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@ What have we done?

genuine
twist-three

@ What does this mean?

N

interference of quark-gluon-quark states
purely quantum




@ What are twist-three PDFs?

» We compare with the common PDFs A.K.A: twist-two PDFs

1
12 () / dz e~ (p, 5|d(zn)y* q(0)|p, s)
i

Infinite Mom. Frame + Axial gauge:

Twist-2:

Density of partons inside the proton:




@ What are twist-three PDFs?

» Twist-three PDFs generalize twist-two PDFs:

<> Quark-gluon-quark: 9(p, s|q(z1n)[z1n, zon] F** (22n) T [221, 23n]q(23n)|p, 5) ~ / |dae =i 2)P" fi-3(z,, 25, z3)
sl st
<> Gluon-gluon-gluon: g(p, s|F** (z1n)[z1n, zan]| F¥ (22n)[22n, 23n) F"* (29n)|p, s) ~ /[d:z:]e_‘(Jc 2)p f;;q:‘(a:l,a:g x3)

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

Twist-3 PDFs:

Interference of multi-parton
states inside the proton




@ What are twist-three PDFs?

Domain of twist-three PDFs

xr
T 2 Each sector of the hexagon represents a
(0.1,-1) different interference process within the proton

(‘19190)

(FE=1)

(-1,0,1 (1’03'1)

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

(03'171) (1a'170)



@ 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 (-1,1,0) (0,1,-1) DIS
g2 q 92 q
SIDIS N/
[ fi J /] DIS
(-1,0,1) (1,0,-1) d2
SIDIS SIDIS
git I3 T git

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



@ Extraction of twist-three PDFs

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

Known at LO:

[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

0T (21,9, T35 F
(L1,72ai35lf) _ [H@T}(qug{,gj’lgjﬁ)
Oln p




@ Extraction of twist-three PDFs

» How?

Build PDF Ansatz (1GeV) ‘ [Evolve Observables} ‘ Fit the parameters

17 Parameters:
3 common+4x(u,d,s)+2 gluon I

SNOWFLAKE

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

Total:
243 pt

-

\_

ART 25 h

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

{ fiT ngJ
/




@ Results of the extraction

Fig: Mean value for Tu PDF at 4GeV




@ Results of the extraction

Fig: Mean value for PDFs at 4GeV




@ Results of the extraction

Fig: Mean value for PDFs at 4GeV
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@ Conclusion

statistically significant signal
for twist-three PDFs

11



THANK YOU!
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@ The twist-three interpretation

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

T = {7, 7"%, ic" 7%} mmmdl 12(2) = {f1(2), 01(2), ()}

1

» Infinite Mom. Frame + Axial gauge: | f"?(z) ~ / dz e~ (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:

<> Quark-gluon-quark: g{p, s|q(z1n)|z1n, zan| F** (2on) T [22n, 23n]q(23n)|p, 8) ~ /[(1:1:]6_'"(””'”’)”+ f(::;%(.'l,‘l,.’lfz,.'l,';;)

<> Gluon-gluon-gluon:  g(p,s|F** (z1n)[z1n, 20| F** (22m) [zm, 25n] F™* (22m) [, 5) / [da]e =" fiwd (@), 35, 23)

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

<> Built from genuine twist-three operators

<> Closed under QCD evolution. {TQ7 ATqv TSZEW}

<> All twist-three observables are built from them



@ The twist-three interpretation

Q — L . ¢ v —1 i3 - ZiL4
qgq PDFs build all relevant (p, s9a(21n) F** (z2n)v* q(z3n)Ip, 5) = 2¢1"s,(p")* M / [dz]e™"F" 24 53Ty (21, 22, 23)

twist-three observables.
Our main focus.

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

= T M
(p, s|gq(z1n) F** (zan)y 4 q(z3n)|p, s) = —sf;.(p“L)zM/[dx]e L HE AT (z1, 22, 23)

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

(@512, (Biealimallp)) (@1 > 0,22 > 0,25 < 0)
((P, Sl&L1|éL3|) (B|$2||p’ 9)) (xl < 0,22 > 0,23 < 0)

(. 5laf,,,) (Biaslitaglp5) (31 < 0,22 > 0,25 > 0)

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



@ 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 :Ez

DIS ('171’0) (071"1) DIS

g2 ri(’f) = / [d?f] [Kl(y1239 l‘) Tq(?llzs) + ]K2('.Ul2-?a x)ATq(?les)] g2 q(l“) = f [dU] [Kl(?}lzm 5‘3) Tq(yl23) + K2(3’J123, I)ATq(yu.’s)]
RED

(-1,0,1) Ty(~z,0,2) (1,0,-1)
| SIDIS | | SIDIS |
[ng(m) N /ff.'",')[dy] (Q1(y123, ) Ty(y123) + Q2(y123, ©) ATy (y123)] 2 <0 ] -——- L‘]lT(I) = / | [dy] [Q1(y123, %) Tq(y123) + Q2(y123, ) ATy (y123)] = > 0]

L3

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



@ Extraction of twist-three PDFs

Twist-three physics= broad and important

> Many expe

tal studies

{

| 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]




@ The Ansatz

Common enveloping function:

(1— .’L'%)"’(]_ - :1:%)5(1 - :1:?;)“

h(.’l’fl, Lo, ZL':;) =

qgq PDFs:

Tf(z1,22,23) = h(z1,22,23) X [a{ + aé(:cl —x3) + (xga;l:);;;]

AT¢(x1,22,23) = h(z1, 22, x;;)aia:g

_ +0,3 N 10,03
a = 601y, b=103"g03,

o d _ 10,08

Results of the fit: = 05407
of = —10.13,
CE; - _173 l 31:1;7

s _ }0,4
(X:; — 4:,1 117,

+1,4
Br=—-27 1,00

(23 + 23 + x3)°

ggg PDFs:

TZS{F('Tlv T2,23) = B1(x1 — x3)h(T1, T2, 3)

I;F(J;lafEQ»IZS) = 52h(l’173?2,i733)

—1,48%50s,

of = 0,585,
aif = 3,010,
(_l{g =13 ! {1]:?:
of = —22.1%,
o5 = —8,9'0s,
af =1.2"77,

10,8
52 — 211 1,7°



@ Results of the extraction

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

i + Interference DOES NOT distinguish

0.2 between light sea and valence quarks
-0.03

» Strong dependence on TMD
Distribution



@ Results of the extraction

Fig: Significance of the signals at 4GeV

n fn » Signal:

<> Reaches 20-3¢

<> Similar for all PDFs

3.0
2
s ) Reliability: X =10
Npyt
2.0
150 <> Discard Null-Hypothesis globally:
Lo
4 e )
Within sets:  — >1
pt
2 2
X X
X172 X =123
LNpt {Npt

\No tw-3 With tw-y
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