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@ What have we done?

genuine
twist-three

@ What does this mean?

N

interference of quark-gluon-quark states
purely quantum




@ The twist-three interpretation

1
» Remember twist-two PDFs?  (p, s|g(zn)[zn,0[(L')q(0)|p, s) ~ / dz 70" -2 (z)
-

I'={v",7"°,ic"" 7’} mmmD|f™?(z) = {f1(z), 91(z), hi(z)}

1

» Infinite Mom. Frame + Axial gauge: | f"?(z) ~ / dz e==2" (p s|g(zn)T q(0)|p, s)

—1

r|¢t’:}ﬂL(ﬂf:g::)|p, 9)|2 x>0

Twist-2:

fi(x) ~ 4 , Density of partons inside the proton:
la@)p 2 z<0




@ The twist-three interpretation

» Twist-three PDFs generalize twist-two PDFs:

— L —i(z-z)pt W=
<> Quark-gluon-quark: g{p, s|q(z1n)|z1n, zan| F** (29n) T [22n, 23n]q(23n)|p, 8) ~ /[(l:lr]a (z-2)z f;yq‘(;l:l,:lrg,:lr;;)

/ —i(z-z)p™T -3
<> Gluon-gluon-gluon: g{p, s|F**(z1n)[z1n, 2on| F*" (22n)[22n, 23n] F™ 1 (22n)|p, s) N/[dzlr]e )y f;;'g‘(:lfl,-‘lfz,ilf:g)

» We worked with the fundamental set of genuine twist-three PDFs:

<> Built from genuine (not dynamical: ~1/Q) twist-three operators

<> Closed under QCD evolution. {Tqa ATqa T?,j;?}

<> All twist-three observables are built from them



@ Dynamical vs Genuine twist: The quickest guide

» Dynamical twist » Genuine twist
Associated with observables In the conformal sense
Suppression in inverse Powers of Q Associated to operators T = d¢ — S¢

Used to describe forces, orbital momentum N
from a partonic lense Natural to PDFs, TMDs, etc: {17, AT,, 15}

g2,49r, h2; €, €1, " Block diagonalization of RG:

OT (w1, w9, T3; 1)

Oln p = [H® T|(21, x2, 735 1)




qgq PDFs build all relevant

twist-three observables.
Our main focus.

/ [d2] €' (22 %20 (p, 5|9q(21m) F** (23n) v+ q(23m) |p, 5) ~ §

@ The twist-three interpretation

(p, 519q(z1n) F** (zan)y " q(23n)|p, s) = 26!1"V-9u(7)+)2M/[‘lxle_ip+ 2 ST, (21, T2, T3)

= R il
(p, 8|gq(z1n) F** (zon)y 4 q(z3n)|p, 8) = —.'s'f;.(er)zM/[da:]e 7 L BT AT, (21, T2, T3)

» Same setting as in the parton model: Inf. Mom + Axial Gauge

(z1 > 0,25 > 0,23 < 0)

r ((P’ Sléltx:d) (Blz2|5|m1| [, S))

((P, Sl&L1|éL3|) (B|$2||p’ 9)) (z1 < 0,22 > 0,23 <0)
(. 5laf,,,) (Biaslitagllp5) (31 < 0,22 > 0,25 > 0)

\ (pJ Sl"'lpa S)T (.’III,Q?Q,.’E:;) — —(I;;,.’E2,.’L‘1)



@ The twist-three interpretation

Domain of twist-three PDFs

5)
T Each sector of the hexagon represents a
(‘191’0) (0913‘1) ° ° ° °
different interference process within the proton

(-1,0,1) (1,0,-1) ((pj S|6L"‘3|) (b|$2|é|$1| |p7’ S)) — f \

PDFs defined in the first sector represent the
T3 interference between a proton state emmiting a
gluon-antiquark, and a state absorbing an antiquark.

(0,-1,1) (1,-1,0)



@ Twist-three physics. Observables

All twist-three observables relevant in QCD are
» Important: | defined through the functions {T,, AT,} over a region
of the hexagon.

T B

DIS ('171’0) (071"1) DIS

g24(x) = / [dy] [Kq(y123, ) Ty(y123) + Ka(y123, ) AT, (y123)] G2 q(z) = f [dy] [K1(y123, ) Ty(v123) + Ko(y123, 2) AT, (y123)]
RED

('1:031) (1:03'1)

I3 L1

(07'131) (1}'1a0)



@ Twist-three physics. Observables

All twist-three observables relevant in QCD are
» Important: | defined through the functions {T,, AT,} over a region
of the hexagon.

1
DIS ('171’0) (071"1) DIS
[92 g(z) = /HED [dy] [Kq(y123, z) Tq(y123) + Ka(y123, JI)ATq(?st)]] | DIS I [92 q(x) = f [dy] [Ki1(y123, ) Ty(y123) + Ka(y123, I)ATq(?lera)]]

e2
- Z 51 /HEX[d.T] Tq(fﬁlgg)]

('1:031) (1:03'1)

I3 L1

(07'131) (1}'1a0)



@ Twist-three physics. Observables

All twist-three observables relevant in QCD are
» Important: | defined through the functions {T,, AT,} over a region
of the hexagon.

T B
DIS ('171’0) (071"1) DIS
(92 g(r) = / [dy] [K1(y123, %) Tq(y123) + Ka(y123, I)ATq(yms)]J | DIS I [02 q(T) = / [dy] [K1(y123, %) Tg(y123) + Ka(y123, -1‘)ATq(.U123)]J
RED 2
d-z = EL [(I.T] Tq(;17123)

2 HEX

X

d + SIDIS Observables thanks to the small A
b matching between TMDs and higher twist PDFs

S (See Alessio Carmelo’s talk) P
I3 Wix)



@ Twist-three physics. Observables

All twist-three observables relevant in QCD are
» Important: | defined through the functions {T,, AT,} over a region
of the hexagon.

1

DIS ('171’0) (071"1) DIS
[92 g(z) = /HEL [dy] [Kq(y123, z) Tg(y123) + Kz(yuz,ﬂ?)ATq(yws)]] | DIS I [92 q(x) = f [dy] [Ki(y123, x) Tq(y123) + Kz(ylz:s,I)ATq(?hz:;)]]
D ”

dg e Z 51 HEX[d.T] Tq(.”li‘lgg)

f
X
/| SIDIS |\

(-1,0,1) To(=2,0,7) (1,0,-1)

I3 L1

(07'131) (1}'1a0)
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@ Twist-three physics. Observables

All twist-three observables relevant in QCD are
» Important: | defined through the functions {T,, AT,} over a region
of the hexagon.

I

DIS ('171’0) (071"1) DIS

[92 g(z) = /HEL [dy] [Kq(y123, z) Tg(y123) + K2(?J123,$)ATq(?J123)]] DIS [92 q(x) = f [dy] [K1(y123, %) Tq(y123) + Kz(ylzs,I)ATq(?ler;)]]
=Y 5 [ ] Tyem)

T

SIDIS |

(-1,0,1) Ty(—z,0,z) (1,0,-1)
| SIDIS | | SIDIS |
[ng(m) N /ff.'",')[dy] (Q1(y123, ) Ty(y123) + Q2(y123, ©) ATy (y123)] <0 ] -—— [(JLT(I) = f | [dy] [Q1(y123, %) Ty(y123) + Q2(y123, ) ATy (y123)] = > UJ

L3

(07'131) (1}'1a0)
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@ Extraction of twist-three PDFs

Twist-three physics= broad and important > Many phen ological studies

(polarized hadron structure, forces, spin asymmetries, etc)

£ | Why? [ Virtually none !! ]

< Twist-three PDFS = 2D objects = COMPLICATED STRUCTURE
< Observables fix sub-regions/ integral of sub-regions = NO WAY TO UNDERSTAND GLOBAL PDFs SHAPE

< Some even have twist-two contributions. Overshadow twist-three physics: g2 and W.G -T

[ CONCLUSSION: INDIVIDUAL MEASUREMENTS DON'T FIX MUCH]
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@ Extraction of twist-three PDFs

[SOLUTION: JOINT ANALYSIS OF ALL OBSERVABLES + COMPLETE QCD EVOLUTION]

Known at LO (1 Loop):

[Braun, Manashov, Pirnay, Phys.Rev. D 80, 114002 (2009)]
[Bukhvostov, Frolov, Lipatov, Kuraev, Nucl. Phys. B 258, 601 (1985)]

» Why is this better?
< Observables fix different parts of PDFs

< Evolution: relates behaviour over the hexagon :{> Brings all parts together to produce one output

KEY

6f~ To,T3; | Al
(Jf;l,TQ;LLSJH) — [H @JT](ThiLQ:T%u)
Olnp

Lf — (Tr AT, TfFrTsF)J
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@ Extraction of twist-three PDFs

» How?
Build PDF Ansatz (1GeV) ‘ [Evolve ObservablesJ ‘ Fit the parameters

 }

SNOWFLAKE
[Rodini, Rossi, Vladimirov, Eur. Phys. J. C 84, 732 (2024)]

Total: 4 ART 25 (N3LO) )

243 pt [Moos, Scimemi, Vladimirov, Zurita (2025)]

{ fiT ngJ
\ /

New:372 pt

g2WW=Mathematica+MAPPDF J
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@ Experimental data

* Data in (x,Q) coordinates: * Detailed Data :
0.01 0.05 0.10 0.50 1 s 72 T s
[ | S | ] HERMES HERMES HERMES HERMES
gL W g, mmm Ay Apr COMPASS i COMPASS COMPASS
[ JLab JLab JLab JLab
: AN SLAC _ SLAC _ -
5S¢ ¢ HERMES SANE - : -
r RQCD - 5 -
Al 0 JLab (Hall A) N,(2025) =7 | N,(2025) = 103 | N,(2025) = 63 | N,(2025) = 70
-~ 0 COMPASS N,(2026) = 13 | N,(2026) = 168 | N,(2026) = 117 | N,(2026) = 74

* Data cuts for fact. theorem:

p3

22 ()?

Q? > 2GeV?, < 0.35.

0.01 0.05 0.10 0.50 1
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@ Results of the extraction: The fit

Fig: Mean value for Tu PDF at 4GeV (2025)
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@ Results of the extraction: The fit

Fig: Mean value for Tu PDF at 4GeV (2026)

PRELIMINARY
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@ Results of the extraction: The fit

Fig: Mean value for PDFs at 4GeV (2025)
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@ Results of the extraction: The fit

Fig: Mean value for PDFs at 4GeV (2026)

PRELIMINARY

—_— |/
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@ Results of the extraction: What it reveals

Fig: Mean value for PDFs at 4GeV

Observations:

E) Magnitude: (0.02-0.05)
<> 2 OM less than unpol PDFs
<> 1 OM less than helicity valence quark PDFs

0.04 <> Same order as helicity sea quark PDFs

0.03
0.02

001 » All flavours same magnitude

0.00

~0.01 <> Interference DOES NOT distinguish
~0.02 between light sea and valence quarks
-0.03

» Some symmetry

<> The ug and dg interference terms
are of opposite sign.

20



@ Results of the extraction: What it reveals

» Average Transverse Momentum of quarks inside the proton

Theoretical description: Numerical estimations (x-comp):
| oo k%), =9.5727] MeV
{(ki)q = %MGTSJ’/ dx Tq(:v,O,x)} ( L>’u’ _47—’.118 )
. ! (k1)q = —18.71 75 MeV

» Average Transverse Force acting on quarks inside the proton

Theoretical description: Numerical estimations (x-comp):

L X\ +8.2
<fi>q = P*e“jsj/ [dx] T,y (123) (1) 22.89.57¢7 MeV /fm
e (£, = 54.7.57179 MeV /fm

22



@ Conclusion

twist-three

FIRST EVER
complete evolution at LO

23



THANK YOU!




Additional slides




@ Results of the extraction: How reliable is it?

Fig: Significance of the signals at 4GeV

n g » Signal:

<> Very clear
<> Reaches 20-3¢

<> Similar for all PDFs

3.0

2
s ) Reliability: LX— ~1,0
Nyt
2.0
150 <> Discard Null-Hypothesis globally:
Lo / X2 \
Within sets:  — >1
pt
2 2
X X
X172 X 1,23
o B

\No tw-3 With tw-y

A.1



@ Results of the extraction

Fig: Mean value for PDFs at 4GeV

10



@ The Ansatz

{} 2025 original ansatz

Common enveloping function:

(1 —=22)2(1 - :1:%)”(1 — z3)e

(z% + 23 + x3)°

h(zy,x9,23) =

qgq PDFs:

Tf(z1,22,23) = h(z1,22,23) X [a{ + aé

AT¢(x1,x2,23) = h(z1, 22, :r:;;)ai;l;g

ggg PDFs:

T3‘F(:1:1,:1:2, x3) = P1(xy — z3)h(x1, 22, 23)

ﬂ;p(ﬂfl,iﬂz,ilfzi) = Bah(x1, T2, 23)

(z1 — 1113) R ag-’hl':;]

{>> 2026 updated ansatz

Common enveloping function:

(1= ad)" (1 - a3)(1 = af)"

h(x =
(2123) (37‘% + .’L’% + ;1:%)@0

qgq PDFs:

f

6}(:1:123) = h(x123) (a{; + a{laz% + ay32123 + a?{?)a:g)

S (z123) = h(z123) (01{581 + 06'§$3)

ggg PDFs:

T3+F($123) = hg(123)B1(T1 — 73)
T5p(x123) = hg(123) 50

A1



@ The Integral Measure

N

» Restricts distributions to the conf. space (hexagon)

1 1 1
/ |dx] ::/ d:cl/ dﬂ::gf drs 6(x1 + x2 + x3)
Hex ~1 ~1 ~1
2

9
('13130) (0315'1)

(07'111) (1a'110)

A.2
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