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New Exclusive Processes to Better Measure

the x-Dependence of Pion DAs
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Pion Form Factor — Pion Distribution Amplitude

O Pion form factor: F,(Q?)

Lepage & Brodsky, Phys.Lett. B87B (1979 )359
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Pion Form Factor — Pion Distribution Amplitude

O Pion form factor: F,(Q?)
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o («1') Or (y) Lepage & Brodsky, Phys.Lett. B87B (1979 )359

(] Data and models:

See Roberts’ talk
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Exclusive Massive Two-Photon Production

O Massive photon pair: 7 (pr) + P(p) = v(q1) +v(q2) + N(p')

q% —7 4,
{1 (F .
1-x P Uk pv
.

Hard scale: Q2 =S5=(q1 + Q2)2
Softscale: t=(p— Pl)2

_M +_M
f_(10+p’)+ P=

Momentum transfer: A =p—p’

Leading power:
AT =2Pt =(p—p)7*
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Exclusive Massive Two-Photon Production

O Massive photon pair: 7 (pr) + P(p) = v(q1) +v(q2) + N(p')
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Hard scale: Q2 =S5=(q1 + Q2)2
Softscale: t=(p— Pl>2
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form factor ——
Jefferson Lab



Exclusive Massive Two-Photon Production

O Massive photon pair: 7 (pr) + P(p) = v(q1) +v(q2) + N(p')
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[ Much more sensitive to the x-dependence of DAs: Hard scale: Q° = 3= (q1 + q2)
Soft scale: t= (p—p')?
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/ Tq " T Momentum transfer: A =p—p’
i Leading power:
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AT =2P" = (p—p)"
Like “time-like”
5 Jorm factor What about the factorization? —
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Exclusive Massive Two-Photon Production

[ Massive photon pair:
7 (pr) + P(p) = v(@1) +7v(q2) + N(p')

U The sensitive observable: Q, qr
(in yy CM, with ™™ in —Z direction )
v(gr) +v(—qr)
O Factorization — necessary conditions:
5> [t] 2 Adep
Requires the time of the hard collision ~ 1/\/§

AT =p-p) >Vt

to be much shorter than the lifetime of the exchanged
qq9 (or 99) state

g7 > AQCD

9T could be as small as 0 while /5 is the hard scale

local
interaction

“~~_ Distribution

Amplitude
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Exclusive Massive Two-Photon Production

O Factorization: 7(p1) +7(p2) = v(q1) + v(q2)

" Leading region "  Approximations " Ward identity for collinear gluons

" Ward identity for soft gluons

o Soft gluons are as if attached
to a “closed fermion loop”

Soft gluons cancel because
collinear parton lines are in

O Sum over diagrams
color singlet states.

=5=0
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Exclusive Massive Two-Photon Production

O Factorization: 7(p1) +7(p2) = v(q1) + v(q2)
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U Hard coefficient
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Exclusive Massive Two-Photon Production

 Hard part for A-type: k=4qr/s
" Gluon propagator 2 — —Z (221 -1-V1-k) (220 —1=V1—kK) + &
—) ' ¢(21)9(22)
M OC/O I A ) @ — 1= VI —) (22 — L= vI—r) + ]

Change qr changes the z-z, integral.

do/dq? provides sensitivity to the DA’s functional form of z.

Gluon propagator QQ = 22(1 — 21)8

G TS — 1 H(z1)d(22) O
Moc/dzldzl )N{/o dz ]

qT/ STQ + ... 0 <1 (1_21)22 (1_22 Z(l—Z)

Not sensitive to DA functional form.

4
A

Like “time-like”
form factor

Relies on ¢p(z) = 0 at end points.

Sudakov resummation could suppress the end-point sensitivity.
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Exclusive Massive Two-Photon Production

. . 0.5
J DA parametrization:
1.5} 0.4}
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Z) = . — g VO
) 2 [B(l+ao,l1+a)] £ — 4203 —a=1 | ) € OTot = 0A + 0B+ 0AB
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Change a 05l - .
— — a=063 — a=2 _
Change z dependence — a=0.8 01 \/g =4GeV  — 04/0w — TB/Twt — TAB/Tiot
0.0 . . . . ) ‘ . .
0.0 0.2 04 0.6 0.8 1.0 0.0 0.5 1.0 1.5
Z [0

10 Jefferson Lab



Exclusive Massive Two-Photon Production

J DA parametrization:
1.5}
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Change 0l e e .
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0.90r a=0..8 . . . . — T(6GeV)
1o 12 12 6 s 20 1.0 1.2 14 1.6 1.8 2.0 ! 05 L0 15 20
. . .qT(GeV) . . : - )
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11 B: photons from one qua e .Le,f},eﬂrgon Lab



Exclusive Massive Two-Photon Production

] Factorization:

/- 1 \

7 (pr) + P(p) = v(q1) +v(q2) &N (p') Additional region: DGLAP region!

Al

(Efremov, Radyushkin,
Brodsky, Lepage)

ERBL region

o Different soft

structures
o Factorization proof
needs to be modified

\ 4

DGLAP region M = GPD ® DA ® Hard

Jefferson Lab



Exclusive Massive Two-Photon Production

L Factorization: 7 (pr) + P(p) = v(q1) +v(q2) 5 N(p') Additional region: DGLAP region!
Al P
. /,q]\ r o Different soft
Cy ) > structures
pprE o Factorization proof
% . needs to be modified
2 _/
(Efremov, Radyushkin, .'

Brodsky, Lepage) ERBL region DGLAP region M = GPD ® DA ® Hard

(] Additional channels — more GPDs:

;Yr_/? Y /2  corresponds to Fy, o (H,E)
- 2 YsY /2 corresponds to F3;;, O (H,E)
Y5y
(1 — 21>A+ 2,’2]?2_ dO' 2
o _ x |M
4 Factorization formula: dt dé dg2 M|

TR 1 —
N = —2ig%(Cp/N.)(1/3) Moy =N . d:c/o dz H(x,&,t)D(2)Ox(z, 2)

-1 e+l —

—~ TR 1 ~
Ty = 2—€: TR = 2 M)\)‘/ = NLL d$£ dz H(iE,é—,t)D(Z)O)\X(.T, Z) Jeffgon Lab
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Exclusive Massive Two-Photon Production

O GPD models - simplified GK model: R { @9
oy xP(1—x)7 3 I — (05,3
Hon (2,€,1) = () 09 @/Gev?) 211 2) S 05
B(1+p,1+7) %ol — (-03,224)
= _ 2 1.267 2P (1 — 2)7 B
q,, A 0.45 (t/GeV?) 052
~ ) s 05l 0.8,1.2)
= Neglect E, E. Neglect evolution effect. 08
= Tune (p, T) to control x shape. o
= FixDA: D(z) = N z°%3(1 — 7)63 09 (1,09
X
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Exclusive Massive Two-Photon Production

O GPD models — simplified GK model:

P (1 —x)7

H,, £ = p —0.9 (t/GeV?)
p <£1§',€, ) (ZIZ’)ZB B<1+,0,1+7-)

~ B 2y 1.267 2 (1 — x)"
i, N — g 0.45 (t/GeV?)
p <ZC,§, ) (I)ZC B(1 + 0, 1 _+_7_)

= Neglect E, E. Neglect evolution effect.
= Tune (p, T) to control x shape.
* Fix DA: D(z) = N z063(1 — 2)063
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Exclusive Massive Two-Photon Production

(J GPD models — modified GK model:

2.0F"
H(o,6,t) = [ d9da bz - 3~ ¢a) (8.,
( 1) 1.5¢ t=-02 GeV?
_ (b+a'In |87 )t : = (p,7) = (~0.3,2.24)
f(B,at)=e h(B) w(fa&)2 . S0}
W) = ['(2n +2) {(1—\5\) —oz] T
D I
* Change n to change ¢ dependence "o s

e Choosen =0,1,

16

Hx, &t

Hx, &, 1)

1.0¢
0.5f

0.0~ .
-1.0 -0.5

t=-02 GeV?
(p, 7) =(=0.3,2.24)
n=0

-1.0 -0.5

t=-02 GeV?
(p, 1) =(-0.3,2.24)
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Exclusive Massive Two-Photon Production

(J GPD models — modified GK model:

2.0F DO T
H(o,6,t) = [ d9da bz - 3~ ¢a) (8.,
( / 1) 1.5¢ t=—-02GeV? 1.5¢ t=—-0.2GeV?

S st bt IR = o Iy . e (p, 7) = (=0.3,2.24) = (p, 7) = (0.3,2.24)
f(ﬁaavt) . h<6) wgﬁa&)2 n 1’31,0- 7 1.0 n=0
W)= ['(2n +2) {(1—\5\) —oz] 5 T

) 22n+1r2(n + 1) (1 oG ‘6‘)271‘-'_1 0.5¢ 0.5
0.05 : 0.0 .
* Change n to change ¢ dependence -1.0 -0.5 : -1.0 -0.5
e Choosen =0,1, )
.. . . d 20T
U & distribution (integrate out g7): —02 ~ |H(z,&,t)|?
qr > 1 GeV d¢ d§ qu 1.5} t=-02GeV?
T s (p, 7) = (-0.3,2.24)
T T Talo 1z
0501 t=—0.45 GeV? . L4t B =
Y 507 n : — n=1 ] 0.5
:5 %g 101_ 00575 05 .
< 0.10} = ] x
' i 2 I ]
0.05} + 0.8 t=-045GeV? \
TT005 010 015 020 025 030 0505000 005 020 025 030
¢ ¢ Jefferdon Lab
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Exclusive % Pair Production

3 Factorization: Y(p,) + h(p) = 7°(q1) +v(q2) + h(p') JHEP 11 (2018) 179

Factorization is proved similarly (q; >> 1/R!) Hall D at JLab?
all D at JLab~

(] Hard scales:

Invariant mass of wy pair
gr of & (or y) in pair’s rest frame — convert to cos0,

”_is sensitive to x-dependence of GPDs
dcos@

 Cancellation of unwanted propagators & cos0 dependence:

5|1 —cosO T+ 2z —2x2 5 9 2 T — 2
ReOy4s =(ar=€2) 1+ cosb .P2:cz(1 —x) (1 —z)] + {1~ ed) [1 — cos 6 .P:cz(l —x) (1 —2)
1 —cosf (xz+(1—-2)(1—2)(z(1 —z)+ 2(1 — 2))

TRl S0 (-5 @) - ) - (Lheosie) (20s — THGB(1 — 2)(1 — )

[ Sensitive to ERBL region (complementary)

x+E /. \ X—=§

Also sensitive to DA
in the bulk region.

gt
=
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Exclusive nt% Pair Production

J Phenomenology:  Sensitivity on DAs (total qr > 1 GeV):
2
dO' — |A| 14- c:hlrzal ;:ve;1 t(;tal crosssection " _
d|t| d€ d cos O, Ao 32 s (271')4 (1+ {)2 > 12;' — 25GeV — 3.0 GeV ]
Q 10F _ 5ocev — 806
lw_ (27’['an )2(CF)2(1+§)2(1_§2) ";a 8- 5.0 GeV 8.0 GeV
2 T\ s ) N, ¢ X 6f
x (108112 + 10102 + 102 + 1011 7] 3
" Factorized helicity amplitude: 0~ 05 10 15 20
Ol _ )
O3 = Z/ dx/ dz H(z,€,1) $2(2) O%x (2, 2) O Sensitivity on GPDs (o = 0.63):
" Pion distribution amplitude: E lffz dtj:;;;w t=-0.1GeV,£=0.15 |
O 15PN N\ - :
1 2¢(1—2)~ g | —m — '
d 1 3 1
= oY — 0 S 1 — 6 ]
,n.o(Z) 71.0(25) \/§B(1—|—OA,1+O£), (OZ> ) % Lol —® — O 1
= Model GPDs = simplified GK model: 2
o Taking n; =0 % 05p~_
.. . . b e N S S -
o Parametrizing the forward limitas z%(1 — x) 03 —02 —01 00 01 02 03
o Neglecting the D-term cos? Sernerson Lab
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Exclusive nt% Pair Production

(1 Phenomenology:
do B |Al”
dft|dédcos b dn 325 (2m)% (1 + £)°

- () (2 () -
= (2 ) (SE) () e
“dMF+KﬂwﬁHOWP+Kﬂm]

" Factorized helicity amplitude:

E‘Iﬂ Z/ dx/ dqu(:c £,t) pL(z) 0%,/ (z, 2)

" Pion distribution amplitude:

P o 1 21 —=2)
wo(z)_ WO(Z)_\/iB(].—I-OA,].—FOJ),

" Model GPDs = simplified GK model:

(a > 0)

o Taking n; =0

o Parametrizing the forward limitas (1 — z)°

20 O Neglecting the D-term

O Sensitivity on DAs (total —

5% o' [x10°pb-GeV*

S w—y
FaS

b chiral—even total cross section

2 — 25GeV — 3.0GeV

0 — 5.0GeV — 8.0GeV

8F

6}

4f

2

ob S

dr > 1 GeV):

-----------------

.........................

— @ — 3

103 —©® —
U 0.2 -
0.3 014 015 016 017
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Summary and Outlook

1 Proposed new type of exclusive two-scale observable —
exclusive massive photon-pair production:

O This process is factorizable and sensitive to pion DAs and hadron GPDs

O Complementary to the pion form factor, and exclusive deep virtual lepton-hadron scattering
processes, such as DVCS, DVMP, ..., and measurable at Amber, ...

O Hard scale is given by the invariant mass of the produced pair, not by a single virtual photon
O More sensitive to the x-dependence of pion DA and hadron GPDs

U This process can be generated to other exclusive two-scale observables that could be
measured at JLab, Amber, EIC, ElcC, ...

O More realistic numerical predictions are underway

O More observables could be explored — hard part (the probe) should be sensitive to the

momentum difference of the two active partons from the pion or the diffracted hadron

Thank you!
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