PHYSICAL REVIEW D 97, 054030 (2018)

Photoproduction of dileptons and photons in p-p collisions at the Large
Hadron Collider energies

Zhi-Lei Ma and Jia-Qing Zhu
Department of Physics, Yunnan University, Kunming 650091, China

and Key Laboratory of Astroparticle Physics of Yunnan Province, Yunnan University,
Kunming 650091, China

® (Received 8 September 2017; revised manuscript received 22 December 2017; published 26 March 2018)

The production of large py dileptons and photons originating from photoproduction processes in p-p
collisions at Large Hadron Collider energies is calculated. The comparisons between the exact treatment
results and the ones of the equivalent photon approximation approach are expressed as the Q? (the virtuality
of photon) and p; distributions. The method developed by Martin and Ryskin is used for avoiding double
counting when the coherent and incoherent contributions are considered simultaneously. The numerical
results indicate that the equivalent photon approximation is only effective in small Q? region and can be
used for coherent photoproduction processes with proper choice of Q2 (the choices QZ,, ~ & or co will
cause obvious errors), but cannot be used for incoherent photoproduction processes. The exact treatment is
needed to deal accurately with the photoproduction of large p; dileptons and photons.
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I. INTRODUCTION

Since its conveniences and simplicity, the equivalent
photon approximation (EPA), which can be traced to early
work by Fermi, Weizsdacker and Williams (1934), and
Landau and Lifshitz (1934), has been widely used for the
approximate calculation of the various processes in rela-
tivistic heavy ion collisions [1-7]. By treating the moving
electromagnetic fields of charged particles as a flux of real
photons, many topics are studied such as photoproduction
mechanism, particle and particle pairs production, meson
production in electron-nucleon collisions, two-photon par-
ticle production mechanism, the determining of the nuclear
parton distributions, and small x physics [8-18]. The
accuracy of the EPA is denoted by a dynamical cut-off A%
of the photon virtuality 0%. At Q* < A2, photo-absorption
cross sections differ slightly from their values on the mass
shell and quickly decrease at Q> > A2. Thus, the EPA
approach is a reasonable approximation comparing with
the exact treatment which returns to the EPA approach when
Q? — 0, and is used precisely for the description of the cross
sections only at the kinematics domain Q% < A7 [18-21].
However, the applicability range of EPA and of its accuracy
are not always considered in most works where Q2. is
usually set to be §/4 (§ is the squared center-of-mass (CM)
frame energy of the photo-absorption processes) or even
infinity, which will cause a large fictitious contribution from
the Q2 > A% domain [17]. On the other hand, the EPA
approach can not be used for the study of the incoherent
photon emission processes since the parton-quark model
is used which requires Q* should be larger than Aqcp» and
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some statements in the previous studies [9-14] are actually
inaccurate.

Hadronic processes for producing large transverse
momentum (p;) dileptons and photons are very important
in the research of relativistic p-p collisions. Since photons
and dileptons do not participate in the strong interactions
directly, the photon or dilepton production can test the
predictions of perturbative quantum chromodynamics
(pQCD) calculations, and has long been proposed as ideal
probes of the strong interacting matter (quark-gluon
plasma, QGP) properties without the interference of
final-state interactions. In the present work, we extend
the photoproduction mechanism which plays a fundamen-
tal role in the ep deep inelastic scattering at the Hadron
Electron Ring Accelerators [22-25] to the production of
large p; photons and dileptons in p-p collisions at Large
Hadron Collider (LHC) energies, which has been inves-
tigated in most literatures in the EPA approach. There are
several motivations. Although the hard scattering of initial
partons (the annihilation and Compton scattering of par-
tons) is a dominant source of large p; dileptons and
photons in central collisions, the photoproduction proc-
esses also playing an interesting role at LHC energies in
which its corrections to the production of dileptons and
photons are non-negligible (especially at the large pr
domain) [11,12]; The photoproduction processes give the
main contribution to the lepton pair production cross
section in the peripheral collisions (especially for the
ultraperipheral collisions); The EPA is used as an important
method in hadronic processes, its validity is not obvious.
Therefore, it is meaningful to study the accuracy of EPA in
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photoproduction processes and give the accurate correc-
tions to the production of dileptons and photons.

We present the comparisons between EPA approach and
exact treatment in which the photon radiated from proton or
its constituents is off mass shell and no longer transversely
polarized, and the minimum of p; is chosen as py, =
1 GeV for satisfying the requirement of pQCD [11,26].
There are two types of photoproduction processes: direct
photoproduction processes (dir.pho) and resolved photo-
production processes (res.pho) [11,12]. In the first type, the
high-energy photon which are emitted from proton or
the charged parton of the incident proton interacts with
the parton of another incident proton by quark-photon
Compton scattering. In the second type, the high-energy
photon, which can be regard as an extend object consisting of
quarks and gluons, fluctuates into a quark-antiquark pair for a
short time which then interacts with the parton of another
incident proton by quark-gluon Compton scattering and
quark-antiquark annihilation. Besides, it is necessary to
distinguish two kinds of photons emission mechanisms
[27,28]: coherent emission in which virtual photons are
emitted coherently by the whole proton and the proton
remains intact after the photon radiated; incoherent emission
in which virtual photons are emitted incoherently by the
individual constituents (quarks) of proton and the proton will
dissociate or excite after the photon emitted. In most
instances, these two kinds of photon emission processes
are performed simultaneously, hence the square of the form
factor F2(Q?) is used as coherent probability or weighting
factor (WF) for recognizing the coherent part from the whole
interaction. In Ref. [29], Martin and Ryskin have been used
this method to avoid the double counting in the calculation.

The paper is organized as follows. Section II presents the
formalism of exact treatment for the photoproduction of
large pr dileptons and photons in p-p collisions. Based on
the method of Martin and Ryskin, the coherent and
incoherent contributions are considered simultaneously.
The EPA approach is also introduced by taking Q% — 0.
In Sec. 111, the numerical results with the distributions of Q2
and py at LHC energies are illustrated. Finally, the
summary and conclusions are given in Sec. IV.

II. PHOTOPRODUCTION OF LARGE p;
DILEPTONS AND PHOTONS

Since photons and dileptons are the ideal probes in the
research of QGP, its production processes have received
many studies in EPA approach. Although the EPA has been
widely used as a convenient method for the approximate
calculation of Feynman diagrams for the collision of fast
charged particles [17], it’s applicability range is often
ignored. Thus, the more precise calculations for the cross
sections are needed. We present the exact treatment, which
expand the proton or quark tensor (multiplied by Q72)
by using the transverse and longitudinal polarization
operators, for the photoproduction of large p; dileptons

and photons in p-p collisions. The formalism is analogous
with Refs. [28,30] where the exact treatment for the
photoproduction of heavy quarkonia are studied.

A. The Q? distribution of large p; dilepton
production

The large p; dileptons produced by direct photopro-
duction processes can be divided into the coherent direct
photoproduction processes (coh.dir) and incoherent direct
photoproduction processes (incoh.dir). For the case of
coh.dir (Fig. 1), the invariant cross section of large pr
dileptons with Q? distribution is given by

dGCOh'dir(p+p - p+l+l— +X)
dM?dQ?

=23 [ dydsydisiy )
b

do(p+b—p+1t1-+D)
dM?*dQ?dydi

(1)

where x, = p,/Pp is the parton’s momentum fraction,
fo1p (X, u3) is the parton distribution function of the proton

B [31], and the factorized scale is chosen as u;, = \/4p?
[11]. The cross section of the subprocess p+ b —
p + 1717 + b can be written as [28,32]
do(p+b—p+I1TI-+b)

dM*dQ*dy

o a _4_’”12 1_'_Z_mlz do(p+b—p+y +Db)
- 3zM? M? M? dQ*dy

_a—z 1_% 1+2_mlz T yp’clSh
- 67172M2 MZ M2 122 Q2
dPS ;
% Z(Q+pb»pc7pd)’ (2)
2yxpSnn

FIG. 1. The coherent direct photoproduction processes in which
the virtual photon emitted from the whole incident proton A
interacts with parton b of another incident proton B via photon-
quark Compton scattering, and A remains intact after the photon
emitted. A’ is the scattered proton A, b’ is the scattered parton b,
and X is the sum of residue of B after photon emitted.
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where Q> = —¢%,y = (q - p,)/ (P4 - pp), M is the invariant
mass of dileptons, m;, is lepton mass, T, is the amplitude of
reaction y* 4+ b — y* + b, syy is the CM frame energy
square of the p-p collision, dPS,(q + py; pe, pa) is the
Lorentz-invariant phase-space measure [30], the electro-
magnetic coupling constant is chosen as @ = 1/137, and

o = ( o +—>H2(Q2)
2Py~ q) 2Py —q)

2 Hl(Qz)’ (3)
q

is the proton tensor (multiplied by Q~2), H,(Q?) and
H,(Q?) are the elastic form factors of proton.

Similarly, the invariant cross section of large pr dilep-
tons produced by incoh.dir (Fig. 2) with Q? distribution has
the form

daincoh.dir(p +p— XA It +X)
am?*dQ?

=23 [ dydsudrydifap (oo iy (1)
ab

FIG. 2. The incoherent direct photoproduction processes in
which virtual photon emitted from the parton a of incident proton
A interacts with parton b from proton B via the photon-quark
interaction, and A is allowed to break up after photon emitted. a
denotes the parton of A, X, is the residue of A after photon
emitted.

do(a+b—a+171"+b)

dMPdQ2dydi @)

where x, = p,/P, is parton’s momentum fraction, f,, (x4, 42) is the parton distribution function of the proton A,
= \/4p%. And the cross section of the partonic processes a + b — a + 1~ + b reads

do(a+b—a+1"I"+b) « 4mj
dM?dQ*dy ~ 3aM? M?
s . 4m

6 M? e

where e, is the charge of massless quark a, y =
(q-py)/(py-pp) for the case of incoh.pho, and the
massless quark tensor (multiplied by Q7?) is

7"q"
plncoh < guv+ q )LZ(QZ)

_ (2pa - Q)Zgzl’a - Q)ULI(Qz). (6)

In Martin-Ryskin method [29], the coherent probability
(WF) is given by the square of the form factor F3(Q?).
Therefore,

H(Q%) = Hy(Q%) = F{(Q?). (7)
where F,(Q?) can be parametrized by the dipole form:
Fi(Q%) = (1 + Q*0.71 GeV?)~?

For the incoherent contribution, the “remaining” prob-
ability has to be considered for avoiding double counting,
and L,(Q?), L,(Q?) in Eq. (6) have the forms of

<1 2m,>da(a+b—>a+7 +b)

M? dQ?dy

|4 2\ €a¥Pincon 4PS2(d + Py Pe. Pa). )
M*) " Q2 2VX,XpS NN
I
Ly(Q%) = L,(Q%) = 1 - F}(Q). (8)
By using the linear combinations [17]
2
—-q q-pPp\*
o- (11222
(¢ ps)* = a’pj q’
RH gﬂb+l(ﬂb+uﬂ) q2 H v
== — &Py, T4 DPy) 73 PPy
g-py T (g
)
p* can be written in the form
P =pNQrQ" + pt R (10)

Apparently, R* and Q" Q" are equivalent to transverse and
longitudinal polarization [30]: R* = &, Q'Q¥ = —¢}".
Thus, the cross section of subprocesses p+b — p+y*+b
can be expressed as [28]
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&do(p+b—p+y +b)

dydQ?di
a ypcoh dor(y* +b—y" +b)
0? di

% dop(y* +b -y +b)
- , 11
+ 0? di (11)

where
14+ (1=y)?> 2m3
pcoh - FZ(Q2>|: yz - QZP
41—y

o, = F%<Q2>%, (12)

dor/di and do /di represent the transverse and longitudinal
cross sections of subprocesses y* + b — y* + brespectively,

dér(y*+b -y +0b)

dt
dralel? [ 18 1 1
SR L Y V270 ol
o* [ 51 Q <§2+t2
Al Szalel? Q2a(i— M2)?
2(0% — M?) X b (13
+20-w) | + GG (9
and
dép(y* +b—r*+b) 8rna’e}z? Q*u(i— M?)?
7 = 4 - . (14)
0 23+ 0%)?

where z = Q%/(3 + Q?), e, is the charge of massless quark b.
The Mandelstam variables for subprocesses y* + b — y* + b
are defined as

M2 2

. p
§=(q+ py)? =—+1—T,
2q Zq( - Zq)
=(q—pc)* = (zg — 1)yxpsyn.
= (pp—pc)* = M* = z2,yxpSyy. (15)

where z, = (p. - Pg)/(q - Pp) is the inelasticity variable, py
is the transverse momentum in the y* — b CM frame.

In the same way, we can write the cross section of the
incoherent subprocesses a +b — a +y* + b as

dPo(a+b—>a+y +b)
dydQ2di
_ 22 Yomaon dor(y* +b — y* 4+ b)
0? di
YPoondoL (' +b = y* +b)
0? di ’

_|_

FIG. 3. The coherent resolved photoproduction processes in
which the incident proton A emits a high energy virtual photon,
then the parton a’ of the resolved photon interacts with the parton
b of another incident proton B via the interactions of quark-
antiquark annihilation and quark-gluon Compton scattering, and
the proton A remains intact after photon emitted.

where . . 5
pmcoh (1 - FZ(QZ))w
4(1 —
it = (1= (0 205, (17)

here we have § = M?/z,+ p}/(z,—23), 1= (24— 1) yXuXpSnn
and &t = M? — z,yx, XSy -

The resolved photoproduction processes are very impor-
tant in the research of relativistic heavy ion collisions. The
resolved photoproduction processes can also be divided into
two categories: coherent resolved photoproduction processes
(coh.res) and incoherent resolved photoproduction processes
(incoh.res). In the case of coh.res (Fig. 3), the invariant cross
section of large p; dileptons with Q? distribution is

dacoh‘res(p_l_p N p+l+l— —I—X)
dM?*dQ?

= 22 Z / dydxbdza/d?fb/p(xb,,ul%)fy(za,,ﬂ}%)

a yplldo(ad + b — y* +b)
27 Q2 dM?di ’
where z, denotes the parton’s momentum fraction of the

resolved photon which are emitted from the proton A,
f(za. %) is the parton distribution function of the resolved

photon [33Lu, = V4 2. The cross sections of subprocesses
a + b — y* + b are given by

(18)

dé 2ratey (1, @, 2M?3,
—(gg - v'y) == —+ =+ ~
714~ rr) =3 2 \a, " 5, wg,

14

2

dé 1 maa,ey

E(qg—w”z)Zg 2

dé Srnaagel (1, @, 2M?§
—=(9a 719 =5— q(—y+%+ -
di 9 52 , 1 e
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FIG. 4. The incoherent resolved photoproduction processes in
which the parton @’ of the resolved photon radiated by parton a of
proton A interacts with the parton b from proton B via the quark-
antiquark annihilation and quark-gluon Compton scattering, and
A is allowed to break up after photon emitted.

where 8, = M%/z), + p}/(z, — 2,%), 1, = (2, — 1)3,, and
i, = M? - 7,43, are the Mandelstam variables for the sub-
processes of res.pho, z; = (p. - pp)/(Pu - Pp) is the inelas-
ticity variable. The strong coupling constant is taken as the

one-loop form [34]

127
(33 = 2n;) In(u?/A?)’

a, =

(20)

with ny = 3 and A = 0.2 GeV.

The invariant cross section for large p; dileptons
produced by incoh.res (Fig. 4) with Q? distribution can
be presented as

do.incoh.res(p +p- XA + It +X>
AM*dQ?

-2y / dydxgdxydzg i up (K1) foip (Ko b2)

X f (2 p2)e2 2 Pncon do(@ + b~y + b)
P\ a2 dM*di ’

(21)

the cross sections of subprocesses a’ + b — y* + b are
discussed in Eq. (19).

B. The py distribution of large pr
dileptons production

It is straightforward to obtain the distribution of p; by
accordingly reordering and redefining the integration var-
iables in Eq. (1). For convenience, the Mandelstam vari-
ables in Eq. (15) can be written in the form

§=2 coshy,MT\/coshzy,M% - M?

+ 2cosh?y,M% — M?,
2

,i Mz—Q2_\/§MT€_y’+\Q/§MTey'1

2
M? —\/3Mye'r — %MT@W, (22)

it

where y, = In(cot,./2) is the rapidity, 6, is the CM frame
scattering angle, M; = \/p% + M? is the dileptons trans-
verse mass. By using the Jacobian determinant, the
variables x, and 7 can be transformed into

D(xbv,i)

didx;, = dy,dp%, 23
o s -

where the Jacobian determinant is

‘ D(xbv ,i)
D(pr.y,)

h
= oS ) [MT <2 cosh y,
ysnn/cosh’y, M7 — M?

2cosh?y, M2 — M?>
O VT ) (MT\/: - MZey,)
My+/cosh?y, M3 — M?

2 2M2 v,
x (e—Zy, + QT> +sinhy, (ge—y, + Q%)
5 5

X <2MT—|—

2cosh?y, M2 — M? ﬂ . (24)

coshy,\/coshy, M3 — M?

Thus, the invariant cross section of large p; dileptons
produced by coh.dir with p distribution can be expressed as

doi™ " (p+p > p+ 171"+ X)

dM*dpidy,
2Z/dQ2d Py e ) — <W+Q2>
= Y bip (X ) ——— [ V3 + ==
> PP YSNNPT V3
do(p+b— p+1TI-+b) (25)
AM?dQ2dydi ’

where y,. represents that the cross section is calculated
at y, =0, the cross section do(p+b — p+ 171"+ b)/
(dM?dQ*dyd?) is discussed in Egs. (2) and (11).

In the case of incoh.dir, the invariant cross section for
large ps dileptons with py distribution is given by
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do™ oMt (p 4 p - X, + 1717+ X)
dM*dpidy,

= 22 / dQ*dydx,f up(Xa. 13) o1y (X 13,)
a,b

X

5 \/§+Q_2 da(a—f—b;a;l*f‘—i—b)
YX4SNNPT V3 dM-=dQ-dydt
(26)

the Mandelstam variables are the same as Eq. (22), the
cross section do(a+b — a+ 71~ + b)/(dM?dQ*dydi)
is discussed in Egs. (5) and (16).

For the case of coh.res, the variables 7 and Z, can be
transformed into

A

2d> ty)

D
a?ydza/ :‘ D( dyrdp%, (27)

(pr.yr)

where the Jacobian determinant is

‘D(Za’v,iy) '
D(pr.y,)
2cosh?y,M?% — M?
e )
MT\/cosh M7 —M
2cosh?y, M2 — M?
costey, M3 o)
coshy,/cosh’y,M% — M?
(28)

coshy, =2y
= L e My | 2cosh
y)cbsNN\/costh,M;—M2 |: r Yr

+ 8,7 sinhy, (

the invariant cross section of large pr dileptons with py
distribution is given by

do§™ ™ (p+p - p+ 111 +X)
szdp%dy,

- 22;,: Z / dQ>dydxy 1, (xp. uy) [y (2 17)

3
8  ayplido(d+b—-1TI"+b)
yx,Synpr2n Q? dM?di

(29)

The invariant cross section of large py dileptons pro-
duced by incoh.res with p; distribution can be written as

Aot oM (p 4 p — X + IH17 + X)
dM*dpidy,

=257 [ dQddxudns sy () (i)
ab d
33 2 iypﬁroh
YXoXpSynpr 27 Q7
do(d +b—1T1"+b)
aMm*di ’

X fy(za":u%)

(30)

where the cross sections of subprocesses @’ +b — [T1” +b
are discussed in Eq. (19), and the Mandelstam variables for
res.pho are the same as Eq. (22) but for Q% = 0.

C. The @? distribution of large p;
real photon production

The invariant cross sections of large p real photons can
be derived from the invariant cross sections of large pr
dileptons produced by photoproduction processes if the
invariant mass of dileptons is zero (M? = 0). The invariant
cross section of large pr real photons produced by coh.dir
with Q? distribution satisfy the following form

dGCOh'dir(p+p N p+},_|_X>
dQ?

= ZZ/dydxbd;fb/p(xbw“%)
b

do(p+b—->p+y+b)
d0Pdydi

(31)

where the cross section of subprocess p+b — p+y+b
is similar to Eq. (11), but the transverse and longitudinal
cross sections of subprocesses y* + b — y 4+ b should be
presented as the following forms

déy dnalel? [ 13 i
Ly +b b)=—A" |- -2 420~
g b rEb) 0 MY,
8ratel? i
0 GO o
and
déy, 8na’e} i
Ly +b b) = . (33
5 b=y +D) 0 GLop (33)

where the Mandelstam variables are § = M2/zq + p}/
(Zq - Z%,) 1= (zg = 1)yxsyy, and it = —ZgYXpSNN-

The invariant cross section of large p; real photons
produced by incoh.dir with Q2 distribution can be
expressed as
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dGincoh.dir(p+p N XA +7+x)
dQ?

=23 [ dydsidrsdifap ooy (1)
a,b

do(a+b—a+y+b)
dQ2dydi

(34)

here we have §=M?/z,+ p}/(z,—25), 1= (z,—1)
YXoXpSyns and it = —z,yx,x,syy. The partonic cross sec-
tions of a + b — a + y + b are analogous with Eq. (16).

In the case of coh.res, the invariant cross section for large
pr real photons with Q2 distribution has the form

dGCOh'reS'(p +p > p +}/—|—X)
dQ?
- ZZZ / dydx,dz dif oy, (Xp. 1) f (20 17)

a yplldo(a +b—y+D)
27 0? di ’

(35)

the cross sections of subprocesses a' +b — y + b are
given by [26]

dﬁ( _ ) 2 nate <? N Ay>
—(qqg = yr) =>—52(L+5L).
di 35 i, 1,
dé , _ Rmaagsey (1, i,
Glaa—r9) =g 2 ﬁy+? :

dé lmaagel (1, 3,
0 . S
749~ 714) =3 72 5,77 (36)

where the Mandelstam variables for the subprocesses
of res.pho can be written as §, = M?/z), + p7/(z}, — 2}),
2 / S N U
t,= (75— 1)8,, and &t, = —z,5,.

For the case of incoh.res, the invariant cross section of
large p7 real photons with Q? distribution can be written as

daincoh.res.(p +p- XA +7+ X)
dQ?

=233 [ dvdsadradzydifay xuos o i)

+b—>y+b)
d’t\ ki

ypmcoh dJ(
“2r 0?

X fy (2o 17)ea (37)

where the cross sections of subprocesses a' +b — y + b
are the same as Eq. (36).

D. The p; distribution of large pr
real photon production

The invariant cross section of large pr real photons
produced by coh.dir with p; distribution reads:

Aot (p4p = pty+X)
d3

__Z/dQ Ay o1p (5. 13) S <\[+ \Q/i)

do(p+b—p+y+b)
dQdydi ’

(38)

the cross sections do(p + b — p +y + b)/(dQ*dyd?) are
discussed in Eq. (11). And for the case of incoh.dir, the
invariant cross section of large py real photons with py
distribution is

LAP (4 p > Xy 7+ X)
&*p

2
- _Z / szdydxafa/p(xa’ ﬂ%)fb/p(xb7ﬂ[27)
b

X

§ 0>\ do(a+b—a+y+b)
YXaSNNDT <\/— * \/E) dQ*dydi
(39)

the cross sections do(a + b — a +y + b)/(dQ*dyd?) are
discussed in Eq. (16). The Mandelstam variables for dir.pho
are the same as Eq. (22) but for M? = 0.

The invariant cross section of large py real photons
produced by coh.res with p distribution can be written as:

Ed cohres<p+p_)p+},_~_x)
d3

2
:;ZZ/szdydthh/p(xh,,Lt%)fy(zu/,ﬂg)
b a

+b—>y+D)
di '

3
» 52 a ypcoh do(d’
YXpSNNPT 27[ Q2

(40)
the invariant cross section of large p; real photons

produced by incoh.res with p; distribution is given by:

AP (p 4 p = Xy 7+ X)
d*p

2
= ;Z Z / szdydxadxbfa/p(xw/’ltzl)fb/p (xb’ﬂlz))
ab d

E

3
2

8§ 2 @ YPincon
YXoXpSynpr 2m Q7
Xa’a(a’+b—>y+b)
di ’

S fy(za’w“}%)

(41)
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the cross sections of subprocesses a’ + b — y + b are the
same as Eq. (36), and the Mandelstam variables for res.pho
are the same as Eq. (22), but for Q> = 0 and M? = 0.

E. The equivalent photons approximation

The idea of EPA approach is treating the field of a fast
charged particle as a flux of photons. An essential advan-
tage of EPA is that, when using it, it is sufficient to know
the photo-absorption cross section on the mass shell only.
Details of its off mass shell behavior are not essential.
Thus, the EPA approach, as a useful technique, has been
widely used to obtain the various cross sections for charged
particles in relativistic heavy ion collisions [17].
Unfortunately, the accuracy of EPA and its applicability
range are often neglected [10—13]. The choice of Q2. ~ &
or oo is used instead of the significant dynamical cut off A%
which represents the precision of the EPA approach.
However, the exact treatment developed above can be
returned to EPA approach by taking Q@ — 0, and the
detailed discussion can be found in Ref. [17]. This provides
us the powerful comparisons between our results and the
ones in the literatures [11,12]. Taking Q%> — 0 is corre-
sponding to that the photon is emitted parallelly from
proton or quark, and the variable y becomes the usual
momentum fraction (y = ¢"/P; for coh.pho and y =
g /p} for incoh.pho) in the light-front formalism. Since
the collinear factorization framework is used for the parton
distribution functions, x, and x, are also equal to pj/P}
and p;/P}, respectively.

The cross section of subprocess p+b — p+ 111"+ b
with EPA form reads:

dGCOh'phO - (a ypcoh) do

dydQ*di  \2z Q2
_a FHQ) [1+(1-y)* 2mj]do
w0 y Yo | @
dfylecon(y) d
:—V;Q};( )?‘;, (42)

where f,[con(y) is the coherent photon flux which is
associated with the whole proton [28]. It should be noted
that, since o7 and o, are multiplied by the factor 02, 6, and
the terms which are proportional to Q2 in ¢ can also provide
the nonzero contributions when Q2 — 0, but they are
neglected in EPA approach. Actually, the errors from these
omissions are so small, and can not cause any noticeable
effects.

Another approximate analytic form of the coherent
photon flux is developed by Drees and Zeppenfeld (DZ)
[19], which is widely used in the literatures [12-14 35] By
setting Q2. — oo, and neglecting the m termin p}, they
obtained

where A = (14 0.71 GeV*/Q2. ).
For the case of incoh.pho, the cross section of subprocess
a+b— a+ITI" + b with EPA form reads:

daincoh,pho < a ypmcoh) do

dydo*di ~ \"“2z ©?
L al=-F(Q)1+(1-y)do
™ 0? y di
df |1ncoh( )dO'
ydT h (44)

where f,|incon(¥) is the incoherent photon flux.
Another form of Eq. (44), which neglects the F?(Q?)

term and takes Q2. =1 GeV?, is
a 1+ (1-y) Ohu
f7|incoh (y) = ezzz E y Qr;m?n . (45)

III. NUMERICAL RESULTS

The several theoretical inputs and the bounds of involved
variables need to be provided. The mass range of dileptons
is chosen as 200 MeV < M < 750 MeV, the mass of
proton is m, = 0.938 GeV [36]. Since the large p; photo-
production processes are considered (the contribution are
mainly from the transverse direction), the rapidity is set to
be y, =0 (0. ~ n/2) according to Ref. [11].

For the Q? distribution, the bounds of integration
variables for coh.dir are given by

,imm (qum - 1)yxbsNN’
,imax = (quax - 1)yxhsNNv
_ S + 0 _
Xpmin = ysTv Xpmax = 1,
o 3min + Q2
Ymin = T,
1 2m 2 SNN
Ymax = 2 V 4me2 + 0* + WQz, (46)
P NN

where gmin = (MTmin + mein)z’ p%‘ = ’t\(f i +Q2M2)/
(8 + Q%) is the square of the transverse momentum for
dileptons and
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FIG. 5. (a) Comparisons of the exact results and EPA ones of dileptons produced by dir.pho for y, = 0. The solid line (black)

represents the exact results of coh.pho, the dash line (red) represents the results of EPA based on the photon flux function Eq. (42), the
dot line (blue) represents the results of EPA based on Eq. (42) but without mf, term, the dash-dot line (dark-cyan) represents the exact
results of incoh.pho, the dash-dot-dot line (magenta) represents the results of EPA based on the photon flux function of Eq. (44). (b) The
same as figure (a) but for p-p collisions at /syy = 14.0 TeV. The solid line (black) coincides with the dash line (red) in small 0
domain. Since the contributions of incoh.pho are so small comparing with coh.pho in the small Q> domain, its results are not plotted in

the upper figures.

M +5 VE=M?)?—4p2 5§

Zg min =

25 25
_M2+§+ \/(‘e_M2>2_4p%‘min§ (47)
“qmax = T3 2% '

The bounds of variables for the incoh.dir are same as
Eq (46)’ but for ,imin = (quin_ l)yxaxbsNN’ /imax:
(quax - l)yxaxbsNN’ Xpmin = (§min + QZ)/yanNN, Xa min
(gmin + QZ)/ysNN and Xamax = L.

In the coh.res, the bounds of variables are

~ /
ty min — (Zq min l)zaybeNNa

4 ()
ty max — (Zq max l)zayxhsNNv
K
Yy min
Zg min — )
YXpSNN
Zgmax = 1,
o Sy min
Xb min = ’
Za maxYSNN
Xp max = L,
KT
o y min
Ymin = ) (48)
Za maxSNN

Ymax is same as Eq (46), where gymin = (MTmin + mein)z’
p2 =1a/s and

L s, (G M4 s,

gmin = "og 2,

, _M2+§y+\/(3y—M2)2—4p%mm57 (49)
“amax =g 2,

The bounds of variables for the incoh.res are same as
Eq (48) but for ,iy min — (Z; min ])ZayxaxbsNN’ ,iymax =
(Ziz max l)zayxabeNN9 Zamin :gymin/(yxaxbsNN)’ Xb min =
§y min/(za maxyanNN)’ Xa min = gy min/(za maxySNN> and
Xamax = 1.

For the p; distribution, the bounds of x,, x, and y are
same as QO distribution, but for z, . = 1/(1 + Q%/(4p%))
[37,38], the bounds of Q? are Q> = xim3/(1 - xy),

min |coh.dir
X1 = g/SNN’ Qrznin|incoh.dir =0, Qrznin |coh.res = Qrznin|inc0h.res =
0.01 GeV? [39], and Q2,, = 4p? is used for the exact
calculations and the EPA ones Eqgs. (42) and (44).

In Figs. 5 and 6, the Q? distribution of dileptons
produced by photoproduction processes in p-p collisions
at LHC energies are plotted. The contribution of exact
treatment are compared with the EPA ones. For the case of
coh.dir, the results of EPA share the same trend with the
exact one in the small Q? region, since EPA is obtained
by setting the photon virtuality Q> — 0 and neglecting
the longitudinal photon contributions. Considering that the
coherent photon flux function with the DZ form Eq. (43)
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FIG. 6. Same as Fig. 5 but for res.pho.

is obtained by neglecting the m%, term, the EPA result
Eq. (42) with no m%, term is also presented for researching
the Q? dependence behavior and the validity of Eq. (43). It
can be seen that, the EPA result with no mf, term is greater
than the result of Eq. (42) at small Q> domain, but they
become consistent with increasing Qz, since the m?, term 1s
inversely proportional to Q%. The exact result is in agree-
ment with the EPA results Eq. (42) in small Q? region, and
is less than the EPA ones when Q% > 10 GeV2. The case of
coh.res is similar to coh.dir, but the differences between the
exact results and the EPA ones are much more evident in
large Q? domain. Therefore, the EPA approach is only
suitable in the small Q% domain, and can be used as a good
approximation for coh.pho, since the small Q> domain give
the main contribution which agree with the statements of
Martin and Ryskin in Ref. [29], and of Budnev and
Ginzburg in Ref. [17]. And the errors from the omission
of m? term in Eq. (42) and the option of Q% ~ § or co in
Eqgs. (42) and (43) cannot be neglected.

For the case of incoh.dir, the exact result and the EPA ones
are almost same and can be neglected comparing with
coh.dir when Q% < 0.01 GeV?, but the differences among
them are evident when Q% > 0.1 GeV?2. Besides, the incoh.-
dir contribution is comparable with the coh.dir contribution
when Q2 > 0.01 GeV?, and becomes much larger when
0? > 0.1 GeV?2. The case of incoh.res is similar to incoh.dir,
but the differences between the exact results and the EPA
ones are more prominent in large Q% domain. It should be
emphasized that, if the Martin-Ryskin method is not
considered, the incoh.pho contribution will always much
larger than the coh.pho one in the whole Q? region and is
divergent at very small Q%> domain (Q> — 0). This is an
unphysical result. Comparing with the Martin-Ryskin

method which avoid this unphysical large value of incoh.pho
naturally, the physical interpretation is not clear in literatures
[9,11-14] which calculated the incoh.pho contribution by
using the artificial cutoff Q*> > 1 GeV?. Therefore, the EPA
approach is not a effective approximation for incoh.pho,
since the incoh.pho contribution are mainly from the large
0? domain where the errors are obvious, and the results in
these works are not accurate enough.

The p; distribution of dileptons produced by photo-
production processes in p-p collisions at LHC energies are
illustrated in Figs. 7 and 8. For the case of coh.dir, the exact
result nicely agrees with EPA one Eq. (42) in the whole p7
region. However, the result of Eq. (43) is much larger than
the results of exact treatment and Eq. (42), since Eq. (43) is
obtained by neglecting the m% term in Eq. (42), and setting
Q2 .. = oo which will cause obvious errors. It can be seen
that, the contribution of res.pho is about two orders of
magnitude larger than the dir.pho, thus the contribution of
large py dileptons produced by photoproduction processes
is mainly from res.pho. The case of coh.res is similar to
coh.dir, the errors from Eq. (43) is also prominent.
Therefore, the choice of Q2,, is crucial to the accuracy
of EPA. Equation (42) with Q2,, = 4p7 is a good choice
for calculating coh.pho. However, choosing Q2 ~ oo will
cause the large fictitious contribution from the large Q2
domain (it can be found in the figures which show the Q2
dependence behavior), which agree with the statements in
Ref. [17]. For the practical use of EPA, except considering
the kinematically allowed Q*-change region, one should
also elucidate whether there is a dynamical cut off A2, and
estimate it. However, the definite values of the A? for
different processes are essentially different, and still need
further studies.
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FIG. 7. (a) Invariant cross section of dileptons produced by dir.pho. for y, = 0 in p-p collisions at \/syy = 7.0 TeV. (b) Same as (a)
but for res.pho. (c) The comparisons between the photoproduction processes results with the ones of hadronic processes, the solid line
(purple) represents the exact results of photoproduction processes, the dash line (wine) represents the results of EPA based on Eqgs. (42)
and (44), the dot line (royal) represents the results of EPA based on Eqs. (43) and (45), the dash-dot line (orange) represents the results of
hard scattering of initial partons (had.scat), the dash-dot-dot line (olive) represents the sum of the exact results of photoproduction
processes and the ones of had.scat. In Figs. 7(a) and 7(b), the solid line (black) coincides with the dash line (red) in the whole p; domain.

T T T T T T T T T 10% T T T T T T T T 10* T T T T T T T T
1 [ ) ) ] .
10 ’(a) Dileptons produced by dir.pho. at LHC ‘:-(b) Dileptons produced by res.pho. at LHC 4¢3 \_‘:(C) Dileptons at LHC ]
100k P-p 14.0 Tev ] : p-p 14.0 TeV 3 p-p 14.0 TeV
< 200 MeV < M < 750 MeV 200 MeV < M < 750 MeV 107 200 MeV < M < 750 MeV 1
& 10"k 3 3 3
5
e
- 10%¢ 1 L 4
N-c -1
DT 3 Exact.Coh. 10 L
S 107F _ _ Epa con. Eq. (42) E Exact. Pho.
.g -+ EPA. Coh. Eq. (43) ceedy 2 ~ = -EPA. Pho. with Eq. (42) and (44)
4[ —-— Exactincoh. 110 4102 L - - - EPA. Pho. with Eq. (43) and (45)
10" F ---- EPA. Incoh. Eq. (44) =3 & Had. Scat.
""" EPA. Incoh. Eq. (45) E 3 3 -‘~~- Sm:no!r Eme. Pho‘. and Hfd' Scat‘. ) ) )
2 4 6 8 10 12 14 16 18 200 2 4 6 8 10 12 14 16 18 200 2 4 6 8 10 12 14 16 18 20
p; (GeV) p; (GeV) p; (GeV)
FIG. 8. Same as Fig. 7 but for p-p collisions at |/syy = 14 TeV.
O 10°F 4 10°F 4
8
5 10k 1 10°F E
% 10" | Photons produced by dir.pho. at LHC 4 10’k Photons produced by dir.pho. at LHC
RS
S [ PPTOTev p-p 14.0 TeV )
106 el M | el ) 106 el vl el M
107 10° 10° 10* 10° 107 10° 10° 10* 10°
~ 105 ;_ < 105 ;‘ —— _;
> F I F = '
Q 10°F 3 E N TrRLmee—all
g [ ——Exact.Coh. 3 E Sl
< 1 F 1 1 F -
<~ 10" F - - EPA. Coh.Eq. (42) ~4 10'F
g E ----EPA CohEq @2)withnom’ 3 3
B 10"F —-— Exactincoh. 4 10°F
© . ---—EPA. Incoh. Eq. (44) < (a) 3 2 b
1077: TR BRI B R R TTTY BRI R BT\ TV BT WY T, 1077: vl 0l sl el o ONAE ]
10° 10° 10" 10° 10' 10° 10°  10° 10° 107 10° 10' 10° 10°
2 2
Q" [GeV] Q*[GeV)
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FIG. 11. (a) Invariant cross section of photons produced by dir.pho for y, = 0 in p-p collisions at /syy = 7.0 TeV. (b) Same as (a)

but for res.pho. (c) The comparisons between the photoproduction processes results with the ones of hadronic processes. In Figs. 11(a)
and 11(b), the solid line (black) coincides with the dash line (red) in the whole p; domain.

For the case of incoh.dir, the EPA results are greater than
the exact one in the whole py region, but the difference
between the EPA result Eq. (45) and the exact one is much
more evident, since the Q2. is set be 3/4 in Eq. (45), which
include the errors from the large Q% domain. The incoh.res
i1s similar to incoh.dir, the differences between the exact
result and the EPA ones are prominent in the whole pr
region. Thus, the EPA approach cannot be used in incoh.-
pho and the effects of the inapplicability of EPA for
incoh.pho are significant. In Figs. 7(c) and 8(c), the
comparisons between the photoproduction processes and
the one of initial partons hard scattering are presented. It
can be seen that the corrections from the exact results of
photoproduction processes to had.scat are non-negligible,
especially in the large p; domain. However, the differences
between the EPA results and the exact one are evident. The
EPA results will give the large fictitious correction to the

production of dileptons and photons, especially for the EPA
result of Egs. (43) and (45). Thus the statements are not
accurate in Ref. [11,12], in which the incoh.pho of
dileptons and photons was calculated by using the EPA
approach Eq. (45) with Q2% = §/4 and Q2. =1 GeV?,
and the coh.pho was calculated by using the photon flux
function with the DZ form Eq. (43).

Figures 9 and 10 present the Q? distribution of real
photons produced by photoproduction processes in p-p
collision at LHC energies. It is shown that the differences
among the exact result and EPA ones are more obvious in
the large Q? region. The p; distribution of real photons
produced by photoproduction processes in p-p collision at
LHC energies can be found in Figs. 11 and 12. The results
are similar to the case of dileptons in Figs. 7 and 8, but the
inapplicability of EPA for incoh.pho and the errors from
the option of Q2 ~ o and Q2. = §/4 are more obvious.
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FIG. 12. Same as Fig. 11 but for p-p collisions at /syy = 14 TeV.

We also compare our results of real photons to
Refs. [11,12], the inaccuracy of EPA is more evident.
Therefore, the EPA can be used for coh.pho with the
suitable choice of Q2. And for incoh.pho, EPA is not an
effective treatment, since it dominates the large Q? region
where the errors are obvious. Thus, the exact treatment is
needed to deal accurately with the photoproduction of
dileptons and photons.

IV. SUMMARY AND CONCLUSIONS

We have investigated the production of large py dilep-
tons and photons induced by photoproduction processes in
p-p collisions at LHC energies, and presented the distri-
butions of Q% and p. The exact treatment, which returns to
the EPA approach in the limit Q?> — 0, is developed for
calculations. The coherent and incoherent photon emission
processes are considered simultaneously and the Martin-
Ryskin method is used for avoiding the double counting.
The comparisons between the exact results and EPA ones
are presented for discussing the applicability range of EPA
and its accuracy. The numerical results indicate that, the
EPA approach is only a good approximation in the small Q?

region and can be used for coh.pho with the suitable option
of Q2 .. For incoh.pho, EPA is not an effective approxi-
mation, since the incoh.pho dominate the large Q? region
where the errors are obvious. The photon flux function
Eq. (43) developed by Drees and Zeppenfeld and Eq. (45)
with Q2. = /4 are widely used in the literatures
[9-13,28], and the imprecise statements were given.
Therefore, EPA cannot provide accurate enough results
for the photoproduction of large-p; dileptons and photons
in p-p collision, and the exact treatment should be
considered.
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