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Collision geometry in UPC dijet production
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We present a comprehensive NLO pQCD study on inclusive dijet photoproduction in ultra-
peripheral nucleus-nucleus collisions (UPCs). Our analysis takes into account the finite size
of both the photon-emitting and the target nucleus, estimated using the Wood-Saxon nuclear
density profile. We show that a significant part of the measured dijets at large 2z, in UPC
Pb+PDb collisions at 5.02 TeV come from events with relatively small impact parameters of
the order of a few nuclear radii, and the cross section predictions thus become sensitive to the
modelling of the collision geometry and photon flux near the source nucleus. In addition, we
include the modelling of electromagnetic breakup survival factor needed for a direct compari-
son with the experimental data and study the resolution power of this process in terms of the
impact-parameter dependent nuclear parton distribution functions.
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1 Introduction

In ultraperipheral nucleus-nucleus collisions (UPCs), inclusive dijet photoproduction has been proposed
as a valuable probe for studying nuclear parton distribution functions (nPDFs)!2:3 Compared to e.g. jet
production in proton-nucleus collisions this offers an arguably cleaner probe with considerably smaller
underlying event activity. However, the unique condition of UPCs—specifically, the absence of nuclear
overlap—imposes restrictions on the impact parameter space. This limitation becomes particularly rel-
evant in dijet production, where the requirement for high-transverse-momentum jets necessitates an
energetic photon in the initial state. Such photons are more likely to originate from close to the source
nucleus, and, consequently, the cross section predictions for dijet production become sensitive to the
modeling of nuclear geometry and the photon flux near the source nucleus.

Here, we present a study on the inclusive UPC dijet photoproduction using next-to-leading order
(NLO) perturbative QCD (pQCD) and the impact-parameter dependent equivalent photon approxima-
tion (EPA)#*56 The study considers the finite size of both the photon-emitting and the target nucleus,
revealing a sensitivity to the transverse-plane geometry of the UPC events” We discuss also the role of the
forward-neutron event-class selection in isolating the photonuclear cross section and include the associ-
ated probability for no electromagnetic (e.m.) breakup of the photon-emitting nucleus in the predictions.
We show that the geometrical effects survive even after including this additional suppression factor. Full
details of this work can be found in Ref. 7.

2 Dijet production in impact-parameter dependent EPA

45,6
?

We work here in terms of the impact-parameter dependent EPA where the UPC dijet cross section

may be written as

dO-ABA)A+dijet+X = Z /deFAB(b)/dzrfw/A(yar)®fi/"/(x’yaQ2)®/d2sfj/B(x7Q27S)

5 X!
® d&ijﬁdijCHX,(x,yypA, pp, Q%) x 5(2)(1' —-s—b). (1)

Here, f,/a(y,r) is the flux of photons from a source A carrying a fraction y of the per nucleon beam
momentum p4, evaluated at a transverse distance |r| from the center of A. A photon represented by
this flux interacts with a parton j from the target B at a distance [s| from its center, with the as-
sociated impact-parameter dependent nPDF denoted as f;, s(x,Q?s) for a parton with a fraction x
of the per nucleon beam momentum pp. This interaction, characterised by the partonic cross sec-
tion c}ijﬁdijewxl(x,yypmxpB,Qz) with a hard scale 2, can happen either directly, where i = v and
fﬂ//.y(xWCf) = §(1 — x4), or through a resolved contribution, with i = ¢, g, ¢ and fi/,y(:rﬂ,,QQ) being
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(b)

Figure 1 — (a) An illustration of the transverse-plane vectors r, b and s. (b) A ‘far-passing’, large |r| scenario.
(c) A ‘near-encounter’, small |r| scenario. Figure from Ref. 7.

the corresponding photon parton distribution for a parton carrying a fraction . of the photon energy.
Finally, the survival probability T 45(b) requires that there is no hadronic interaction between the nuclei
A and B at the impact parameter b =r — s.

The collision geometry is illustrated in Fig. 1, panel (a). The phase space can be split into two regions,
cf. the discussion in the following section: For large |r| ~ |b| > |s|, Fig. 1, panel (b), the two nuclei never
overlap, and thus any value of |s| < Rp is allowed in this ‘far-passing’ region and the spatial dependence
effectively integrates out. For |r| ~ |b| ~ |s| instead, Fig. 1, panel (c), some configurations lead to
nuclear overlap and are thus excluded from the UPC cross section. As we will show, this restriction in
the transverse phase space for these ‘near-encounter’ events leads to a sensitivity on the transverse-space
geometry of the colliding nuclei in the UPC dijet cross section.

3 Effective photon flux

Using a simple assumption that the transverse and longitudinal degrees of freedom factorize for the
impact-parameter dependent nPDFs, f; p(z, Q% s) = & Tg(s) X f;,p(x, Q?), where Tp(s) is the nuclear
thickness function, B = [ d*sTs(s) is the number of nucleons in the target nucleus and f;,p5(z, Q?) the
ordinary (spatially averaged) nPDF, one can reorganise Eq. (1) to the form

dg AP AT = N (1) ® figy (24, Q%) @ fi/p(2, Q%) @ A" 7 X (3 yp s app, Q) (2)
i,7,X/’

where
Salo) = 5 [ P [ s Lal0n) Ta) Lant—s) 3)

is an effective photon flux encoding all the spatial dependence. Various approximations can be used
for calculating this effective flux. We consider here the following options in order to demonstrate the
importance of the geometrical effects:

PL refers to the pointlike approximation, where the finite size of the colliding nuclei is accounted for
only in requiring the impact parameter to be larger than twice the nuclear hard-sphere radius,
Rpr, = 7.1 fm for a lead nucleus of A = 208, i.e. T§%(b) = 6(|b| — 2Rp1,). Other than that, the
nuclei are treated as pointlike objects with

PL 2%t . 2 2 |
/alysr) = Tmpy[Kl (&) + %Ko(ﬁ)}v § = ymy|r|, (4)

as the bare photon flux® where Z is the nuclear charge, o . the fine-structure constant, m,, the
proton mass, vy, the nucleus Lorentz factor and Ky ; are modified Bessel functions of the second
kind, and the target parton spatial distribution is taken as ThH"(s) = B3 (s).

WS;(s) refers to the approximation where the survival factor is obtained through the optical Glauber-
model TWS(b) = exp[—oxnT}%5 (b)] with the nuclear overlap function T\ calculated from the
Woods-Saxon distribution and onn taken as the total (elastic+inelastic) nucleon-nucleon cross
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Figure 2 — (a) A comparison of the bare flux from the pointlike, Eq. (4), and Woods-Saxon, Eq. (5), sources.
(b) The effective |r|-dependent flux calculated through Eq. (6). (c) The effective |b|-dependent flux calculated
through Eq. (7). Figure from Ref. 7.

section. Likewise, the bare photon flux is taken as the one of an extended charge distribution®

Z 0o m. 1 WS (1.2 2 ?
FRP (kL + (ymyp)?) Ji(frlkn)| (5)

WS _ -
'y/A(yvr) - 7-(-2 y

© dk k2
o K+ (ymy)?

where the form factor F}'S is again obtained from the Woods-Saxon distribution and J; is the
cylindrical modified Bessel function of the first kind. For this intermediate result, we still keep
TEL(s) = B6@) (s), thus neglecting the spatial distribution of partons in the target nucleus.

WS is finally the full Woods-Saxon approximation, where in addition to the survival factor and the bare
flux as in the previous case, also the nuclear thickness function for the target parton distribution
is calculated from the Woods-Saxon distribution, T%S(s) = [*°_dz ply® (V22 +s?).

oo

In Fig. 2, panel (a), we compare the bare fluxes from the pointlike, Eq. (4), and Woods-Saxon,
Eq. (5), sources. As expected, differences appear only for small values of |r|. Panels (b) and (¢) then
show the effective flux as a function of |r| and |b|, respectively, with

Salvon) = Foyalr) x 3 [ ESTo() Tane-s) (6)
Sal0:b) = Tan(b)x 5 [ s fal.b+5) Ta(s) 7)

satisfying ,‘j%(y) = [d%r j?fA(y,r) = [d’b f:%(y,b). For the |r|-dependent effective flux, we see that
when |r| > 3Rpr, i.e. for ‘far-passing’ nuclei, the three approximations described above yield an identical
flux. That is, viewed from afar, any source appears as pointlike, and since in this region the probability
for hadronic interaction between the nuclei is practically zero (i.e. Tsap = 1), the dependence on the
target spatial distribution also integrates out in Eq. (6). For |r| < 3Rpy, i.e. ‘near-encounter’ events,
the three approximations differ due to a finite probability for nuclear overlap, and the full WS effective
flux has a non-negligible contribution in the region |r| < 2Rpr, due to the integration over the full target
width that is not taken into account by the other approximations. This becomes particularly important
for high-energy photons, where the flux drops very fast as a function of |r|. Note that if considered as a
function of |b|, Eq. (7), the integration over the target width causes always an enhancement in the WS
flux over the WSs(s) approximation and one cannot easily find a limit where the different fluxes would
resolve to the PL approximation. See Ref. 7 for more details.
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Figure 3 — Comparison of the effective photon flux (left) and UPC dijet cross section (right) in Pb+Pb collisions
at /sy = 5.02 TeV. (a) Absolute quantities. (b) Ratios of the different flux approximations with respect to the
pointlike one. (c) Fraction of |r| < 3RpL ‘near-encounter’ versus total number of events. Figures from Ref. 7.

4 UPC dijets in Pb+Pb at 5.02 TeV

We compare the effective flux sl;fA(y) and the inclusive UPC dijet cross section for Pb+Pb collisions
at /snn = 5.02 TeV in Fig. 3. For the latter, we show the single-differential distribution as a function
of 2y = Mjets exp(yjets) / /5NN, where Mies, ¥jets are the invariant mass and rapidity of the anti-kr
(R = 0.4) jets passing the kinematical cuts. For these cuts we use the ones from the ATLAS analysis?
where the jets are required to be confined in rapidity to |njet| < 4.4 and have a transverse momentum of
at least pr jet > 15 GeV with Mjets > 35 GeV. At leading order, one would have z, = z,y and thus this
observable can be used as an experimental proxy for the cross section dependence on the photon flux.
Here, we perform the calculations in NLO with the Frixione & Ridolfi jet photoproduction code.l®

As can be seen from the figure, the effective photon flux as a function of y (Fig. 3, left) and the
UPC dijet cross section as a function of z, (Fig. 3, right) exhibit rather common behaviour due to their
intertwined nature. For low photon energies (i.e. small y or z,), the three approximations discussed in
the previous section agree nicely. This is due to the fact that only a small fraction of events in these
kinematics come from the near-encounter configurations where the geometrical effects become significant.
As the photon energy is increased, so does the fraction of events from the near-encounter configurations,
and eventually the predictions from the three predictions begin to diverge. In the bin of highest z, this
results in a 20% enhancement in the WS compared to the PL approximation and, quite strikingly, a
factor of two difference between the WS and WSs(s) approximations. The latter clearly indicates that
taking into account the spatial extent of the target nucleus is truly needed for an accurate interpretation
of this observable.


https://journals.ku.edu/upc/

Phys. Proc. Ultra-Peripheral Collisions 1, 016 (2024) 5-8

(a) (a)
109§ T T T TTTT T T T TTTT T T TTTTH
1+ F 5.02 TeV Pb+Pb |
oy | NLO pQCD |
= 108 ¢ GRVXEPPS21 7
G |
~ = E|
g T
B & L ]
E 05 i -i 106 B i
.......... PLpadr % E [ PLiudr E
...... PLhadr.+e.m. :Q: s | PLhadr‘+e.m‘ i
—— WShadr. —8 10° | —— WSpaar. E
WShadr.+e.m. E WShadr.+em. E
0 | | T T 104 T 1T Lol Lo
0 10 30 40 50 60 1074 1073 1072 107!
b| [fm 2y
®) [b] [fm] (b)
T 1 T T T T T T T T T T T
1| . R )
E 0.6 - b
s 041 b
. &g_ o2l PLjadr. +e.m. /PLhadr. |
Q_L:/Q : WShadr.+e.m. /Wshadn
53 05 | 0 T e e e e e T —1 1111l Lol
= 1074 1073 1072 10-!
.......... PLpadr 2y
""" PLhadr.+e.m. (C)
WShaar. 14l T T T
Wshudr.+s.m. é 121 |
0 | T T °
0 30 40 50 60 s 1r b
[r| [fm] § 0.8 [-| —— WShadr. / PLadr. *
0.6 wshadr.+e.ln. /PLhudr.+e.nl. .
e e e I —r—1 1111 Lo
10~ 1073 1072 107!
Ly

Figure 4 — Left: (a) The survival factor in pointlike and Wood-Saxon approximations, without and with the
e.m. breakup factor. (b) Same, but for the effective |r|-dependent survival factor. Right: The impact of the
e.m. breakup correction on the dijet production. (a) Absolute cross section. (b) The size of the e.m. breakup
correction. (c¢) The ratio between the predictions in pointlike and Wood-Saxon approximations, without and with
the e.m. breakup factor. Figures from Ref. 7.

5 Modelling the e.m. breakup for the neutron-class selection

Our treatment of the UPC dijet production in the previous section was fully inclusive, apart from requiring
no direct hadronic interaction between the incoming nuclei. The experimental measurement however uses
a OnXn forward-neutron event-class selection and associated rapidity cuts for isolating the photonuclear
events from generic nucleus-nucleus collisions® To account for the requirement of zero neutrons in the
photon-going direction, we employ the Poissonian probability for no electromagnetic breakup of nucleus
A through Coulomb excitations !

I (b) = exp [— [t B0, (Vo sNNﬂ ®)

which we take from the Starlight event generator!? The total (hadr.4+-e.m.) survival probability then
reads

Dt (b) = (DU b), T ) = 3 [ @sTae T wos), (9)
where the latter form is the effective suppression factor multiplying the bare flux in Eq. (6). These are
presented in Fig. 4 left, panels (a) and (b), respectively, without and with the e.m. breakup factor, for
the PL and WS approximations. Requiring no e.m. breakup causes a clear, impact-parameter dependent
reduction in the survival probability.

The impact on the dijet production is shown in Fig. 4 right, panels (a) and (b), where we see that
taking into account the e.m. breakup yields a substantial suppression in the cross section. The impact-
parameter dependence manifests itself here as a dependence in z.,, and the suppression varies from 20%
at the lowest to 60% at the highest z,. Noteworthily, this additional suppression does not reduce the
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Figure 5 — Left: (a) The s-dependent effective flux. (b) The nuclear thickness function. Right: (a) The UPC
dijet cross section with predictions using either no nuclear modifications (IS only), spatially independent nuclear
modifications (EPS09) or spatially dependent nuclear modifications (EPS09s). (b) Ratios to the IS only prediction.
Figures from Ref. 7.

difference between the PL and WS approximations of the effective flux, but rather enhances it and
results in a 40% difference in the highest z, bin, as shown in Fig. 4 right, panel (c). Note that in order
to match with the X > 1 neutron condition in the target-going direction, we should still subtract a
diffractive contribution from our inclusive results, but we expect this to be a small correction in most of
the phase-space’ 13

6 Spatial dependence in the nuclear modifications

In above, we have treated the nPDFs under the factorization assumption f;/5(z, Q% s) = % Tx(s) x
fi/B(2, Q?). This is of course just a simplification, and one should use proper impact-parameter dependent
nPDFs instead !5 To study this, we begin by rewriting Eq. (1) as

dg AP ATt X — ™ / A% Fa(4,8) ® fisy (24, Q1) @ f/5(x, Q% 8) @G T 7 WX (3 yp 4 ap s, Q2),

4,5, X’
(10)
thus making no assumption on the form of f;, p(, Q?,s), and where
F(09) = [ @rTan(e-5) £, /a(w.) ()

is an s-dependent effective photon flux. Should the spatial dependence integrate out, as happens in the
far-passing region, this function would be constant in |s|, whereas any sensitivity to the spatial dependence
of the target nPDF would appear as a non-constant behaviour. This function is shown in Fig. 5 left,
panel (a), and compared with the target thickness function shown in Fig. 5 left, panel (b). We see that,
as could be expected from the discussion above, the s-dependent effective flux is almost constant for
low-energy photons where most of the contribution come from far-passing events, but for high-energy
photons an enhancement towards the edge of the target appears due to an increasing contribution from
the near-encounter region.

To test whether this |s|-dependence of the flux at high photon energies can be used to probe the

spatial dependence of nuclear modification, we employ the phenomenological EPS09s parametrization.!®
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The cross section can then be written as

do_AB—)A-‘rdijeH—X Z Z eff m ®f1/’y(x’yv Q )®f /B(ir Q )®dw]—>d1jet+X (xwypAy-TpB; Q2),
4,4, X’ m=0

(12)

where
FI W = g [ EsERES T @) =3 N @ P (3)
N

are a generalised effective flux for different powers of the nuclear thickness function and the nuclear
PDFs with EPS09s nuclear modification coeflicients cf,{N (where the sum goes over the nucleons N in
the nucleus B), respectively. The resulting dijet cross section is shown in Fig. 5 right, panels (a) and (b),
comparing the prediction with spatially dependent nuclear modifications (EPS09s) to a version of the
same nPDFs with no spatial dependence in the nuclear modifications (EPS09)!¢ and a prediction with
no nuclear modifications in the PDFs but taking into account the trivial isospin dependence (IS only).
As we can see, the nuclear modifications result in an order of 10% effect in the cross section (EPS09 vs.
IS only), while the spatial dependence in them gives only a small correction to that (EPS09s vs. EPS09).
Hence, even though the spatial resolution at high z, caused by the dominance of near-encounter events
was able to distinguish the overall shape of the target nucleus (cf. the large difference between WS and
WS;(s) predictions), it is not strong enough to probe the spatial dependence of the nuclear modifications
in impact-parameter dependent nPDF's.

7 Conclusions

In summary, the inclusive dijet photoproduction in UPCs provides valuable insights into nPDFs, but
a careful consideration of the collision geometry and photon flux is essential for robust predictions and
meaningful constraints. Even though we found that the spatial dependence in the nuclear modifications
as encoded in the EPS09s nPDF's gave only a very small correction compared to the spatially independent
EPS09 nuclear modifications, one should note that there is still a significant 40% correction at large z,
from using a full WS calculation for the effective photon flux compared to the simple PL approximation,
in the case when the e.m. breakup probability is properly taken into account. This e.m. survival factor
was needed in order to match with the experimental OnXn event selection? We also note that further
measurements in the XnXn and OnOn event classes will be helpful for experimentally quantifying the size
of this e.m. survival factor and the diffractive contribution, and guide the reader to Ref. 7 for further
discussion.
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