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Factorization regimes for hard meson production
2 .
Two complementary regimes in the Bjorken limit (—q? = @2, W?2 - large; xg = zprq — fixed):
@ t ~ 0 (forward peak) factorized description in
terms of GPDs J. Collins, L. Frankfurt,
M. Strikman’97;
@ u ~ 0 (backward peak) factorized description

in terms of TDASs L. Frankfurt, P.V. Pobylitsa,
M. V. Polyakov, M. Strikman’99;

- Brodsky & Lepage'81 .
. Efremov & Radyushkin'80 -
* Chernyak' 84
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On backward regime in the generalized Bjorken limit:

PHYSICAL REVIEW D, VOLUME 60, 014010

PROCESSES AND COLOR
IN HADRONS.

Hard exclusive pseudoscalar meson electroproduction and spin structure of the nucleon |

| L. L. Frankfurt.'2 P V. Pobylitsa.23 M. V. Polyakov.2? and M. Strikman2** |

(Recer “Chruary 1000 published 4 Junc 1990

Therefore the
theorem is valid also for the production of lead-

ing baryons
Y*(q)+p—B(qg+A)+M(p—A)

and even leading antibaryons  y*(¢)+p—B(g+A)+By(p—A

@ u ~ 0 (near-backward kinematics): nucleon-to-meson TDAs B. Pire, L. Szymanowski'05, 07
and nucleon DAs. Recent progress in proof of the factorization: TBD later.

For a review see:

Contents lsts available at ScienceDirect

Physics Reports

iournal homepage: wwwwelsevier comfocate/physrep

Transition distribution amplitudes and hard exclusive
reactions with baryon number transfer

B. Pire, K. Semenov-Tian-Shansky ", L. Szymanowski

Cemenos-Tan-Lllanckuin  (PNPI)

B. Pire, K.S. and L. Szymanowski; experimental opportunities: Eur.Phys.J.A 57 (2021) 12, 342

THE EUROPEAN ®
PHYSICAL JOURNAL A

Regular Artcle - Experimental Physics

Progress and opportunities in backward angle («-channel) physics

osol, L. Bibrzyc
R. Klein
-Shansky '

C. Ayerbe . Diehl™, S. Heppelmann’, D. W. Higinbotham, G. M. Huber’,
S.1.D. Ka W. B. athieu"', K. Park'”, R. J. Perry"’, B. Pire'%,

rymanowskil”, C. Weiss®, B.-G. Yul*

LL 3
1%, A. Stanek’, J. R. Stevens'
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https://www.sciencedirect.com/science/article/abs/pii/S0370157321003707?via%3Dihub
https://link.springer.com/article/10.1140/epja/s10050-021-00625-2

GPDs, DAs, GDAs and TDAs

@ Quark-antiquark bilinear light-cone operator:

(AW(0)[0; 2]W(2)|B)

= PDFs, meson DAs, meson-meson GDAs, GPDs, transition GPDs, etc;
@ Three-quark trilinear light-cone (z2 = 0) operator:

(AW (z1)[2z1; 20]V(22)[22; 20] W (23)[23; 20]| B)

@ (A| =(0|; |B) - nucleon; = nucleon DAs;
@ Let (A| be a meson state M =(m, 1, p, w, ...) or a photon ; |B) - nucleon; =
MN TDAs; and YN TDAs
@ (A| = (0[; |B) - nucleon-meson state; = nucleon-meson GDAs.
MN and YN TDAs have common features with:
@ baryon DAs: same operator;
@ GPDs: (B| and |A) are not of the same momentum = skewness:

(pa—pB)-n.

XB
; {~
(pa+pB)-n

= e

E=—
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Questions to address with MN and v/N TDAs

Learn more about QCD technique

@ A testbed for the QCD collinear factorization approach;
@ 7N and mn TDAs: chiral dynamics playground;
@ A challenge for the lattice QCD & functional approaches based on DS/BS equations;

Why TDAs are interesting?
@ Possible access to the 5b-quark components of the nucleon LC WF;

@ ~ and various mesons (7r°, rt, n, 7, p°, pi, w, ¢, ...) probe different spin-flavor
combinations;

@ A view of the meson cloud and electromagnetic cloud inside a nucleon?

@ Impact parameter picture: baryon charge distribution in the transverse plane;

T = = Ty
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Leading twist-3 7N TDAs

Proton-to-7° TDAs:

J.P.Lansberg, B.Pire, L.Szymanowski and K.S.'11 (nz =p2=0; 2p-n=1; LC gauge )

3 d. )
ap-n? [ {H i:e“ﬂk“"")] (70 (P =y sy 05 (z2)uZ (22 m)d 3 (23m) NP (p1, 1))
k=1

=6(26 — x3 — x2 — x3)i fu Z (SWN)/)T.X H:N (x1,x2,)<3,§, u;uz) .

frmy 5
)
3
o 22 _ g TDAs: {v;g’, AT, T{f”z"1344} (x1, x2, x3, €, A% 12);
@ C.f. 3 leading twist-3 nucleon DAs: {VP AP TP}
@ fy =5.2-1073 GeV? (V. Chernyak and A. Zhitnitsky'84);
@ Momentum flow (ERBL): @ TDAs: 3 sets of quark-diquark coordinates (i =1, 2, 3)

3
1
aAx+x3 =28 wi=xi—& vi=> ) ek
P
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Fundamental properties I: support & polynomiality

@ Restricted support in x1, x2, x3: intersection of three stripes —1 + & < x, <1+¢
(3" k xk = 2£); ERBL-like and DGLAP-like I, Il domains.

€=0 £=04 £= o
(0,0,2)
ot o O+ 149 (1+£0.149) t
: : 0029 N
(1ve.7480) etk 1450
@500 (0250)
(2,0,0) (0,2,0)

(148,0,-1+5) (0,1+,-1+8)

(1,0,:1) (O,%,—1)

@ Mellin moments in x, = 7/ matrix elements of local 3-quark operators
[iﬁﬂl...iﬁﬂu wp(O)] [iﬁ”l...ié”nz \IJT(O)] [iﬁh...iﬁ*ns wX(O)}.

Can be studied on the lattice!
@ Polynomiality in £ of the Mellin moments in x:

1+€
/ Xmddex35(ZXk — 20405 H™V (x1, 2, x3, €, A?)
-1+ k
= [Polynomial of order ny + nz + n3{+1}] (£).
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Fundamental properties Il: spectral representation and evolution

@ Spectral representation A. Radyushkin'o7 generalized for 7N TDAs ensures polynomiality
and support B. Pire, L. Szymanowski and K.S.’10:

H(x1, xa, x3 =2 — x1 — X2, &)
3

= [H/ dﬁidai:| d(x1 —&—P1 —a1§) d(x2 — & — B2 — a28)
=17

X8(B1 + B2 + B3)d(oq + a2 + a3 + 1)F(B1, B2, B3, o1, az,a3);

Q;: {|Bil <1, |aj| <1 —Bi|}: 3 copies of the DD square support;

F(...): six variables that are subject to two constraints = quadruple distributions;

Can be supplemented with a D-term-like contribution (pure ERBL-like support);
Evolution of 3-quark light-cone operator: V. Braun, S. Derkachov, G. Korchemsky, A. Manashov'99.

Evolution equations for TDAs: B. Pire, L. Szymanowski'o7 in the ERBL and DGLAP regions.

:
e
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TDAs and light-front wave functions

@ Light-front quantization approach: #/N TDAs provide information on next-to-minimal
Fock components of light-cone wave functions of hadrons:

IN) = Y@Eq)l999) +¥(3¢+44)1999 98) + ...

——
Described by nucleon DA

M) = P(qq)|9a) +Y(qg+qq)l99 9a) + -
———

Described by meson DA

-l
)
Ll
)
L
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A connection to the quark-diquark picture |

coz
@ pas(x) = 120x1x2x3.
@ V. Chernyak, Zhitnitsky’'84:
/,/" ‘ ‘0 .0;.\ Pez(x) = @as(x) D GAI(X).
/' ’g i
A{é’ i | %'03;}‘::; -
,Q:“‘.‘ 0"",'[""5"":,"'9"0\ @ Large asymmetry between quarks
4.«,"’"”&.‘,‘,& i in nucleon:
~ A
= 100 ~g6; 010 ~ H001) ~ g2

@ Z. Dziembowski, J. Franklin'90: diquark-like clustering

p:NT wdt ut.
——

@ No confirmation of asymmetric behavior: e.g. V. Braun, A. Lenz, M. Wittmann'06 .
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TDAs and the quark-diquark picture
@ Quark-diquark coordinates (one of 3 possible sets):
§—w

Powe =x2 — & xy + x3 = 265; (£§E 5 )

X3 —x1
2

Vo =

@ The TDA support in quark-diquark coordinates:

1< <1; —14[€-&[<ve<1- |68

@ v>-Mellin moment of 7N TDAs: “diquark-quark’” light-cone operator

el .
/ dvaH™ (w2, v, &, A7)
—1+|e-&5]

~ it [ 2 B 0 (o) (2 ) (G ) (5 1) INP(p0))

d
O =3n 3m
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An interpretation in the impact parameter space

@ A generalization of M. Burkardt'00,02; M. Diehl'02 for the v-integrated TDAs.
@ Fourier transform with respect to

_ Pri PNy, 2 _ mfrf’"fv (1 _ 2\n2
PiEi T ve AT 25(1»: 1+s> R

@ A representation depends on the domain:

{ud}u (W”l
. 1 “___:fn,
v
DGLAPII: zy=wy—£20; z+23=E—wp< 0
) ”l
. S
ERBL: 2y =wy—£2>0; z1+a3=§—wy>0; DOLAPI: 2= wp— €SO 7 +23=E—wp 20,
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Calculation of the amplitude

@ LO amplitude for v* + NP — 70 4 NP u(z1)
computed as in J.P. Lansberg, B. Pire and u(zs)

L. Szymanowski'07;

@ 21 diagrams contribute;

1+¢ 1 21
I~ / d3x8(x1 + x2 + x3 — 2£) / d3ys(1 —y1 — y2 — y3) Z Ra
—1+4¢ 0 1

Ra ~ Ka(x1,x2,x3,8) X Qulyi,y2.y3) X
[combination of 7N TDAs] (x1, x2, x3,£) X [combination of nucleon DAs] (y1, y2,y3)

<0 70 <0 A2 <0
q“(28)2[(VP™ — ATT)(VP — AP) + 4T TP+ 2L T TP]
N

Ry =

(26 — x1 +i€)2(x3 +ie)(1 — y1)2y3

Cf. A(§):/ dx

! H(X&-) ld ¢M(y)

1 x*t&Fielo y
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Crossing, chiral properties and soft pion theorem for 7NN GDA/TDA

@ Crossing relates 7N TDAs and w/N GDAs (light-cone wave functions of |7/N) states).
@ Physical domain in (A2, ¢)-plane (defined by AZ < 0) in the chiral limit (m; = 0):

| DA
o

@ Soft pion theorem P. Pobylitsa, M. Polyakov and M. Strikman'01; V. Braun, D. lvanov, A. Lenz,
A. Peters'08
2 2
Q@® > Nyop/m= > Nyep

mN GDA at the threshold ¢ = 1, A% = m?, fixed in terms of nucleon DAs VP, AP, TP.

12.11.2026 14 /41
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Building up a consistent model for 7N TDAs (requirements and models)
@ support in x;s and polynomialty;
@ isospin 4+ permutation symmetry;
© crossing N TDA < wN GDA and chiral properties: soft pion theorem;

@ No enlightening £ = 0 limit as for GPDs;
@ ¢ — 1 limit fixed from chiral dynamics in terms of nucleon DAs (soft pion theorem);
@ A factorized Ansatz for quadruple

distributions with input at £ = 1:
Phys. Rev. D 85, 054021 (2012)

@ “Poor man's TDA model™:
N cross-channel exchange;

Pure ERBL

E GPD TDA ERBL+DGLAP
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https://doi.org/10.1103/PhysRevD.85.054021

E.m. FF: a word of caution. Can we rely on collinear factorization?

@ Leading twist dominance fails at Q2 ~ 5 — 10 GeV?;

VAVAVAVAVAV)

15w 3 %0 Brodsky & Lepage’81
Q (Gev) Efremov & Radyushkin'80

[Picture: Perdrisat, Punjabi and Vanderhaeghen'06]
@ Delayed scaling regime. Importance of higher twist corrections!
@ os/7 penalty for each loop v.s. 1/Q? suppression of end-point contributions.
How to fix it up:
© TMD-dependant light-cone wave functions Li and Sterman;
@ Light cone sum rules approach: V. Braun et al.;
Q Soft spectator scattering from SCET: N. Kivel and M. Vanderhaeghen'13;
@ CZ-type nucleon DA effectively takes into account (a part of) soft rescattering mechanism

contribution;

@ Some good news on NLO pQCD analysis of nucleon FF: Y. K. Huang, B. X. Shi, Y. M. Wang
and X. C. Zhao, Phys. Rev. Lett. 135, 061901 (2025); L. B. Chen, W. Chen, F. Feng, S. Hu and Y. Jia,
Phys. Rev. Lett. 135, 131903 (2025);
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https://journals.aps.org/prl/abstract/10.1103/xz46-8ptk
https://arxiv.org/abs/2406.19994

Backward 7° electroproduction: LO and NLO kernels

F. Feng, Y. Ji, 76-pages GPT-6 Astra generated note

Hard-Scattering Kernels for Backward Neutral-Pion

Electroproduction
From TDA Operators to LO and NLO Matching, Evolution, and Model Phenomenology

Collaboration working manuscript

6 November 2026

NLO: mapped F; calculation
@ Reuse one-loop F; open-spinor
coefficients: 5,583 exported components;
24 tensor labels.
@ Retain d = 4 — 2¢ tensors through
renormalization and subtraction; project

a) LO b) NLO -
onto physical channels last.
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NLO matching: key result and current status

One-loop pole cancellation:

1 H_oo H.
H[(,a),e =2 T 7T Hiinite + O(¢).
1) (1) (1) (1) —
Hpoles + HQcD ct + HDA ct + HTDA ct 0.

Validated results:
@ One-loop input mapped from F1; not a fresh full-diagram calculation.
@ Double poles cancel in 20 open-spin structures.
@ Krankl-Manashov'2011-consistent finite terms and signed-support causal continuation.
@ N.B. one-loop consistency check, not an all-order proof.

K. Cemenos-Tsn-LUanckuii (PNPI) 12.11.2026 18 /41



How to check that the TDA-based reaction mechanism is relevant?

Distinguishing features

@ Characteristic backward peak of the cross section. Special behavior in the near-backward
region;

Scaling behavior of the cross section in Q2: ‘;—? ~ Q0.
Dominance of the transverse cross section oT;
Polarization observables

Universality of TDAs: cross channel counterpart reactions.

For time-like reactions: specific angular distribution of the lepton pair ~ (1 + cos? 6,);

Color transparency arguments G. Huber et al., MDPI Physics 4 (2022) 2, 451

et AZ) e +p +A(Z-1)+m° vs. etp—e +p +n°
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https://www.mdpi.com/2624-8174/4/2/30

Backward pion electroproduction @ CLAS |

@ Analysis of backward v*p — 70%p.
A. Kubarovsky, CIPANP 2012.

@ Analysis of JLab @ 6 GeV data
(Oct.2001-Jan.2002 run) for the
backward v*p — T n
K. Park et al. (CLAS Collaboration) and
B. Pire and K.S., PLB 780 (2018)

Reaction Plane

N

P W (GeV) =2-2.4 Q*(GeV?) =2.23-2.66
> 2 [cosw'=—-0.705  g,(deg)=100
- - L
,E‘i 103 § 180}
o Z 1601 P2gf=—12.659
= P3g=18.091
140
120}x=0.948
102 0=0.024
100
80
60
10 L
20
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Backward pion electroproduction @ CLAS II

= 70
do 2 (a)
_ * * 2 sk %
o A+ Bcosy, + Ccos2¢y, | where = 60~ § &
T F 5o
€
40 B
A=o1+eo; B=+/2¢(1+€)orT; il
C=c¢orrT 3
20+
Table : _Determination of kinematic bin. o
Variable ~ Number of bins Range Bin size 1 .
w 1 20-24GeV 400 MeV 4
0* S 1.6—4.5GeV?  various - P ) )
AL I 0-05GeV? 0.5 GeV? S 2 28 3 BS 4 8.8
o 9 0° ~ 360° 40°
E (b) Z (c)
= 20 E
© b’:

o P —
.
-10- -10- .
-20| (3 20~ ®
-30- % -30| -
3 s

4 4.5
Q*(GeV?) a4 o (4(:“-52\'2)
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Backward pion electroproduction @ CLAS IlI

S. Diehl et al. (CLAS collaboration), PRL 125 (2020).
@ The cross section can be expressed as

dlo (2¢) (#) n(e) |
QP dxpd ot = oo~ <1+ACJ’Z #) . cos(2p) +AYL Y - cos(p) + ALY -sm(<p)>.

@ Beam Spin Asymmetry

- Asin(Ap) Lo
BSA (02,XB» -t Lp) = U+ 0— = cos(p) = smiizz ) ;
ot +07 14 ARG - cos(p) + A7) - cos(2¢)

@ &% is the cross-section with the beam helicity states (+).

4 4
< o084t
0.06% 1
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Backward pion electroproduction @ CLAS IV

@ Beam Spin Asymmetry is a subleading twist effect both in the forward and backward
regimes.

0.04- E=
El 1=
5

2 - backward direction

sin(¢)

0.16- . .
2 1 forward direction
0.14-

0.02 1<

R s S
002 {: 01 4 } + E|

~0.04-

© oost t :

\ ] 0.06- ]
+ g 0.04° !
1 El 0.02- q
013 3 05 2 25 3 35 4

Q?*[GeV?] Q?[GeV?]

z_012
@

=1
pu

< 0.1 A + +{
0.08

oo 4 * —;
0.04
0.02

1 P ————
002 orward direction
-0.04- ]
0.2 03 0.4 0.5

Xg
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Backward w-production at JLab Hall C |

@ TDA formalism for the case of |Ight vector mesons (p, w, ¢) B. Pire, L. Szymanowski and

K.5'15. 24 VN TDAs at the leading twist.
@ The analysis W. Li, G. Huber et al. (The JLab F, Collaboration), PRL'19

@ Clear signal from backward regime of ep — €’ pw.

Normalized Experimental Counts / Bin
°

T A
065 o7 075 08 5 08 095

(Gev)

@ Full Rosenbluth separation: o and oy, extracted to address o1 > o, issue.

d2 daT
dtd¢ dt

K. Cemenos-Tsn-LUanckuii (PNPI)
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JL + v/2¢(1 +e

d
cos¢ +e€ ITT
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Backward w-production at JLab Hall C Il

@ For Q% =2.45 GeV?: o /o < p2/Q? and o1 > oy;

10
2% 2F Q2 2 | & o016
- \Q =1.6 GeV“} Q°=2.45 GeV . mwram
> S A o (P245)
[0} -~ or )
3 P o o245
3 -~
ERR]S L
&
3 :
YO-‘f i ks
8 il o on ol il
105005 0.1 0.15 02 025 05 0

Ll
05 0.1 015 0.2 025 0.3 0.35 0.4 0.45
u[GeVy

74P —peo, W=248GeV, Q"= 175GeV* , Ly +p — pro, W=247 GeV, Q= 2.35 GeV*
% ‘7\ o
g i 5
s \‘ 4 i
# i? Y
ot N LN 4
F EX 7
\ F \i\ p
/ .S
— JML18 \\.
107w Ju0s %... 3 \\‘/
e clas T .
X Fpi-2 (Scaled) e e
=im TDA COZ ‘\
joa | E=AIDAKS TR N WU PR SRR PR ST S |
0 1 2 3 4 § O 4 2 3 5 6
-t[GeV?]

@ Experiment v.s. the predictions of the cross-channel nucleon exchange model for p — w

TDAs.

@ Combined (CLAS and Fr-2 data for v*p — wp).
@ TDA-based predictions v.s. the Regge-based J.M. Laget's JML'18 model.
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Polarization observables: SSAs and DSAs

[@em 2 1=xp 117! o
873 1—¢ xp Q2 dxpdQdidgdy

| (dott  dog Jolt ) ot dogg
i L i O E‘ﬂ*kcﬂs(ZI/l)RC (1 + ) cos g Re [ L 4 £240
2\ dt dt [/ dt
dordt
I dot, dog . dott . dotl  do
FPp/e(l—e) smzﬂm( (;,*’ <7*“) <SL[ssm<2r/u1m T4 VT }:hunﬁlm( i ﬁ“ﬂ
1o
+S.Py I VeT—e)cospRe( 20 _L%50
° dt dt
o}y d . iot=
- S7 {Im (lr;;* | a%) sin (¢ — )|+ %sin(r/) | .'/;i,)lmu;;’
o
e e R - e 3
t5sin (3¢ — ¢ps) ]m +v/e(l }e}smz/tslmT} Ve(l + €)sin (2¢ — ¢s) Im
m+ } et — zlrw
 $7P | V1= 2Re % cos(h — )| /o1 =) cos e 22 7\/5(175 cos (24 — ds)R .

sl
Alr

@ Leading twist (Q2-independent) DSAs with the TDA-based formalism;
@ Transverse target spin asymmetry:

do® — dot

Ay = ———.
ur do® + dot
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DSA 1

@ Experimental definition for DAS;:

(N7~ + M) = (N2 4 )

1
N7= + NES+ NS+ NE=

AL (9i) = PsPy

@ DAS; for near-backward v*N — wN’:
A2
0, 8%)| + THIZ® (g, 47)]

DSA; = = .
I, A2)| — L FIT)(E, A2))|
N

@ DSA; within cross channel nucleon exchange model v.s. two component model for 7/

TDAs:
»'p-x'p, £=0.1,05,09

DSA,

06 08
-47 [GeV?]

0.0 0.2 04
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DSA 2

@ Longitudinal beam, transverse target DSA:

(NN ) = (Y )

1
A i) =
(90 = by, NN N T

@ DSA; - ¢-independent part of A;7:
DSA, — 267 A1) RelZW(, AT (¢, A%)]
- 2
MmN |ZM)(E, A2)| - 2L |T@)(E, A2)|
My

»'p=x'p,£=0.1,0305

DSA,
Kpsa

0.6 0.8 1.0

0.0 0.2 04
—47 [GeV?]
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On polarization observables VII

What we may learn from these polarization observables?

@ Q?-independence: reaction mechanism cross check;

i

@ Insight for phenomenological models: going beyond the “cross-channel nucleon exchange’

model;
@ Helps to single out the contribution of different sets of TDAs: {V, A, T}1 v.s.
{V, A, T}.

K. Cemenos-Tsn-LUanckuii (PNPI) 12.11.2026 29 /41



Status of experiment Il: Backward 7°-production at JLab Hall C

W. B. Li, G. M. Huber et al., arXiv:2008.10768 [nucl-ex] :

August 10-14, 2020

PAC48 REPORT Je F on Lab

PR12-20-007 September 25, 2020

9
Scientific Rating: B . \
Beam time scheduled for 2027 ‘ @

Recommendation: Approved

Title: Backward-angle Exclusive i’ Production above the Resonance Region |

Spokespersons: W. Li (contact), J. Stevens, G. Huber

Motivation: This proposal aims at measuring backward-angle exclusive n’ production above the
resonance region with a proton target. Theoretical models to describe this process include a soft
mechanism (Regge exchange) and a hard QCD mechanism in terms of so-called transition
distribution amplitudes (TDAs). Since the applicability of the TDA formalism is not guaranteed,
the proposal aims at checking two specific predictions: the dominance of the o1 cross section over
o and the 1/Q* behavior of the cross section. The idea of a #-channel exchange is an interesting
concept that is worth exploring.

Measurement and Feasibility: The proposed measurement will take place in Hall C.
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https://arxiv.org/abs/2008.10768

Cross channel counterpart reactions: PANDA, J-PARC and backward TCS at JLab
@ Complementary experimental options and universality of TDAs.

Backward TCS: B.Pire, K.S., A. Shaikhutdinova, L.Szymanowski, Eur. Phys. J. C 82, 656 (2022)
@ ~% dominance: (1 + cos® ;) angular dependence;
@ large —t: small BH background.
@ Crude cross section estimates: VMD + v*N — VN+ crossing.
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https://link.springer.com/article/10.1140/epjc/s10052-022-10587-4

Charmonium photoproduction
GlueX Collaboration, Phys.Rev.C 108 (2023) 2, 025201

GlueX results: total and differential cross-sections yp = J/yp — eTe™p
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B.Pire, K.S., A. Shaikhutdinova, L.Szymanowski, AAPPS Bull. 33, 26 (2023)

Nr(py)

@ VMD based model for yN TDAs largely
underestimates the size of the backward peak;

@ Can we normalize our model to data?

@ Universality for different E,.
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https://doi.org/10.1103/PhysRevC.108.025201
https://link.springer.com/article/10.1007/s43673-023-00094-3

New models for 7N TDAs: a generalization of RDDA

Flexible parametrization B. Pire, K.S., L. Szymanowski and P. Sznajder, Phys.Rev.D 112 (2025)

F(B1, B2, B3, a1, a2, a3; u) = FO(By, B2, B3, ax, a2, a3i u) +(1 — &) FM (81, B2, B3, a1, a2, a3; u).

Fixed from soft pion theorem at £ = 1 Free model input, fitted to data

@ This part is independent from £ — 1 limit and can be fitted to data;
@ Spectral density designed from a factorized Ansatz with input at £ = 0:

FO (o, p,w,v;u) = £(0,p) h(o,p,w,v) G(u).
—_————
profile function

@ Forward function f(o, p) can be expanded over the set of orthogonal polynomials on the
hexagon: generalization of the Zernike polynomials;
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https://journals.aps.org/prd/abstract/10.1103/6gc4-vnk9

New models for 7N TDAs: results |
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@ A model normalized to JLab 6 GeV data for 7T channel;
@ Selected observables:
@ as a function of Q2 for W = 2.2 GeV and —u = 0.5 GeV?2;
o xg for Q2 =2.44 GeV? and —u = 0.5 GeV?2,
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New models for 7N TDAs: results Il

Events from EplC MCG for “forward” and “backward” ep — epn® for E. = 10.6 GeV;
0.05 <y <0.9 2GeV2< Q2 < 10GeV?;

0 < |t — to| < 1.5GeV? (for forward events); 0 < |u — ug| < 1.5 GeV? (for backward);
Forward: Goloskokov-Kroll (GK) model;

Backward: two component model for TDAs “normalized” to JLab@6 GeV data;
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More options: backward reactions off pions |
A. Castro, C. Mezrag, J. Morgado Chavez and B. Pire, Phys.Rev.D 112 (2025)
@ Pion-to-y TDAs:
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@ Normalization to pion vector and axial FFs accessed in 7+ — £T v,y decays:
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@ Can be accessed through the Sullivan process:
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https://journals.aps.org/prd/abstract/10.1103/y9rw-b2xj

More options: backward reactions off pions Il
@ Modeling ym TDAs in the DGLAP region from the LF wave functions overlap;

@ Covariant extension to the ERBL region;
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@ Cross section estimates for JLab@22 GeV:

25 =0.125, Q* =2 GeV?
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@ Crossing to backward TCS off a pion; studies under way M. Dufurne, B. Pire et al. and K.S.

Cemenos-Tan-LLlanckuin (PNPI)

AP e dQ*de pdu, [Ib/GeV']

60

V(2,6 = 05,u)

0.00

—0.01

—0.02

~0.03

—0.04

Ju| [GeV?]
06

-0 -05 00 0.5

25 = 0125, Q* =2 GeV?

(b) ep — evpn

10

sl [GeV?)
06

12.11.2026

37/41



Conclusions & Outlook

@ Nucleon-to-meson TDAs provide new information about correlation of partons inside
hadrons. A consistent picture for the integrated TDAs emerges in the impact parameter
representation;

@ We strongly encourage to consider backward electroproduction for various mesons (7, 7,
w, p) and cross channel counterpart reaction;

©

First evidences for the onset of the factorization regime in backward v*N — N'w from
JLab Hall C analysis and BSA measurements in v*p — 7 n from CLAS;

@ PAC 48 decision is a challenge both for the experiment and for theory. An effort is
required. Factorization theorem (?), more on physical interpretation (7), phenomenological
models v';

Backward DVCS and TCS: options for EIC;

Backward scattering off mesons through the Sullivan process;

©0
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> @ 7 Illustration: courtesy of Bill Li

Forward Backward

angle -t angle

Thank you for your attention!
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On the status of factorization |

@ J. Collins, X.-D. Ji et al.: Coleman-Norton theorem & leading regions;

@ A. Radyushkin: a-representation;
@ Effective theory approach: SCET;

@ Reduced diagram for factorized description of backward meson production

@ Power counting formula (n(H) - No of collinear g and transverse g attached to H):

(GRS

hard part H: (O(Q), ©(Q), O(my)):
incoming nucleon :  (O(Q), O[mﬁ‘/Q). o(my))
outgoing meson :  (O(Q). O(m3,/Q), O(my))

)
outgoing nucleon :  (O(m?/Q), O(Q), O(my))

soft part S : all components of momenta small:

p(w) =3 — n(H) — No. (q lines from S to A, B)

—3 - No. (q lines from S to H) — 2 - No. (g lines from S to H),

@ Leading asymptotic behavior:
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On the status of factorization Il

A list of (some of) tricky steps of proof:
@ Proof of “color neutrality” of the final state N (soft gluon subgraphs);
@ Implementation of gauge invariance (collinear gluons sum into the Wilson lines);
@ Soft rescattering mechanism (endpoint singularities):

The experiment is crucial to decide on (early) onset of factorization regime!
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