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Review & Results



Virtual Meson Production (VMP) I

The skewed (non-forward) parton distribution :

hard part (VMP) & soft part (GPD)

In case (C, t = 0), forward parton distribution :

hard part (VMP) @ PDF

de, elastic form factor :

F(t) = de GPD

light-front(LF) longitudinal momentum of incoming target,

. virtuality — factorable in large Q?,

LF longitudinal momentum of parton,
skewness, (p™ — p'")/p™, asymmetry of LF longitudinal momentum of target,

square momentum transfer, A* = (¢' — g¢)* = (p — p')*, &> M?* + 5%
_ 5

“kick” transverse momentum depending on scattering angle. L= 1-¢
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Box, Cat’s ears, and Effective tree diagrams I

q k+q q
. 2k* + g*
A Y — B~ 2
Box-S b oA s lJ @K (k2 — m?)((k + q)> — m?)((k — A)? — m?)((k — p)> — M?)
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p k—p i
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Cat’s e J 2 2k# — 2p* — g
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q Xq’/
For the charged target, + %ﬁ ’f k=d k i N — ¢
P p k—p p-

D p+a k—p—gq
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Time-ordered diagrams |
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For the equal masses of constituents, the valence contribution is dominant.

In contrast, the non-valence contribution is getting larger as the mass asymmetry increases.




Reduced Form and GPDs Approximation I

@ In the deeply virtual limit, the virtuality Q7 is very large.
Thus g~ and g’ = are dominant, leading to the reduced diagrams.

1 1 1 1 1 1
s-ch : ~ ~ , u-ch: ~ = ~ =
k+@?—m?> g (k*+qg%) g |x-O)|p* k—q?=—m> g~ (kt—-g") g |x|p*
Generalized Parton Distributions
¢ 1 1
[ ae (L e
\/\7—\ . 0 x—C |x
v P — = S > — = 1 1 1
¢ x—=_ |x
W ~N Parton Distribution Functions
f&x) ~limHx, £, 1) = HDGLAP(X, t =0)
S =0
J  ERBLOO<x<?) Elastic Form Fac(:gtors 1
1
2—-C 0 ¢
£\
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—t/Q? behavior

— Reduced
Charged

Neutral

Q%GeV?) | x |k[(GeV) |k (GeV) |[6_e () |6_q©) |q(0°) (GeV) | W? (GeV?) |[M (GeV) | t (GeV?) |t_min (GeV?)| -t/Q?
19 036| 5.75 294 | 193 | 18.1 2.73 4.2 372738 |-1.06554| -0.955137 |0.560813
3. 036| 6.6 215 | 265 | 117 435 6.2 372738 |-1.32826| -1.22078 |0.442755
4. 036| 88 288 | 229 | 103 5.83 8. 372738 |-1.54314| -1.40201 [0.385786
455 [036]| 11. 426 | 179 | 10.8 6.65 9. 372738 |-1.68065 | -1.48463 [0.369374
3.1 05| 66 32 225 | 185 3.11 4.1 372738 | —1.9983 | -1.83768 [0.644611
4.8 05| 8.8 368 | 222 | 145 491 57 372738 |-2.64071 | -241298 [0.550148
6.3 0.5 11 429 | 211 | 124 6.5 7.2 3.72738 |-3.09918 | -2.81838 [0.491934
7.2 0.5 11. 332 [ 256 | 102 746 8.1 372738 |-3.27475| -3.02728 |0.454826
5.1 06| 8.8 427 | 211 | 178 4.18 43 372738 [-3.41689 | -3.15331 [0.669978
6 06| 88 347 | 256 | 141 497 49 372738 |-3.74772| -3.51599 [0.624621
7.7 0.6 11 416 | 236 | 13.1 6.47 6 372738 |-4.45326 | -4.12602 |0.578346
9. 0.6 11 3 302 | 102 7.62 6.9 3.72738 | -4.81139 | -4.53706 |0.534599
OO ] . 03 : :
-0 i . 5 s
£ -0.2 : : e . 1 :
< : ; < -0.1 : :
X : — Reduced 5 5
-0.3 ' 5 Charged ~0.< :
; ; Neutral -0.3
-0 - . -0. '
6.8 0.6 04 0.2 68 4
t=-1 GeV? -t/ Q@ t=-4 GeV? -t/




(1+1) & (3+1) dimensions



Kinematics |

K. Kinematics in (1+1)-LFD

k=[xp*, k1],
p= [p+, % ]
o= (- (2+5) 2]

+ 4+ M2 —t
where { = +p RNTRES ; =—, A% =1
p Q 0

10

" @ Kinematics in (3+1)-LFD

CR Ji, BLG Bakker,
Int. J. Mod. Phys. E 22, 1330002 (2013)
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Compton Form Factors I

.Wardidentity q- M =0 — F3=—(612 Fi+9%-q F,)/(A-q)

@ Two Lorentz vectors are parallel in (1+1)-dim.: A-B=*|A||B|

%’u =qMF1+<@'uF2+A’uF3

tot

2
P .
— <q”— 1 M) F + ( g 24 M) F,
A-qg A
=A* F,+B" F, (3+1)-dim. where P =p+p/,
A=p-p'=q-q

c=BY/AT=B/A".
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(1+1) dimensions (3+1) dimensions

M(Q?, 1) = [dk+dk‘ fk™, k) MO 1, &) = Jdk%ik—dzkl flk*, k=, k)
t+\/’2_4tMr2 t+\/t2—4(t+A_2L)Mtz
C(1+1) = oM? $341 = Y7
2 q° q° P q
0@ 0= (¢ --La)r 0= (g a
Q" 0= (g"~ M) Fy M@ 1,0 = (¢# = 5 A )Py (P = A ),

2 P .
Loar) | B = (- =—Lar)
A-gq A

Because Af= (q” -
q

parallel relation: A-B=|A]||B]|

In the (3+1) calculation, if we consider the maximum of ’,

t+\/t2—4 t M? §
— — 4,
ZMI2 C(1+1) -

Cmax

— AB
20 /T IAIIB[

then, we encounter that the Compton form factor is reduced again. o
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Ward Ildentity - (3+1) dimensions |

Ward-Takahashi identity : g -

M =0

We set ¢ = (¢*, ¢~, 0)) in the kinematics, thus g~ +q~ M+ =0

The identity does not hold without cat’s ears and is satisfied with arbitrary ¢ and (.

Charged
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Amplitude
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parameter : Mt=3.7, Mm=0.98, ms=2, mg=2, t=-1
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Compare (3+1) with (1+1) dimensions |

At first, we expected the (3+1) calculation to be completely consistent with the (1+1) result,
if the (3+1) computation could be sorted in one direction, { = ¢, ., case. But, it was not.

Even if we can obtain the (3+1) results only in the z-direction, the calculation is integrated with k.
On the other hand, the (1+1) calculation is evaluated excluding k| itself.
These two things have completely different meanings. Thus, two results cannot be the same.

Charged Neutral
| 0.00}
0.00» -0.02}
~0.04/
d_—0.05f o I
S | S -0.06
< j < ,
~0.10 —-0.08
j ~0.10¢
-0.15 ~0.12}
o 5 10 15 20 o 5 10 15 =20
Q@ [GeV?] @ [GeV?]

parameter : Mt=3.7, Mm=0.98, ms=2, mqg=2, t=-1,{ = ¢, . = 0.236204
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Imaginary part of
scattering amplitude



Diagrams occurring the imaginary values I

VRN

N

S i N |
. T

if we can draw the line across only the top and bottom constituents,
then the imaginary value can be generated.

£
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2kt + g™ -
/%;Ni[dzk Pkt ket
(k2 = m2)((k + @)* — m?)((k — A)? —m?)((k — p)> — M?) 5 .
ki, =—q + T e
‘ 2kt + gt 1
Z%Jdk+dk_k+k+ ) (k+ qA+ kt —pt) (k= — k) (k= — k) (k— — k7)(k— — ki ki = A~ m e
(k* + g*) kT — A*)(k* —p*) (k7 — k7 ) (k™ — k) (k™ — k)(k~ — k) ;= A T T
P M? , 1
b =P +k+_p+_l k+ — p+
For the handbag and open diamond diagrams 0 _g* A+
o
P 2kt + gt 1 ,
ﬂ;z_andbagz _277“ dk* d ’
A+ KRt + gk — AT (kT — p) (K — ki f(k — k7 (ki — kf) o
g
At —2k+—6]+ 1 ?é' ’
:Pendia-z_ZE[ kor+ + 4 g\ (k+ Y+ — p+) (k- — k~Wk= — k—Wk= — k- < -2
g KR+ gh ket = ATkt = pt) (k= ki )k — kD[ k7 — ki) \
0.0 0.2 0.4 0.6 0.8 1.0
M? m> 1 0> + M m> X
ky —k =p +q + — = M +=———+ — = ; ' 2
, — ki =p +gq [E S T p+( R A S the equation depends on Q< and ¢

When there are singularities in integrand, the imaginary values are occurred
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Example 1

1
In[10]:= P'Lot[;, -2 5}]

Out[10]=lllll|llllIIlllllllllllllllllllllll

-2 -1 - 1 2 3 4 5

1
In[1]:= Integrate[—, x]

X
outi1]= Log[x]

gisulallhidddeditls ol T o The imaginary values cannot be evaluated

by NiIntegrate of Mathematica

ousl= ©.916291 - 3.14159 i

1
In[6]:= NIntegrate[;, {x, -2, 5}]

+= NIntegrate: Numerical integration converging too slowly; suspect one of the following: singularity, value of the integration is 0, highly oscillatory integrand, or WorkingPrecision too small.
-+ Nintegrate : Nintegrate failed to converge to prescribed accuracy after 9 recursive bisections in x near {x} = {0.00965683}. NIntegrate obtained 0.31621876230149315" and 3.172832183744568"

outs]= 0.316219

1
In[9):= NIntegrate[— y {x, -2, 5}, Method »|"Princi pa'LVa'Lue"I, Exclusions - x == 0]
X

*= Nintegrate: Integral and error estimates are 0 on all integration subregions. Try increasing the value of the MinRecursion option. If value of integral may be 0, specify a finite value for the AccuracyGi

outgl= ©.916291

£
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Example 2

Integrat [_ 1 ]
n11= Integrate -
n[11] g ) ;

1 Log|[x
outit)= 7 Log[4 - x] - g4[ ]

1 Log[x] 1 Log[x]
In[12]:=N[(z Log[4 - x] - /.x-»s]-(z Log[4 - x] - 2 /.x»-z)]
u12- -0.677013)+ 1.5708 i 1 1 .
i - - 95(—) T ins(x)
s x Xie X
in[14):= Integrate B (x i ;) ’ x] . . | . |
Log [X] By using the relation, the imaginary values can be obtained,

1
outj14= — Log([4 - X] -
- . but, note that we do not know how to choose the sign of ie.

1 1 1 1
v 7 (=) - 5 ]
4 \x-4+1¢€ 4 \x+Ie€
1 1 .
In[24]:= N[Integrate[-In 3 DiracDelta[x - 4], {x, -2, 5}] —Integrate[-Inz DiracDelta[x], {x, -2, 5}]]

Out24)= O.

T e
4 \(x-4-I¢ 4 \x+1I¢

1 1
In[25]:= N[Integrate[In . DiracDelta[x - 4], {x, -2, 5}] - Integrate[-In 5 DiracDelta[x], {x, -2, 5}]]

out25]= . + 1.5708 1

1
X(x-4)-I¢€

inz6l= N[Integrate[I n DiracDelta[x (x-4)], {x, -2, 5}1]

out2el= O.]+ 1.5708 i
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Solution

We already have i€ in propagators of the covariant calculation such as

+

2kt + g%

p
M7 27:J dk*
A+ kt(kt + gt)(kt — A)(kt —p*) (k;

handbag

1
— kD)lky, — k)iky —

kf_)

k, —k |=p~+q +

M? m? , 1 1
— + ze( — )

NG —P+)(k+ +q7%)

l
k? —m?2 + ie

P M? : 1

b =P +k+_p+_l€ +— pt
m? , 1

ki =—q + —ie
k++q+ k++q+

[ —pOKT+gN(pT+q7) + kT +gHM* = (kT = pHym* + i€<k+ —pt—(kT+ q+)>]

kT —pt
p-+q-

4 K+t G
=L [ — K+ )+

p-+tq

M? —

(k* = pH)(k* +g*)

P tgq

ra ok

+

(p”+q7) <(k+

— _ kl+)(k+ —
(k* = p*)(k* +q7%)

kh) — ie)

+ _

(p~+ g )Pt +gH((m+M)* —

where k=

1 2 _ g2 - —~ +_ o+ ((m_M)z_
-t [m M-+ (p~+gq )(p q i\/

£
& .

(p~+q)?

(p~+q7)pt +4M) )]
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e r 2kt + gt 1 (kt = pHkt + g™) 1

y dbay = — 27[“ dk* ‘
andbag As kt(kt + gt)(kt — ANkt — pt) (ky — ki) (ky — kf) (p~+q°) (k* — kF)kt = kF) —ie

1 1
' = 9’(—) F imo(x
Using — —)F (x)
. (" 2k +q* I (k* = pH(k* +q7)
+ — + _ + + _ N\ (Lt _ 1t
Phandvag = R sanapag] + 1727 ae KT+ gDkt = ANk = ph) (k — kD) (K — k) (pT+q) AT =RDET =)
val + 4t + _ (bt _ 1t
= Re['ﬂ;andba ] + l]Z'(—Z]Z') + 2k T 9 6((k kl )(k k” ))
§ Jar  KHkT = AN(p~+q7) (ky —kiD)(ky — k7))
o -2kt —¢* I (kt = pHk* +4")
+ — + S - + _ (Lt bt
'ﬂopen dia. — Re[ﬂOPen dia.] + lﬂ( 2ﬂ)~ gt k+(k+ + q+)(k+ — A+)(k+ _p+) (kb_ — kz_)(kf_ — kt_) (p— + q_) 5((k kl )(k ku ))
AT ALt + _ (ot t
Rt (i N 2kt — g S((k* — kM (k* — k1)
open die g KKK = AN (p~+q7) (kg — kD) (kg — k7)
" o(x — x; : : : . :
Additionally, slg(x)] =) l(x,( ;Cl) Now just consider that k," and &, are included in integral domain.
8 X

i

£
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Conclusion I

< < <

<

The non-valence contribution is getting larger as
the asymmetry of masses increase.

For given experimental data, GPD-like approximated result
is not well fit with the result of considering whole diagrams.

In (3+1) calculation, even if the scattering amplitude is sorted
in one direction, it does not produce the same results as (1+1)
dimensional calculation.

When dealing with singular integral, we have to be careful
about the sign of the imaginary part, which can be selected
through ic in the propagators.
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