PHYSICAL REVIEW D 105, 034008 (2022)

Predictions of exclusive Y photoproduction at the LHC and future colliders
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The cross section for exclusive Y ultraperipheral photoproduction at present and future colliders is
determined using the low x gluon parton distribution function extracted from an analysis of exclusive J/y
measurements performed at the Hadron-Electron Ring Accelerator and the Large Hadron Collider.
Predictions are given at next-to-leading order in collinear factorization over a wide yp centre-of-mass
energy range, calculated assuming the nonrelativistic approximation for the Y wave function, and with

skewing corrections incorporated.
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The exclusive Y photoproduction process, yp — Y'p,
was first measured in diffractive deep-inelastic-scattering
events by the ZEUS collaboration at the ep Hadron-
Electron Ring Accelerator (HERA) collider just short of
25 years ago [1]. A subsequent measurement of this
observable came from H1 Collaboration at the start of
the new millennium [2] and later again from ZEUS [3],
extending the kinematic coverage of the datasets to larger
values of the yp centre-of-mass energy. More recently,
measurements of exclusive Y production have been made
by the LHCb collaboration in ultraperipheral p p collisions
at pp centre-of-mass energies /s = 7 and 8 TeV [4] and
then, in the last few years, by the CMS collaboration in the
pPb mode with centre-of-mass energy per nucleon pair of
V/Snn =5.02 TeV  [5]. Forthcoming measurements at
8.16 TeV by CMS are anticipated [6,7].

In this short paper we make predictions for the exclusive
Y photoproduction in a yp centre-of-mass energy range
relevant for experiments, past and present, and at the future
Electron-Ion collider (EIC) and the proposed Large Hadron
Electron Collider and Future Circular Collider. We use the
collinear factorization framework at next-to-leading order
(NLO) supplemented with a crucial “Q,” subtraction [8].
We also employ the optimal factorization scale up =
My /2, which reduces the scale dependence of the result
thanks to the resummation of double logarithmic
(a,In(1/x) In(up))" terms. Here, My is the mass of the
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vector meson. For very low x, we use the gluon parton
distribution function (PDF) determined by a fit to exclusive
J/y photoproduction data in [9], which does not include
any Y data.

Let us briefly recall our formalism. We work at NLO
within the collinear factorization scheme and express the
amplitude for exclusive Y photoproduction as

A 4ﬂ\/4ﬂaeq(e§ . ey) 8(0)\ /2
N, M3

X/_ldx(Cg(x,f)Fg(x,é)—i- > Cq(x,é)Fq(x,é))

q=u,d,s,c
(1)

where F, and F, are generalized parton distributions
(GPDs), C, and C, are coefficient functions, see [8,10],
and x — &, x + £ are parton momentum fractions in the light
cone direction P*. The dependence on the factorization and
renormalization scales up, pr and on the four-momenta
transfer squared ¢ is not shown. The setup is shown in
Fig. 1. The nonrelativistic QCD matrix element (O;)y is
fixed by the experimental value of the Y — utu~ decay
width [11] using

LY — ptu)

B Zeiﬂa24<01>y
3 M

8a, 2
1-—= 2
3ﬂ> > (2)

see [10]. This gives (O)y ~3.62 GeV?. In [12], it was
demonstrated that relativistic corrections to the J/y wave
function suppress the cross section by ~6%. For Y
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W,

FIG. 1.

The two diagrams describing exclusive Y production, pp — pYp, at the LHC. The W, and W_ contributions arise in the

ultraperipheral description of the yp — Y'p subprocess, see the text for details. In the pPb mode, either the upper or lower proton is

replaced by a Pb-ion.

production, due to the larger quark mass, this suppression is
expected to be a smaller effect.

It was argued in [13] (in the context of exclusive J/y
production but nonetheless generally for the exclusive
production of heavy vector mesons) that the factorization
scale choice ur = My /2 used to calculate the LO part of
the amplitude resums the logarithmically enhanced terms
~(agIn(1/x) In(ug))" at small x. After this, all the factori-
zation scale u; dependence can be collected in the NLO
part. It turns out that the residual y; dependence becomes
weaker. Moreover, in [8] the double counting of contribu-
tions O(Q3/M%)~O(1) in the low parton transverse
momentum k, < Q, domain was eliminated, where Q,
is the PDF input scale. Together, these effects resulted
in a NLO correction smaller than the Born contribution
and a reduced dependence on the factorization scale;
for example, the ratio of our central prediction (with
i = p; = pg = 22.4 GeV?) and a scale variation (with
pi =224 GeV? and pj = pup =447 GeV?) at W=
100 GeV and W = 1000 GeV, where W is the yp
centre-of-mass energy, is 1.03 and 1.28, respectively.

The Shuvaev integral transform [14-16] is used to relate
the conventional collinear PDFs to the GPDs at small x.
This provides sufficient accuracy ~O(x) at NLO in the low
x domain. As the transform is not valid in the timelike
subregion |x| < & of the integration domain, we use Eq. (1)
to extract the imaginary part of the amplitude only. In this
region, the imaginary part of the coefficient functions are
zero. The real part is restored at the level of the total
amplitude via a dispersion relation, which in the high
energy limit (for an even signature amplitude) can be
written in the simplified form,

(3)
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see e.g. [17]. The cross section, differential in #, evaluated at
zero momentum transfer in the ¢ channel, is given by

do

dr

(ImA)(1 + %)

4
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To describe data integrated over ¢ we assume that the cross
section depends exponentially on ¢, that is o ~ exp(—B|t|).
The energy-dependent slope parameter B is given by the
Regge motivated parametrization,

B(W) = <30+4a;, 1n<v‘3/>> Gev=2, (5

0

where B, = 4.63 GeV~? for Y production. Since we
normalize to Wy = 90 GeV (rather than the vector meson
mass), we must recalculate the value of B, for Y; it is
obtained using the value By, = 4.9 GeV~2 for J/y pro-
duction [18] and the pomeron slope o) = 0.06 GeV~2.
This parametrization grows more slowly with W than that
in [4] and is based on model 4 of [19], which fits a wider
variety of elastic pp scattering data.

Figure 2 displays our predictions for the yp — Y'p cross
section at NLO. It is based on using, as input, the behavior
of the low x gluon PDF determined from an analysis of
exclusive J/y data, with the quark PDFs taken from the
global analyses. Note that at NLO, the evolution of the
gluon and singlet quark PDFs, relevant here, are coupled.
However, it was shown in [20] that after the Q subtraction,
the quark contribution to Eq. (1) is negligible. Therefore,
our separate treatment of the quark and gluon PDFs is
justified at this level of accuracy. Indeed, within the
Dokshitzer-Gribov-Lipatov—Altarelli—Parisi (DGLAP)
approach (with strong k, ordering), the k, of the light
quarks is smaller than ur (since the quark contribution is
separated from the outgoing Y meson by at least one step of
DGLAP evolution—only the gluons may participate in the
hard scattering event). This means that practically the
whole quark contribution comes from the region k, <
Qp and, therefore, after the O, subtraction, is more or less
absorbed into the input PDF. We have checked in our
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FIG. 2. The cross section prediction for the yp — Y'p process
based on a DGLAP evolved gluon PDF obtained from a fit to
exclusive J/y data [9] and quark PDFs from global analyses,
here NNPDF3.0. We stress that no fit to the available Y data
shown is made at this stage and that the width of the blue band
represents the propagation of the 41o uncertainties of the
exclusive J/y fit parameters. Shown for comparison purposes
are the currently available exclusive Y data [1-5] as well as the
projected kinematic coverage of this observable for the future EIC
in its highest energy configuration. (The apparent discrepancy of
the LHCb data with our predictions may be explained as
discussed in the penultimate paragraph of the paper).

approach that inclusion of the quarks leads to about a 1%
enhancement of the cross section in the low x domain, and
so our prediction is driven by the gluon distribution.
Explicitly, in [9] it was found that fitting a power ansatz
for the low x gluon PDF, xg ~ x~*, to the exclusive J Y%
data from LHCDb at 7 and 13 TeV [21,22], and to the HERA
data with x < 0.001 [23-26], gave an excellent description
witha y2. /d.o.f ~ 1. Moreover, the gluon PDF inspired by
the double-logarithmic approximation (DLA),

w2\ 02
xg(x, u3) ~ (1 —x)x~@ (?)
0

X exp {\/ 16(N./fy) In(1/x) In G] (6)

ln(ﬂ%/ A%)CD)

with G=——7—7"",
ln(q(z)/A(zQCD)

(7)

was also used and gave a similar fit quality. Here, Agcp =
200 MeV and gj = 1 GeV?, with f, = 9 for three light
quark flavors. In the low x region, the expected x
dependence of the gluon density follows a pure power
law, but evolution in the scale quickly modifies this
behavior, resulting in a steeper gluon at larger 3. The
exponential term in (6) resums the double logarithmic
terms ~(a, In(1/x)In(up))" to all orders in n, and so we

find that, to good accuracy, the NLO DGLAP low x
evolution in the Q2 interval from 2 to about 30 GeV? is
reproduced. The DLA parametrization therefore mimics
DGLAP evolution in a region that includes the Y photo-
production scale 2 = (My/2)? ~22.4 GeV2.!

We use (6) and (7) at the Y scale, taking the slope and
normalization of xg from the DLA fit made to the exclusive
J/y data. To obtain the effective power of 1 we fit the
resulting grid of values over the range of x corresponding to
the W range in Fig. 2. The normalization is fixed by
matching onto the global partons at x = 1073, In this way
we obtain A= 0.24. We have checked that this is in line
with the effective power growth of the gluon density from
the NNPDF3.0 global parton set [27] at 3 ~ 22.4 GeV? in
the x range considered. Moreover, we have verified
that APFEL++ [28] gives the same power behavior when
we DGLAP evolve our low x power ansatz fitted to the
exclusive J/y data, xg ~ x™* with 1~ 0.14, from the J/y
scale to the Y scale.

We emphasize that the prediction shown in Fig. 2 is
based only on DGLAP evolving a previously obtained
gluon distribution. The data are shown just for comparison
purposes and are not included in any fit at this stage. The
width of the shaded band gives the 16 uncertainty from the
J/y experimental data used in the gluon PDF fits but does
not account for theoretical uncertainties.

The data for exclusive Y production via ultraperipheral
pp and pPb collisions from LHCb and CMS, respectively,
can be used to estimate exclusive Y photoproduction
yp — Yp, via an unfolding procedure as described in
[4]. Broadly speaking, the cross section data from LHCb
(CMS) measured differentially in bins of rapidity for pp —
pYp (pPb — pYPDb) collisions can be used to find a cross
section for the underlying yp — Y'p subprocess.

In the absence of forward proton tagging in p p collisions
at the LHCD, there is the ambiguity regarding which
proton acted as the photon emitter and which as the target
so, for a given rapidity Y, there are two different yp
subprocesses with different centre-of-mass energies W2 =
My+/s exp(£|Y]|) that contribute, as illustrated in Fig. 1.
The interference effect between the two subprocesses is
small and will be neglected in the following. To be specific,
exclusive Y production in ultraperipheral pp collisions,
do(pp)/dY, can therefore be expressed in terms of
the exclusive photoproduction cross sections o (yp), for
the subprocess yp — Yp at the two energies W, by the
equation

'"The shape and normalization of the gluon PDF at the
matching point x = 107> and the Y scale from recent global
PDF analyses are similar. Our prediction therefore does not
strongly depend on the PDF set used for the matching.
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TABLE 1. Rapidity gap survival factors S for exclusive Y
production, pp — p + Y + p, as a function of the Y rapidity Y
for pp centre-of-mass energies of 7 TeV, 8 TeV, and 13 TeV. The
columns labeled S?(W ) give the gap survival factors for the two
independent yp — Y'p subprocesses at different yp centre-of-
mass energies W.

7 TeV 8 TeV 13 TeV
Y SHWy) SHW_) S2(W,) S2(W_) S*(W,) S*(W.)
0.125 0.806 0.815 0.809 0.817 0.818 0.826
0.375 0.796 0.823 0.799 0.825 0.810 0.833
0.625 0.785 0.830 0.789 0.832 0.801 0.839
0875 0773 0837 0777 0839 0791  0.845
1125 0760 0.843 0765 0845 0.781  0.850
1.375 0.745 0.849 0.751 0.851 0.769 0.855
1.625 0.728 0.854 0.735 0.856 0.756 0.860
1.875 0.709 0.860 0.717 0.861 0.741 0.865
2.125 0.688 0.864 0.697 0.865 0.724 0.869
2375 0664 0869 0674 0870 0706 0.873
2625 0637 0873 0648 0874 0684 0877
2.875 0.606 0.877 0.619 0.877 0.661 0.880
3.125 0.571 0.880 0.586 0.881 0.634 0.883
3.375 0.532 0.884 0.549 0.884 0.604 0.886
3.625 0488 0887 0507 0887 0569  0.889
3875 0441 0890 0462 0890 0531  0.892
4125 0392  0.893 0413 0893 0488  0.895
4375 0.341 0.896 0.363 0.896 0.441 0.897
4.625 0.290 0.898 0.312 0.899 0.392 0.900
4.875 0.243 0.901 0.262 0.901 0.340 0.902
5125 0200 0903 0217 0903 0289  0.904
5375 0164 0905 0177 0906 0240  0.906
5.625 0.133 0.907 0.144 0.908 0.196 0.908
5.875 0.109 0.910 0.117 0.910 0.158 0.910
do(pp)

= (W) (k+g—z+>0+(ﬂ7)

;4

+ S2(W_) ( dk_) o_(rp), (8)

where k,dn/dk, are photon fluxes, and S*(W.) are
survival factor corrections, accounting for the probability
that the rapidity gap is not populated by additional soft
interactions involving the initial state proton.

While both W, and W_ contributions exist in the pPb
configuration too, experimentally the ambiguity of the
photon emitter can be somewhat alleviated by detection
of neutrons from the Pb-ion using zero degree calorimeters,
as employed by CMS. In the experimental analyses, the W _
component is treated as a systematic uncertainty [4] or as a
background [5].

Below, we compare the choice of photon flux and
survival factor combination taken from [29] with that
constructed using the more accurate photon flux from [30].

Survival factors compatible with the photon flux presented
in [30] are given in Table L.

For do(pp)/dY, we observe that this choice produces a
difference of, at most, 5% at the maximum forward rapidity
Y ~ 4.5 for exclusive J/w production at LHCb. At an even
larger rapidity ¥ ~ 5 (beyond the acceptance of LHCDb), this
difference increases to ~25%. The mass of the Y is ~3
times that of the J/y, and so (with k, « My and W,
/My) the typical photon energy in exclusive Y production
is now much larger than in exclusive J/y production, and
we enter the region where the approximation of the photon
flux presented in [29] breaks down at much lower rapidities
(within the acceptance of LHCb and CMS). The large W,
data points from LHCb shown in Fig. 2 (where the photon
flux and S? from [29] were used) are shifted towards our
prediction if the photon flux and survival factor combina-
tion constructed based on the work presented in [30] is used
in (8). To emphasize, though the photon flux used in [29] is
adequate for exclusive J/y production in pp collisions for
Y < 4.5, for higher Y and particularly for exclusive Y
production, we should use the more accurate photon flux
of [30].

In summary, using the framework built and developed in
[8,9,20], we have predicted the cross section for exclusive
Y production at HERA and in ultraperipheral collisions at
the LHC, using a low x gluon parametrization extracted
from HERA and LHC exclusive J/y production data.
More precise exclusive Y data are anticipated from LHCb,
with their HERSCHEL detector now employed, in pp
collisions, and from CMS in pPb collisions, as well as in
the upcoming high-luminosity phase of the LHC and the ep
program of the EIC. While the statistics achievable for Y
production may be more limited than that for J/y, the
theoretical uncertainties are under better control. A com-
bined fit to Y together with the J/y and w(2S) data would
therefore be desirable in the future. All such data will
increase our understanding of the underlying theoretical
mechanisms at play in these interactions and, importantly,
lead to an improved understanding of the behavior of the
gluon distribution at small x. This program will also require
a more complete theoretical treatment of exclusive Y
production in pPb and Pbp collisions, accounting for
the possible proton rescattering inside the Pb-ion, which
we leave for future work.
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