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IntrodutionThe inlusive di�erential prodution ross-setion of forward photons in pp ollisionswas measured at √s = 510 GeV with the RHICf detetor (Adriani et al) and at√s = 0.9, 7 and 13 TeV with the LHCf detetor.In the ATLAS-LHCf ombined analysis (ATLAS 2017) the forward-photon spetrawere measured by the LHCf detetor, while the ATLAS inner traker system is usedto suppress non-di�rative events. In this method, the preliminary photon energyspetrum has been obtained in two regions of photon rapidity (8.81 < y < 8.99 andy > 10.94), for events with no harged partiles having pt > 100 MeV and |η| < 2.5.At high energies, the pp → ppγ reation has not yet been measured.Feasibility studies of the measurement of the exlusive di�rative bremsstrahlungross setions were performed for RHIC energies (Chwastowski et al.) and for LHCenergies using the ATLAS forward detetors (Chwastowski et al.).This was done within old Lebiedowiz, Szzurek approah. 2 / 30



IntrodutionWe disuss exlusive di�rative bremsstrahlung of one and two photons in ppollisions for the LHC energy √s = 13 TeV and at very-forward photon rapidities.We shall work within the tensor-pomeron model as proposed by Ewerz, Maniatis andNahtmann 2014 for soft hadroni high-energy reations.The di�rative exlusive single-photon bremsstrahlung was disussed reently:
ππ → ππγ (Lebiedowiz, Nahtmann, SzzurekPhys. Rev. D105 014022 (2022)).pp → ppγ (Lebiedowiz, Nahtmann, SzzurekPhys. Rev. D 106 (2022) 034023).We onsider a new possibility to measure exlusive di�rative proess with LHCf(photons) and AFP (protons).In order to answer the question whether suh a measurement is possible one needs toonsider other proesses that an be misidenti�ed as bremsstrahlung. One of theproesses whih is potentially important in this ontext is the pp → ppπ0 reation.The deaying neutral pion pion is a soure of unwanted photons that an hinder theidenti�ation of bremsstrahlung photons of interest. 3 / 30



Theoretial formalism, pp → ppγ
γ (k)

IP

p (pa) p (p′
1
)

p (pb) p (p′
2
)

γ (k)

IP

p (pa) p (p′
1
)

p (pb) p (p′
2
)

γ (k)

IP

p (pa) p (p′
1
)

p (pb) p (p′
2
)

γ (k)

IP

p (pa) p (p′
1
)

p (pb) p (p′
2
)

γ (k)

IP

p (pa) p (p′
1
)

p (pb) p (p′
2
)

γ (k)

IP

p (pa) p (p′
1
)

p (pb) p (p′
2
)Figure: Diagrams for single photon exlusive bremsstrahlung. 4 / 30



Theoretial formalism, pp → ppγWe onsider the reation:p(pa , λa) + p(pb , λb) → p(p′1, λ1) + p(p′2, λ2) + γ(k, ǫ) (1)The energy-momentum onservation in (1) requirespa + pb = p′1 + p′2 + k . (2)The kinemati variables are s = (pa + pb)2 = (p′1 + p′2 + k)2 ,q1 = pa − p′1 , t1 = q21 ,q2 = pb − p′2 , t2 = q22 ,s1 = W 21 = (p′1 + k)2 = (pa + q2)2 ,s2 = W 22 = (p′2 + k)2 = (pb + q1)2 . (3)In the following we work in the overall .m. system where we hoose the 3 axis in thediretion of pa (the beam diretion). The rapidity of the photon is theny =
12 ln k0 + k3k0 − k3 = tanh−1 „k3k0 «

= − ln tan θ2 , (4)where θ is the polar angle of k, os θ = k3/|k |. 5 / 30



Theoretial formalism, pp → ppγWe introdue the variables ξ1 and ξ2 whih, to a very good approximation, desribe thefrational energy losses of the protons p(pa) and p(pb)

ξ1 =
pb · q1pb · pa =

p0a − p′01p0a + O
„M2s «

, ξ2 =
pa · q2pa · pb =

p0b − p′02p0b + O
„M2s «

. (5)Here the energies of the inoming and outgoing protons, respetively, arep0a = p0b =

√s2 , (6)p′01,2 =
12√s (s + m2p − s2,1) , (7)and we set M2 = max(m2p, |t1|, |t2|, k2⊥). Alternatively, the proton relative energy-lossparameters an be expressed by the kinematial variables of the photon,

ξ1 =
k⊥√s exp(y) + O

„M2s «

, ξ2 =
k⊥√s exp(−y) + O

„M2s «

. (8) 6 / 30



Theoretial formalism, pp → ppγThe ross setion for the photon yield an be alulated as followsdσ(pp → ppγ) =
12qs(s − 4m2p) d3k

(2π)3 2k0 Z d3p′1
(2π)3 2p′01 d3p′2

(2π)3 2p′02
×(2π)4δ(4)(p′1 + p′2 + k − pa − pb)

14 Xp spinsMµM∗

ν(−gµν ) ; (9)see Eqs. (2.33)�(2.35) of Lebiedowiz, Nahtmann, Szzurek 2022.
Mµ is the radiative amplitude.Our standard photon-bremsstrahlung amplitude, Mstandard

µ , treated in the tensor-pomeronapproah.The amplitudes (a), (b), (d), and (e), orresponding to photon emission from the externalprotons, are determined by the o�-shell pp elasti sattering amplitude. The ontat terms,() and (f), are needed in order to satisfy gauge-invariane onstraints. 7 / 30



Theoretial formalism, pp → ppγIn the following, we shall ompare our standard results to two soft-photon approximations,SPA1 and SPA2, as de�ned in Se. III of Lebiedowiz, Nahtmann, Szzurek 2022. In bothSPAs we keep only the pole terms ∝ ω−1.We onsider only the pomeron-exhange ontribution for the radiative amplitudes, theleading term at high energies.In SPA1, the radiative amplitude has the form
Mµ → Mµ, SPA1 = eM(on shell) pp(s, t)h

− paµ

(pa · k)
+

p1µ

(p1 · k)
−

pbµ

(pb · k)
+

p2µ

(p2 · k)

i

, (10)where M(on shell) pp(s, t) is the amplitude for on-shell pp-satteringp(pa , λa) + p(pb , λb) → p(p1, λ1) + p(p2, λ2) ,pa + pb = p1 + p2 ; (11)see (2.19) and (3.1) of Lebiedowiz, Nahtmann, Szzurek 2022. 8 / 30



Theoretial formalism, pp → ppγThe inlusive photon ross setion for the SPA1 ase isdσ(pp → ppγ) SPA1 =
d3k

(2π)3 2k0 Z d3p1 d3p2 e2 dσ(pp → pp)d3p1d3p2
×

h

− paµ

(pa · k)
+

p1µ

(p1 · k)
−

pbµ

(pb · k)
+

p2µ

(p2 · k)

i

×
h

− paν

(pa · k)
+

p1ν

(p1 · k)
− pbν

(pb · k)
+

p2ν

(p2 · k)

i

(−gµν ) . (12)Heredσ(pp → pp)d3p1d3p2 =
12qs(s − 4m2p) 1

(2π)3 2p01 (2π)3 2p02
×(2π)4δ(4)(p1 + p2 − pa − pb)

14 Xp spins |M(on shell) pp(s, t)|2 , (13)where we neglet the photon momentum k in the energy-momentum onserving δ(4)(.)funtion.For SPA1 results we impose restritions on the proton's relative energy loss variables ξi byusing (8) negleting terms of O(M2/s). 9 / 30



Theoretial formalism, pp → ppγ
In the SPA2 ase, we keep the exat energy-momentum relation (2).Here we alulate the photon yield using (9) replaing the radiativeamplitude as follows

Mµ → Mµ, SPA2 = M(a+b+) 1
P,µ + M(d+e+f ) 1

P,µ . (14)The expliit expressions of these terms are given by (3.4), (B4), and(B15) of Lebiedowiz, Nahtmann, Szzurek 2022.
10 / 30



Theoretial formalism, pp → ppγγ
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Theoretial formalism,pp → ppγγHere we onsider the reationp(pa) + p(pb) → p(p′1) + p(p′2) + γ(k3) + γ(k4) . (15)We shall study this reation under spei� onditions. We shall requirethat one photon is emitted at forward and one at bakward rapidities,8.5 < y3 < 9 and −9 < y4 < −8.5, respetively, and that0.02 < ξ1,2 < 0.1.For the alulation of the radiative amplitudes we use SPA1. Here inthe 2 → 4 kinematis for SPA1 we de�ne
ξ1 =

k⊥3√s exp(y3) +
k⊥4√s exp(y4) ,

ξ2 =
k⊥3√s exp(−y3) +

k⊥4√s exp(−y4) . (16) 12 / 30



Theoretial formalism,pp → ppγγThen, the two-photon bremsstrahlung amplitude has the form
Mµν, SPA1 = e2M(on shell) pp(s, t)h

− paµ

(pa · k3) +
p1µ

(p1 · k3)ih

− pbν

(pb · k4) +
p2ν

(p2 · k4)i

, (17)and the inlusive two-photon ross setion isdσ(pp → ppγγ) SPA1 =
d3k3

(2π)3 2k03 d3k4
(2π)3 2k04 Z d3p1 d3p2 e4 dσ(pp → pp)d3p1d3p2

×
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×
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×(−gµα)(−gνβ) . (18) 13 / 30



Results, single photon emission
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Results, single photon emission
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Results, single photon emission
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Results, single photon emission
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Results, single photon emission
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Results, single photon emissionNow we onsider the azimuthal angles φi of the transverse momenta ofthe protons p(p′i ) and the photon γ(k)p′i⊥ = pt,i e iφi , (i = 1, 2) ,k⊥ = k⊥ e iφ3 ,0 6 φi < 2π , (i = 1, 2, 3) . (19)Here the azimuth φ = 0 orresponds to some �xed transverse diretionin the LHC system whih is also the .m. system for our reations.Transverse-momentum onservation requiresp′1⊥
+ p′2⊥

+ k⊥ = 0 . (20)Therefore, a measurement of p′1⊥
and k⊥ determines also p′2⊥

.Figure 8 shows the distributions in φ̃ij de�ned as
φ̃ij = φi − φj mod(2π) , (21)where we require 0 6 ĩj 2 (22) 19 / 30



Results, single photon emission
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Results, single photon emission, bakground
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Results, emission of two photons
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Results, emission of two photons
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Results, emission of two photonsThe fat of seemingly di�erent distributions for forward and bakwardemissions is due to the way how the azimuthal angles are de�ned in(19) and (21) whih leads to the symmetry relationdσbakwarddφ
(φ) =

{dσforwarddφ (φ + π) for 0 6 φ < π ,dσforwarddφ (φ − π) for π 6 φ < 2π .
(23)This explains the observed di�erenes between the solid and dashedlines.
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ALICE3, new results
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ALICE3, new results
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ALICE3, new results
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ConlusionsWe have studied single- and double-photon bremsstrahlung at very-forward andbakward photon rapidities in proton-proton ollisions at high .m. energies. Toalulate the amplitudes of the reations pp → ppγ and pp → ppγγ the frameworkof the tensor-pomeron model was used.We have ompared our standard bremsstrahlung results and the results using theapproximations SPA1 and SPA2.We have studied the azimuthal angle orrelations between outgoing partiles. Weobserve very interesting orrelations between protons and photons. Detailedomparisons of our preditions with experiment in order to distinguish our standardand the approximate approahes measurement of the outgoing protons would bemost welome.We have estimated the oinidene ross setion for two-photon bremsstrahlung inthe pp → ppγγ reation within the SPA1 approah. We have required that the �nalstate protons and photons an be measured by the ATLAS forward protonspetrometers (AFP) and LHCf detetors, respetively. 29 / 30



ConlusionsWe have also brie�y estimated the bakground ontribution due to the pp → ppπ0di�rative proess for single photon bremsstrahlung. We have ompared the signaland bakground ontributions in two LHCf aeptane regions: 8.5 < y < 9 andy > 10.5. One an inrease the signal-to-bakground ratio to about 1 for the �rstaeptane region. For the seond aeptane region the ratio is bigger than 3.5.We onlude that there is a hane to measure single photon bremsstrahlung withthe present experimental on�guration disussed here.The single photon bremsstrahlung mehanism should be identi�able by themeasurement of proton and photon on one side and by heking the exlusivityondition (no partiles in the main detetor) without expliit measurement of theopposite side proton by AFP. Whether this is su�ient requires further studies, sinesuh a measurement will probably inlude one-side di�rative dissoiation, whih anbe of the order of 20-30 %.The ross setion for two photons on di�erent sides is rather small but should bemeasurable. For the two-photon bremsstrahlung a bakground estimate is muhmore ompliated and goes beyond the sope of this analysis. A study of thebakground ontributions should be done in future. 30 / 30


