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Outline

@ Introduction: Forward and backward kinematical regimes, DAs,
GPDs, TDAs.

© Baryon-to-meson TDAs: definition and properties.
© Physical contents of baryon-to-meson TDAs.

© Current status of experimental analysis at Jlab and feasibility studies
for PANDA.

© Summary and Outlook.

Collaboration on theoretical issues with

J.-Ph. Lansberg (IPN, Orsay), K. Semenov Tian-Shansky ((INP,
Gatchina)), L. Szymanowski (NCBJ, Warsaw)

and with JLab and PANDA experimentalists:

K. Park, W. Li, G. Huber, S. Diehl, M. Zambrana, B. Ramstein,
E. Atomssa.
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Factorization regimes for hard meson production |

@ . Collins, L. Frankfurt and M. Strikman'97: the collinear factorization theorem for

¥*(q) + N(p) = N(p') + M(pm)

in the generalized Bjorken limit

2

—q® = Q% W? — large; xg = 2Q7 — fixed; —t =—(p’ — p)?> — small.
p-q

@ Description in terms of nucleon GPDs and meson DAs.
@ A complementary factorization regime:
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Factorization regimes for hard meson production Il

Two complementary regimes in generalized Bjorken limit :

@ t ~ 0 (near-forward kinematics): GPDs and meson DAs;

@ u ~ 0 (near-backward kinematics): baryon-to-meson TDAs and nucleon DAs B. Pire,
L. Szymanowski'05;

2
@ ’ vl
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GPDs, DAs and TDAs

@ Main objects: matrix elements of QCD light-cone (z2 = 0) operators.
@ Quark-antiquark bilinear light-cone operator:

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

= PDFs, meson DAs, GPDs, transition GPDs, etc.
@ Three-quark trilinear light-cone operator:

(A (z1)[z1; 2]V (22)[22: 23] W(23)[23; 1] | B)

@ (A| =(0|; |B) - baryon; = baryon DAs.

@ Let (A| be a meson state (, 1, p, w, ...) |B) - baryon; = baryon-to-meson TDAs.
TDAs have common features with:

@ baryon DAs: same operator;

@ GPDs: (B| and |A) are not of the same momentum =- skewness:

_(PA—PB)'”

€= (pa+pg)-n
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Nucleon e.m. FF: a well known examples

A word of caution:

VOLUME 84. NUMBER 7 PHYSICAL REVIEW LETTERS

14 FEBRUARY 2000

Nucleon e.m. FF in pQCD at

leading order I (The Jefferson Lab Hall A (‘ollaborauou)l

Brodsky & Lepage'81 Efremov & .
Radyushkin'80 1K

— - Diquark

Cloudy Bag
VMD

G, /Gy, Ratio by Polarization Transfer in ép — ¢j

Lech Szymanowski ( ) Baryon-to-meson transition distribution amp

GDR 2019

6/ 42



A list of key issues:

@ What are the properties and physical contents of baryon-to-meson TDAs?

@ Can we access backward reactions experimentally?

@ What are the marking signs for the onset of the collinear factorization
regime?
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Leading twist proton-to-7° TDAs
J.P.Lansberg, B.Pire, L.Szymanowski and K.S.'11 <n2 = p2 = 0; 2p -n= 1; LC gauge )

@ 8 TDAs: H™V(x1, x2, x3, §, A%, p?) = {V7N, ATV, TNV} (x1, x2, X3, €, A%, p?)
@ C.f. 3 leading twist nucleon DAs: {VP, AP, TP} (y1, y2, ¥3)

3
dzy ; . . o o
4(P ’ n)3/ |:H 277:6,“2‘((,3 n):| (Wo(pﬂ')l 7C\L;L»up (Zln)uf (ZQn)dX’(z?Jn) ‘Np(p1151)>
k=1
o(2¢ )i
= — X1 — Xp — Xx3)i
1 2 3 f;rM
X [VIWN(’SC)/)T('SU)X + ATN(’sVSC)/IT(VSlSU)X + TFN(UPMC)/)T(VH’SU)X

+VIN(PC), - (AU)y + ATV (PYC)pr (P AU) + T3 (0 C)p - (V4 AU

1 N 1 ~
tv TiM(opaC), - (PU), + MTZTN(UPAC)m(AU)x]

@ P= p1+2p7‘; A= (pr—p1); opp = PYoupu;

_ _An
€= 2P-n
@ C: charge conjugation matrix;
@ fy=52- 1073 GeV? (V. Chernyak and A. Zhitnitsky’84); " ]J\ .
1 "
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A list of fundamental properties I:

B. Pire, L.Szymanowski, KS'10,11:
@ Restricted support in xj, x2, x3: intersection of three stripes —1 4+ & < x;, <1+¢
(>4 xk = 26); ERBL-like and DGLAP-like I, Il domains.

X2
X1

Tx3

@ Mellin moments in x, = 7/ matrix elements of local 3-quark operators

[iﬁ“l... iDHm \IJP(O)] [iﬁ”l... i5”"2\IJT(0)] [iﬁ*l... iD*ns \IJX(O)] ‘

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

1+¢
/ dx1dx2dX3(5(Z Xy — 2§)xf1x2"2x373 Hﬂ'N(xl7 x2, X3, &, A2)
—1+¢ k

= [Polynomial of order ny + no + n3{+1}](&).
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A list of fundamental properties Il:

@ Spectral representation A. Radyushkin’o7 generalized for 7N TDAs ensures polynomiality and
support:

H(x1, x2, x3 = 2§ — x1 — x2, &)
3

= [H/ dﬁidai:| d(x1 — &= f1—a€)d(x2 — € — B2 — x2€)
=17

X8(B1 + B2 + B3)d(oq + a2 + a3 + 1)F(B1, B2, B3, a1, oz, a3);

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

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

@ Can be supplemented with a D-term-like contribution (with pure ERBL-like support):
X1 X2 X3
2672¢72¢ )

(25) 8 (x1 4+ x + x3 — 28) [H0(0<xk <2)| D

k=1
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A connection to the quark-diquark picture

@ Quark-diquark coordinates (one of 3 possible
sets):

X1 — X — W~-
wz%; ws = x3—&; x1+x2 = 2&5; (%Eg 2 3)-

@ The TDA support in quark-diquark coordinates:

—“1<ws <1 —14[6-&|<w<1-]¢—¢|

@ v3-Mellin moment of w/N TDAs:

1-le—¢&;1 " )
/ dvsH™ (w3, vs, &, A7)
—1+|e—¢€5)

dX\ A A A
~ b / 1 IO ()| (= 5 ) (= m)di (5 ) INP(p))

A d
Op (=3 3m)
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An interpretation in the impact parameter space |

@ A generalization of M. Burkardt'00,02; M. Diehl'02 for v3-integrated TDAs.

@ Fourier transform with respect to

2 M2
D= P o PN . A2 _ 725 mz _ N _ (1 _ 62)D2'
1-¢ 1+4¢ 1-¢ 14¢
@ A representation in the DGLAP-like | domain:
{uu} d

DGLAPI: 23=w3—€(<0; 21+29=&—w3>0;
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An interpretation in the impact parameter space Il

DGLAPII: 23=w3—£2>0; x14+29=&— w3 <0
{uu}d

ERBL: 23=w3—&£>0;, z1+w9=§—w3>0;
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Light-cone quark model interpretation

@ 7N TDAs provides information on the next to minimal Fock states B. Pasquini et al. 2009:

laqq) +lgaqm) + ...
N———
Described by nucleon DA
Nk v %

e e e
)
=]

1
=
(=]
L=l
L}
=
'
il
i
il
1

A N

o \ \\\ >
‘o\:\\\g: \\\\\\“\
s

]
o

\\ \\‘ \\\\\\ N
“‘\::\ i \3\“‘&8‘3
0 \

S it
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Crossing, chiral properties and soft pion theorem for 7N GDA/TDA

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

@ Soft pion theorem P. Pobylitsa, M. Polyakov and M. Strikman'01; V. Braun, D. lvanov, A. Lenz, A. Peters'08
(02 > A3 CD/mW): mN GDA at the threshold ¢ =1, A% = M? in terms of nucleon DAs
VP, AP, TP,
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Building up a consistent model for 7N TDAs

Key requirements:
@ support properties in x; and polynomialty;
@ isospin + permutation symmetry;
© crossing 7N TDA < ©N GDA and chiral properties: soft pion theorem;

How to model quadruple distributions?

@ No enlightening £ = 0 limit as for GPDs. RDDA A. Radyushkin'97

@ Instead, the soft pion theorems fixes the £ — 1 limit in terms of nucleon DAs and thus
provides the overall magnitude of TDAs.

@ A factorized Ansatz with input at £ = 1 designed in J.P. Lansberg, B. Pire, K.S. and
L. Szymanowski'12

@ Cross-channel exchange as a source of the D-term-like contribution: E GPD v.s. TDA

4 P2
o7 s

S=

”1/ \m m/ o
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Calculation of the amplitude

@ LO amplitude for v* 4+ NP — 70 + NP u(z1) u(y1)
computed as in J.P. Lansberg, B. Pire and u(x) u(yn)
L. Szymanowski'07;

@ 21 diagrams contribute;
1+¢ 1 21
I~ / dx6(x1 + x2 + x3 — 2€) / Pys(1—y1—y2—y3) { Y Ra
—1+¢ 0 o}
Each R., has the structure:

Ro ~ Kao(x1,x2,x3) X Qa(y1,y2,y3) X
[combination of 7N TDAs] x [combination of nucleon DAs]

0 0 0 2 0
OV — AT (VP — AP) 4 4TET TP 42T T T
(26 — x1 +i€)2(x3 +i€)(1 — y1)%y3

1

1 1
c.f. / C/XM/ dy¢M7(y) for HMP
-1 xE&Fieto y
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N~* — 7wN amplitude and the cross section

@ N~* — wN helicity amplitudes:

2 2
x _ (4mas)*VATaemfy 1 N 5 A s
Mslsz = - 54{,-‘"_ a [851521(57 A ) -S slszI (5’ A ):|7
where 53, = U(p2, 2)e" (M5 U(pry 51 873, = 15 Ulp2, )" (VA5 U(pr, 1),

5152
@ Unpolarized cross section for hard leptoproduction of a pion off nucleon:

o s /\(s,mz,Mz) Ly {% <‘M;152

dE'dQ,/ 128725 (s — M2)

Distinguishing features of the TDA-based mechanism

2

. . d
@ Dominance of the transverse cross section d;T.
T

@ 1/Q? scaling behavior of the cross section.
@ Non-zero imaginary part of the amplitude. Transverse Target Single Spin Asymmetry ~

Im part of the amplitude
v
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Backward pion electroproduction @ CLAS |

i

YD

E B
k=2

ch Szymanowski

()

Xp;

@ Analysis of JLab @ 6 GeV data

(Oct.2001-Jan.2002 run) for the
backward v*p — 7t n

K. Park et al. (CLAS Collaboration) and B.
Pire and K. Semenov Tian-Shansky., PLB
780 (2018)

W (GeV) =2-2.4 @ (GeV?) =2.23-2.66
Z 7 |cosv'=-0.705 ¢,(deg)=100
; 180
a
= 1001 P2y=—12.659
= P3y=18.091
140
120
100
80
60
40
20
' R S S NN NN L
0.7 .8 0.85 0.9 0.95 1 105 +l.l LI5S
g MMzx (et X) [GeV]
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Backward pion electroproduction @ CLAS II

do
dQ

= A+ Bcos i + Ccos2py, | where

A=o7 +€oy;

B = +/2¢(1+ €)oyT;

C=c¢orT
Table ; Determination of kinematic bin.

Variable ~ Number of bins Range Bin size
w 1 2.0-24GeV 400 MeV
0? S 1.6-4.5GeV>  various
Al 1 0-05GeV? 0.5 GeV?
[ 9 07 — 360 40°

Z (b)
= 20
>} =

10~ .

. 1
-

-10

-20- L3

-30- E

[}
T T
Q (Ge\ %)

6, (nb/sr)

(0,+€6, ) (nb/sr)

3
T

a
<

0
<

=
S

w
<

201

N
S

1.5

25 3 3.5 4 45 5
O (GeVH
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Backward pion electroproduction @ CLAS Ill

S. Diehl et al. (CLAS collaboration), analysis approved by the collaboration.
@ The cross section can be expressed as

d*o .
dQ2dxgdpdt
@ Beam Spin Asymmetry

oo - (1 + ACUOE(QLP - cos(2¢p) +AC°5( #) - cos(p) + ASIn #) sin(go)) .

ot —o~ ASL“,‘J(VJ) -sin(p)
ot 4o~ 1 + AUD - cos(p) + Ams(

BSA(Q27XB7_t750) = )
cos(2<p)

@ 0% is the cross-section with the beam helicity states ().

= 0.12F =

-0.02} =
-0.04} + + =
~0.06} =
-0.08}- *

-0.1
o 1 2

5 6 7
-t [GeV?]
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Backward pion electroproduction @ CLAS 1V

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

regimes.
£_004" T £_0.16 T
§ 2 o backward direction 3= forward direction
<0.0H‘ kkkkk - < 0.14
Hlanen « I
~0.02- ] R +
-0.04" 1 0.08 L +
-0.08 ~ ooe
—0.08 * 0.04
-0.1 0.02
—0.12 - i) e e ]
0125 2 25 3 %5 2 25 3 35 4
Q* [GeV?] Q% [GeV?]

Remark: it looks that in JLab, in the backward region and for higher Q? the higher twist
contributions are not so important as in the forward kinematics
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Backward w-production at JLab Hall C |

@ A generalization of the TDA formalism for the case of light vector mesons (p, w, ¢) B. Pire,
L. Szymanowski and K. Semenov Tian-Shansky '15.

@ The analysis W. Li, G. Huber et al. (The JLab F, Collaboration) and B. Pire, L. Szymanowski, J.-M. Laget and K.
Semenov Tian-Shansky., PRL 123 (2019) .

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

e

Normalized Experimental Counts / Bin

08
My (Gev)

@ Full Rosenbluth separation: o1 and oy, extracted.

dorTt
cos¢+e o

2
d o daT dO'L n m

Tdtde ~ dt

cos 2¢
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do University

Separated Cross Sections ~ s “Regina

dt
— =" 2=, —
o, @0=1.60 | . o, @ 0°=1.60 6@ Q=245 | © o, @ 0*=2.45
= oo { oot < osf ’ < o £ b
g | H i i
[1] © o e o + T o0 " L] e o
[ o o of o . i
'E, i i 13 . 1 t
(] 05T 2 g e 0 5T 0 6 S5 g s e G056 0 O 0 s
|=. oo Siood i Vol
(] = = 2 —
® L o @Q=160 | | o, @ Q=160 4 e @0=245 | L o, @ Q=245
[
2 |t ot of s
< B <
3 5., § .14 ] 3 d
T . - . g i
£ |2 * L 5 1T
£ [ ot t Cof ot
-1 o2 o2 oo oz
3
- BT 5B B 0 OB 6 B L e 2
sk s sk YA
£
[ ions:
® Observations:

m o falls slowly with —u; o, falls faster.
m 0, is very small; o may sign flip for different Q2 values.

24 Error bars = statistical and uncorrelated syst. unc; Error bands = correlated syst. unc.
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Backward Angle Omega Electroproduction Peak

Photoproduction

University

’Regina

s

First observation of backward
angle peak in electroproduction!

S
3 749 > pro, W =248 GeV, Q°=175GeV? , | 7" +p — pro, W=247 GeV, Q° = 2.35 GeV?
g
o 2 ) .
L ﬂ Z
£s8 3
- =
g < P X JI N
3 % 100 \ L /
e g v ] /.
[ 2 \ 7 N
@ 3 / N /
[ gz \\ / \, /
= JmLg o/ /
= 102 JmLos el E Ne/
- o cuas T .~
° ) X Fpi-2 (Scaled) 5 T
-g % ° =i= TDACOZ e
T~ 100 EEIBANS I I 1 PR O S FURT FURRR B
= 0 1 23 4 s 012 s 4 s e
4 [Ge
% 2 N * W.B. Li, GMH, et al, Phys. Rev. Lett. (2019) to appear
\
O N ) .
Caidnand \ Hall C data are scaled to match kinematics of Hall B data
B e s I TR T —
-tin (GeVic) (Gev?) | (Gev)) (Gev))
M. Guidal, J.—M. Laget, M. Vanderhaeghen, PLB 400(1997)6 HallB | 1.8-28 | 0.16-0.64 | 1.6-5.1 <27 >1.68
0.29 1.6 4.014 0.08-0.13
Fr-2 2.21
27 0.38 245 4724 | 017-024
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p(e,e’p)w Q>-Dependence

Garth Huber, huberg@uregina.ca

29

= To investigate Q?>-dependence,
fit lowest —u bin values of o
and g, to Q" function
m 0 appears to have a flat
Q2-dependence within—
measured range
m 0, shows much stronger
decrease

= Decreasing L/T ratio indicates
the gradual dominance of o;
as Q? increases.

= Trend qualitatively consistent
with prediction of TDA Collinear
Factorization.

=N

&

University

JRegina

0s
& o4
>

03

[
(O

=
_—9 o

=Y

o

©

o

o,
&= Ratio
To

o

E " o/o
S vET
F= — 1%
E ~
;_ — - +¥
@ [GeVd]
0*=147 =223
W=2.26 W=2.28
—t45=0.058 ~1t,,,=0.117
GDR 2019
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TDA model Comparison to Data “Regina
2 Both data sets suggestive of early

o @16 GeVE 221 GeV | o, TDA scaling Q2=2.5 GeV2 1?

T
=
]

T g 0<—u<0.5 GeV?
“““““““ £ 80- 20<W<24Gev @ 0y
= . St , O
'F Over prediction by x~10 I £ A c:',
f } ; 4 ©60F ¢ s
b: TDA calculation:
okt L L L L -~ 40 Dark blue band: COZ NDA
s o o S i .
—u[Gev?] & Light blue band: KS N DA

F0?=2.45 GeV2, W=2.21 GeV

Garth Huber, huberg@uregina.ca
do/dt [pb/GeV?]
Hall C o electroproduction

..f. COZDA surprisingly close to data -201 i PR
' e
oz . ] a0l |
. 2 2.5 3 4
3 7 Rk R Q(GeV")
“u[GeV?] Hall B =+ Electroproduction
TDA calculation by B. Pire, K. Semenov, L. Szymanowski K. Park et al., PLB 780 (2017) 340

Private Communication (2015)

30
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Baryon to meson TDAs at PANDA |

@ E; <15 GeV;
W2 < 30 GeV?

I\_I+N—>’y*(q)+7r—>f++f_+7r;
NAN—=Jjp+m =05 +07 4,

@ To be done with the proton FF studies in the timelike region and heavy charmonium
studies.

@ Two regimes (forward and backward). C invariance = perfect symmetry.

@ Test of universality of TDAs.
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N N — J/i = at PANDA

@ Amplitude calculation and cross section estimates
B. Pire, L. Szymanowski, K Semenov Tian-Shansky, 13.

Unpolarized

pp— Iy 1’ |A}= 0 GeVZ

10 i5 20 25 30 \ N
W2 [GeV?| \ B /
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Feasibility study of pp — J/y7° at PANDA |

B. Ramstein, E. Atomssa and PANDA collaboration and K.Semenov Tian-Shansky PRD 95’17
@ Event generator based on TDA model prediction Pire et al.’13.
@ Simulations performed for s = 12.2 GeV?, s = 16.9 GeV? and s = 24.3 GeV?2.
@ Study of pp — J/yr® (signal) with background from pp — 7t 7~ 7% and pp — J/r70
and other sources.

Expected signal rates, s=12.25 GeV/?

'
>
300 _
_‘5‘: Liy=2M0"
ag 250 —— Generator Output
=1
o 200 — Model prediction
e
T 150
=
]
Z 100
T
505 Bwd Kin Fwd Kin
0 Valid. range Valid. range
-1.5 =1 0.5 0 0.5
tIGeVi
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Backward DVCS and nucleon-to-photon TDAs

(*] Nucleon—to—photon TDAs J.p. Lansberg, B. Pire, and L. Szymanowski'07 : 16 N — Y TDAs at the
leading twist-3 .

@ Cross channel processes NN — v¥*7. can be studied with PANDA.

@ New information on the subtraction constant in the dispersion relation for the DVCS
amplitude (D-term FF).

@ May be important in connection with the J = 0 fixed pole universality conjecture S. Brodsky,
F. Llanes-Estrada, and A. Szczepaniak'09, D. Miiller and K. Semenov Tian-Shansky '15.
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Conclusions & Outlook

o

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

We strongly encourage to try to detect near forward and backward signals for various
mesons (7, 7, w, p) and photons: there is an interesting physics around!

The experimental success achieved for backward v*N — N’7 and v*N — N’w already
with the old 6 GeV data set (more is expected at 12 GeV).

First evidences for the onset of the factorization regime in backward v*N — N’w from
JLab Hall C analysis.

pN — wlte~ (g? - timelike) and N — 7J/1 at PANDA would allow to check
universality of TDAs.

© 0 6 0 ©

TDAs as a tool for nuclear physics: deuteron-to-nucleon TDAs.
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u—channel Workshop @ JLab/W&M

= - - — —

t-channel (Forward Angle) physics u-channel (Backward Angle) physics

The First Backward Angle Physics Workshop at Jefferson Lab
— Exclusive to the u—channel or backward angle physics
Topics:
= Explore Backward Photoproduction experiments
* Programs at JLab D
n Explore Backward Electroproduction experiments
* Programs at JLab A, B and C
« PANDA TDA program will be invited
— TDA and Regge Approaches
Tentative date: May 24! to May 26", 2020

Jefferson Lab

Lech Szymanowski ( ) Baryon-to-meson transition distribution amp GDR 2019 42 / 42




Merci pour votre attention !
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Transverse Target Single Spin Asymmetry v*N — 7N

More distinguishing features with a polarized target

@ TSA= 0T — ot ~ Im part of the amplitude.

@ Sensitive to the contribution of the DGLAP-like regions.

@ Non vanishing and @?-independent TSA within TDA approach.
@ 10 — 15% TSA for v*N — 7N with two component TDA model.

_i Tz s12 _ o 512)( o 512>_1_ T = 4
A= (/0 dBIM3] /quslMTl /0 dAIMIR) . F=6— s
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