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In this study, we calculate the y Z-exchange contribution to elastic ep scattering at large momentum transfer
within perturbative quantum chromodynamics (pQCD). We present analytical expressions for the y Z-exchange
contributions to the amplitudes. We also estimate the asymptotic behaviors of the amplitude contributions and
of the physical quantity Apy at high momentum transfer. These asymptotic behaviors determine the subtraction
order in the dispersion relations (DRs) satisfied by the amplitudes. At high Q? beyond the forward limit, our
pQCD analysis shows that this subtraction order is fixed by the high-v behavior of the amplitude coefficients
Y4BV and that cﬁ’w requires a once-subtracted DR. Within the present pQCD framework and the adopted

i

proton distribution amplitudes, these high-energy results also provide nontrivial constraints on low-energy DR

c

assumptions.

DOI: 10.1103/8j1r-3yxl

I. INTRODUCTION

The two-photon-exchange (TPE) contribution has been
shown to have a sizable effect on the extraction of elec-
tromagnetic form factors (FFs) in unpolarized ep scattering.
Similarly, the y Z-exchange contribution also plays an impor-
tant role in extracting the proton weak charge and strange
FFs. Many methods have been applied to estimate these
two-boson-exchange (TBE) contributions, including hadronic
models [1-4], general parton distributions [5-7], perturba-
tive quantum chromodynamics (pQCD) [8-10], dispersion
relation (DR) methods [11-14], and lattice quantum chro-
modynamics (QCD) [15-19]. Among these methods, pQCD
provides a reliable prediction of the high-energy behavior of
these contributions. These behaviors are directly useful at high
energy and also indicate the subtraction properties in the DR
method. The TPE contribution in elastic ep scattering has been
studied in Ref. [9], and the corresponding y Z-exchange con-
tribution in pQCD was investigated in Ref. [20]. We extend
those studies by presenting the results directly in terms of the
invariant amplitudes c}’Z’Pv, including the full set of parity-
violating coefficients and their high-v behavior at large Q7.
For the DR analysis, we focus on these amplitude coefficients
rather than on the combinations D‘;? that enter Apy. As shown
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in Ref. [21], DRs written directly for D‘y/? are reliable only in

the forward approximation, whereas DRs for c}’Z’PV or for the

helicity amplitudes provide the appropriate starting point at
finite Q2.

In this work, we extend the pQCD calculation of the TPE
contribution in ep scattering to the y Z-exchange contribution
at large Q°, and we analyze the high-v behavior of the am-
plitude coefficients c}’Z’Pv and the implications for their DRs
beyond the forward limit. In Sec. II, we present the basic for-
malism, including the amplitude decomposition, the relevant
couplings, and the pQCD setup for TPE and yZ exchange.
In Sec. III, we give the analytical results for the invariant
amplitudes. In Sec. IV, we present the numerical analysis,
extract the high-energy asymptotic behaviors, and discuss the
implications for DRs of c}’Z’PV. Section V summarizes the
main conclusions.

II. BASIC FORMALISM

A. Expressions for two-photon-exchange contribution
in elastic ep within pQCD

The TPE contribution in elastic ep scattering is discussed
in Ref. [9] using the pQCD method. Here, we review the basic
formalism used in this method. Within pQCD for ep scatter-
ing, at leading order in the coupling, there are 24 Feynman
diagrams, and some of them are shown in Fig. 1. The momenta
of the incoming electron, outgoing electron, incoming proton,
and outgoing proton are labeled as p 3, 4, respectively. m, is
the electron mass and my is the proton mass. For convenience,
we define

q=p1—P3
s=(p+ pz)z- (1)

P=3(p2+ps), K=3(pi+ps)
Q2 = —q2, v=K-P,
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FIG. 1. One of the Feynman diagrams for the TPE contribution
in ep — ep, where the two photons are connected to two u quarks,
and the gluon is connected to the # and d quarks.
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The corresponding amplitude for the Feynman diagram in
Fig. 1 is

1
MS) = —i f [dxdylisT),,Se(pr — yips +x1p2)

xl"yeem@““(l j. k,a, Bk, p4,)»4)[ yuu] 8

[ 1/WS ((x2 +x3)p2 — y3p4)rguu]5,3 ji

x [ngd]x,(]}ciq)lnl(l Jokoo, B, pa,ig)
X Dy pyly3pa — x3p21Dy (V194 — X112)

X Dy o ((v2 +y3)ps — (x2 + x3)p2), 2)

where x 2.3, Y123 are the corresponding momentum factors
of the quarks in the proton and

[dxdy]l = dxidx>dx3dy dy,dy;8(xy + x5 +x3 — 1)

The vertices are
Fgee = —iey”, F;/Luu iQue)/“,
Mhaa = 1Qaer",  Tyyqpn = —igsv", (6)

where e is the electromagnetic interaction coupling constant,
gs is the strong interaction coupling constant, and Q, = 2/3
and Q; = —1/3 are the quark charges. The distribution am-
plitudes are expressed as
cbml[l .]7 k a, ﬁ K, D, )"] 24€U/<{V[]fc]aﬂ[7/514(19, )")]K
+ AlPysClaplu(p. Ml
+ Ty p" Claply " ysu(p, M1},
O[i, ok, o, Boie, po Al = (Pl jok, o, Bk, p, A])

(N

where C is the charge-conjugation matrix, u*(p, A) is the
plus component of the Dirac spinor, and the functions A, V, T
are scalar functions. The above distribution amplitudes corre-
spond to the matrix element in Ref. [9]:

€@, j. k.o, By p, ]
~ 40l e; e, (ximyuy (xan)df (x3m) | p, 1)
=Vp*(37-7)C]4lsN 1o + AP (57 v)r5C],
X [N*lo + Tp*[3i01:C] 4y ysN 1o ®)
where the incoming-proton momentum satisfies %ﬁpJr ~p
and the spinor satisfies Nt ~ u™(p, A). In the practical cal-

culation, we take the functions A, V, T to be the same as those
used in Ref. [9]:

V(x;) = 120x1x00x3 fv[1 + ro (1 — 3x3)],

xd(y1+y+y;—1 3
Oty =h © AG) = 1205503 fyr (2 = x1),
with T(x;) = 120010003 fy[1 4+ 1/2(—r)(1 = 3x3)]. (9)
nton+xn=1 0<x<l, The parameters fy, r. are listed in Table I, where three mod-
yvi+ym+yz=1, 0<y <1. 4) els are used: COZ [22], BLW [23], and QCDSF [24].
o . For the running coupling constant a,(Q%) = g2/(47), we
The_ indices i, j, k and i, j, k denote quark color, o, §, k and use
a, B, i are Dirac indices, a, b are gluon color indices, A 4 are byl
the helicities of the incoming and outgoing proton, and CDEI‘/‘“‘ ozs(Q ) = by ( 7 —), (10)
are the distribution amplitudes of the outgoing and incoming ! ol
protons in pQCD. The propagators S, (k), D,, ., (k), S,(k), and where
D, ., (k) for the electron, photon, quark, and gluon are 33 —2ny
[ =In[t], by=—7—=,
Dy (k) = —— Su(k) = -k Fme) o
youv(k) = mguu, (k) = C_m i 0? 153 — 19n;
e t=1In 3 s b1 = T (11)
0= N p— ) Hoeo '
D ettt T e e gie with Agep = 0.2 GeV and n; = 4.
TABLE 1. Parameters fy and r.. in the COZ [22], BLW [23], and QCDSF [24] models.
fv(1073) GeV? r re
Ccoz 50%+0.5 40+£15 1.1+03
BLW 50+0.5 1.37 0.35
QCDSF 3.23 +£0.06 £ 0.09 1.06 £ 0.09 £ 0.31 0.33 +£0.03 £ 0.11
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FIG. 2. One of the Feynman diagrams for yZ exchange in ep —
ep, where the photon and the Z boson are attached to two u quarks,
and the gluon is attached to the u and d quarks.
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We note that, at the leading order considered here, (ocfozs), the
box diagrams in Figs. 1 and 2 contain no explicit infrared
divergence. Infrared divergences from additional gluon ex-
changes appear only at the next order («2e?), which is beyond
the scope of the present work.

B. yZ-exchange contribution in elastic ep scattering

Similar to the TPE case, the y Z-exchange contribution can
also be estimated by pQCD at high energy, and there are 48
Feynman diagrams for this process at leading order. We show
one diagram in Fig. 2, where the notations are the same as
those used in the TPE case. The corresponding amplitude is

1
M) = —i f [dxdy)i3Ty,,Se(p1 — y1ps + x1p2)T Ly @3, . k. @, B. &, pa. M) [T, ], 5
0

X [T ZuSq (2 +x3)p2 = y3PT 13, T Tt

e T @Bl jo ko, By i, p2, Ao

X Dg oy (y3p4 — x3P2)Dy 110y (V1 P4 — X1P2)D7 16 (v2 + ¥3)ps — (X2 + Xx3)p2), (12)

where the vertices are
Fgee = _l(gi/yu + gZVMVS),

1—‘lZLuu - _l(gj\l/yu + gﬁxtuS)v

T = —i(@y" +8v"ys) (13)
with

—e,u,d __ € e,u,d 14

gV,A gV’A ) ( )

" 4sin Oy cos Oy

and 6y the Weinberg angle, and

gﬁ,:—1+4sin29W, ghi=-1
gy =1-8/3sin6y, gi=1,
¢ =—1+4/3sin’ 0y, g4 =-1. (15)

The propagator of Z boson is taken as

k, k
Dy k) = (gw (- €>k_g—M+>
VA

= g 8w (16)
with %-Z =1.

C. Invariant amplitudes

To discuss the TBE contribution at the amplitude level, we
express the amplitude in a general form as

M = MPC + MPY, 17)

where the indices PC and PV refer to the parity-conserving
and parity-violating parts, respectively. In the practical

(

calculation, we choose

[o%)

AMPCPY Z C}DC,PV MFC,PV (18)
with
PC _ - "
M™ = sy un sy usl,
1
MEC = —[aaPur1[igus],
0
1
MEC = @[ﬁﬁbul][ﬁuxuz], 19)
and

MY = [a3y, s sy us),

1 .
MY = —lisy, ysuillisio™ quus],
0

MY = @[MSPVSMI][’/MKMZ] (20)
Here, we note that since we focus on the behavior of the
amplitudes in the limit My /Q — 0, we use Q (rather than My
as in Refs. [9,20]) to scale the invariant amplitudes.

For the one-photon-exchange diagram, we have

—igu

M, = ../
v (pr—ps

—inz(—iey")u,

F OV

X |:ie(F1y” + B My (ps — Pz)aﬂuz, 21

where F; and F, are the Dirac and Pauli form factors. The
amplitude is

3
My =) " MPC. (22)

i=1
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Then, the corresponding coefficients are
oy e(F 4 F) Jr —’F
e T 2y’
In Ref. [9], the full amplitude for OPE + TPE diagrams is
written as

e =0. (23)

M = ;—zﬁﬂ/xﬂl X ﬁ4<6M)/“ - EAPT: —H%V -]‘Zzlpﬂ>“2’
(24)
where
Gy = Gy + 3Gy,
B =F+ b, (25)
and
Gyu=F+F, Ggp=F —1h. (26)
Comparing with our notations, we have
;—zzaéM _ on,
e~
—F =, (27)

D. Physical quantities expressed by c;

In principle, when ci] voclZ, cl.zy, and c}’z are known, all

OBE and TBE contributions to unpolarized and polarized

observables are determined. In this subsection, we use these

coefficients to express the unpolarized cross sections and Apy .

For the unpolarized cross section, in the leading order of
o, with o, = €?/(41), one has

do,/®7 1 E
dQ  64n2s E

1 *

i > MyMi,. (@28
helicity

where M, is given in Eq. (21), and E" and E are the ener-

gies of the initial and final electrons in the laboratory frame,

respectively. This gives the usual form

1 do7®" e
ly®ly = - un — G2 2 —G2 2 29
o R dO M(Q)+r £(0°), (29)
where
1 E/ 2 4 2
22 .= Qz. (30)
64n2s E (1 —¢) 4My,

For the TPE contribution, where the TPE amplitude is
written as

R

3
My, =" MIE, (31)
i=1
we have
o,/ 1 E'l
= = —= 2Re[ M7 . (32
ia "G 2 RMTMyL (D)

helicity

which gives

2GE€
T

08’ >~ 2Gy(8Gy + F3eN) + (6Gy + F5N)

(33)
with

VA=)t +1)

1—¢

N

. (34)

Here, the contribution from 8[52 has been neglected since it is
zero at the leading order of pQCD.
For the asymmetry quantity Apy, which is defined as

o Zhelicity (M+M*+ - M_Mt)

Apy = , 35
N Sy MM MM Y

where M, _ are the helicity amplitudes for incoming-
electron helicities 4, —, respectively, the yZ-exchange con-
tribution can be written as

3
1
yvZ __ yZ,PV
AR = =) NiRe [ "]
i=1

1 3
7 DR+ Re 127!
= Re [O),] +Re [, ], (36)
where
o = 4F My (16v* — 4My Q* + Q%) + 16F My Q*
+ F7Q*(16v* + 4M7 0* — 0Y), (37)
and
N = 8M{0*[(16v — 4M3z0* + OY)F + 20°F],
Ns = 2MyQ°[8MFQ*F, + (16v — 4M{ 0% + OY) B,

N; = 8MRv(16v* — 4AME O + Q*)F, (38)
CZ\%’PV, C,’-f f’pv, and cl?'Z’PV are defined as
3
Mys = 32 (@M + 7 M),
i=1
Z,PV Z,PV Z.PV
=y g el el (39)

Here, we note that the definitions of P, K, v, and ¢; are slightly
different from those in Ref. [25].

III. ANALYTICAL RESULTS

In the large-Q? limit, where we approximately take m, — 0
and My/Q — 0, the TPE contribution from Fig. 1 to the
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coefficients is
—2Q*SPS[ATT + (A - V)A' = V)]
360%x3(x2 + x3)%y1y3(y2 + y3)(s(x1 — y1) + Q%(x2 + x3)y1 + ie)’

1
sGW = / [dxdy]
0

5}2(@ =0,
V@ / iy —COAGSIATT + (A - VYA — V)]
5 = Xidyi >
M3 Y 180%x1x3(x2 4+ x3)y1y3(v2 + y3)(s(x1 — y1) + Q?(x2 + x3)y1 + i€)

where the variables in V, T, A and V', T’, A’ are (x|, x2, x3) and (y1, y2, y3), respectively.
Similarly, the coefficients for all Feynman diagrams are

5Gu = —“eme‘ 169” 2 - 1)/ [dxdy| 2 QUATT +(V + ANV +A)IG. 2. 1)
+ QuQUATT + (V + AV’ +ANI(1,2.3) +20,Q4[VV’ +AAN(1,3,2)},
8F, =0,
LV E e Y 8 Q¢ — 1)/ [dxdy M{QZHTT’—l—(V + AV +A3B,2,1)
ME ot 9 D “ T

+ QuQuIATT' + (V + A)(V' + A)I(1, 2, 3) + 20,04[VV' + AA'](1, 3, 2)},

(40)

(41)

where some variable transformations are used. The symbol (1,2,3) means that the variables in V,A, T and V', A', T’ are x; 23

and y; 53 in order, { = s/Q? with¢ > 1,and £ = 1 — ¢. We define
D = (y1y252)x102%)[%28 + y28 — Xoy2 + i€][x28 + y20 — x2y2 + i€].

(42)

The above results are the same as those given in Ref. [9]. In this work, we also calculate the yZ-exchange contribution to the

corresponding PV coefficients, which are

167302 ! _
yZ,PV s A A A
c = —r dxdyl(xoy, — 2(xp + M -M + M ,
1,A 9Q4 Sin2 20w /O [ V1(x2y2 (x2 yz)c;)[ (3,2,1) (1,2,3) (1,3,2)]
32730l !
yZ.PV s A A A
c = — dxdy](x, + 20 — DH|—-M + M - M ,
3,A 9Q4 Sin’ 29W/(; [ yIGe +y2)(2¢ )[ (3,2,1) 1,2,3) (1’3’2)]
16732 !
ZPV s v v v
C{,v = m/o [dxdylxay2(2¢ — 1)[M(3,2,1) +M(1,2,3) +M(1,3,2)]’
3273 oz o 1
ZPV __ s _ _ v v v
Ay = —9Q4 v 260 /0 [dxdy](%2y> +x2y2)[M(3’2’1) + M) 53 +M(1’3,2)]
with
NATT — A+ VYA +V) ATT' +(A+V)A' +V)
M(A3,2,1) = ngA|: D, + D, ,
MA O ATT — (A+ VYA + V)] Qugil4TT + A+ V)A + V)]
(1,2,3) — D, - D, ,
A _ 2ng’jl[A’V + AV'] ZQHgﬁ[AA/ +VV’']
1,32) = D, + D, ,
1 1
MY, =0, + — |BTT + A+ VYA + V],
G2 =0 8V|:D1 Dz][ +A+ VYA +V)]
M| 55 = [Q;‘)g[é + %}[MT +A+V)A +V),
1 2
2048y 2ngd
4 _ \4 Sx=udy. ’ /
M5, = [ D, D, [AA"+V V'],
and

Dy = xyxoy1y2 (M7 + Q*%092) (528 + 28 — xoy2 + i€)(x28 + y2¢ — X2y + i),
Dy = x1%oy192 (M7 + Q*x2y2) (%28 + 28 — X2y2 + i€) (28 + y20 — X2y + i),
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FIG. 3. Numerical results for ox/(u,Gp)*. The dashed blue curves refer to the 1y -exchange contribution. The dotted black, solid red, and
dash-dotted olive curves refer to results with the COZ, BLW, and QCDSF models, respectively.

where labels such as (1,2,3) denote that the variablesinV, T, A
and V', T', A" are (x1, x2, x3) and (y1, y2, y3), respectively.
We note that a similar yZ-exchange contribution in pQCD
is also calculated in the PhD thesis [20]. Reference [20]
expresses the yZ box in terms of effective form-factor-like
quantities such as §G%,, whereas we work directly with the

Z‘Z,’/EV defined in Eq. (39). As one ex-
plicit example, the Q, g% term in §G7%, of Ref. [20] contains the
operator structure (V' — A")(V — A) 4+ 4T'T with the quark-
label ordering (1,3,2), whereas the corresponding term in
our ¢/ contains (V' + A')(V + A) 4+ 4T'T with ordering
(3.2,1) or (V' —A )V —A)+4T'T with ordering (3,1,2).
Similar differences appear in the relative signs and in the
quark permutations of the other terms. In addition, our ana-
lytical expressions retain the full Z-boson mass dependence
through the propagator denominators D; and D,, whereas the
comparison formula in Ref. [20] is organized in the high-Q?
limit. These differences reflect different amplitude decompo-
sitions and conventions, not merely a change of notation. Our
results reduce to the same high-Q? scaling.

invariant amplitudes ¢

IV. NUMERICAL RESULTS

To numerically calculate the integrations in Egs. (41) and
(43), one can reduce the denominators by applying the change
X] <> X3,y1 < Y2, and then integrate x3, y3, x|, y; analytically
after substituting the functions V, T, A. For the remaining
integrals over x», y», there is a pole in y; in the physical region

SX2

pole .
= — X + ie.
s+ 0% (=1 +x)

Vs (46)

After the pole position is known, the integrals can be done
directly.

A. TPE contributions to unpolarized cross section

For comparison, we present the TPE contributions to
ly®ly 2 ly®2y 2 . :
oR /(,Gp)” and op /(p,Gp)” as functions of € in

Fig. 3, where

1

Gp=———7——. 47
P 0+ 02/071)2 “7)
Here, 1, = 2.79 is the proton magnetic moment, and
€ = [142(1 + ttan®(0,/2)]17 ",
2
T = Q—z (48)
4My,

with 6, the scattering angle in the laboratory frame.

Although the analytical expressions are equivalent to
those in Ref. [9], our numerical results are slightly differ-
ent. This difference may come from the values of Gg, Gy
used in o,;}'@ly. In our calculation, we take Gg, Gy from
Refs. [26-28]. As a validation benchmark, our TPE numer-
ical implementation still reproduces the expected magnitude
and kinematic trend of the known pQCD contribution to the
reduced unpolarized cross section.

B. yZ-exchange contributions c,?: %,PV and ci’: iPV
. . Z,PV Z.PV
The numerical results for the coefficients ¢} * and ¢}

as functions of Q? are presented in Fig. 4, where we take
e = 0.3 as an example and show only the real parts. The
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1, and Re[cg_ZA’PV] as functions of Q at ¢ = 0.3. The dotted black, solid red,

and dash-dotted olive curves refer to results with the COZ, BLW, and QCDSF models, respectively.

dotted black, solid red, and dash-dotted olive curves refer
to results using the COZ [22], BLW [23], and QCDSF [24]
models, respectively. Figure 4 provides numerical evidence
for this asymptotic behavior:

yZPV

yZ,PV
iA S

v ~@ -

Having examined the Q® dependence in Fig. 4, we now
discuss the fixed-Q? DRs for the amplitude coefficients at high
energy. At low energy, DRs for the combinations D‘;’; that
enter Apy are widely used [11-14]. For example, DRs of the
following form are used:

|

where v+ = D + ie denotes the integration variable taken on
the physical sheet, P denotes the Cauchy principal value of
the integral, X refers to D‘;Z, and Y refers to Df;z. Ref. [21]
shows that, at finite Q, the appropriate DRs are those for
CE/Z’PV rather than for DX?, which are reliable only in the
forward approximation. At the P2 design kinematics (Q? =
0.0045 GeV?, E = 0.155 GeV), for example, the DR written

directly for D‘;Z is significantly affected, whereas that for
yZ,PV
i

c (49)

2v

% =+ )2
RelX,z(v. Q)] = —P X,z (0%, )] -

ar]

dD], (50)

’ ]—)2 _ v2 s
o 5Im[Y,,(v+. O?
Re[Y,z(v, 0*)] = ;P / pIm[Y, 7 (v*, 0%)]

l_)2—l)2

c remains reliable. Accordingly, the same DR form in
Eq. (50) applies with X = ¢/*" and ¥ = ¢J*™", and these

DRs remain reliable at finite Q2.
The high-v asymptotic behavior of the amplitudes de-
termines the convergence of the DR integrals, and the

convergence properties determine the required subtraction
order. For the X-type DR, the large-v kernel behaves as
~1/9? (at fixed external v), so convergence is controlled by
the integral of ImX,7(v)/v?. For the Y-type DR, the ker-
nel behaves as ~1/9, so convergence is controlled by the
integral of ImY, z(V)/v. Therefore, if ImY,, approaches a
constant at high energy, the unsubtracted Y -type DR devel-
ops a logarithmic ultraviolet divergence and a subtraction is
required. In contrast, quantities with sufficiently suppressed
high-v behavior remain compatible with the unsubtracted
form.

Since the physical DRs should be the same at low and high
energy, we test the DRs in Eq. (50) for cg/Z‘PV in the high-
Q? regime. The present paper complements the low-energy
analysis of Ref. [21] by using pQCD to determine the high-v
behavior of c}/Z’Pv and thereby the subtraction order required
beyond the forward limit.

The high-v behavior indicates that not all quantities satisfy
the commonly used unsubtracted DR form. In Figs. 5 and 6,

we present the numerical results for the coefficients cl”‘% PV and
cff’w as functions of v at Q = 5 GeV. The dotted black, solid

réd, and dash-dotted olive curves refer to results obtained with
the COZ, BLW, and QCDSF models, respectively.

The results clearly show the high-energy behavior when
v — 00:

yZ.PV

0
C1.A

Re[ ] ~ V7,
yZ.PV
LV

yZ.PV

—1
34

Re[c ] ~ Re[ ]~

yZ,PV -2

Re[civ

]~v &))
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FIG. 5. Numerical results for Re[c}fg’w] and Re[c! f‘PV] as functions of v at Q = 5 GeV. The dotted black, solid red, and dash-dotted olive
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FIG. 6. Numerical results for Im[cf‘z,’PV] and Im[c{f‘w] as functions of v at Q = 5 GeV. The dotted black, solid red, and dash-dotted olive
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FIG. 7. Numerical results for Re[[l)‘f?] as functions of v at Q = 5 GeV. The dotted black, solid red, and dash-dotted olive curves refer to

results with the COZ, BLW, and QCDSF models, respectively.

and
Imfe[ 3] ~ v,
tm{e 5] ~ Im[ 27 ] ~ 0",
Im[c} 5™V ] ~ vl (52)
These behaviors mean that, at high 02, ¢/%"", and ¢J%""

do not satisfy the corresponding DRs in Eq. (50), and subtrac-
tion terms should be added.

T V,A
C. yZ-exchange contributions to [,

For completeness, Figs. 7 and 8 also show the high-v

behavior of Dgf, but the DR analysis in this section remains

7PV
centered on ¢/ .

Atlow Q?, unsubtracted DRs similar to Eq. (50) are usually
written for D‘}f?. As discussed above, Ref. [21] shows that
such DRs are reliable only in the forward approximation.

These DRs can also be tested in the high-energy case using
the above results. We present the high-v behaviors for D‘;? in
Figs. 7 and 8, where we take Q = 5 GeV as an example. Here,
Fi and F, are approximated as

1+ p,t
F~—"_Gp,
(1+1)
—1
B~ 2 (53)
(1+71)
[ | T T T
=E Ot
O of :
= _
— L
<t
cg Sr coz |
— Q=5 GeV |— BLW
6l —— QCDSF|
_9 - -
1 1 1
100 200 300 400

105Q*Tm 14, ]

The results in Figs. 7 and 8 clearly show that when v — oo,
we have

Re[D‘;Z]

Im[1, ] (54)

These behaviors mean that the DR in Eq. (50) applied directly

to Dﬁz is shown in Figs. 7 and 8 for illustration only. The

subtracted form required at high Q® applies to cé’iw

discussed above.

, as

V. SUMMARY

In this work, we calculate the y Z-exchange contribution at
the amplitude level in elastic ep scattering within pQCD. At
fixed Q?, the high-v asymptotic behavior of the coefficients
cf’Z’PV provides a direct link between pQCD scaling and the
convergence properties of the DR integrals, thereby deter-
mining the required subtraction order in the regime beyond
the forward limit (s/Q* — oo). Within the present pQCD
framework and adopted distribution amplitudes, we find that

YZPY requires a once-subtracted DR at high Q. Following
Ref. [21], the DRs are applied to the amplitude coefficients
rather than directly to DX‘A, which are reliable only in the
forward approximation.

300 400

FIG. 8. Numerical results for Im[DX?] as functions of v at Q = 5 GeV. The dotted black, solid red, and dash-dotted olive curves refer to

results with the COZ, BLW, and QCDSF models, respectively.
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