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1. Motivation



A long time ago in a lab far, far away...

Mid 70s: p + p' — h collisions at Argonne [kiem et al., 1976]
and FermilLab [Bunce et al., 1976].

Single Spin Asymmetries (SSA)

dot — dot
_do 0t _OUT | 4o%
dot + dot oyyU

Ayt
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Mid 70s: p + p' — h collisions at Argonne [kiem et al., 1976]
and FermilLab [Bunce et al., 1976].

Single Spin Asymmetries (SSA)

dot — dot
_do 0t _OUT | 4o%
dot + dot oyyU

Ayt

Much later, proposed DSA measurements

Double Spin Asymmetries (DSA)

do”T —do¥ —do* T+ dot _orr
do=t +do= +doT+dod  opy

Apr =
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A long time ago in a lab far, far away...

Mid 70s: p + p' — h collisions at Argonne [kiem et al., 1976]
and FermilLab [Bunce et al., 1976].

Single Spin Asymmetries (SSA 5
A i g Twist-3
App = 30 —dov _our 4oy observables
dot + dot oUU H
Probing quark-
Much later, proposed DSA measurements g[uon_quark
Double Spin Asymmetries (DSA) corr e_la tions
within hadrons
Ao do7T —do™t —do* T+ dott _orr
= Qo+ dot +dot T +dott  opy
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Motivation

Ko k—kK ok h(Py)  h(Ph)

V4 ’ yu
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Easier case to probe quark-gluon-quark
correlations: lepton-nucleon collisions

h(Py)  h(Pp) . . . .

B Rl Single-inclusive hadron production
(+ N5 h+X
Semi-inclusive hadron production
o0) + NY(P) = £) + h(Py) + X

Pty P [Mulders & Tangerman, 1996] [Boer, Mulders & Pijlman, 2003]
[Bacchetta, Diehl, Goeke, Metz, Mulders & Schlegel, 2007]
do 202 y? ~2
= 14— Fy F Sjide V1 —€2 F
dx dy dip dz myQZQ(l—a)( +2x>{ guT +EXUTL T O] Ae L _ -y
< _ Y2
+|S1]v/2¢e(l +¢) sinngSF[SJl;%—|—|SL|)\Ej V2e(l—e) cosgi)stoTs‘ts}7 l—y+ 3
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sin ¢ CoSs ¢
FUT ° ACOS¢S _ FLT §

; T =
Fyyr +eFyu,L Fyyr +eFyu,L

Asings
AUT -

We focus on P, | -integrated observables. Very few NLO studies for

unintegl’ated [Kanazawa & Koike, 2013]

PhL-We|ghted [Kang, Vitev & Xing, 2013] [Dai et. al., 2015] [Chen, Ma & Zhang, 2018] [Yoshida, 2016]

analogous observables.
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sin ¢ cos ¢
FUT : ACOS¢S _ FLT §

; T =
Fyyr +eFyu,L Fyyr +eFyu,L

Asings
AUT -

We focus on P, | -integrated observables. Very few NLO studies for

unintegl’ated [Kanazawa & Koike, 2013]

PhL-We|ghted [Kang, Vitev & Xing, 2013] [Dai et. al., 2015] [Chen, Ma & Zhang, 2018] [Yoshida, 2016]

analogous observables.

Research questions:

Does factorization hold at 1-loop level for these sub-leading twist
observables? (Not obvious at all!)
If so, are NLO corrections important?
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2. Collinear twist-3 factorization in SIDIS



Parton distribution functions

First, PDFs: the "nucleon to parton” process
Organized in a quark-quark distribution
correlator
@ (a) = [ 2 (N(P, SO WO A (m)| N (P, 5))
ij\L) = o e ) ki ;AN Y (AN )

1

=3 (P)w fi(x) — i ([P, 5] 75)1']‘ Ri(x) +---
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Parton distribution functions

First, PDFs: the "nucleon to parton” process

Organized in a quark-quark distribution
correlator

9 (q) = /g;\em N(P, 5)@?(0))/\/[0;)\n]wq()\n)!N(P, S))
1

(P)y; fi(z) = ([P$]’Y5) d(z) + -

2

where:

J{(x) usual unpolarized PDF

hi(x) transversity PDF = transversely
polarized nucleons
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Fragmentation functions

Twist-3 fragmentation functions classified as:

Intrinsic twist-3

A(2) = /'  (0Wloom; 0167(0) 1(Ph); X)
x (R(P); X9 \m) W ooml o)

226
= — (Pn);; Di(2)

€ 22
([ Pafl) g HO(E) + M (g B(2) -

z

m

: : e B
Kinematical approximation: pt = -
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Fragmentation functions

Twist-3 fragmentation functions classified as:

Intrinsic twist-3

h(Pn) ! h(Py)
A(2) = /  (0Wloom; 0167(0) 1(Ph); X)
x (h(Pp); X195 (Am)W[Am; oom]|0)
= Zie (Pn);; Di(2) h(Pa) | h(Py)
- 7% ([P ]}y HO(E) + M (D () +
Kinematical approximation: p* = B

z
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Fragmentation functions

Twist-3 fragmentation functions classified as:

Kinematical twist-3
- - . . . PAU‘ M
Kinematical approximation: p* = - + pp.

= collinear expansion in pr.

06 (z,
gm] +O)
Pr pr=0

h(Py) 1 h(Py)

6(z,pr) = 6(2,0) + pp

A% i(2) = /dd_QpTPf/)v Aij(z,pr)

QEZ .
= 20 ((Pr?]) — [Pro fBD)  HEO () 4

z
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Fragmentation functions

Twist-3 fragmentation functions classified as:

Dynamical twist-3

M0 = 2 [ 5 [ gre 00

<0!W[00m; 0] Vi (0) |h(Phr); X)

(h(Ph)'X\lij()\m)W[)\m nmligspuF™? (nm)W[nm; com||0)
= M (Py] = P BE) 1 (152 0))

z

X

X

Kinematical approximation:
2 A
ph=L, pr=(p, (

o7
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Fragmentation functions

Twist-3 fragmentation functions classified as:

Dynamical twist-3

h(Py) ! h(Py)

M0 = 2 [ 5 [ gre 00

<0!W[00m; 0] Vi (0) |h(Phr); X)

(h(Ph)'X\lij()\m)W[)\m nmligspuF™? (nm)W[nm; com||0)
= o (] — [P 1B (A 0) o

z

X

1-¢k

X

h(Py) ' h(P)

Kinematical approximation:
2 R
pt =L, pt=(p" (=2

Diego Scantamburlo, QCD Master Class 2026



Equation of motion

Twist-3 functions are connected with each other via QCD EOM

I UW : B
(1—¢€)2z / d(———~ o H 19) = HI(z )—|—22(1—6)H1L(l)’1(z)

=Ha(z

Re A (2, ¢
(1—€)(—22) / d¢ ¢ “ >—E‘1(z)—z]\n;qu’(z)
h
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Equation of motion

Twist-3 functions are connected with each other via QCD EOM

I UW : B
(1—¢€)2z / d(———~ o H 19) = HI(z )—|—22(1—6)H1L(l)’1(z)

=Ha(z

Re A (2, ¢
(1—€)(—22) / d¢ ¢ “ >—E‘1(z)—z]\n;qu’(z)
h

Fundamental even at LO!

Diego Scantamburlo, QCD Master Class 2026 8



2.2
(47T22fem LIWW;U/
_ @ _Paqg P B

P TP TPy

1
dO’SIDIS _ FdHLIPS

B

Setup in PPy, collinear frame, then
Lorentz transform to Breit frame

Gluons in light-cone gauge m - G“ =0

Diego Scantamburlo, QCD Master Class 2026
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3. NLO analysis



NLO analysis

A sample of hard scattering diagrams

H

B2 o
PEY bk

Figure: Dynamical twist-3 virtual graphs.

Figure: Dynamical twist-3 real graphs.
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Consistency checks

Gauge invariance in the sense of :

Moy V Dl D
> ey = —g +n T

A—+1 rem
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Consistency checks

Gauge invariance in the sense of :
rtmY + r¥m#

> A ) = —g +

A—+1 rem

Electromagnetic gauge invariance ¢, W*" =0
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NLO analysis

Consistency checks

Gauge invariance in the sense of :

Moy V Dl D
> ey = —g +n T

A—+1 rem

Electromagnetic gauge invariance ¢, W*" =0

IR safety when adding virtual + real
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Consistency checks

Gauge invariance in the sense of :

LV 4 g fi
Z e (r) & (r) = —g" + Hm

A—+1 rem

Electromagnetic gauge invariance ¢, W*" =0

IR safety when adding virtual + real

= all require the use of the EOM relations (in d dimensions)!

[Schlegel, 2013] [Gamberg, Kang, Pitonyak, Schlegel & Yoshida, 2019] [Bacchetta, Diehl, Goeke, Metz, Mulders & Schlegel, 2007]
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NLO analysis

We are left with 1/¢ poles... renormalization of chiral-odd twist-3 FFs?
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NLO analysis

We are left with 1/¢ poles... renormalization of chiral-odd twist-3 FFs?
Known, independent calculation in the literature [va & zhang, 2017]

u 9z _ ﬁ/’ d&dé; {ReE‘F(x] Xz)[_ . 2818 Ne & 1
L T &6 ' A-&)+(E—&) 2 &—-& 2N Important'
—S‘Z‘sz_”<cF+N ';"’E] )j|+c Refc(x, XZ)—l—Sz } .
a=& =& f+h evolution kernels
¥z ) _ osCr 916 1 satisfy EOM
o T [ "(Z)”f Ea- s>+e"( )} =) & {ImEF(X"XZ) . Y
relations
Nc&2 &(1-8) & Cr = (1-£)? :“
—& — — —ImE, s — |'t, o
[2(52—51%( R = ) (‘5”5 Ez)} N e 2-parton FFs mix
~ 1 -
aelgz w _ o {3che(; @+ 420 /df et (X)} zas dilgsz {Imfz‘p(xl.xz) with 3-parton FFs
2 under QCD
2615 — &) 1 &E +5) 515@2—1)( Ing; ) Y
C - — C
[ A& @@-687 2N @-&)2 | 20-8) Ne(1—€1) evolution!!!

&1 Cr. = 1-&
—C — —ImE, s — 1,
Fsz—sl] N mEe XZ)l—szm}
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NLO analysis

Factorization holds

do

dx pdydzy,

~ Fyy,r +¢Fyuu,L +|SL|

2e(1+€)singg F

sin ¢ g

uT

+1S1Ixeq/26(1 — €) cos g5 Fron®S

Polarized structure functions at NLO
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NLO analysis

Factorization holds

do sin ¢ g

NFUU,T‘FSFU[[_’L‘F‘SJ_‘ 25(1+5)bm¢5ll 7

dx pdydzy,

+ |S1|XAer/2e(1 —€)cospg FZ(;d)S

Polarized structure functions at NLO

sin ¢ 4 M
Fyr *(xB, zh, Q, ):—3«"3?}12@3
a9
1 dw 1 dv <:£B )
rB Zh

ImH%gU(
1 —

0
<)

Diego Scantamburlo, QCD Master Class 2026

{h‘{(xB MQ)L(zh’Mz)

QZh

i.a CHU’ ) Cqﬁqq <U},U,Ca g;) Im ﬁg‘qU <Zf:>C7M2> ‘| }

13



NLO analysis

Update: surprisingly, at NLO also twist-3 PDFs contribute to the Fflj“’)s
structure function

Work in progress [Herl, DS, Schlegel, in preparation], snippet of preliminary result:

Diego Scantamburlo, QCD Master Class 2026 14



NLO analysis

Update: surprisingly, at NLO also twist-3 PDFs contribute to the Fflj“’)s
structure function

Work in progress [Herl, DS, Schlegel, in preparation], snippet of preliminary result:

1n 4-TBM a
F;]T%?DFNLO(xB7zh7Q7/1«> S/ dv/ dw

{ZeinﬁT 28,28 1) [6857 (v, w) DI(2, 1) + 68479 (v, w) DY(2, )]

+&§_ﬁ§”q (v, w {Ze T FI?T—i-G )(——:EB,QJB, )D‘f(%h,u)
4.
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NLO analysis

Factorization holds

do . sin ¢ g cospg
————— ~ Fyy,r +eFuu,L +1S114/2e(1 +€)singgs Fr,r"” +|S1|Ae/26(1 —€)cosdpg F[ 7"
dxpdydzy, !

Polarized structure functions at NLO
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NLO analysis

Factorization holds

do . singg cos ¢
————— ~ Fyy,r +eFuu,L +1S114/2e(1 +€)singgs Fr,r"” +|S1|Ae/26(1 —€)cosdpg F[ 7"
dxpdydzy, ’

Polarized structure functions at NLO

E1 Zh, .
i tne(om. o Q) = ot Sl < e, 2D
a9

/11 dw/zldv/ dChq<$B 2)

q9 (zn 2 _
Cqﬁqg ( v C, Q2> ReHF[{ (_UC7<7‘M ) ng)qq <w7v7<a 522> Reﬁg‘q[] <ZZL7C7M2> ‘|}

Update: PDF contributions also seem to factorize at NLO, work in progress
[Herl, DS, Schlegel, in preparation]
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4. Phenomenology and numerical estimates



Phenomenology and numerical estimates

Case study: AEIHTQ* asymmetry

"One of the more strik-
ing results of this analy-
sis is the observation of
large sub-leading twist
2(sin g5 /+/2e(1 + €))% |
Fourier amplitudes. In
particular, they provide
the largest twist-3 signal
in this measurement.
They  surprise  also
with a large kinematic
dependence [...]"

- [HERMES collaboration, 2020]
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Phenomenology and numerical estimates

Case study: AEIHTQ* asymmetry

"One of the more strik-

ing results of this analy- With this data, first extraction of

sis is the observation of » ( )

large sub-leading twist N\ — / Im A H z,¢ _ HY(x) 4 9D
2<sin ¢S/ /26(1 + €)>}[}J_ 4 — 1C (4) + z 1 (Z)

Fourier amplitudes. In
particular, they provide (JAM22 global analysis [camberg et al., 2022])
the largest twist-3 signal
in this measurement. oo
They  surprise  also = 0'00 N
with a large kinematic =
. W —0.04
dependence [...]

- [HERMES collaboration, 2020]

—0.08
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Phenomenology and numerical estimates

For exploratory NLO curves, we need input models
for Im HY(z,¢) and Im H}% (2, ¢)

We parametrize such that

fo dC ImHFU(z <)
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Phenomenology and numerical estimates

For exploratory NLO curves, we need input models
for Im HY(z,¢) and Im H}% (2, ¢)

We parametrize such that

fo dC ImHFU(z <)

Boundary conditions (pole matrix elements) HFU(z,O) = Hry(z,1) =0 are
satisfied [Meissner & Metz, 2009]
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Phenomenology and numerical estimates

For exploratory NLO curves, we need input models
for Im HY(z,¢) and Im H}% (2, ¢)

We parametrize such that

fo dC ImHFU(z <)

Boundary conditions (pole matrix elements) HFU(z,O) = Hry(z,1) =0 are
satisfied [Meissner & Metz, 2009]

First derivatives mg% vanish at C =0 and C =1 [Kanazawa, Koike, Metz, Pitonyak, Schlegel, 2016]
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Phenomenology and numerical estimates

For exploratory NLO curves, we need input models
for Im HY(z,¢) and Im H}% (2, ¢)

We parametrize such that

fo dC ImHFU(z <)

Boundary conditions (pole matrix elements) HFU(z,O) = Hry(z,1) =0 are
satisfied [Meissner & Metz, 2009]

First derivatives mg% vanish at C =0 and C =1 [Kanazawa, Koike, Metz, Pitonyak, Schlegel, 2016]

= create scenarios Sy, = {Ny, a4, by, ...} with different parameters
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Phenomenology and numerical estimates

= create scenarios S, = {Ng,, aq, by, ...} with different parameters

H(z, p?)

Im Hf, (=2, ¢, 1) = =

]:(1<C: L, Qg b(]«, Yq> a‘q«, bq)

Frq H1 27/1’2 - AT — o~ o~
Im H%qu(za ¢, ,UQ) = (22) ]:((, A‘Nd«, Cq,Cq5 Vg Cqs (5(1)

with

Ny ¢®e(1 = Qa1 + 94 ¢P(1 = Q)
B(ag +2,bq + 1) + v¢B(ag + dg + 2,05 + by + 1)

FU(¢; Ny, aq, by, ¥q, 8q, bg) =

Diego Scantamburlo, QCD Master Class 2026 18



Phenomenology and numerical estimates

We also need F}l.(z,2') and G%.(z,2)

Recent extraction [Portela & Viadimirov, 2026]
Numerical scale evolution with Honeycomb/Snowflake [Rodini, Rossi & Viadimirov, 2024]

1
u d s E u d s
R 0.06 ' ' 0.075
5 0 '+' ] Q ] ¢+ ' =0 +’ 1 +' b + ’
! g 0.04 0.050
_le= 1GeV 1=1GeV 1=1GeV 1= 1GeV n=1GeV 1t =1GeV i
T ] s 002 _ Ta ] s 0.025
. N
~ 04 + ‘ 1 +, j '—o— 0.00 =04 '+ 1 ’—F’ 1 + 0.000
‘ = &
- &
| l=2Gev 1=2GeV p=2GeV —0.02 1 1p=2Gev 1 =2GeV i=2GCeV 0,025
- : ! T - . : :
1 u d s ! u d s
—0.04 —0.050
w0l o+ 1 % 1 o+ % 0] + 1 % 1 "=
’ ~0.06 . —0.075
L Jp=10Gev = 10GeV i=10GeV _p=10Gev = 10GeV = 10GeV
-1 0 1-1 0 1-1 0 1 -1 0 1-1 0 1-1 0 1
xT xT T

T T T
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Phenomenology and numerical estimates

We study 3 model scenarios S;, (ignoring full twist-3 FF evolution)

S1: similar --- L0 == NLOS, § HERMES 1€ [Q/2.2Q)

#&== NLO S, #&== NLO S3
to LOI = 0.021

M
So: e .
2 = 0.001 t

corrections
so large —0.02
that SSA 0.05
changes
sign!
S;J,Z

® HERMES 7~
enhance 0.05 010 015 020 02 02 03 04 0. 06 0

05 . 15 . 25 0. . 4 5 . 7
LO effect! i o
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Phen ology and numerical estimates

Same {zp,y, 2} at future EIC

0.002
=== LO == NLO S, € [Q/2,2Q)
#== NLO S, #=== NLO S,
»  0.001 1
e
I3 S
= 0.000 1 -7\ 1
EIC /s = 100 GeV 7
—0.001 = T T T T
0.000 A 1
e
i3
i
—0.002 1 i
EIC /s =100GeV 7~ EIC /s = 100GeV 7~
0.05 0.10 0.15 0.20 025 0.2 0.3 0.4 0.5 0.6 0.7
B Zh
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We can repeat a similar (but more involved) twist-3 NLO calculation for
!NT — hX. There is data for this process! [HerMES collaboration, 2009]

PDFS Contl’ibutions at NLO Calculated in [Rein, Schlegel, Tollkiihn & Vogelsang, 2025]
FFs contributions at NLO: work in progress [DS & Schlegel]

So far, we observe that twist-3 factorization holds at NLO for the ¢ — ¢q channel

do’l%fgq(SN) relim. Qs 2 el 1 dw [1 ’LUO(’U)
Eth:UO(SN)ﬂzeq /UO dv/wo(v) I/O d¢ h‘f( ,,u> X
a,q

w

g a (1=
|fj_g—>QQ (Uv w, C? X}L) Im HZ“QU (].—’U, C? M)

g cag (1= v
+ ag:qq (v, w, ¢) Re Hfy; (1_”;(7,“)
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5. Conclusions



Conclusions

3 main ideas of this work

Factorization holds for the P}, | -integrated SIDIS sub-leading twist cross section at
NLO in QCD (non-trivial result!)

NLO corrections to the numerators of spin asymmetries are important, crucial for
phenomenology

Future colliders (EIC, LHCspin, ...) will discern the different scenarios, shedding
light on quark-gluon-quark interference within hadrons
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Factorization holds for the P}, | -integrated SIDIS sub-leading twist cross section at
NLO in QCD (non-trivial result!)

NLO corrections to the numerators of spin asymmetries are important, crucial for
phenomenology

Future colliders (EIC, LHCspin, ...) will discern the different scenarios, shedding
light on quark-gluon-quark interference within hadrons

Future directions

Numerically implement full evolution equations for chiral-odd twist-3 FFs
Extraction of H% (2,¢) and H (2,¢) from data
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Conclusions

3 main ideas of this work

Factorization holds for the P}, | -integrated SIDIS sub-leading twist cross section at
NLO in QCD (non-trivial result!)

NLO corrections to the numerators of spin asymmetries are important, crucial for
phenomenology

Future colliders (EIC, LHCspin, ...) will discern the different scenarios, shedding
light on quark-gluon-quark interference within hadrons

Future directions

Numerically implement full evolution equations for chiral-odd twist-3 FFs
Extraction of H% (2,¢) and H (2,¢) from data

Thank you!
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6. Extra



Contour integration on the light-cone

Decomposing loop momentum as d% = dadBd%2r |

a<0 0<a< — a> —
zh
318 3l 3l
ol Y
B0 61 B 5
R %
RIB| RIB| R
‘ ‘ 8 ‘ B0 By B
X X X X X

1/zp
W,W~/ da/dd 2 Res(-+-, 8 = B1)
0

Wi ~ f B+ =0 W ~ f B =0
v v



NLO analysis

Factorization holds

do sin ¢ cos ¢
———— ~ Fyy.r +eFyu.L + 1S 2¢(1 4 ¢)singpg F 275 418, A 2e(1 — €) cos F;° %S
T UU,1 vu,L + 18| ( ) s Fyp [S L Xxey/ 2e( )cos s Fy

Unp0|aI’iZed structure functions at NLO (knOWn, €.g. [de Florian, Stratmann, Vogelsang, 1997])
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NLO analysis

Factorization holds

do

. sin ¢ cos ¢
—— ~ Fyy.rT +eFyy.r +|S 2e(1 4+ €)sin ¢ F“D(S+S A 2e(1 — €) cos F S
dzpdgdn, UU,1 vu,L + 18| ( )sing Frop [S L Xxey/ 2e( )cos s Fy

Unp0|aI’iZed structure functions at NLO (knOWn, €.g. [de Florian, Stratmann, Vogelsang, 1997])

Fyur(zB, 2h, 4°) = B Z €Z{ff($3, 1) DY (zp, 1%
9,9
as(p?)

+27T

[fieCiMeDi+ ffeC{"'® D]+ floC!? ® Df| (x5, 2, ;ﬂ)}

2
‘ o
Fyu,L(xB, 2n, 1) = zB 2(: ) > e [ff ®CI1 g DI
a9

+ f® i@ DY + f{ CI¢ ® DY (w5, 21, 4?)
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> asymmetry at HERMES

Asymmetry projections: 7w~ channel significantly #~ 0

0.04
0.02 1 k
I { }
0.00 1 |
= 0.021 % 1 }
—0.041 — 7+ L0 § HERMES data " ]
— 77, L0 ® HERMES data 7~
—0.06 1= . . . . . . . . .
0.05 0.10 0.15 0.20 0.25 0.2 0.3 0.4 0.5 0.6 0.7

rp Zh



> asymmetry at COMPASS
Asymmetry projections for unidentified hadrons at COMPASS

00 0.025 -
©
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Scenarios

a9 B B
Gy Qq by, bq y aq by by Yu Yd
Sy 151 1.25 1.86 1.89 0.36 0.95 0.17 033 —1.54 —2.49
Sy 155 185 1.36 1.65 0.51 0.18 0.01 0.16 —1.47 —-3.32
S3 246 249 132 191 0.29 039 055 072 —-3.64 —1.97
- B qq
Ny Ng Cy Cd Cy Cd Yu Yd
S1 1.14 1.06 2.30 148 0.31 0.76 —1.57 —1.88
Sy 158 0.61 1.38 1.26 0.15 0.69 —-224 —3.44
S3 1.49 281 205 1.76 093 0.13 —-2.26 —2.59

Table: Model parameters for the scenarios S7, Sz and S3.



Evolution of chiral-odd twist-3 FFs: 3-parton FFs
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Figure: Evolution of fl}%(z,() iN [Ma & Zhang, 2017]



Evolution of chiral-odd twist-3 FFs: 3-parton FFs
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