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Introduction

B Nucleon tomography

Lepton-nucleon deep inelastic scattering (DIS),
the best tool for probing nucleon structure.

Images from Front. Phys. 16(6), 64701 Inclusive DIS Semi-inclusive DIS
Why nucleon structure important? Extra gains from DIS to SIDIS
* Fundamental components of matter * Three-dimensional imaging of the nucleon
* Properties of strong interaction * Azimuthal and/or spin asymmetries
* Inputs for describing high energy reactions * Accessing fragmentation functions (FFs)
* Prerequisite for new physics researches * Decoding flavor compositions
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Introduction

. do o? y? V2
B SIDIS structure functions rdydpdzddndr?. 220 -\ T2

{FUU,T + eFyy, +2e(1 + e)cosppFrir ™

+e cos2pp)Fyy) 7"+ A2 = O)singfy, "
+5) [V2e + &)singn )" + & sin(2gn) Fy, " |
+5)e [mFLL + mcosthFLcLos‘ph]

+18, | [Sin(¢h — ¢s) (F;;%Eth_(bg) + gF;;f‘ll@h—(l)s))

A. Bacchetta et al., JHEP 02, 093 (2007) +&sin(Py, + @) F;iTn(th“’bS) + £sin(3¢y, — ¢g) F;iTn(3¢h‘¢5)
o fSINPs - Sin(2n—bs)
. . +2e( + FSIN9s 4 [2e(1 + 20, — o) F
18 structure functions for SIDIS with e(1+ e)singsFyy e(1+¢)sinQn — ¢s) Fyy

polarized lepton and nucleon beams. |5 1. [\/T«'fzcos(cbh — ) FEOS@99) L [T g)cosgg P

General kinematics, model independent. 261 &) cos(2y — ps) FEOSCHR09 }
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Introduction

B SIDIS structure functions
Fyur ~ f1 ® Dq

Frip ~ 91, ® D
F 5;"?7("%_%) ~ f 1J’f" X D,

FL(;?S(d)h_qu) - ® D,

F;;n(¢h+¢5) ~ hl R Hf'

2
Fog* 2% ~ ht @ Hi

A. Bacchetta et al., JHEP 02, 093 (2007)

Transverse-momentum-dependent Fo2or il @ Hi
(TMD) factorization applies.

Structure functions are linked to
TMD PDFs and TMD FFs.

Py, <@
F;;n(3¢h_¢5) - hi_T R HlJ_

Number density
Helicity

Sivers

Transversity
Boer-Mulders
Worm-gear T-L

Pretzelosity
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Introduction

B Kinematic regions of SIDIS , N Br<e_|t frame
! q ; > P ANANANAN
/ T : //
/e Ppy = —q1/z : L > 7
Py P
> : : : P
¢ Collinear factorization Vo v fhn
dos it
Q, iy e’

Hard J Transverse

1
|
|
|
1
|
Momentum|- Current Region :
:
|
Current fragmentation region (CFR) :
—ygp M 4T Ph
eyB,bmq_T ﬂ q_T € ’7676 1 P
Y Q? Q Q, Q \ :
TMD - Current Region Soft/Central Target Region,
—— Region : ) _
TMD factorization D | Target fragmentation region (TFR)
< = —

y A region that has traditionally

been overshadowed!
M. Boglione et al. JHEP 10 (2019) 122
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Introduction

B Fracture functions and SIDIS in the TFR /6

* Fracture function: F(x, &) B

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,&,) Q H
* Spin and hadron P, dependent fracture functions

dGTSR =2“§m{( —y+ )Ze[ (xg,¢. Py ) — IS |' “'M’;(xg,c, P,%L)Sin(fﬁh—fﬁs)]
dxpdyd¢dPp; deps Q<y mp

+A,y(1——)Ze [SHAML(XB Z, PhL)—|—|Sl|| h:|AM’}(xB,§, P,ﬁ)cos(¢h—¢g)“.

Cross section at twist-2  Anselmino, Barone, and Kotzinian, Phys. Lett. B699, 108 (2011); Phys. Lett. B706, 46 (2011).
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Introduction

B Recent experimental progresses

<1j _0s » g mf_ Clog"ﬁ Larger Collins effect in the TFR?
5{? 0.4'9p|9e'sp’n*x %LE)J Oi 77777777777777777777777777777 4}*} 77777777777 —>ep
o ook _mE_ . ' l But tiny chiral-odd effect are
~ &g 0.0 ; 1 3 expected in the TFR.
EZ % —0.2 ot _0_065_ !
S _0085_ }
_ 0.6 | | ] | ' E 10% Scale Systematic
03 04 05 06 07 08 B T T TR , , ,
G Xe Theoretical point of view
Beam-spin asymmetry for back2back dihadron 01— * higher twist effects?
(a probe for TMD fracture functions) 3!93‘? ]
H. Avakian et al., PRL 130, 022501 (2023) 2 T Af . * pQCD corrections?
N 0.00—f =& e
Azimuthal dependent structure E, PRI o
functions from CFR to TFR =~ ~0.051 . N
e.g., A. Accardi et al., EPJA 60:173 (2024); o e Senate] [
Hayward s talk at IWHSS-CPHI-2024 SO0 00 05 10

0y
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TFR SIDIS at twist-3 or one-loop

. Klnematlcs Hadronic plane \

e(l,A¢) + hy(P,S) » e(l") + h(Pp) + X @ \

> Y@ Rl /
v (@ hs(P) z
do o’y , / o / x
——L v Z7A€7l Wl“/ 7P787P

dxpdyd&pdipd? P 4§hQ4 v ) (g h)

Q% = —¢q*
L (1, A, 1) = 20141 4+ 1V1H — 1 -1 g*) + 2idee? o L1 0
y d'T y BT 2p-q’
W (q,P,S,Py) = 1€"97(8; ha|J*(z)|hX ) (X h|J* (0)|ha; S) q
— | (2m) -
q
_ 2 _ y = 1’
P ~ (P*,0,0,0) W (1 yxBP+, Q ’Q\/l y,o) Pl
y ngyP+ y pP- 1
- zy = .
Phu = (P};I-,Ph iPhJ_) qll — (_xBP+' szBP+ ) 0,0) h P . q
S# _ SLP+ SLM § f _ Ph . q P}:’
=y oS " p.g " pt’
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TFR SIDIS at twist-3 or one-loop

B Hadronic tensor up to twist-3

O R S N S
o] RIE Tk ks Cd Tk Multiple gluon scattering
PARN SPARN PALNE I in the final state.
ryg E L EUN R i N

W‘“’

(a) (b) (c)

3 3
=] Gy (64 00), 209+ 0] L [ e bl X)Xy O,
X

d3k d3k (}é + ) ) |
107K ! “(K1 + 4V +2q) iiev )i] 216 ((k1 + q)°) k; ~ 0(1,22, 1), with 1 ~
'Lgs / 77d3771 e~ ik1- Ug%(kl k2)- m<hA|'¢ ( )|hX>(Xh|G°‘(n1)¢J( )|h > Collinear expansion for the
hard part, e.g.,
dSk d3k s - _HO(k,
oI [ i +1q ” Yalkz + )y )” 276 (ks + 9)2) H (ko) = B b, + k2 18 k(l 2
3
ng / 77d 771 e—ik1m z(kl k2)-m <hA|'¢ ( )Ga(n1)|hX><Xh|¢J( )lhA>
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TFR SIDIS at twist-3 or one-loop

twist-2

/

WH = gp(WyTy")iiMji(zp) + [ (VY yLaY™Y)ig MG ji(zB) + (1 < V)*] /

29~
1
92 — IR

"y .
+{ h(7“’7+'7J_a’7 8 )z‘j/divz [P

20~ —imd(zo — a;B)]M‘}fw,ji(xB, z2) + (u < 1/)*}

A1~ _iwpta- -\t (o |
Mo(@) = [ gy S Al (1)L IBX) KL O O ),
M315@) = [ Gertpmyee T Sl ()L IAX) XHIOL (o) O,

X

o dn_dnl_ —iz1 Pt~ —i(zo—x1)PTnT 7 — ol —
Fﬂ'j(wl"”):/ prvayon LA ;(hAI%'(n )IhX ) (X hlgsF (1 )i(0) ).

Ln(z) = ’Pexp{ —igs /Ooo d\ G (An +x)}
Gauge invariant matrix elements!
g FTe = g,[0vGY — 01 GT] + O(g2)
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TFR SIDIS at twist-3 or one-loop

B Fracture functions defined via the correlation matrices

g (p pB)
(Yp)ij [~ Py, -S1 1 . 3 pep? .
0= G0 o~ 1)+ L (o St — sy - PP
19 P, . S 1 ~ P(P P'B>
- —(757\,5) : [ﬁ” (SLllL - %z;}) + o7 (P,’Lllh +MSY Ly + Sp Py 1 — ~hohe swzg)] N
Ma . (7 )’ij [ — P2 h MSva S Pa h PiiLPh_)L g h .
0.4j(@) = “g i\ ~FuLus + MSTuor + SpBy up, + == Sipur Fracture functions
TY5)ij (& plep? up to twist-3
O (B 15 4 MSSlor + Su Pl — TS il )4 P
- (o pB)
o Y o )ij o S ~ o PP, ~
F,ij(x17x2) = (21\7)‘7 (Pthh—MSJ_wT—SLPhJ_wI}f— hJMh'LSLﬂw%) dlj_ EE'LiVCL_LV
— Iy ~ P<Ol P'B) (a ,3> B o 3 af 3
- (’YZX:)J?:(P?_LU}L+MS_?L_UT+SLP}?_LU}£— hJMhiSlgv%)—l—--- , PP, =P} Py +9g1 P /2

e Red: twist-2.

e Green: twist-3 Only chiral-even terms contribute, different from CFR
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TFR SIDIS at twist-3 or one-loop

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[ug () + il5 (x)]

K K . 1 . K K
= ugs(x) +ilgs(x) +i | dy Py — ité(y — x) | [ws (x,y) — vs (x,y)]
Four sets of equations

The relations take a unified form! S | K

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

T h

= Unveiling Nucleon Structure via the Target Remnant £—EERBEEEREIETIESIY 2026.07.30 FE 15



TFR SIDIS at twist-3 or one-loop

B Results for structure functions and azimuthal asymmetries

Structure functions Azimuthal/spin asymmetries
sin(gn — P : [P | uf
Fyur =zpu, FUTff(léh . l]\}ZI—L'xBU?% (sin(gn — ds))ur = 7+ 1%’
B cos(bn—os) _ |1 Pril  n Twist-2 B _ [P |C(y) 1y
Frp =zpliL, Frr = 7 *Blr (cos(dn — ¢s))LT IMA(Y) uy

rigr = WPl e - Wl g, ostuioy = LI PD 2 g Pl DOzl

Finon _ _z%uszug, Freoson _ _2|121¢|sz " | (sin dn)ur = 'ng' ig; x’ff%’ (cos én)Lr, = "Pé}” Zg; msllf’t

F(SJi;¢s _ —%x%uT, th}sd)s _ —%x%lT, TWISt-3 <sin¢S>UT = —%%%7 (cos¢S>LT = —%%%,
prinon—ss) _ _ % dLuh,  peosCenbs) _ _ % w2 1h sn(2n - ds)hur = 5 1 §E§§ UL, (oos(281 - b)) = —555 ié;’)) ’

K.B. Chen, J.P. Ma, X.B. Tong, PRD 108 (2023) 094015
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TFR SIDIS at twist-3 or one-loop

B One-loop correction: the gluonic contribution

s, < s,
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|

(a) (b)

dx
WMV(Qapa Saph) :&STFZB?"/?/d(I)klkgH'wjaB(kgaklakQ)MG,aﬁ(xaghaphL)a
f

11 fdh e §
M (&, €, Pri) = e a:P+/ e ;wA(P)y((ﬁ (An).LE(An))e | XA(Py))

x (B(Py) X[ (£, (0)GFF(0))"|ha(P)),

D D
[ doin = [ : lf / éwlf%<2w>6<k%><2w>5<k§><2w>45<4><q+kg—k1—k2>9<q0+k8>
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TFR SIDIS at twist-3 or one-loop

B Gluonic contribution

Gluon fracture functions

af 1 af 1 a pp afl p2 iﬁ Pifipf_l}_

Me = T 9 _ 9 QL Uig + W(PhLPhL-I_ 2_—9L PhL) +5L Z—llgL‘l' AM2 tlgL
L 0 P8 P Si[el, APy " PySY +81°Ppl L
2-2% M YT M g 9T 4p2 YT 8M =

The hard parts

v , (kg — ko) o (kg —F2)
Hy oo oo ko) = T R Gt o by i 27“ t e k)

ro U (k o kQ) (kl k )
Héu) ? )<k97k17 k2) klfy (kgg— k’Q) Bk2 ( _k )2704 (kl A k2)
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TFR SIDIS at twist-3 or one-loop

B Gluonic contribution

Tr P?
Fcos 20 _ _aS hl / P
vy or oM2"F qu) - tg(€B/2,&n, Pa1),
sin2¢, _ OslF P}%J_
FUL "= I 2M2CE Z /B/Eh 1gL(xB/27§haPhL)’
prin@on—,) _ 2alF 7 = 1 Z / (xB/2,&h, Prl)
uTr I 4M3 B/gh 1gT ' Shy )
sin(¢pn+ds)  QsTF Ppy dz 2 PZ|
FUT " _ 27t 2]\4‘17 ; /B/gh [ lgT(xB/z7§h7PhJ—) + 2M2 tlgT(xB/z7£h7PhJ_) .

Four structure functions generated uniquely by gluon fracture functions!

K.B. Chen, J.P. Ma, X.B. Tong, JHEP 05 (2024) 298
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TFR SIDIS at twist-3 or one-loop

B Gluonic contribution 3 oS

TF P2 -0.02;—
Fcos 20 — s hl / P, ~0.04
UU or o)[2ZLB qzq: B/ﬁh ¢ (@B/2,&h, Pal), N

2 :_ 10% Scale Systematic
in 2 aTFP j : B /t*
FSIE ¢h _ S hl x / 1gL (m /Z, é-h’ Ph ), Y 08 -06 -04 02 0 02 04 06 08 XF1

2w 2M?

B/fh
sin(3¢n—¢s) aTr P,
Fyp ™" 7 = = 4M3$ Z /B/gh 2t (xB/ 2, &y PrL),
sin(¢pn+ds)  QsTF Ppy dz 2 PZ|
FUT " _ 27t 2Mx ; /B/gh [ lgT(xB/z7£h7Ph-L) + 2M2 tlgT(xB/zaghrPhJ_) .

Four structure functions generated uniquely by gluon fracture functions!

K.B. Chen, J.P. Ma, X.B. Tong, JHEP 05 (2024) 298
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TFR SIDIS at twist-3 or one-loop

B Quark and gluon contribution
F; L = —:EB
ve Z /B/Eh z

sin(ép— O PhJ_
FUTELh S) 27.‘_ M 7 ¥B Z /

[4TF2:Z’U,19($B/Z é.h,PhL) -f-QCFZ’ul(.’EB/Z £haPhJ_)]

[4szzulgT(xB/z En, Pry) + 2Cp2uln(zp/2, &, PhL)]
B/Eh

Fyur =B Z / Hy(2)urg(zr/2,€n, Pn1) + He(2)ui(zB/2, Eh,PhJ_)]

sin P

B/h

A7‘¢g(»’~’)llgL(iL'B/Z Eny Prn1) + AHy(2)liL(zB/ 2, €h7PhJ_)]

FCOS(¢h $s) _ Pr CL'B Z /

P AH @) (x8/2,&h, Poi) + AHy(2) 1 (zB/ 2, §haPhL)]

(%), 2(),~

Q2

’Hq(z)=5(2)+—7r{qu(z)l e +Cr |2

AMqy(2) = () + 5° {AP (z)In 3_22

+Cr

(%2 + g) 5(2)] } Hy(2) = 5

L4 <lr;z)+_g(%)+ 14; Inzt24z— (%2+§) 5(5)”, A (2) =

NLO,
twist-4 if at tree level

LO + NLO

Pyy(2)In 6'32 —Tr(1—22) ]

Qs Q’z _
— |AP, = - .
- 29 (%) (ln 7, 1> +2TrZ
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TFR SIDIS at twist-3 or one-loop

Structure

functions

FUU,T

FUU,L

cos ¢p
FUU

cos 2¢p
FUU

sin d)h
FLU

sin ¢h
FUL

sin 2¢h
FUL

FLL

Cos ¢p
FLL

- Beyond twist-3 or O(ay)

Structure

functions

sin(¢n—gs)
FUT,T s

sin(¢n—gs)
FUT,L s

sin(¢p+ps)
FUT h S

sin Qbs
FUT

pEn@én=¢s)

FEinGen=9s)

cos(Ppr—s)
FLT h S

FL(;?S(quh_QbS)

All structure functions are non-zero up to twist-3 or one-loop.
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Connecting NEEC with fracture function

B Nucleon energy-energy correlator (NEEC)

* XB> Q2

dy~

NEEC: frpc(z,0) = f—

Yooy (Pl B @)wo)|p)

A E;
The energy flow operator: £(0)|X) = Z 5(62 — 67 E—l |1X)
iex P

CLEUED) [ 5 dot 0% posce - 00

X.H. Liu and HX. Zhu, PRL 130, 091901 (2023) 0 K1 dZ

Xg
H.T. Cao, X.H. Liu and H.X. Zhu PRD 107, 114008 (2023) ——) = — ( ,0% H) fEECc(Z,0, 1)

Hadrons with 8 <« 1 are almost collinear with the target nucleon. They are from the TFR!
A sum rule should exist between NEEC and fracture function.
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Connecting NEEC with fracture function

B Relation between NEEC and fracture function

Matrix elements for fracture functions and NEECs:

dn~ . an d3PX
q = e
Mijrer (@, En Pr) / 26, (2m)% Z/ 2By (27)3

d3Px
X (PS|1; ()L (n7) [PhX ) (X Py| L (0)35(0)| PS) Z/z s DX WX Pl = ajan

M ppc(@.0.6) = [ B (P8I LU E0. O LaOBOIPS)  £00=5 [ sp !

— 02 _ T

—

l—z
7,3 EEC x 0 Qb Z/ dgh gh 2géLsz FrF(x7€h7PhJ_)

+
gpot,

Ppi= 7 n; = (cos ¢, sin ¢)

v’ Fracture functions act as generating functions of NEECs.
v" Shortcut for accessing NEECs properties through fracture functions

BRIT=E
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Connecting NEEC with fracture function

Example: collinear matching of Sivers-type NEEC at Apcp K 0Q K Q

,Y-F
q
A 'MEEC <$) 97 gb) 2N
Ar
Yp
ikl E |
Qg |
|
Hard|Transverse :
Momentum|- Current Region :
:
|
|
m qr I
evzp, b AT, m-qr e :
Q@ Q a @ '
TMD - Current Region Soft/Central Target Region |
Region :
. -
Yy

Sivers-type NEEC

Overlap region Agep K Ppy K0,

Py, is generated perturbatively.

|Pp | W (2
Y
Re-factorized and matched to collinear

PDFs/FFs in the overlap region.

f&q(x79) — ghaP )

! fi(z,0) —n, - Slflf:,g(x 0)| + -

BRIT=E
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Connecting NEEC with fracture function

Example: collinear matching of Sivers-type NEEC at Agcp < 0Q < Q Example diagrams
L —

(@,0) = fif@,0) |+ A0+ @0+ R0 | e
200, s [ L[Tat0)- (U42/(y-0) Te(y.a)], ~ () —
10, = s [, 5 o) Tr(.0)—yTa(0,0)] —

o, ot [ UL a2 Te() —uto+ad) T, 2 I
B0 = gm0 200280y 10) [N .0) -0 e
—2(82" —5ay+y >[N (y70>+0<y,0>}+y<2x—y>2d%[N(y,0)+o<y,o>] = _mm
—y(22% +y* —2xy)d% [N (y,y)=O(y,y)] } - _H() S“ - (qu)H_
Sivers-type NEEC will match to collinear twist-3 PDFs. -
ik

>
KBC, J.P. Ma, X.B. Tong, JHEP 08 (2024) 227; JHEP 11 (2021) 038 .

(d) Soft-gluon pole (3G)
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Helicity correlation in CFR+TFR SIDIS

B Accessing polarized FFs in unpolarized process via spin correlation SY. Wei’s talk

do* 28 ~ 60| Dy (2)Df (22) — AnAg Gl (21) Gl 4 ()]
Helicity correlation of dihadron:

dott+dott —do™ —do™"

Cy =
L= do*t* +dott +dot— + do+

+ — re —
ere 2 A+A+X _2q UOG{\Lq (Zl)G{\Lc‘z(Zz) A novel way to probe G;;4(2) in
24 aOD{\q (zl)D{_\C_I(ZZ) unpolarized collision processes

Pair produced qgq,
opposite helicities

Applied to various processes: e*e™, pp, AA4, SIDIS......

Spin transfer in H.C. Zhang, S.Y. Wei, PLB 839 (2023) 137821
fragmentation X. Li, ZX Chen, S. Cao, S.Y. Wei, PRD 109, 014035 (2024)
Z.X. Chen, H. Dong, S.Y. Wei, PRD 110, 056040 (2024)

. - L. Yang, Y.K. Song, S.Y. Wei, PRD 111, 054035 (2025)
Correlated helicities of AA F. Huang, TB. Liu, YK. Song, S.Y. Wei, PLB 862 (2025) 139346
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Helicity correlation in CFR+TFR SIDIS
B SIDIS with CFR+TFR hadron production
P 1
The process: e(D) + N(P) — e(") + hy(Pr, ) + hy (P, S,) + X / 1\
AN g
CFR hadron TFR hadron W | VWY
A P : Y
HIAAN
—>— M, ——
P :
The hadronic tensor

The hadronic tensor and the cross section:

do _ enlZL L 1 YW (2p: 20, S1i a, Pov, o)

dedyd21d§2d2P2J_d’¢ — 4@4 pr b By~1y01962, 421,02

WH (zp;21,51;82, Pai,S2) = ZegTr[Mq(fBB;&,Pu,52)7“éq(21,Sl)’YV] +{q < q}
q

longitudinal spin correlation between the

initial struck quark and the TFR hadron

30

2026.07.30 &5

1
#— R EFAAEYERW

zlé‘q,ij(zla S1) = (Y")ijD1g(z1) + (1577 )ij M Gipg(z1) + - -+
[(7‘)iju1q(w3,§2, Pa1) + (757 )ijheliy(z B, &2, Pu)] + -

M .ii(TB; &, Pa1, S2) 5
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Helicity correlation in CFR+TFR SIDIS

B Dihadron helicity correlation

dz pdydz, déod? Py, dip

The helicity correlation: | Crr(xB, &2, Pa1,21) =

yQ2 2621‘1 [u14(zB, &2, Pa1 ) D14(21) + )‘1/\2l1q(37Ba§27 Py, )Girq(z1)] +{qa ¢ @}

2 q

e2li,(xB, &2, P21 )Girq(21) + {q & @}

2.q©

Ulq(ﬂUB,&, P51 )D14(21) + {q < ¢}

Numerical estimation?

No available parameterization for u4, l%q

(® Match fracture functions to PDF&FFs in the region of Aqcep K Py K Q.

) _
I I Qg dy 62 T ’52
I ! = — P D P — D q
| L PN l wa(T5: 80 Po1) = 55 o /m+g2 y (yz) F1a(0)D19(2) + 55 Fag (yZ) f150) 1q(z>] ’
rooo oo, ) -
! o dy |5 (&2 T = (&
! W (zg,65,Ps1) = 5 / —~z|P ( ) Girg(2) + — ( Girs(z
. . 145, &2, P21) 276 P2 Jo e v 2|0 g2 f14(y)G1rLg(2) Pyg Ve f19(¥)G1Lg(2)
(a) (b) )
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Helicity correlation in CFR+TFR SIDIS

B Numerical estimation

G{\Lq (z) from DSV:

scenario-1: only s quark contribute;
scenario-2: u, d have negative contributions;
scenario-3: u, d, s contribute equally.

CLL
.

» Flavor sensitivity:

* (C; differs drastically across three scenarios.
e (C; is positive for scenario-2.

05F~~o T

» Kinematical dependence: 0.5 e
* (Cy; grows with &, for all scenarios. S d \\\\
* (Cy; also grows with z, for scenario-2&3 155 RO
(large rapidity separation) cro . scemario-3  TNd
0.1 0.2 0.3 0.4 0.5
C : : &2
A clear discriminator for polarized FFs scenarios. | |
X.0. Xi, KBC, X.B. Tong, S.Y. Wei and J. Wu, EPJC 85:1458 (2025)
E—ERIEEEAEEMESN 20260730 £H 32
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Summary

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

* We calculated the TFR SIDIS up to twist-3 at the tree level and to one-loop at twist-2.
All 18 structure functions are non-zero, including 8 at twist-3 and 4 generated
uniquely by gluon fracture functions.

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

* Dihadron helicity correlation in CFR+TFR SIDIS can serve as a clear way to distinguish
different polarized FFs scenarios.

Wt/
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Helicity correlation in CFR+TFR SIDIS

] -
1 ~
] S
| | 3
; St : S -2r
150 scenario-3 ~ ] : scenario-3 N i scenario-3 S~ 3F scenario-3 R
T S B B C 258, P R R B e 3l P T B BT R R R B _
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
3} 3 &2 &2
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Connecting NEEC with fracture function

B Relation between NEECs and fracture functions

(Yo)ii [ Py S 1 . p pP ]
M pep (%, &n, Pri) = 2?\727 Ut |+ o =7 | Prou™ — M&uf — SLBY) up? — b8 gurt
Y57, Pyi-S P P! '
( ;]\;) 7P <SLZ hl - J_llfqg>+ o (P;;J_lhq +M5plq un SLP;'?J_lhq hJMhLSLBZ%Q> I v
(6
(7o), 1 & M ¢ 3 t (p
MUEEC(Q: 0,0) = 2sz n’ (%f — Nt 91 fﬁ(%) pr (nt g% — Wsi f = Scng frf —ng nt S 18 fT )
(7579) ]. M 1 t ﬁ t
2Ncw P(%SL 91L_”t S| ng)—|— E(nf gt,q_|_%5i g%—}—SLntp gL’q—népnt>SLB g:,,ﬂ)
P P
ff(xag) = 27riu(f(x7£hvsz)7 f,jq(x 9) = ‘ ]\ZJ—‘ hq( £h7Pi21J_) fiq“(x70> - 2Wiu%(xa§hapi2u_)ﬂ Zt“’q(x’a) - M;ug“q(x §h7Pi2zJ_)7
P P P
a0 =nY i ma i), dten=Y e ), e =Y Pl g p e = Y PR g, P,
P P?
ftq I [Ph] hq §h,P%¢) z’q (s ) = I | ]\Zﬂu%q x,gh,P,%L), g%(%g) = zﬂil%(%fmp%l), g%q(%@) _ ]\}jlh q(x €h,P%L) .
1—z P? . . .
A=) [ den e A .. Shortcut for accessing NEEC properties through fracture function
o 20 ip, =t
PRA=E Unveiling Nucleon Structure via the Target Remnant

F—/EREEEHRBEIRYESIL 2026.07.30 F5 37



Collinear matching of fracture functions

B Matching of unpolarized/longitudinal polarized fracture function

P -5, o
i 1T

(m’fh’Phl)] + 2l [ S[[llL(CC,fh,PhJ-)]_ PhL]\/_.ISL

ToON. lillT(x7€haPhJ_)] + -

M;j = (;J_\;c” [[ul(mafh,Phl)J_

3
kigs)

T | =9

b I

b I

[ﬁ+ th.c.

|
[, | ‘o)
9 o
9 | 5
9 o
[e | o
I
a o
g o
e Qo
|

+h.c.
| | | I 3 3 3 3 l é
> ! = ! = ! > > ! = > ! > ! >
quark PDF & gluon FF gluon PDF @ antiquark FF
_ o 1 dz | 2, 2 §h 2 2 | 2
_ _ ur(z,&n, Pri) =95 55— [ 5 |20Fdg(2)a(y) 5 (2" +37) + dg(2)9(y) > 5(2°2” + &)

Twist-2 matching Pry : v v

_p2 L [dz Z (2 4?4 do Sh (i —

Lin(z,€n, Pr1) =95 7 | 2 _ZCng(z)AQ(y) ) (z” +y°) + dz(2)Ag(y) )2 (zz &)] y=1x+&/z
2

Scales as 1/PhJ. Accessing the twist-2 unpolarized/longitudinal polarized PDF in TFR

= Unveiling Nucleon Structure via the Target Remnant £—EERBEEEREIETIESIY 2026.07.30 FE 38



Collinear matching of fracture functions

B Matching of transverse polarized fracture function

P, -51
M

) P, -S Vi
M;j = (;J\BCJ [ ui(x,&n, Pri) — %MT(%&,PM)]] + % [ Sclin(z, &, Pri) —

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

| 1 1 1 —— T

E \%%: g ! P | 3

P | 3 b b

= of = |

3 1 b~ R, ! p=

g 3 2k 1 ) ! =

g 3 kalg ", s —ind (K — k) . 3

Hard-pole Soft-fermion-pole
. - . . — U
: : %{;ﬂg | g L r. | 3 R
' ‘ ' 2o ' g g ERE I g g AN
: I 3 : g 2 g g g 9 g g
' I g ! 3 g g g p g 1 g g 1
> | - ] > ] >~ "1 ->{ ]
1 1 1 1 1 | 1 1

Soft-gluon-pole Soft pole from 3-gluon correlations

lillT(x7€haPhJ_)] +--
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Collinear matching of fracture functions

Matching results after collinear expansion:

. N fd 2 Gauge invariant!
M“?T(%ﬁh, Pp) i =95 —i Pl ;dg(z)? lﬁhTA(y, r) — (& + 222)Tr(y, m)}

1 1 1 d

MU’fT(fC,ﬁh, Ppy) op ggﬁcﬁ / z—jdg(z) x§3z [(332 — &) Tr(y,0) — (&n + xz)TA(y,O)]

i h P _ gch @d i[ 30 & 3220 — 223\ T . 2042 + 22 OTF(y,y)] Twist-3 PDFs
17T (2, h, Phi) s PL ] 2 q(2) ik (y° + 3z°y — 22°)Tr(y,y) — yén2“(y° + )—ay & twist-2 FFs
1 4 1
M“’f:r(iv,fha P,.1) v %fh / 2 —dg(2 )z—y5{2(§h +22°2° — &zz) [N(y,y) — O(y,y)]

— 2(&5 + 4%2” — 36,22) [N (y,0) + O(y, 0)] +y(&n — wz)2d% [N (y,0) + O(y, 0)] Scalesas 1/P;,

—y(& + wzz?)d% [N(y,y) — O(y,)] }

y=z+&/2 Tr(xq1,%5), Ta(x1, x3), 0(x1,x2), N(x1,Xx5): gauge invariant twist-3 collinear PDFs.
Efremov and Teryaev, PLB 150, 383. Qiu and Sterman, PRL 67, 2264. Ji, PLB 289, 137. Beppu et al., PRD 82, 034005.
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