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Introdu
tionThe in
lusive di�erential produ
tion 
ross-se
tion of forward photons in pp 
ollisionswas measured at √s = 510 GeV with the RHICf dete
tor (Adriani et al) and at√s = 0.9, 7 and 13 TeV with the LHCf dete
tor.In the ATLAS-LHCf 
ombined analysis (ATLAS 2017) the forward-photon spe
trawere measured by the LHCf dete
tor, while the ATLAS inner tra
ker system is usedto suppress non-di�ra
tive events. In this method, the preliminary photon energyspe
trum has been obtained in two regions of photon rapidity (8.81 < y < 8.99 andy > 10.94), for events with no 
harged parti
les having pt > 100 MeV and |η| < 2.5.At high energies, the pp → ppγ rea
tion has not yet been measured.Feasibility studies of the measurement of the ex
lusive di�ra
tive bremsstrahlung
ross se
tions were performed for RHIC energies (Chwastowski et al.) and for LHCenergies using the ATLAS forward dete
tors (Chwastowski et al.).This was done within old Lebiedowi
z, Sz
zurek approa
h. 2 / 30



Introdu
tionWe dis
uss ex
lusive di�ra
tive bremsstrahlung of one and two photons in pp
ollisions 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 andNa
htmann 2014 for soft hadroni
 high-energy rea
tions.The di�ra
tive ex
lusive single-photon bremsstrahlung was dis
ussed re
ently:
ππ → ππγ (Lebiedowi
z, Na
htmann, Sz
zurekPhys. Rev. D105 014022 (2022)).pp → ppγ (Lebiedowi
z, Na
htmann, Sz
zurekPhys. Rev. D 106 (2022) 034023).We 
onsider a new possibility to measure ex
lusive di�ra
tive pro
ess with LHCf(photons) and AFP (protons).In order to answer the question whether su
h a measurement is possible one needs to
onsider other pro
esses that 
an be misidenti�ed as bremsstrahlung. One of thepro
esses whi
h is potentially important in this 
ontext is the pp → ppπ0 rea
tion.The de
aying neutral pion pion is a sour
e of unwanted photons that 
an hinder theidenti�
ation of bremsstrahlung photons of interest. 3 / 30



Theoreti
al formalism, pp → ppγ
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Theoreti
al formalism, pp → ppγWe 
onsider the rea
tion: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 thedire
tion of pa (the beam dire
tion). 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



Theoreti
al formalism, pp → ppγWe introdu
e the variables ξ1 and ξ2 whi
h, to a very good approximation, des
ribe thefra
tional 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 in
oming and outgoing protons, respe
tively, 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 kinemati
al variables of the photon,

ξ1 =
k⊥√s exp(y) + O

„M2s «

, ξ2 =
k⊥√s exp(−y) + O

„M2s «

. (8) 6 / 30



Theoreti
al formalism, pp → ppγThe 
ross se
tion for the photon yield 
an be 
al
ulated 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 Lebiedowi
z, Na
htmann, Sz
zurek 2022.
Mµ is the radiative amplitude.Our standard photon-bremsstrahlung amplitude, Mstandard

µ , treated in the tensor-pomeronapproa
h.The amplitudes (a), (b), (d), and (e), 
orresponding to photon emission from the externalprotons, are determined by the o�-shell pp elasti
 s
attering amplitude. The 
onta
t terms,(
) and (f), are needed in order to satisfy gauge-invarian
e 
onstraints. 7 / 30



Theoreti
al 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 Lebiedowi
z, Na
htmann, Sz
zurek 2022. In bothSPAs we keep only the pole terms ∝ ω−1.We 
onsider only the pomeron-ex
hange 
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-s
atteringp(pa , λa) + p(pb , λb) → p(p1, λ1) + p(p2, λ2) ,pa + pb = p1 + p2 ; (11)see (2.19) and (3.1) of Lebiedowi
z, Na
htmann, Sz
zurek 2022. 8 / 30



Theoreti
al formalism, pp → ppγThe in
lusive photon 
ross se
tion 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 negle
t the photon momentum k in the energy-momentum 
onserving δ(4)(.)fun
tion.For SPA1 results we impose restri
tions on the proton's relative energy loss variables ξi byusing (8) negle
ting terms of O(M2/s). 9 / 30



Theoreti
al formalism, pp → ppγ
In the SPA2 
ase, we keep the exa
t energy-momentum relation (2).Here we 
al
ulate the photon yield using (9) repla
ing the radiativeamplitude as follows

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

P,µ . (14)The expli
it expressions of these terms are given by (3.4), (B4), and(B15) of Lebiedowi
z, Na
htmann, Sz
zurek 2022.
10 / 30



Theoreti
al formalism, pp → ppγγ
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tive two-photon bremsstrahlung for the rea
tion pp → ppγγ(15) with ex
hange of the pomeron P. These four diagrams (a � d)
ontribute to the SPA1 amplitude (17).In addition there are the diagrams where the two photons are emitted fromthe pa-p1 line or from the pb-p2 line, and various 
onta
t terms. Thesediagrams are not shown here. 11 / 30



Theoreti
al formalism,pp → ppγγHere we 
onsider the rea
tionp(pa) + p(pb) → p(p′1) + p(p′2) + γ(k3) + γ(k4) . (15)We shall study this rea
tion under spe
i�
 
onditions. We shall requirethat one photon is emitted at forward and one at ba
kward rapidities,8.5 < y3 < 9 and −9 < y4 < −8.5, respe
tively, and that0.02 < ξ1,2 < 0.1.For the 
al
ulation of the radiative amplitudes we use SPA1. Here inthe 2 → 4 kinemati
s 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



Theoreti
al 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 in
lusive two-photon 
ross se
tion isdσ(pp → ppγγ) SPA1 =
d3k3

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

×
h
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Results, single photon emission
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Figure: The di�erential distributions in the rapidity of the photon (a), in thetransverse momentum of the photon (b), in the energy-loss variable 1 (
),and in the energy of the photon (d) for the pp pp rea
tion viabremsstrahlung. The 
al
ulations were done for s 13 TeV, 6 y 13,and with the 
ut 0 02 1 0 1. For SPA1 an additional 
ut k 1 GeVwas imposed. The solid line 
orresponds to our standard bremsstrahlungmodel, the bla
k long-dashed line 
orresponds to SPA2 (14), and the reddotted line 
orresponds to SPA1 (10). The os
illations in the SPA1 resultsare of numeri
al origin
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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 dire
tionin the LHC system whi
h is also the 
.m. system for our rea
tions.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, ba
kground
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eptan
e regions are marked by the green shaded areas.In the left panel, the results within the LHCf a

eptan
e 
orrespond to thea

eptan
e region 8.5 < y < 9, while for the right panel to y > 10.5. For theba
kground 
ontribution we show the distributions of both photons from thede
ay of π0. The distributions of the �rst (measured) photon 
orrespond tothe bla
k lines, while the distributions of the se
ond photon 
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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 fa
t of seemingly di�erent distributions for forward and ba
kwardemissions is due to the way how the azimuthal angles are de�ned in(19) and (21) whi
h leads to the symmetry relationdσba
kwarddφ
(φ) =

{dσforwarddφ (φ + π) for 0 6 φ < π ,dσforwarddφ (φ − π) for π 6 φ < 2π .
(23)This explains the observed di�eren
es between the solid and dashedlines.
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ALICE3, new results
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Con
lusionsWe have studied single- and double-photon bremsstrahlung at very-forward andba
kward photon rapidities in proton-proton 
ollisions at high 
.m. energies. To
al
ulate the amplitudes of the rea
tions 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 parti
les. Weobserve very interesting 
orrelations between protons and photons. Detailed
omparisons of our predi
tions with experiment in order to distinguish our standardand the approximate approa
hes measurement of the outgoing protons would bemost wel
ome.We have estimated the 
oin
iden
e 
ross se
tion for two-photon bremsstrahlung inthe pp → ppγγ rea
tion within the SPA1 approa
h. We have required that the �nalstate protons and photons 
an be measured by the ATLAS forward protonspe
trometers (AFP) and LHCf dete
tors, respe
tively. 29 / 30



Con
lusionsWe have also brie�y estimated the ba
kground 
ontribution due to the pp → ppπ0di�ra
tive pro
ess for single photon bremsstrahlung. We have 
ompared the signaland ba
kground 
ontributions in two LHCf a

eptan
e regions: 8.5 < y < 9 andy > 10.5. One 
an in
rease the signal-to-ba
kground ratio to about 1 for the �rsta

eptan
e region. For the se
ond a

eptan
e region the ratio is bigger than 3.5.We 
on
lude that there is a 
han
e to measure single photon bremsstrahlung withthe present experimental 
on�guration dis
ussed here.The single photon bremsstrahlung me
hanism should be identi�able by themeasurement of proton and photon on one side and by 
he
king the ex
lusivity
ondition (no parti
les in the main dete
tor) without expli
it measurement of theopposite side proton by AFP. Whether this is su�
ient requires further studies, sin
esu
h a measurement will probably in
lude one-side di�ra
tive disso
iation, whi
h 
anbe of the order of 20-30 %.The 
ross se
tion for two photons on di�erent sides is rather small but should bemeasurable. For the two-photon bremsstrahlung a ba
kground estimate is mu
hmore 
ompli
ated and goes beyond the s
ope of this analysis. A study of theba
kground 
ontributions should be done in future. 30 / 30


