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@ Motivation from deeply virtual Compton scattering (DVCS)
@ Derivations in time-like Compton scattering (TCS) process

© Future and outlook
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Motivation

@ The small-x gluon tomography from DVCS is already studied in
Hatta, Xiao, Yuan, 2017 using dipole model.
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Motivation

@ The small-x gluon tomography from DVCS is already studied in
Hatta, Xiao, Yuan, 2017 using dipole model.

&: DVCS in dipole framework of small-x
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Motivation

@ The information of small-x proton is encoded in S-matrix

Sc(bp+(1—=2)ri,by —zry) = <NicTr [U(bl+(lfz)rl) U (b fzrl)]>

X

a1 =b +(1—2) 2 —ky

b }\AM MV\C E %y
L =Ty — To, xo) =b, — 21y + +
kiy ka1

: DVCS in transverse coordinate and momentum space

@ Phenomenologically, we have the Golec-Biernat-Wiisthoff model
inspired parametrization as in Mantysaari, Roy, Salazar,
Schenke 2021

P Q>

1 Qo 1% /28

Sx(ri,by) =exp |——= e /B c, (’L,bﬂ],
EBRTFSHEEMTINS, 55 2024 £ 10 B 18 A 5/21



Motivation

We can do Fourier transformation to S-matrix.
S-matrix S(by + (1 —2)r;,by —zr))
Lo
Wigner distribution W (k. , b))
/by Sk
GTMD F(ki,AL) — GPD  Hg(b1), ETg(by), etc.

Fx(ki,Ay) = Fo(lki|,|AL]) +2cos2(dk, — pa, ) Fe([ki|, [AL])+---,

the collinear limit can relate GTMDs to GPDs. The red term is the
“elliptic” gluon distribution.
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Motivation

e Calculating the cross section, we find (neglecting the Bethe-Heitler
contribution)

) = i {(1- v+ 5) (A8 + A8) +2(1 — y) Ao Aacos (20)
+(2 = Y)VT =y (Ao + A2) Arcos pas+ (1 — y) AT},

where Ay and Ay are helicity conserved and helicity-flip amplitudes
proposed by Ji-Hoodbhoy,

2
J\

1 —\ 1 ’
3 Y AT (AL =Ao, D AT (AL) = —Ascos26a,
A

with

AAA(AL)_Q/dbe’biAiNZ/du/ ZW(zr )W (2, r1)
(1—S(bj_+(1—z)rj_,bj_—ZrJ_)),

where \Il,)y‘* (z,r,) and \I/:Y\'* (z,ry) are wavefunctions of virtual
photon and photon, showed explicitly in Bartels, Golec-Biernat,
Peters, 2003
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Motivation

@ For the incoming virtual photon, it is given by

(1)
. ric€, —
e T Batbpaz—0abs-(1-2)], A=1,
Vs (2r1) = eqKi (cqlri]) { L

[rol

[(5076@72— 6a+6ﬁ+(1 - Z)} 5 A= 2,

ez(1 — 2)Q
™
where a and 3 are the quark and antiquark helicities, eq is the electric
charge of the quark (in units of e ) and eg = z(1 — 2)Q?. The quark

mass has been neglected. For the outgoing real photon, we have

Bhns (zr) = Ko (eq|ri]) dap,

oS
A [0at0psz—6a-05_ (1 —2)], A=1,

2 )
Vg (zr) = € 1,
rij_l [5a_55_z— 5a+5/5+(1 —-2)], A=2.
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Motivation

@ The relationship between the amplitudes and GTMDs is given by

(kL+6L>2
Ze/v/O dzz2+(1—z)}/d2/u1n 1+m
Fo(lkil.|AL]),

where §, = 1_T2ZAL. In the collinear limit, it can reduce to the
situation of GPD

1 Q?
‘AO_Z sz XAL)|:—€+lnlu2—2:|,

providing
2N
< / d’q.q1 Fo

S

xHg (x, A1) =
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Motivation

@ As well as,

A ( —fSWZeN/ dzz(1 — 2)

></ q1dqy [Ho2(qr,00) Fo(qr,Ar) + Hao(q1,01) Fe(qu, AL)]
0

where

Ho2 (q1,01) E/ drieqKi (egri) Jo(qrri) Jo(61ry),
0

Ha (q1,01) = / driegKi (eqri) Jo(quiry) [Jo(0ur)+ Ja(0ur)].
0

We further take the collinear limit Q* > g3 and arrive at
2
5 asAl
Z & /d 9191 Fe (g, AL) = Z INEQ? — oy XETe (A1),

which is consistent with Hoodbhoy, Ji, 1998.
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Numerical results for DVCS
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B: Cross section of DVCS

Mantysaari, Roy, Salazar, Schenke, 2021
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Switch to TCS

@ For TCS, the situation is quite similar. This is almost the inversed
process, with two main difference. i) different kinematical variables,
ii) virtual photon is time-like, leading to complex amplitudes.

o

o)
q K o) k ‘\¢ k ‘\¢ e’? )
e
Aﬂ q /<9 K 2(3)
p’ Q boost p’ / ¢
k’ k’

p

Yp cm.
I"I"cm.
[&: Presentation of azimuthal angle in TCS.

Pire, Szymanowski, Wagner, 2009

@ The dilepton production from TCS was addressed in ultraperipheral
collisions (UPCs) at fixed-target experiment, like AFTERQLHC.
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Numerical calculation of dipole amplitudes

1
! i dz /g
A>_I‘_v)‘ (AJ_) :2/d2bJ_e’bi'AiNcZ/d2rJ_/0 E\I}:}* (Z, rJ_) \Ijé (Z, rJ_)
q
x(1=S(bL+1—2)r, by —zr)),

so that,
1 _y
=5 ZA;‘TA (A1)
A

2 1 2
eg Ne 2 2 AL b dro
= E 77(271')2/0 dz[Z* 4+ (1 - 2) ]/dzbj_e L i/ o €qKi (€qri)

q

[e—iéL.rL Dy (ry, bL)i| 7

where ¢, = \/—2(1 — zZ)M? and Ki(eqr,) are complex comparing with
DVCS where they're real, and Dy (r;,by) =1— exp( &Qs *bz/(w)) is
depicted in GBW model.
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Numerical results for TCS amplitudes

We can compute Az and A; similarly. For TCS, it should have a likely
form with DVCS. Given Qg = 1GeV?, B= 4GeV 2, M = 5GeV, N. = 3
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. TCS helicity amplitudes vs transverse momentum A |
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Conventions

The hadronic tensor can be decomposed as M = M+ MY + MY,
and the lepton tensor L, = 2 (huhy + hyby — guwh - k).

@ Define two sets of linear independent tensors in transverse plane:
g = —g" + (P 4+ ) b b
2
WY = —gh" — 2R AT A2,
p 2
Y = —g\" =21 I /K,

satisfying E‘i”hLW = 2 cos 2¢ showing azimuthal angle dependence.

@ We can write down

A (L) = g Ay (A) + WY Ay (AL),
L,uzz =2 (/ - Iy - /J_)gJ_MV -1 /J_iu—lﬂji| )
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Transverse + Transverse

In this case, M* = g o3 A" (A“F)*, where s = (q + P)% = 2EMp,

@ After contracting,

ML = 48" [(m* — 1) cosh(ny — m2) (| Ao]* + | A2]?)
+1 (Ao A5 + A2 Af) cos 29)]

where 71 and 72 are rapidities of electrons. Comparing with DVCS
ML, <1 —y+ 22) (A% + A%) + (1 — y)2ApAz cos (20)),

where y=q- P/(I- P).
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Transverse + Longitudinal

In this case, M| = —25*Re 3, Gl(/\)el(/\)*gmﬂA#a (AV’B) e el

@ we notice that ), el()‘)e;,()‘)* =gl and Azl’Beb = ﬁAL, so we
can derive
N o
MTL = —252Re gL/J,/,L’gJ_aBAH['a |A | .A*
AJ_;L L g%
= 25’Re (Ap + Az)e, Al

|AL

Then

ML o< Ay (ag” + BPY + kAT ) (AF I + Bg”) o< Acos2¢ + B,
comparing with DVCS
M‘#ZLW x A, (al + ﬁP”)(A/‘j_/ﬁ_ + Bg‘j_y) x Acos @,

EBRTFSHEEMTINS, 55 2024 %10 B 18 A 17 /21



Transverse + Longitudinal

In this case, M’ = —2s*Re ", el()‘)e;(’\)*gLa/gA‘}/a (.A” B) e e,

/ 5
@ we notice that ), el()‘)el,(’\)* = g1y and A/ ﬁe =, |AL, so we
can derive

v a A *
M'L;—L = —252Re gJ_,u,u’gJ_a,BAlu ’Al L.A ]

= 25’Re [A

Ag+ A LA*]
3, o+ A

o Finally, we can calculate

MY Ly = 482Re [AG (Ao + A2)] PADEL (11 1 1) — 101, cos29]

pZ|Al‘ [(mQ

=45°Re [Af (Ao + A2)] EM

— ) cosh(yr — y2) + 3 cos 2¢)]

EBRTFSHEEMTINS, 55 2024 %10 B 18 A 18 /21



Longitudinal + Longitudinal
In this case,

MY —526 € /gj_aﬁAM (A] B)* ,e/el‘

A% AP
=gl 0p—o AL ’LA ALe et

252|AL|2eﬁ*eV

By the identity >°, e)*e) = —g" + M& where (g + A)*
momenta of virtual photon. We have,

et _ (@A) g+ D) (PR + B
wov M2 b-h :

So that,

(g+A)(g+A)"  (pP'a” +p"a")
LL - V‘/l’AL|2 M2 - b A )
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Longitudinal + Longitudinal

(g+A)(g+A)”  (p'n” + p’it)

M L Y T (AKF + Bg)
o AN AT (AN 1+ BgY)
o Acos2¢ + B
Finally,

A2
MY Ly, = —WLMLFWL [(m* — 1) cosh(y1 — y2) — R cos2¢)]
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Future and outlook

@ Derive the cross section of TCS in forms of Drell-Yan process,
W, Wi, Wa, Waa. Check if Lam-Tung relation holds.

@ Using more sophisticated CGC EFT framework?
@ Thank you!
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