:'I?S(quh_CbS) v (3)

All 18 structure functions are non-zero up to twist-3 or O(a?d) level.
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»Connecting NEEC with fracture function
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Connecting NEEC with fracture function

B Energy-energy correlator (EEC)

EEC was proposed as an event-shape observable in e*e™ annihilation in 1970’s.

EaEb
S

EEC ~ 2 do(ete™ = hghpyX) 5(Qgp — Q) Basham, Brown, Ellis and Love, PRL 41 (1978) 1585
a,b

Energy weighted cross section, infrared safe,
precise test of pQCD, easy to implement in
experiments ......

Applications to DIS process and others,

developing fast recently......
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B Nucleon energy-energy correlator (NEEC)

dy~

NEEC: fEEc(Z,e) = j4_ﬂ

* XB> Q2

e (Pl - £@wo)|p)

A E.
The energy flow operator: £(0)|X) = z 5(92 — 07 E_l | X)
iex P

E;
5 (x5, 02, 6) = Z f 7 does, 0%, p)6(6 — 0)

0 K1 dz _,xp ,
X.H. Liv and HX. Zhu, PRL 130 (2023) 091901 m——) = | —0 (— Q ,u) feec(2,0, 1)
H.T Cao, X.H. Liu and H.X. Zhu, PRD 107 (2023) 114008 z 2z

Notice: Hadrons with 8 <« 1 are almost collinear with the target nucleon.
They are produced in the Target Fragmentation Region!
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Connecting NEEC with fracture function

B Relation between NEEC and fracture functions

Matrix elements for fracture functions and NEECs:

¢ Py = e /
sz,FrF(x7€h7 hJ—) 2€h(2ﬂ- Z 2EX 27T d3P
X

 (PSI () EL TP X)X Bala (O):(0) PS) 2 [ m G P KBl = clan

B ] i 7 d°P 2 2
MY oo(@,0,6) = [ L =P T (PSYp ()L (7 )E (0, 6) £ (0)35:(0)| PS) £0,6)=3_ |52 27’;3; 6(0% — 62)5(¢ — dn)alan
17,EEC I d) h N

1—m
= Mo 0,0) =Y [ d 6 MY (.61 P
s Z 262 3 TE Phl:gh\%ﬁ e n; = (cos ¢, sin @)

Fracture functions act as generating functions of NEECs.
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B Relation between NEEC and fracture functions

(V)i | P,-S, 5 (5%0)i: | P, - S,
M g (2 €, Phy) = 2NCJ ”p(u(f jw - 11(3) *TON, - np(SLl(fL‘ - llﬁ?) +

('Yp)z" 1 ~ (757/))@“ 1
M, ppc(@,0,0) = =@l (= f{ = ne - S0 fiif) |+ L (=St g —ne- Sy gt [+
J> 2N, 27 2N, T

‘ f{l(xae) = 2wiug(x7£hapgl)a (CC 0) ‘i |Phl| hq(x ShaPhl)

&
iy (.0) =27 f 1, (0.6, P, oli(x.0) = yf' aliha (e, e, PRL).

1-z
One to one correspondence. FAS ) e Shw A

0¢), P+

[Py =260
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B Accessing NEEC properties through fracture functions

Diagram examples

Example: 3
p gmw
Mhatching of Sivers-type fracture function Matching of Sivers-type NEEC O - L
u i (x, &p, Pry) at Agep < Ppy < Q — fi%(x,0) at MAocp <K 6Q K Q e
as N, L dy +3 |
]t.,z(z(x79)‘HP (27T)263EN / y |:TA (y7 ) (1+2x/(y_x))TF(y,x):| 3 gooo,-I 00000000
] o
Qa T .
f,j(z (:B7 0) ‘SFP (271_)2]\; 93EN / dyy_3 [(2x . y)TF(y, O) - yTA (y, 0)] 3 (b) Soft fermion pole
t,q _ as Ve /&@4 1 3 20— 9223\T i 2y dTF (y,y)
flT(x,e)‘SGP,qu_ 2(27T)203EN y3 y_x(y +3x y x ) F(y7y) y(y +x ) dy o+o§ QOW
-~ —
t,q o 2 . 1
17T (x7 9) ‘SGP 3G 27T03EN { Sxy—'_y ) [N(y7 y) O(y7 y)] (¢) Soft-gluon pole (¢Gq)

—2(82° —5wy+y )[-’V(y,O)ﬂLO(y,0)}+y(2x—y)2

dy

—y(2x2+y2—2wy)% [N (y,y)—O(y,y)] } :

LN

y,0)+0(y,0)]

—— -—

1
(d) Soft-gluon pole (3G)

00000100000
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Summary

SIDIS in the TFR is factorized with fracture functions.

TFR SIDIS is calculated up to twist-3 at the tree level. Structure functions and
azimuthal asymmetries are obtained using the gauge-invariant fracture functions.

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

Connection between NEEC and fracture functions is established, which will facilitate
the study of NEEC through fracture functions.

Wt/
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