Baryon-to-meson transition distribution
amplitudes: formalism and experimental
perspectives

K. Semenov-Tian-Shansky*

* Petersburg Nuclear Physics Institute, Gatchina, Russia

ECT* Trento, May 10 2017

In collaboration with: J.P. Lansberg (IPN, Orsay), B. Pire (Ecole
Polytechnique, Palaiseau), L. Szymanowski (NCNR, Warsaw, Poland).

Petersburg I'll
Nuclear ()
@ Physics “y

Institute HHH KU
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Introduction: DAs, GPDs, TDAs

Forward and backward kinematical regimes

©00

N TDAs: definition, properties, support, spectral
representation, crossing and chiral constrains.

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

© Summary and Outlook

For references see B. Pire, K. S., L. Szymanowski, Few Body Syst. 58 (2017)



Motivation: new tools for baryon spectroscopy

@ Hadronic probes (mN scattering).
@ Electromagnetic (and weak) probes: (N*(p")| S erWev, We|N(p)).

@ Baryon spectroscopy program with non-diagonal DVCS for Jlab@12GeV:
M. Amarian, M. Polyakov, |. Strakovsky and K.S.'08. Excitation of N* by
non-local quark-gluon operators:

(N*[B(0)[0; 2]W(2)IN);  (N*|Fap(0)[0; 2]Fun(2)IN); (2% =0).
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@ Excitation of resonances by arbitrary spin probe.

@ Explicit access to gluons.



Hard Exclusive Processes: GPDs, DAs

Factorization theorems for hard reactions: amplitude as convolution
of perturbative and non-perturbative parts.

@ Main objects: matrix elements of QCD light-cone (2> = 0)
operators.
@ Quark bilinear light-cone operator:

(A[W(0)[0: 2]W(2)|B)

= PDFs, meson DAs, GPDs, transition GPDs, etc.

Three quark bilinear light-cone operator

(A (z1)[21; 2]V (22)[22; 23] W (23)[23: 1] | B)

(Al = (0]; B - baryon = baryon DA. QCD description of nucleon
e.m. FF.



Nucleon DA: well known examples

Charmonium decay
Nucleon e.m. FF

J/b— N+ N
Brodsky & Lepage’'81 Efremov & Al +
Radyushkin’80 Brodsky & Lepage'81 Chernyak,
Ogloblin, and Zhitnitsky’'89
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Baryon-to-meson TDAs

(A (21)[21; 22|V (22)[22; 23] W (23) [23; 1] B)

@ Let (A| be a light meson state (7, 7, p, w, ...) B - baryon =
baryon-to-meson TDAs.

Common features with

@ baryon DAs: same operator;

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




Factorization regimes for hard meson production

Two complementary regimes in generalized Bjorken limit (—q2 = Q?, W2 - large;

2 .
xg = Z%q — fixed):

d'o/aQd
@ 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 TDAs L. Frankfurt, p
M. V. Polyakov, M. Strikman et al.’02; : i ; i - o




Backward meson electroproduction @ Jlab
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for the backward v*p — w1 n;
@ Analysis (Oct.2001-Jan.2002 run)

scattering Plane

M. Guidal, B. Pire and

K. Park,
K.S., in preparation
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Baryon to meson TDAs at PANDA |

@ Lansberg et al.’12: wN TDAs occur in factorized description of
N+N—=~(q)+7— €447+

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

d*o/dQit

PANDA @ GSI-FAIR
/ @ £ <15 GeV; W? < 30 GeV?

@ Planned to be done with the
proton FF studies in the timelike
region.

@ M. C. Mora Espi, M. Zambrana,
F. Maas, K.S."15: feasibility of
pp — ete~ 70 @PANDA.




Baryon to meson TDAs at PANDA II

@ Charmonium production in association with a pion Pire et at.’13
N+N—= J/ib+m.

@ Same TDAs =- test of universality.

@ Forward and backward regimes.




Baryon to meson TDAs at J-Parc

@ J-Parc intense pion beam option: P = 10 — 20 GeV.

@ Charmonium production in association with a nucleon B. Pire, L. Szymanowski
and K.S., PRD 95, 2017.
T +p—=n+J/Y

@ Near-forward regime: |(pr — p2)?| < W?2, Mi.

NP(pr)

TTTOTTOT J/(ps)
mf;;!mr;][>.____
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Twist-3 7N TDA

J.P.Lansberg, B.Pire & L.Szymanowski'07:

3
dz; ixjzi(P-n c; c c
“p - [H PR >] (m(pr) e W5 (1) W2 (22 W (230) [N(pr, 1))
i=1
=026 —x1 — x20 — X3)if:NM

< [VIN(PC)pr(PU) + AT (PP C)p (v PU)x + T (0pu C)p - (v PU)x
+VIN(PC)pr (AU) + ASM (P C)p - (VP AU) + TSV (0puC)p - (v AU)

1 . 1 .
+v 77 (opaC)p-(PU)y + MTfN(UPAC)pr(AU)x]

8 TDAs: H(x1, x2, 33, &, A2, 12) ={V;, Aj, Ti} (x1, x2, x3, €, A2, 4?)
c.f. 3 leading twist nucleon DAs: VP, AP, TP

@ P=1(pr+pr)i A= (pr—p1)i P =p>=0; 2p-n=1; 0p, = P’oyu;
@ C: charge conjugation matrix;

@ fy =5.2-10732 GeV? (V. Chernyak and A. Zhitnitsky'84);
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Interpretation and modeling of 7N TDAs |

@ Mellin moments in x; = mN matrix elements of local operators
[iﬁ“l... iDHm \IJP(O)] [iD”l.,_ iBVnz\uT(o)] [iE)M... iD*ns \IJX(O)] .

Can be studied on the lattice Y. Aoki et al..

@ 7N TDAs provides information on the next to minimal Fock state. Light-cone
quark model interpretation B. Pasquini et al. 2009:

A
s
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Interpretation and modelling of 7N TDAs Il

@ Impact parameter space interpretation: the Fourier transform
A1 — by of TDAs = transverse imaging of the nucleon




Fundamental theoretical requirements for 7N TDAs:

B. Pire, L.Szymanowski, KS'10,11:

o restricted support in x1, X2, x3: intersection of
three stripes —1 + & < x; <14& (30 xi = 2€)

e polynomialty in £ of the Mellin moments in x;
© isospin + permutation symmetry

@ crossing: ™N TDA «+ ©N GDA

@ chiral properties: soft pion theorem

0 QCD evolution

@ Spectral representation A. Radyushkin'97 generalized for 7N TDAs ensures
polynomiality and support:

H(x1, x2, x3 = 2§ — x1 — x2, &)
3

= [H/ dﬁidai:| O(x1 — & = B1 — a1§) d(x2 — & — B2 — )
=17

X8(B1 + B2 + B3)0(0aq + az + a3 + 1)F(B1, B2, B3, a1, a2, a3);

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

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



Crossing and soft pion theorem for 7N GDA/TDA

@ Crossing relates 71N TDAs in v*N — 7N’ and wN GDAs (light-cone wave
function)

@ Physical domain in (A2, £)-plane (defined by A2 < 0) in the chiral limit
(mx =0):

@ Soft pion theorem P. Pobylitsa, M. Polyakov and M. Strikman'01
(Q* > N,cp/mnr) constrains mN GDA at the threshold € = 1, A* = M? in
terms of nucleon DAs VP, AP, TP (see V. Braun, D. Ivanov, A. Lenz,
A. Peters'08).



Calculation of the amplitude

@ LO amplitude for pp — v* 70 can be u(z1) u(y1)
computed as in J.P. Lansberg, B. Pire u(zs) alys)

and L. Szymanowski'07 ;
@ 21 diagrams contribute Aas) )

1+€ 1 21
IN/“ ﬁwm+@+&—%y/d%mfm—n—m)§:&
—14+¢ -1 a=1
Each R., has the structure:

Ra ~ Kao(x1,x2,x3) X Qaly1,y2,y3) X
[combination of 7N TDAs] x [combination of nucleon DAs]

0 0 0 2 0
GOV — AT (VP — AP) 4T TP 4 208 T T7)
N (26 —x1 +i€)2(x3 +ie)(1 — y1)%y3

Ry

1 1
cf. / de‘Q/ ay 20 o P
LS5 TeTich Ty



pp — my* amplitude and pp — y*m — {T{~ 7 cross section

M = (47ra5)2\/47raemf 1
Nl 54f, Q4

(6 8%) - 85, T (€ 8%)],
where

S35 = V(pp, )€ (N5 U(Pps 5p);
1

A A A
S/spsp = M V(Pﬁv S,-,)E ()‘)ATPYS U(pm 5p)7

pp — v*m — £T¢~ 1 cross section

do /d 2me?(1 + cos? 6;) | M2
dtdQ2d cos 0, ot Q2 64W2(W2 — 4M2)(21)*




Essential points of the approach

@ Off-shell photon is transversally polarized at leading twist =
characteristic behavior in lepton polar angle: 1 + cos? 6,

@ 1/@8 scaling behavior of the pp — v*7 cross section

@ Non-zero imaginary part of the amplitude.




Cross section estimates

do _/d 2me?(1 + cos? 0p) | MT|2
dtdQ?dcost, ) 7¥* Q2 64W2(W2 — 4M2)(2m)4

@ Useful cut: \A?r|—cut & cut in Ocoms.

@ This helps to focus on forward (backward) regime.

dPo/dQidt

coss
1

do.int tmax do
A2 = / dt / dgp——————
dQ2 (AT |max) . ¢ dtdQ@2d cos 6,

min




pp — 709* — 70T ¢~ cross section

@ Nucleon pole dominates over quadruple distribution part for PANDA conditions
@ Numerical input: COZ, KS, BLW NLO, BLW NNLO phenomenological solutions
for nucleon DAs

Pp - 21 W?=5 GeV?; |A7]= 0.5 GeV; Pp - 200 W2=10 GeV; |A%]< 0.5 GV
2 )
g 1 g
Eb Eb 0.1
S o0l S
2 25 3 35 4 2 25 3 35 4
0 [GeV?] 0 [GeV?]

@ Cross section of pn — m~~y* — w44~ is larger by factor 2. But requires
neutron target.



First feasibility studies for PANDA

M. C. Mora Espi, M. Zambrana, F. Maas, K.S’" 15

@ Study of pp — ete~nO (signal) with pp — 7t7~ 70 (main hadronic
background).

@ Simulations performed for s = 5 GeV? and s = 10 GeV?

@ |cos@k| > 0.5 cut imposed

@ Modified version of Lansberg, Pire, Szymanowski.’07 model used for 71N TDAs
used as input for MC.

@ 2 fb~! of integrated luminosity assumed (~ 5 months High Lumi.)

@ Expected number of signal events then is 3350 and 465 for s = 5 GeV? and
s =10 GeV?



N N — J/i = at PANDA

Amplitude calculation and cross section estimates B. Pire, L. Szymanowski, KS,'13

Unpolarized cross section and angular distribution

wowm B n
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pp - I 1% |A}|= 0 GeVZ:
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Feasibility study of pp — J/y7° at PANDA

B. Ramstein, E. Atomssa and PANDA collaboration and K.S. PRD 95’17
@ Event generator based on TDA model prediction Pire et al.'13.
@ Simulations performed for s = 12.2 GeV?2, s = 16.9 GeV?2 and s = 24.3 GeV?2.

@ Study of pp — J/¢r® (signal) with background from pp — 77~ 7% and
pp — J/¢mO70 and other sources.

Expected signal rates, s=12.25 GeV?

&
=
300 ]
é’ Ly=2f
g 250 —— Generator Output
=
9 200 —— Model prediction
o,
T 150
=
]
Z 100
T
0| Bwd Kin Fwd Kin
0 Valid. range Valid. range
-15 =1 05 0 0.5



Feasibility study of pp — J/y7° at PANDA

x10° 10° 10°
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@ Signal and background count rates for 2 fb~! (~ 5 months in High Luminocity
mode)

@ Worst case scenario at p = 5.5 GeV/c: S/B at least factor 10.



Feasibility study of pp — J/y7° at PANDA

x10° x10° 10°
bl PUe = 5.5 GeV/c pLA® = 8.0 GeV/c Ls—i pLA® = 12.0 GeV/c
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2 & 2
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@ Signal count extracted from fits corrected for efficiency
o Free fit with B(1 + Acos? 6}).



Pion electroproduction at backward angles

K. Park et al. in preparation

do . .
PTeE = A+ Bcosy, + Ccos2¢py, | where
i
A=or +eor; B=+/2¢(1+4€)orT;
C= €EOTT
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?  0.5GeV?
[0 9 07 — 360 40°
g (b)
= 20
© 2
10 .
: I
-10
-20) 13
-30
B s 25 3 35 :

A A
Q(GeV)

6, (nb/sr)

(0,+€0,) (nb/sr)
n

with CLAS

30,

20

1o

4 45
QX (GeV?)



Conclusions & Outlook

@ Nucleon to meson TDAs provide new information about correlation of partons
inside hadrons

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

© Theoretical understanding is growing up: spectral representation for 7N TDA
based on quadruple distributions; factorized Ansatz for quadruple distributions
with input at £ = 1.

@ Some experimental success achieved for backward v*N — N’r already at 6 GeV

(and more is expected at 12 GeV)

PN — méte~ (g? - timelike) and pN — 7J /1) @ PANDA would allow to check

universality of TDAs

o

@ Open questions: proof of factorization theorems, interpretation in the impact
parameter space, analytic properties of the amplitude




Transverse Target Single Spin Asymmetry v*N — 7N

@ TSA=o" — ol ~ Im part of the amplitude

@ it probes the contribution of the
DGLAP-like regions

@ One expects a TSA vanishing with Q2 and
W?2 for (simple) baryon-exchange
approaches

@ Non vanishing and Q%independent TSA
within TDA approach

v
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