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We discuss the diffractive bremsstrahlung of a single photon in the
pp — pp7y reaction at LHC energies and at forward photon rapidities. We
compare the results for our standard approach, based on QFT and the
tensor-Pomeron model, with two versions of soft-photon approximations,
SPA1 and SPA2, where the radiative amplitudes contain only the leading
terms proportional to w™! (the inverse of the photon energy). SPA1, which
does not have the correct energy-momentum relations, performs surpris-
ingly well in the kinematic range considered, namely at very forward pho-
ton rapidities and 0.02 < &; 2 < 0.1, the relative energy loss of the protons,
corresponding to small values of the photon transverse momentum. Az-
imuthal correlations between outgoing particles are presented. We discuss
also the role of the pp — ppn® background for single-photon production.
We discuss also the possibility of a measurement of the pp — ppyy reaction.
Our predictions can be verified by ATLAS-LHCf combined experiments.
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1. Introduction

In this contribution, we will be concerned with an exclusive diffractive
photon(s) bremsstrahlung in proton—proton collisions at high energies. The
presentation is based on [1, 2| where all details and many more results can
be found.

* Presented by A. Szczurek at the 30" Cracow Epiphany Conference on Precision
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The forward photon production (inclusive) cross section in proton—proton
collisions was measured with the RHICf detector [3| at the centre-of-mass
energy /s = 510 GeV and with the LHCf detector at /s = 0.9,7, and
13 TeV [4]. The LHCf experiment is designed to measure the production
cross section of neutral particles in the pseudorapidity region |n| > 8.4, up
to zero-degree. Several joint analyses with the ATLAS-LHCf detectors are
planned; see [5] and references therein. In contrast, the exclusive pp — ppy
reaction has not yet been identified experimentally. Some feasibility stud-
ies for the measurement of the exclusive bremsstrahlung cross sections were
performed for RHIC energies [6] and for LHC energies using the ATLAS
forward detectors |7, 8].

The theoretical methods which we use in our analysis were developed
by us in [2, 9]. In [9], we discussed the soft-photon radiation in pion—pion
scattering. There we compared our standard (called also “exact”) model
results for diffractive photon-bremsstrahlung to various soft-photon approx-
imations (SPAs) based on the soft-photon theorems. In [2]|, we extended
these considerations to the pp — ppy reaction at /s = 13 TeV. In contrast
to the analysis of this reaction previously discussed by two of us [10], in
our recent works we use the tensor-Pomeron model developed in [11, 12].
The tensor-Pomeron model was successfully applied to many hadronic re-
actions, in particular to central exclusive diffractive production processes;
see e.g. [13]. From [11, 12], we know the form of the effective Pomeron prop-
agator and the Pomeron—proton—proton vertex function. We have shown
in [14] that the photon—Pomeron fusion mechanism does not play an im-
portant role at very forward photon rapidities, which is what we are most
interested in. In our analysis of photon-bremsstrahlung processes [2, 9], we
respect the general QFT structure of the radiative amplitudes.

It is worth noting that for w — 0, in the region where soft-photon theo-
rems discussed in |15] should be applicable, our bremsstrahlung distributions
presented below and in |1, 2] are an exact result of QCD plus lowest order
electromagnetism.

The theoretical methods which we developed for the exclusive diffractive
bremsstrahlung of soft photons can be also used for the production of “dark
photons”. For some interesting scenarios in this context, we refer the reader
to Refs. [16-18|. Searching for a signal of light, weakly-interacting dark
photons and many other long-lived particles of new physics, in the very
forward region, is the main task of the FASER detector at the LHC [19].
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2. Sketch of the formalism

2.1. pp — ppy
We consider the reaction

P(Pa> Aa) + (o Ao) = p(D1, A1) + p(p, X2) + (K, €) (1)

at high energies and small momentum transfers. The momenta are indi-
cated in brackets, the helicities of the protons are denoted by Ay, Ap, A1, Ao €
{1/2,—1/2}, and ¢ is the polarization vector of the photon. The kinematic
variables are

2
s = (patm)’= @1 +ph+k)",
2 2
t1 = (pa—11)", to=(pp—ph)" . (2)
The rapidity of the photon is then

1. KO+ &3 0
yzilnko_k?’:—lntani, (3)

where 6 is the polar angle of k, cos = k3/|k|. The proton relative energy-
loss parameters can be expressed by the kinematical variables of the photon,

& = ]j/% exp(y) + O <A§2> ;o &= f/gexp(—y) +0 <J\§2> NG
The cross section for the photon yield can be calculated as follows:

1 d3k / d3p} d3ply
24/s (s — 4m12)) (2m)3 20 ) (2m)3 2p!° (2m)3 2y

do(pp — ppy) =

1 * v
x(2m)'8 W (4 By k= pa =) 7 D MuM(—g™);
p spins
(5)

see Egs. (2.33)-(2.35) of [2]. Above k° = w, M, is the radiative ampli-
tude. In the following, we consider only the leading Pomeron-exchange
contribution within the tensor-Pomeron approach [11, 12]. Our diffractive
photon-bremsstrahlung amplitude includes 6 diagrams (see Fig. 1) M, =
M,(La) +MLb) +/\/l,(f) —i—MffD —i—M,(f) +/\/l£bf); see (2.62) and (B3) of [2]. The
amplitudes (a), (b), (d), (e) corresponding to photon emission from the ex-
ternal protons are determined by the off-shell pp elastic scattering amplitude.
The contact terms (c), (f) are needed in order to satisfy gauge-invariance
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P (pa)

P (ps)

Fig. 1. Diagrams for the pp — ppy reaction via diffractive bremsstrahlung with
exchange of the Pomeron, P. In addition, there are diagrams (d), (e), and (f)
corresponding to the emission of photon from the p,—p) line. These are not shown
here.

constraints. With the off-shell pp elastic scattering amplitude M@ the
standard proton propagator Sg, and the «ypp vertex function, we get the
following radiative amplitudes:

M = —iy @ ay MO (pg — k, py, P, p))
X (SF(pa - k)F;E’ypp)(pa - kapa)ua) X uyp ,
MP = = (@ L™ (v, 51 + k) S (8 +F) )
Uy M(O) (pa,pbvp/l + k‘,p/Q) Ug @ Up - (6)

In our tensor-product notation, the first factors will always refer to the
pa—p} line, and the second refer to the p,—p), line. Using the Ward—Takahashi

identity
' —p)" ™) (), p) = —e [Sp* (¢) — Szt (p)] (7)

and imposing the gauge-invariance condition k“(./\/l,(f) + MLb) + ./\/l,(f)) =0,
we obtain

M = ety ® uy
X [/\/l(o) (Pa — K, po, P, 13) — M@ (Pas> b, DY + k%P/Q)} Ug @ Up -
(8)

In a similar way we proceed with the amplitudes (d), (e), and (f). For
details how to calculate the above results we refer the reader to Sec. II C
and Appendix B of [2].
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We compare our standard results to two soft-photon approximations,
SPA1 and SPA2, where we keep only the pole terms o< w™!. In SPA1, the
radiative amplitude has the form

_ (on shell) pp o Pay Pip _ Dbp b2y
M sear =M 51 @m@+%%ﬁ(mﬂ+@rm®
where M(nshel)pp(5 1) is the amplitude for on-shell pp scattering. In the
SPA1, the photon momentum k was, on purpose, omitted in the energy-
momentum conserving ¢ function in the evaluation of the cross section.

In the SPA2, the correct 2 — 3 kinematics is used, that is, we keep the
exact energy-momentum relation p, + pp = pj + ph + k. We calculate the
photon yield using (5) with the radiative amplitude as follows:

My, spaz = METO (s, 1) + METT (5 1) (10)

The explicit expressions of these terms are given by (3.4), (B4), and (B15)
of [2].

2.2. pp = ppyY
Here, we consider two-photon bremsstrahlung in the reaction (see Fig. 2)
p(Pa) +p(po) = p (P1) +p (1) +v(k3) +v(ka) - (11)

7 (k3)

p(p) p(p1)

P (p2) p(p2)

Fig. 2. Diffractive two-photon bremsstrahlung diagrams for the pp — ppyy reac-
tion. These four diagrams contribute to the SPA1 amplitude (12).
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For the calculation of amplitude (11), we use SPA1

M,uz/, SpAL = eQM(onshell)pp(S’t)
Pap Pip :| |: Pov D2v
X |— + — +
(Pa - k3) ~ (p1-k3) (Po- k1) (p2-ka)

In this case, we shall require that one photon is emitted at forward and one
at backward rapidities, 8.5 < y3 < 9 and —9 < y4 < —8.5, respectively, and
that 0.02 < &2 < 0.1, where we define

. (12)

k k
=3 oxp(ys) + %:‘ exp(£ys) - (13)

§12 = s 75

3. Results

In Fig. 3, we show the distributions for our standard approach for the
pp — ppy reaction together with the results obtained via SPA1 (9) and
SPA2 (10). Recall that in both SPAs we keep only the pole terms oc w™!
in the radiative amplitudes. Bremsstrahlung photons are emitted predomi-
nantly in very forward-rapidity region of 9 < y < 10 and with small values
of photon transverse momentum k&, . Photons can be measured by the LHCf
detectors, in the region of |y| > 8.4, and the protons by the ATLAS forward
proton spectrometers (AFP). Due to the limitation 0.02 < & < 0.1, the en-
ergy of the photons is limited to 130 GeV < w < 650 GeV. The SPA1 result

2 T T §o.004m_m_m_m_m
= C pp o ppY. Vs=13TeV ° [ pp—~ppY, Vs=13TeV
ER N 1§ omegonisa
B [ —— spa2 1 200037 —— SPA2 7
A/ S— SPALk, <1GeV 4 3 HIN 0 SPAL k| <1GeV
B i ] N
TN S H N\ 1
! N S0.002H '\n\ B
L <\ |
0.001} o
G e b b b b by
200 300 400 500 600
y w (GeV)

Fig.3. (Colour on-line) The differential distributions in the rapidity of the photon
(left panel) and in the energy of the photon (right panel) for the pp — pp~y reaction.
The solid line corresponds to the complete (standard) bremsstrahlung model (as
in Fig. 1), the black long-dashed line corresponds to SPA2 (see Eq. (10)), and the
red dotted line corresponds to SPA1 (see Eq. (9)).



Ezxclusive Bremsstrahlung of One and Two Photons in . .. 5-A11.7

performs surprisingly well in the kinematic range considered. For the SPA2,
the deviations from our exact (standard) result increase rapidly with grow-
ing w and k. There is an important interference between the leading term
x w™! and the non-leading terms occurring in the radiative amplitudes. For
more details on the size of various contributions, we refer to the discussions
in [2] and Fig. 17 therein.

The azimuthal correlations between outgoing particles are particularly
interesting. Figure 4 shows the distributions in ¢;; defined as

ggij =¢; —¢; mod(27), 0< (Z;ij < 27. (14)

In the left panel, we show the results in ¢12, the angle between the transverse
momenta of the outgoing protons, for our standard and SPA2 calculations.
For SPA1 (not shown here), the outgoing protons are back-to-back, ¢12 = T,
i.e., the outgoing protons and the beam are in one plane Sy. For our standard
approach the main contribution is also placed at ¢12 ~ m. The right panel
of Fig. 4 shows the distributions in ¢13 ((bgg) the azimuthal angles between
the proton p(p}) (p(ph)) and the photon (k). The SPA1 and our standard
results show maxima for ¢13 and ¢a3 around m /2 and 37 /2. This corresponds
to the emission of the photon in a plane &; which is orthogonal to the
plane Sy. The SPA2 results for the ¢15 and ¢og distributions deviate very
significantly from our standard results.

/'\1025\\\\‘\\\\‘\\\\ ~ 04— 7177
Na) E Na) L
S [ PP-ppY, Vs=13TeV = [ pp-ppY standard,
~ 10k 002<E<01 85<y<9 i = Vs=13 TeV —_— standard(p g
I | — standard | = ol 002<g <0 SPA2. g,
g B o SPA2 S F 85<y<9 - sPA2 g,
] \ = i “ape SPAL G (pm
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Fig. 4. The distributions in the angles ¢~)ij defined by (14) for the pp — pp~y reaction.
The results for the standard (exact) bremsstrahlung model and the SPAs are shown.

Here, we will show also first predictions relevant for future experiment
ALICE 3 [20]. Figure 5 shows the azimuthal distributions ¢;; calculated for
the photon rapidity of 3.5 < y < 5, for the absolute value of the transverse



5-A11.8 P. LEBIEDOWICZ, A. SZCZUREK, O. NACHTMANN

momentum of the photon 1 MeV < k; < 100 MeV, and with various cuts
on w specified in the figure legends. The standard results are compared
with those from the approximations, SPA1 and SPA2. The SPA1 and SPA2
results for ¢13 and ¢93 distributions deviate from the exact bremsstrahlung
results, and they do not depend significantly on the cut on w (see the bottom
panels). For detailed comparisons of the predictions with experiment and in
order to distinguish the standard and approximate results measurement of
the outgoing protons would be welcome.
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Fig.5. (Colour on-line) The distributions in the angles gZSij defined by Eq. (14) for
the standard bremsstrahlung model (black solid lines), SPA1 (red dotted lines),
and SPA2 (blue dashed lines).

In Fig. 6, we show the result of a study of the pp — pp(7° — ~v)
background to our pp — ppvy reaction. We take the upper estimate of the
cross section for the pp — ppr” reaction (Drell-Hiida-Deck type model)
studied by two of us some time ago [21]. In the present calculations, we
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take the background corresponding to the form-factor parameters Ay =
A; = 1 GeV and without absorption effects. The red lines represent the
distributions of our (signal) standard bremsstrahlung of a single photon
associated with a proton for which the fractional energy loss & is in the
intervals specified in the figure legend. In the left panel of Fig. 6, for the
background contribution, we assume that one photon is measured by the
LHCf in the rapidity interval of 8.5 < y < 9, w > 130 GeV, and up to

Wmax ~ %fl,maw The distributions of the measured photon correspond
to the black lines (within the LHCf acceptance), while the distributions
of the unmeasured photon correspond to the blue lines. The percentage
of measured/unmeasured photons depends on the upper limit of &. For
£1max = 0.06 (the solid lines), the second photon practically cannot be
measured. The signal-to-background ratio for §; max = 0.06 is somewhat
larger than 1. In the right panel of Fig. 6, we present the contribution of
the background for the y > 10.5 LHCf acceptance range. Here, the signal-
to-background ratio is of the order of 4 for & max = 0.1 and about 10 for
gl,max = 0.08.
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Fig.6. (Colour on-line) The distribution in the rapidity of the photon for the
signal (bremsstrahlung) and background contributions for different ranges of &;.
The LHCf acceptance regions are marked by the green/light grey shaded areas. In
the left panel, the results within the LHCYf acceptance correspond to the acceptance
region of 8.5 < y < 9, while for the right panel to y > 10.5. For the background
contribution we show the distributions of both photons from the decay of 7°. The
distributions of the first (measured) photon correspond to the black lines, while
the distributions of the second photon correspond to the blue lines. Results for
the three &; intervals as indicated in the figure legends both for the signal and
background contributions are shown.
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We have estimated the coincidence cross section for the pp — ppvy~y reac-
tion only within the SPA1 approach. We have required that the final-state
protons and photons can be measured by the ATLAS forward proton (AFP)
spectrometers and the LHCf detectors, respectively. We have imposed the
kinematical cuts 8.5 < y3 < 9, =9 < y4 < —8.5, 0.02 < &2 < 0.1, and
obtained the cross section o ~ 0.03 nb for /s = 13 TeV. Hopefully, our
predictions will be verified by the ATLAS-LHCf measurement.

4. Conclusions

— The calculations for the pp — ppy and pp — ppyy reactions have
been performed in the tensor-Pomeron model. We have studied single-
and double-photon bremsstrahlung at very-forward/backward photon
rapidities in proton—proton collisions at the LHC. We have compared
our standard (complete) bremsstrahlung results and the results using
the approximations SPA1 and SPA2.

— We have studied the azimuthal angle correlations between outgoing
particles. We observe very interesting correlations between protons
and photons. Detailed comparisons of our predictions with experi-
ments (ATLAS-LHCf, ALICE 3) in order to distinguish our complete
and approximate results measurement of the outgoing protons would
be most welcome.

— Experimental studies of one photon in pp collisions available at the
ATLAS-LHCf measurement should provide new information about the
exclusive diffractive contribution. We have briefly estimated the back-
ground contribution due to the pp — ppr? diffractive process for single-
photon bremsstrahlung. We have compared the signal and background
contributions in two LHCf acceptance regions. We conclude that there
is a chance to measure single-photon bremsstrahlung.

— The single-photon bremsstrahlung mechanism should be identifiable
by the measurement of proton and photon on the one side by the
ATLAS forward proton spectrometers (AFP) and the LHCf detectors,
respectively, and by checking the exclusivity condition (no particles
in the main detector) without explicit measurement of the opposite
side proton by AFP. Whether this is sufficient requires further studies,
since such a measurement will probably include one-side diffractive
dissociation, which can be of the order of 25%. The bremsstrahlung
cross section for two photons on different sides is rather small but
should be measurable.
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