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JLab Kinematics t < -|t_. |=0
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Coincidence Experiment
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Figure 1.11: E00-110 schematic setup showing the three different detectors used to mea-
sured each of the par ticles in the final state. Carlos Munoz CmachoTh eS|S(‘O5)



ne77- | Flatten[{{{"@"2", "xBj", "k, "k'", "the", "thq", "thq'", "thp'", "q'", "t/Q*2"}},
Table[Block[{M = 0.938, Q = Sqrt[pars[[i, 1]]], xBj = pars[[i, 2]], Eb = pars[[i, 3]],
the = pars[[i, 4]] Pi/ 180, thetaC = 20P1 / 180, thq = ArcCos[costhetaqT2]},
{9~2, xBj, Eb, PeTl, the 180 /Pi, thq 180/ Pi, ArcCos[costhqf] 180 / Pi, ArcCos|
costhpf] 180 /Pi, qfT3mu[[1]], MandeltT2 /Q~2}], {i, 1, 12}]1}, 1] // MatrixForm
Out[277]//MatrixForm=
0*2 xBj k k' the thg thg' thp' q' t/Q”2
1.9 0.36 5.75 2.93669 19.3 18.0503 11.9997 69.6549 2.65582/ -0.1555
3 0.36 6.6 2.15792 26.5 11.6529 6.69292 66.0322 4.23202 -0.131356
4. 0.36 8.8 2.87723 22.9 10.3184 5.96439 64.4845 5.66645 -0.120212
4.55 0.36 11. 4.26285 17.9 10.6859 6.58293 64.1816 6.455€6¢7 -0.116055
Sl 0.5 6.6 3.2951 22.5 19.5262 14.4829 60.4087 3.0229 -0.170658
4.8 0.5 8.8 3.68273 22.2 14.4748 10.3331 57.1229 4.7689%1 -0.13615
6.3 0.5 11. 4.28358 21.1 12.4174 8.76649 55.3539 6.31422 -0.119765
7.2 0.5 11. 3.32409 25.6 10.1755 6.74662 53.737 7.24243 -0.112945
5.1 0.6 8.8 4.26908 21.2 17.7604 13.7928 51.4698 4.06193 -0.172513
6. 0.6 8.8 3.46951 25.6 14.8072 11.1302 49.5692 4.8284% -0.156969
7.7 0.6 11. 4.1592 23.6 13.0416 9.77439 48.0193 6.28128, -0.136317
9. 0.6 11. 3.00426 30.2 10.1946 7.16227 46.0515 7.39496 0.125223/

Table lll in E12 - 06 - 114, Julie Roche et al.

Jlab 12 GeV Exclusive Kinematics

N~




Nucleon GPDs in DVCS Amplitude

X.Ji,PRL78,610(1997): Egs.(14) and (15)
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“To calculate the scattering amplitude, it is convenient to define
a special system of coordinates.”

Note here that

12

— —A% =0.




Nucleon GPDs in DVCS Amplitude

A.V.Radyushkin, PRD56, 5524 (1997): Eq.(7.1)

=q' 1 2 v 1 v v 1
q=dq _CP s T’W(p,q,q')= , Eea [(_gu + ’(puq +p'q")
Q2 2(p q ) a P q
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- 2p-q X {ﬁ(p’)q'u(p)T;‘ ©)+ 3 HPYGT = 1)u(p)Ti )¢
r=p-p r_

2M

+ig" %{ﬁ(p')q'ysu(p)Té &+ L Za@(pyu(p)Ty (C)}]

At the beginning of Section 2E (Nonforward distributions),
“"Writing the momentum of the virtual photon as q=q’ -(p is
equivalent to using the Sudakov decomposition in the

light-cone “plus’ (p) and "'minus’ (q' ) components in a situation
when there is no transverse momentum .”

Note that here (q-q')2=A2=t=§2M2>O

while l‘ < O in DVCS.




Benchmark Calculation in JLab Kinematics

« To see the effect of taking t<0, we mimic the
kinematics at JLab and compute bare bone VCS
amplitudes neglecting masses.

Q? A Q?
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“Bare Bone” VCS Operators & Amplitudes

i [
S=(k+q) q q q @ U=(k-q)
k k+q k’ k k-q’ k’

(QS — ¢*(q,; h/)(k + ¢i)¢(q, h) O — ¢(q; h)(% _ ¢/)¢*(q/; h’)

(k + q)? u (k — ¢')2
¢ (d )y g d(q; h) _d@ )y (=97 ) (q h)
Oslee = 75 (x=QpTaq” Oulas = 2xp*(=q")
4 4
(qi W) Td(gh) 1 W)y Td*(q ) 1
Oulerpred = 19 2); ¢(q: h) L Oulcepie = /(g )vzpci (q': 1) !

H({s, sH{H, hY) = G(K;s)(Os + Ou)u(k;s)
LAN, M) = a(t; X)d™ (g h)u(E: A)
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Using the identity y“y“y" = g"“*y" +g“'y" — gy +ie" "y v,
and Sudakov vectors  p(4)* = (1,0,0,0), n(—)* = (0,0,0,1)

we compare the exact amplitude

" = % [({(kT + q")n*(+) + g n*(=) + g .*}n” (+)

(kT + g )" (+) + g (=) + gL} (+) —g"q")
<(K'; ') p(—)u(k; s)

—ie"PL(kT 4+ q")na(+) + g na(—=) + gL }np(+)
xu(k'; s")p(—)rsu(k; s)]

and the reduced amplitude that agrees in the DVCS limit

I* = —[{n“( )n”(+) + n"(=)n"(+) — "}
XU(k',S')ﬁ( Ju(k;s)
—ie"*Pno(=)ng(+) x T(K'; ") p(—)rsu(k; s)]

The tensor structure of the reduced amplitude is identical to
the ones given by X. Ji and A.V. Radyushkin.



Sanity Checks of Amplitudes

e Gauge invariance of each and every polarized amplitude
including the longitudinal polarization for the virtual photon.
 Klein-Nishina Formula in RCS.

e Angular Momentum Conservation.
\ '\\T 1
q
I k kt
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Checking Amplitudes

e Gauge invariance of each and every polarized amplitude
including the longitudinal polarization for the virtual photon.
 Klein-Nishina Formula in RCS.

e Angular Momentum Conservation.
\ '\\T 1
q
I k kt

Prohibited !
Lgxq‘

1 1
)\.l=)Ll/=+5,Sk=Sk,=+5,h,
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Comparison
Complete DVCS amplitudes, Y-, L({N', A}, h) zH({H', h}{s', s}) in
three approaches, ours, A.V. Radyushkin, and X. Ji. Because the
hadrons and leptons are massless, A’ = XA and s’ = s.

AN h s this work AVR XJ
2 2
1 1 4 [x ¢ A )\ a /= ¢ A
> 13 Q\ x—¢ (1+ (x—C) 02 ) oV x—<¢ |\ 3= o2 ) 0
2 2
1 4 _1 [4 d(l— ¢ AJ.) 4 /x=C (14 _ G AJ_> 0
2 2 Q X 2(x—¢) Q2 Q % 2(x—C¢) Q2
1 1 1 C2 A2J_ 0 A2
2 2 Q3 /x(x—C)(x—C) Q2 Q (x— C Q2
1 1 [x—¢
2 —1 -2 0 0 Q < + 2(x— C) QZ

AVR=XJ, taking into account the real photon helicity swap for
the exact collinear kinematics vs. the nonlinear kinematicsin LFD:

A2 Q? Q>
T __ + _A
q ( Qz P ) 204,0_'_) g (O7OJ_7 2CP+

+h < —H
C.Carlson and C.Ji, Phys.Rev.D67,116002 (2003);
B.Bakker and C.Ji, Phys.Rev.D83,091502(R) (2011).




For any orders in Q

Exact Reduced
Al W] s A=XLLH Ared = L Hred
1 1 x Q’ +\2 [ x={ 40A¢p*Y-D_Q"
2 1] 2 4\ o, oy —HepY) \/ xD, ~NQ*=4Zp*))
| g | Z1 | 9200 a=0-4A0Ep")*=DQ =0)-4(p")') _g [ @
2 Z VXG=ODL 0(Q*-4(p*)) * O(QT-4EpT)
L] L > 4¢P PROAI= (P P(x=0D)-D_0*¢ 5y [ __ @
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CFFs should be generalized for
t=A"=0 beyond the leading twist
definition given by

/ \

+1
1 |
H(AE) = [dv ' 2
-l x—§+i8 x+§—i£ H(x )
\ 2 2




Number of Independent Amplitudes in VCS

Nucleon Target

3x2x2x% )

12 independent tensor structures

M.Perrottet, Lett. Nuovo Cim. 7, 915 (1973);

R.Tarrach, Nuovo Cim. 28A, 409 (1975);

D.Drechsel et al.,PRC57,941(1998);

A.V.Belitsky, D.Mueller and A.Kirchner, NPB629, 323(2002);

A.V.Belitsky and D.Mueller, PRD82, 074010(2010)



DNA Method

A"Vl — guv gaﬂ _ guﬁ gva

G"'(q'q) = 4,d""*"q5 =q"-q 8" —q"q".
G"'(qq) = qud" P qp = q* """ — q"q",
G"'(q'q) = q,d"" P q5 = 4" " —q"q".
G"'(Pg) = ﬁad“"“ﬂqg =P.ggh — q“ﬁv,
G"'(q'P) = qud""*"Pp =P -q'g"" — P'q".
5
Tina = D Si Toph” = 851G (¢'q)

i—1 +8,G"(q'q") G1"(qq)
+83G*(¢'P) G,." (Pq)
+84[G**(¢'P) G,." (gq) + G*(q'q") G,." (Pg)]
+85 G"*(q'q")PL PG (qq).

Compton Form Factors (CFFs): &; i=1,2,....5

C.Ji & B.Bakker, PoS QCDEV2017,038(2017);
B.Bakker & C.Ji, Few Body Syst. 58,n0.1,8(2017)



Most General Hadronic Tensor for Scalar Target

" =G\ S +GG,,' S, +G!'5G, 'S,

P ~ Pqg'A

+ (G;‘;Gq%” + G;”LGFWV)SLL + GgﬂFAF)L.G;'VSS

Gy=8"949-9"q
G =¢"q -4"q"
G/ =8"q"~q"q"
G5 =g"q-P-P'q"
Gi. =¢"q"P-q" P

Pq'

Forq?=0, only S; S, and S, contribute.



Metz's approach §, =-B,, S, =B,,S,=-B,,5,=B,,5; =B,

The method using the projectors introduces a kinematical singularity at
g’ - g = 0. In Tarrach’'s paper a method is described to remove these
kinematic poles. Here we give the final result of that algorithm as
obtained in the thesis of Metz3. His CFFs are denoted as By, B>, B3, By,
and Big. They are implicitly given in terms of the elementary tensor by
the following equations:

M = BIMM™ 4 BoM 4 BsME + ByM™ 4 BioM!Y
M = —q -qg" +4q"q".
My = (/5 q)°g" —q -qP*P" +P-q(P"q" + q"P),
MY = q%q g‘“’+q qq"q" —q*q"q" — 4% q"q",
My = P-q(q” +q) ~P-q(qd"q" +q"q")
~¢*Prq” —q* q"P" +q - q(P"q" + q"P"),
Mg = (P-9q"q" +q°¢@P'P" —P-qq*¢"P" —P-qq" P'q"

3A. Metz, Virtuelle Comptonstreuung un die Polarisierbarkeiten de Nukleons
(in German), PhD thesis, Universitat mainz, 1997.



Gauge invariance requires more than handbag amplitudes




C.Ji, H.-M.Choi, A.Lundeen, B.Bakker
arXiv:1806.01379 [nucl-th]



5-Fold Differential Cross Section

for unpolarized target and without recoil polarization

The following notation of the coincidence cross section will be used in our calculations. Further details can be found in D.
Drechsel and L. Tiator, J. Phys. G 18 (1992) 449-497. (scanned version)_ (click here for a larger image),

do r9e, _ % E, k 1
dQ dE, aQ dQ o2n® E, Q* 1—¢
do, _do, +8—dGL +\/28(1+8)—d0LT cosd
dQ  dQ dQ) dQ)

dc ., doLT.

_I_

https://maid.kph.uni-mainz.de/maid2007/cross.html



d°o

do = — 2
7T dydedtddpdey RMID,

1 YT y=P-q/P-k

K= . ,
(27T)5 32@2\/1 | (2]\533)2 t = (P_P)2
v =Q*/(2P - q)
€ — _ 2M?222y?4+2Q?(y—1) 02

2M2x2y?+Q? (y? —2y+2) €L = z¢€

62 . 62 ’ 2q2 2 -\ _praf I Tt
IMP) = (?> ovH,= (5) | g ) + 2% l'c\ak:ﬁJuJ,,
1 € 1
(I7pl)* = §(|Hw|2 +|H,|") + §(|Hw|2 — |Hy[*) + e |H.|* — \/geL(l +e)(H,H. + H H,)
R. Williams, C.Ji, S. Cotanch (= WJC), PRC46, 1617 (1992)




62 2
(MP) = (q—) Nz
LRV — q2[ gt + q%(k“k’” + k’MkV)] + 24 \etver kakiy

Mo = T Mo I}é Mo
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h(P) h'(P’)



Pseudoscalar(0*) Meson vs. Scalar(0**) Meson

GMVOéB VS. JHvaB — e gaﬁ — ghe gVB

JE = (Syqa + SpP.)d" P gz,

FPS(gQﬂfax) F=5,—55
Fy =S5p

Jh o — Fpget"Bq, PA,

7 Fi(Q%,t,x) /FQ(QQ,IS,:L’)

Jh = Fi(@°AY — ¢*q- A) + B[(P - g+ ¢*) A" — (P + ¢*)q - A

q; P=P+P ;A=P—P =¢—q



Jh o — Fpget?Bq, PA,

Hyw = JS T,
— |Fp5‘ZEHQBWEVQ/B/V/QQPBAVQO/PB/AV,

= M,

Pk Ky H = 0

doy > —doy>_

=
daf S+1 + dg)\_ 1




Leptonic Plane

Hadronic Piane
H. =0
do"® = doy® + dorie cos 26
= dU]TDS(l — €C0S 20)

dajlfS: K€4\FP5(Q2,t,x)|2sin29
4M2£C4(1 — 6)

(4M2? + Q2) [22 (2 — 4mM?) + Q* + 2Q%ta]



Scalar Meson Production
JE = Fi(?A" — ¢"'q - A) + B[(P- g+ ¢*) A" — (P* + ¢")q - A]

doy = do>(1 + ecos(2¢)) + dorer, + dorpcos o/ er(1 + €) + Adosga

I dO'T ] _Tl T2 T3 0 ] _’F1’2_
do$ | |Li Ly Ly 0| ||
CZO’ET - [1 ]2 [3 0 Fl_;

_dO-]gSA_ _O 0 0 SA_ _F1_2 |

FS = BV Fy + FyF?

dU§:+1 - dUig:—1 B dagSA
doy_ ., +dos__,  do5(1+ ecos(20)) + doSer + do$, cos pr/er (1 + €)

~ FlFQ* — F2F1*




FiFS — FyFF # 0
as far as at least one of F, and F,
develops an imaginary part.

However, if ¢ = ¢ — (P due to
A.V.Radyushkin,PRD56,5524(1996) is
imposed, then two form factors merge
together: J4 = C(Fi + F»)(¢°P" — ¢"q - P)
No BSAinthatcaseas H,, = H.,,

Thus, BSA measurement of scalar meson
production off “He would be important.



Conclusion and Outlook

Although the existing formulation meant already good
progress, the realistic experimental setup requires the
extension of the formalism to cover the broader
kinematic regions of the DVCS experiments.

The determination of most general hadron tensor
structure is important not only for CFFs also for the
discussion of GPDs.

The DNA of the most general hadronic tensor

structure for scalar target is found and applicable to
DVCS and DVMP off 4H, .

BSA from exclusive nt° production off He is predicted
to be absent from the symmetry of general hadronic

current structure consideration, which may provide a
benchmark for BSA analysis.



