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> Introduction

Semi-Inclusive Deep Inelastic Scattering(sIbrs)

e(kes Ae) + h(P,5) — e(kL) + B (k) + X

/
N
(4 k Q2:_q2>>A220D

q

P = X

> Important process to probe the partonic structure of the hadrons:

3D structure, nucleon spin structure......

> Experiments: HEMERS, COMPASS, JLab@12GeV, U.S. Eic, EicC...

> QCD Factorizations in specific kinematics.



o Introduction

Semi-Inclusive Deep Inelastic Scattering(sIbrs)

e(kes Ae) + h(P,5) — e(kL) + B (k) + X

k/
k € 2 2 2

q B — Q2

> Different kinematical regions lead to different QCD factorizations and different probes.

«— 4

Photon-proton frame: - W} ANAANANAN —D T 4
kJ_ '¢"'

P
k (yh 9kJ_)
> Classifications according o the momentum of the detected hadron.



o Introduction

Sketch of the kinematic regions of produced hadron
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k| : transverse momentum



o Introduction

Sketch of the kinematic regions of produced hadron
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> Introduction

Sketch of the kinematic regions of produced hadron
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> Introduction

Sketch of the kinematic regions of produced hadron

TMD PDF @ TMD FFRH®S
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TMD - Current Region
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>

Study the factorization of the quark Collinear Fracture Functions at A,-p < k; < QO
for SIDIS 1in the target fragmentation region(y, > 6(ink,/Q)) at tree level .

[K.B Chen, J.P. Ma, X.B. Tong JHEP 11 (2021) 038]



> Introduction

Sketch of the kinematic regions of produced hadron
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>

Collinear fracture function=Collinear (multi)parton distribution @ Collinear FFQH

AQCD < kL < Q [K.B Chen, J.P. Ma, X.B. Tong JHEP 11 (2021) 038]



> Introduction
SIDIS in Target Fragmentation Region(TFR) at k| < Q

do = Collinear Fracture Function @ H
Proof(twist-2) : J.C. Collins Phys. Rev. D 57 (1998) 3051

€ g ‘/q/ » Fracture function( diffractive parton distribution ):

F(z, €k, ) * Parton C.ilSTr'IbUTIOHS of an initial

ko hadron in the presence of an
almost collinear particle

observed in the final state.

* Introduced by [Trentadue-Veneziano Phys. Lett. B 323 (1994) 201]
* Operator definition for quark/gluon given in [Berera-Soper Phys. Rev. D 53 (1996) 6162].
* TMD quark fracture function: [Anselmino-Barone-Kotzinian, Phys. Lett. B 699 (2011) 108].

* Other applications: hadron collisions

€.g2. Chen-Ma-Tong. JHEP 10 (2019) 285
Ceccopieri -Trentadue, Phys. Lett. B 668 (2008) 319

Ceccopieri, Phys. Lett. B 703 (2011) 491



o Introduction

SIDIS in Target Fragmentation Region(TFR) at k; < Q

» Hadron Tensor

WH = Lz elT7(P, s|J*(z)|k, X )(X, k|J*(0)| P
=3 [ (i€ R A X)X K OIP, )

|
:kq ! \\Q\‘\’
I * NLO calculation:
------------------ k'rkv D. Graudenz, Nucl. Phys. B 432 (1994) 351
/ : \ * All-order proof(twist-2):
| — P J.C. Collins Phys. Rev. D 57 (1998) 3051
|
Leading Order
Density matrix of the Quark Collinear Fracture Function: P* = (P*,P,0))
_ + 1.-
MFz'j (x f k_L) k'“_(§P 7k akJ_)
d)‘ —iz Pt
=/ 5-€ Z ha(P, 8)|[p(An)LE (An);| X hp(k)) (hs (k)X |[La(0)%(0)];| ha(P,s))

- "Hybrids" between the PDF and FF Ln(z) = Pexp{ —1gs /OOO d)\G+()\7'L+CE)} nt=(0,1,0,0)



> Introduction

SIDIS in Target Fragmentation Region(TFR) at k; < Q
» Density matrix of the Quark Fracture Function:
MFz'j (33 £, ]ﬁ)

‘/ e 2 _{ha(P)[BOm)LL )l X his () (his (WX 1L (OW 0Nl (P 9)

At the leading power,

my

1 N y 1
" 2N, (v )z’j [F‘J(x’ & k1) + € kLuSLvm—AFqT(fBa 3 /ﬂ)]
1 _ 1
+ 2Nc (757 )ij |:SLAFQ(m7 €a kJ_) =+ kJ_ ) SJ_m_AAFqT(ma 57 kJ_)] +
[M. Anselmino et al Phys. Lett. B 699 (2011) 108]
« Chirality even |
Y q K o
* Only consider the polarization of the initial hadron(spin-1/2): .. . : _________________ A
ki)
xP-} (67 1
y Pt —ntP~ i P AR\
st = st + s P = : —p— P
I
|



o Introduction
SIDIS in Target Fragmentation Region(TFR) at k| < Q

e (ke,Ae) + ha(P,s) = e(k., ) +hp(k)+ X Wy, kb, o
___________________________ b
) ) Q2 P . A k : k Y
@=-0 =5, y:lee LEE AN
P == ' > P

Differential Cross-section

do _ @ _ 2 Eullsal )
depdydédp,d’k,  2(2m)3¢yQ? [(2 2y+y)<FQ(’”B’5’kL)+ (e ¢h)FqT(wB,£,kL))

+ y(2 - y))\e <5LAFq(mBa 67 kJ_) - |kJ7;,|L|jJ_| COS(¢S - ¢h)AFqT(xBa 57 kJ_))]

Single transverse spin asymmetry(SSA):

Aur

Double spin asymmetry(DSA):
ALL X AFq

. d0'+(§J_)—d0'+(—§J_)—(dO'_(gj_)—dO'_(—g_]_)) .
Arr = Aot (71) + dot (=51) L do—(51) + do—(=51) AFgr




Matching of Fracture Function for SIDIS in the Target
Fragmentation Region

o Matching of Fracture Functions

» Unpolarized/Longitudinal Fracture Function  Twist-2 level
» Transversely Polarized Fracture Function

 Single transverse-spin asymmetry

. Twist-3 level
* Double spin asymmetry

14



© Matching of Fracture Function

In the region, Apcp < k) < Q, the k) -dependence is perturbative calculable:

1
2N,

v 1
MFij(wa 57 kJ_) — (7_)2'3' [Fq(CL‘, 57 kJ_) + elj_ kLuSJ_I/m_AFqT(ma é.a kJ_)]

1
2N,

+ i

1
(757_).. |: LAFq(m,S, kJ_) + kJ_ . SJ_m—AAFqT(:E, é', Iﬂ_):| + ..
We study the factorizations by collinear expansions at tree level :

g Fq,AFq : Unpolarized or longitudinal spin

Twist-2 matching: el ® twist-2 FF ® twist-2 parton distributions
1

- Fyr, AFyr :  Transverse spin

Twist-3 matching: ® twist-2 FF @ twist-3 parton distributions

(k1)*
15

Helicity conservation -> No twist-3 FF @ twist-2 distributions



© Matching of Fracture Function

Unpolarized/Longitudinal Fracture Function

-]

\OOOdOQQOOOO

o000 0V-—<«—9
\000050000000
'oooqgoocooo

S o
8 1 | | é
~ b > b > T
(GL(x)Gy(0))
At tree level :
dz f 2,2 B i 2.2 | ¢2
R & k)=t [ [de ()a(y) 5 (@ +9") +da(2)gly) 5 (o +€7)

2 £

AFy(z,6,k1) =95 75 W2 /dz IQCFd (2)Aq(y) 2(562+:t/2)+dq(2)Ag(y)y2 (wz—ﬁ)] y=w+§

<

Provide the access to the unpolarized/longitudinal PDF in TFR



© Matching of Fracture Function

In the region, Apcp < k) < Q, the k) -dependence is perturbative calculable:

1 _ y 1
MFij(wa 57 kJ_) — IN (7 )ij [Fq(l‘, 57 kJ_) + elj_ kLuSJ_um_AFqT(ma é.a kJ_)]

1 _ 1
+ SN, (75 ),-j |:3LAFq(m7£7 ki) +ky- SLm—AAFqT(%ﬁ, Iﬂ)} + -

We study the factorizations by collinear expansions at tree level :

Twist-3 matching is
none-trivial even at
tree level |

It is not easy to obtain
the gauge invariant
results :

® twist-2 FF ® twist-3 parton distributions multi-parton correlations

- Fyr, AFyr :  Transverse spin

Twist-3 matching: (2)?
1

17



> Matching of Fracture Function
Transversely polarized Fracture Function

Two-parton correlations Three-parton correlations
MFz'j (337 §7 kJ_)

xP
Tk
y. 4

fo=

-
=
~N

(G*(z)GL(0)) (Gl (2)Gy (y)GZ(0))

18



> Matching of Fracture Function
Transversely polarized Fracture Function

Two-parton correlations Three-parton correlations
MFij (x7§7 k.l_) k

xP I xP
i
7 1 X —

Procedures of collinear matching(tree level):

1. Write down the correlations

2. Power counting of field/momentum

K~ ko~ (L, X) G~ (1,030

3. Collinear expansion of hard part
5 OH
_|_ oo

6klg ka:fEaP _I_ —I— oo e

H (k,) = H (2, P) + (ko — 2, P)
4. Keep the terms at twist-3
<’()ZI‘8J_¢>7 <’()ZI‘8J_G+2Z>7 <"ZFGL¢>7 <’()ZFG+8J_¢>7 <G+LGL6J_G+>7 T

5. Rearrange to twist-3 distributions: What twist-3 distributions do we expect?

Gauge invariance



© Matching of Fracture Function

Set of Twist-3 distributions

A pair' Of quar'k fields: e.g., Chen-Ma- Zhang, Phys. Lett. B 754 (2016)

ar(@)s" = P+ [ 2P (1 )LL)y s Lo (0)9(0) ),

4
. _
—iga(z)s’ = Ee_mp+ (halp(An)LE(An)y T 7504 (Lnth) (0)|ha),
—igy(z)e s 1, = / %e"'“’” " (ha PO LE )y 04 (Latp) (0)] ha)

A pair of quark fields with one gluon field strength tenor(Chirality even):

Qiu-Sterman, Phys. Rev. D 59 (1999) 014004

v dA1dA —tAg(z2—2 —i\NT 7
Tr (x1,22) €51, =gs/%e Ao(@2=a)pt=aap (b | (An) v TG (Aan) 9(0)| ha)
. dA1dA —tA2(T2—2 —iA\1T n
Ta (z1,z2) s = —igs / %e A2(@2—z1)pT —idap” (ha | (An) 57 G (A2n) 9(0)| ha)

Tr(z1,z2) = Tr(x2, 1), Ta(z1,%2) = —Ta(22,21)

20



© Matching of Fracture Function

Set of Twist-3 distributions

Set of twist-3 gluon distributions:  Ji. Phys. Lett. B 289, 137 (1992).

: P PH+ida(ea—e ato c +8
b | o g€ T PR TEIT (y|GEF(Mn) GO Man) G (0)|ha) - F-type

NC abc o
S mrneE—” O -

1

N (N2 _ 1)fachaB7(x17$2)a

From the Bose-symmetry and covarianCe  Beppu-Koike Tanaka-Yoshida, Phys. Rev. D 82 (2010) 054005
0PV (x1,x3) = —2i|O(z1, xz)gﬁ‘_ﬁ{s'l + O(z2, 22 — xl)gf7§ﬂ‘_ + O(z1,21 — asg)glaé'ﬁ],

NPV (g1, 29) = —2i N(xl,wz)giﬂgl — N(z2,22 — xl)gf_7§i — N(z1,21 — xz)g]_agf_],

with the properties:

O(CEl,.’Ez) — O(w2axl)> 0(331,312) — O(—lUl, —562),
N(:Ul, :Bz) = N(CBQ, 371), N(wl, 332) = —N(—:Bl, —:Ez).

All the other twist-3 gluon distributions can be determined by N(fUl, 332)

0(113'1,332)

21



Matching of Fracture Function

Transversely polarized Fracture Function

Two-parton correlations Three-parton correlations
MFij (CB,f, k_L) k

xP I xP
iy
P ARERN -

Procedures of collinear matching(tree level):

1. Write down the correlations

2. Power counting of field/momentum

)
K~ ko~ (L, X) G~ (1,030
3. Collinear expansion of hard part
H (k) = H (2,P) + (ks — 2,P)° 0H L Gauge invariance- difficult and non-trivial:
6’65 ky=z,P
4. Keep the terms at twist-3 (a) Ward identities?
(Y0, 9), (P8, GT4), (PTG ), (PTG 8, 9), (GT+G0,GT), - -- (b)QCD equation of motion

5. Rearrange to twist-3 distributions:

L To what extent, can (a) help us?
Gauge invariance



© Matching of Fracture Function

Transversely polarized Fracture Function

Mpij(z, k) =

2N,

1
2N,

1 ) 1
(7_) [Fq(x7§7 k_L)_i_e/i k_L/LSLV—FqT(m7§7 k_L)
ij ma

1
(75'7_> [SLAFq(xagakJ_)+kL'3J_ m—AAFqT(x’g’ki)] +
]

Another key point in this twist-3 matching:

> Fr : Single transverse-spin asymmetry(T-odd) Absorptive parts are required

e.g., Qiu-Sterman, Phys. Rev. D 59 (1999) 014004
Phys. Rev. Lett. 67 (1991) 2264
Efremov-Teryaev, Phys. Lett. B 150 (1985)

Hagiwara-Hikasa-Kai, Phys.Rev.D 27 (1983)

> AFqT : Double spin asymmetry(T-even) No absorptive part is required

MFij (CL‘ £, lﬂ)

_/ 62l7)r\ _”P+’\Z ha(P, s)|[(An) Ll (An)]; | X hp(k)) (hs (k)X |[La(0)9(0)];] ha(P,s))



© Matching of Fracture Function

> I, : Single transverse-spin asymmetry(T-odd)

. Pr'opaga’ror': 1 = Pl :F 27_‘_5(1:) - Make the internal particle on shell->Ward identity!

-C : .
T + 1€ €T T onstrain the partonic momenta

absorptive part , “pole”

Two-parton correlations do not contribute to SSA(or from PT symmetry)

+
! 7
f | ? 1
>~ T
($(0)p(x)) (A% (2) A%(0))

Three-parton correlations

Quark-gluon correlations: Three-gluon correlations:

hard pole

soft fermion pole soft gluon pole

soft gluon pole



© Matching of Fracture Function

Example: SSA: Quark-gluon correlations
>~ vt
Hard pole: 3 %q'; *

- I
S 0000000000/ ]_

K . — —imd (kb — k3

fok) gk E kg — k3 +ie (ky = z)
—— ——,—)—

Soft-fermion pole:

Soft gluon pole: gl *

kl—k2 ) k2I




> Matching of Fracture Function

SSA: Quark-gluon correlations

d
_ / zzd( 2) A kad ke 1O (e, by ) My (e, oy
<¢kG ’p¢l>

1
— 4L'qT
ma 1

qGq

> Four Dirac structures up to twist-3:

(YT GPY)  (PyTGPY)  (Py G (PvvsG )

> Hard pole&Soft fermion pole (ki # 0) —g—
e.g., + 3 |

- The poles put the internal momenta on shell, +  |oosogeem
i ka dki!

- Promise the absence of the contributions from v,y s kH (ks k) =

- Promise the cancellation of gauge-variant terms from y™,y*ys after the expansion -> Tr, T'

= / dk+dk+dzd () [ DA —Mlkﬁwkr{
2(2m)?

1
T
my !

e.qg. on;
Bk”‘

(A2n)q(0)|ha) . 2
o S + HP,SFP contributions come from y*, ytys .
2L (B hal 9 ()G Qam)a(@) )
Al
L
Okg|

k?A kl hA|q )\1 |:6J_G+ 8+Ga
)

26
k+

L (bay k) + Hisalfa, k)| (alO07 63 (am)a(0) 1)



Matching of Fracture Function

SSA: Quark-gluon correlations

d
_ / zzd( 2) A kad ke 1O (e, by ) My (e, oy
<¢kG ’p¢l>

1
— 4L'qT
ma 1

qGq

> Four Dirac structures up to twist-3:
(YT GPY)  (PyTGPY)  (Py G (PvvsG )
> Soft gluon pole (k= 0)

* The identity still holds but is not useful.
k’fHM(kA,kl) =0

+ The terms from y, cancel between the diagrams and their mirrors.

e.g. ktH (ky,k) =0

- Similarly, the gauge-variant terms from y* vanish -> T(y,y) and dTr(y,y)/dy :

L + +dZ dAldAQ 71)\1k++l)\2k+{
~Fyr —g/dk Akt () [ Gy A
o8
i (R halaOn)* (016 0761 Cuma(0)1ha)
8 L

i5ka (ka, k1) (hal (032) ()Y G (Aan)q(0)[ha)
AL

[k*ﬁka_ (ks o)+ Hpsaoa, o) (alaO0a )y G Qam)a(0))




> Matching of Fracture Function

SSA: Quark-gluon correlations

d
_ / zzd( 2) A kad ke 1O (e, by ) My (e, oy
<¢kG ’p¢l>

1
— 4L'qT
ma 1

qGq

> Four Dirac structures up to twist-3:
Py GPy) (DY GPY)  (PyIGTY)  (PvivnGTY)
> Soft gluon pole (k= 0)

- However, y*ys and 7,75 terms are not gauge invariant and not zero, respectively.
o~ @D EDY 1C (E)a(0)
Fyr|, .. ~ (@& G (& )a(0))

- Solution of QCD-EOM:

qT|

Tr(y,y) ~ Py G o)

¥-(0) = 5£4@) [ ALy D) (n +2)

+ SGP contributions come from y*, ¥y ys , v, ¥s.

- Different from the cases in current region: e.qg. 28
Eguchi-Koike-Tanaka, Nucl. Phys. B 763 (2007) 198



© Matching of Fracture Function

: : SSA: Quark-gluon correlations
Factorization: Q g

2
Hard pole:  —Fyp (2,6,k1)| = g2 / 2 4y(2) 2 (€Ta(y,3) — (€ +202)Ti(y, )
ma Yy

HP (k2)?

1 1
- i . —F € k —
Soft-fermion pole: ——Fur (@,&, k1) sop TN g2)

Soft gl lo: — For(z &, k) —ggNC/@d(z)i[z?’(Msx? — 23 Tr(y, 1)
oft gluon pole: ma B8 Rl wop 22 ) 2P Yy Yy FY,Y

- y€z2(y2 + $2) 6y

y::p—l—f/z. 29



© Matching of Fracture Function

SSA: Three-gluon correlations

| — T R
S e e -
g ik L LS L
(a) .
. ' : + Mirrors
S SR [
— [ b
| | <Ga,,uGb,VGc,U>
(b)
> Soft-gluon poles(x; = 0): T
. . . b b7 7+
- Ward identities from (b) are useful; Those from (a) are not:  (G“*G""G“"7)

* Gauge-invariant results are obtained by sum of the diagrams and their mirror diagrams.

« Factorization: 1 Methodology : e.g. Beppu-Koike-Tanaka-Yoshida, Phys. Rev. D 82 (2010) 054005
— k
ma qT(x7£7 L)’gG
Ang?&? [ dz 1
= 2 / —dg(2)—= [2(€® + 22%2" — €22) (N(y,y) — O(y,v))
()" ) 27

— 2(& + 42°2% — 3¢z2) (N(y,0) + O(y,0)) + y(& — xz)2diy(N(y, 0) + O(y,0))
30
—y(& +2°2°) diy(N(y, v)—0wy)| y=x+¢&/z.



© Matching of Fracture Function

Transversely polarized Fracture Function

1 v 1
MFZ'j(CIJ,k‘) = ('7—) N [Fq(x,f,kl)—{—eli kl,uSLu m—AFqT(magakL)
ij

2N,

1
2N,

_|_

1
(757_> [SLAFq($,§,kJ_)+kL'3J_m_AAFqT(xa§akl)]+"'
(]

Another key point in this twist-3 matching:

> AFqT : Double spin asymmetry(T-even) No absorptive part is required

AFgr = [ e Y (ha(P 9O LL )y 95k X () (i (B XL O Ol (P, o)
X



© Matching of Fracture Function
DSA: Quark-gluon correlations

> Two-parton correlations:

(@O)d() qa(z)

M

(=
0000000
(s,

ne,
0000000Q0000000

> Three-parton correlations:
—

(a1) (b1) (c1) (d1)

» Four Dirac structures up to twist-3(Feynman gauge):
(DY GCPY) (DY G (PVIGTY) (DY InGTY)

- No Ward identities can be applied here.

~ — ] -

+ InLCgauge G* = 0, the twist-3 distributions are trivially obtained:

(v 'GY) = Tr  (Py' G p) = Ta  since G+ =otGH

| 2k;ASJ_ AF;]T (:L': g: kJ_) )
: k d dh . .
el B Uﬂ%"’/ szg(z) [H%,T(w,é) / = Pte™ (ha|g(An)viv59(0)|ha)
| qr(z)
-~ + Hapole,€) [ i (haldOn)y 2504a(0)a)],

- g, order of the gauge link comes from three-parton correlation

+ Mirrors

32



© Matching of Fracture Function
DSA: Quark-gluon correlations

> Two-parton correlations:

2k, - s

AF;]T (:L': g: kJ_)

! ma 2a
l k d dX ;
. = il [ 0 |Haaw.0) [ Pt alaOmn s O)ha)
g B — + Hapo(@,€) [ i (halaOm)y*160% a(0) 1),
(#O)5E) 95(z)

M

0000000

(=
(=
ne,
;
0000000Q0000000

> Three-parton correlations:
—

(a1) (b1) (c1) (d1)

» Four Dirac structures up to twist-3(Feynman gauge):
Pyt GPy) (DY TGPY) (P GTY) (PG Ty)

 In Feynman gauge, need to show the cancellation of much gauge-variant terms
with different Dirac structure.

~ — ] -

G—H_ — a—i—GJ_ _ 8J_G+ + (’)(gs)
- Solution of QCD-EOM help!

- g, order of the gauge link comes from three-parton correlation

+ Mirrors

1 o0
_ —prt + A
Y-(z) = 2 Ln(@) /0 dA (£n7 VLDMQPJF) (An +z) See the details in Chen-Ma-Tong, JHEP 11 (2021) 038 33



© Matching of Fracture Function

DSA: Quark-gluon correlations
> Factorization:

1
—AFqT(x7 §7 kL)

_ 2(;?/d—zdg(z)[(Hzp,T(w,ﬁ)qT(y) +H2p,a($,§)q8(y))

ma 93+4Gq 22
2
4~ [ doy(To(y, 22) H(w,€.22) + Taly,22) Ha(o,,22) ) |,
> Hard part:
22 (y? + 222 z222
Hopo(0,6) =-82Ce =0 ) by (a6 —sgi0r
2 2¢.2 [ 2 1
H(z,§,22) = S o Y L oCr—(zy—ma(a+y))|, Y=o/
yz2(y—12) i T2—T Y
2g2£ 22 (22 +z2y) (T2 +y—27) 1
Ha(x,&,20) = 2 C +2Cr—(z(2z—y)+z2(x+
A(z,&,72) yar(r2—9) | A (zg—1)(z3—1) Fy(( y)+z2(z+y))

* We check the results in both LC gauge and Feynman gauge.



© Matching of Fracture Function
DSA: Pure Gluonic correlations (Feynman Gauge)

> Two-gluon correlations:

1 16mas [ dz 22z
—AF, = —5> | 5dz(2)—5—
| ma QT(:E) §, kJ_) - (ki)Q / 22 dq(z) y2 g3T(y)7
/I\ Ny [ d\ —izg APt +- 1 +
; gsr(z)e Vs, = - / 5 ¢ (ha |G (An)L! (M\n)L,(0)G “(0)| ha)
T

Ga,uéb,y
< > The QCD EOM yields

1
r—x2

gsr(z) = —% /dm‘z{%TF(ZEQ +z,2)+ P ( ) [N(:v,m—xg)—N(x,m2)+2N(x2,x2—y)] }

> Three-gluon correlations:

I
o

| 1 |
I g ! g | X X E <Ga,uGb,uGc,a>
= > | > > <Ga,,uGb,z/Gc,+a>
(a1) (a2) (b1) (b2)
d“’: QED Ward identities + f¢: No other Ward identities; Complicated but straightforward
It xpansi 2
KEAHS (s, ks)| =0, Need to do the collinear expansion to  O(A*)
d More than 15 terms appear, e.g.
K2 ryabe _ o o »
K Hipuans (K1, K2, Ks) . 0 ;;’ak&<GC’+"<0>6f’A"’+(m)a“Aa*(Al» S (C OO @A) A ()



© Matching of Fracture Function

DSA: Pure Gluonic correlations

Factorization:

1
—AFqT(x7 §7 kJ_)

ma 2G+3G
—167roz$§2 dzdzxo Tz 2r2 l
= dz —T — N
(ki)z / 2293 q(z){ Ty F(T2, T2 + ) y(y — o) (y, z2)
— N(y — z2,y) + 2N(y — 2, —2x ]—l— (a: [O — X9,
(y — 22, y) (y — 2, —22) 220y — 22) 2£|O(y — z2,y)

— N(y — =2, :l/)] + (26y + yxoz — y?z — £x2) lN(y, z2) + O(y, a:z)]

+y(2(y + z2) — 26) [N(y — L9, —22) + O(y — z2, —xz)] ) }

* We check the results in both LC gauge and Feynman gauge.



> Summary&Outlook
* We studied the factorization of the quark collinear fracture functions at

Apcp < ky < O for SIDIS in the TFR at tree level:

* Twist-2 matching for the unpolarized/longitudinal part.

+ Twist-3 matching for the transversely polarized parts(SSA,DSA).

- Gauge invariance in Feynman gauge by Ward identities&QCD EOM. b
- Help the modeling of fracture function. wm "
Q'K 1
- Provide the access to the twist-2/3 parton distributions in TFR. Momentum- Gurtant R, son
g OUTIOOk' TMD - Current Region So;t(l:;?::ral Tars*liesioni
* One-|oop extension. twist-2: Chen-Ma-Tong, arXiv: 220x:xxxx [Figure from M. Boglione et al JHEP 10 (2019) 122]
* To full understand the interplay between the target and current regions,
further study on the current region at large forward rapidity is needed.
* Numerical/Phenomenological studies;
* May help the kinematic regime estimation in SIDIS.
€.2., M. Boglione et al, arXiv: 2201.12197 .
& M.Bo:hone ctal, JHEP 10 (2019) 122 Thanks fOr Your' Gt*enflan! 37

M. Boglione et al, Phys.Lett.B 766 (2017) 245-253



Backup

Transversely polarized Fracture Function

Two-parton correlations Three-parton correlations

Mpij (x,€, k1)

xP
T k
.4
P —>—

y =
—_—
=
~
|l

No twist-3 FF @ twist-2 distributions

Chirality even

twist-2 quark/gluons distributions:

[ Bt ) () 2ham)) , (£ (0)0(0) I
1
~ 2N,

[q(w)v‘ + s Aq(x)y5y™ + hi(z)ysy - sm‘] + -
aB

1 @ —izgAPt <
P+ | 25°
1

)
= —5919(2) = s sLhg(x) + -

hal (G Om)Lh ()" (£a(0)G*(0))” ha)




© Twist-2 Factorization at Apcp < k) < Q

dyd
Foa/ha(@6:k1) =) / 52 U () B9,/ (2), K1 /2) o 9)
a,b

dyd
Fohp/ha(T, & k1) = Z/ 5z2zdh3/b 2)AHy,(z/y,§/(yz), k1 /2)Afa/n, (y)

* 6 hard coefficients contribute at one loop level Pt hg(k)

glg, qlq, qglq, qlg. glg. G/q

» Over 70 independent perturbative diagrams contribute

Evolution equation: Same as DGLAP Eq.




