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1. Hadron-photon collider

Muon colliders represent a promising way to achieve the
highest lepton-antilepton collision energies and precision mea-
surements of the Higgs boson and for further study of its prop-
erties. Moreover, muons are ideal sources for neutrino beams of
unprecedented quality and precision through their purely leptonic
decay [1,2]. One of the main challenges of present muon collider
design studies is the capture and cooling stage of muons after
generation by intense GeV-class proton beams impinging on solid
targets: this mechanism produces pions further decaying into
muons and neutrinos. The large emittance of the generated pion
beams, which is mapped into the muon beam, is mainly given by
the mm-size beam source at the target and by Coulomb scattering
of protons and pions propagating through the target itself, indu-
cing large transverse momenta which in turns dilute the phase
space area [3,4]. We propose an approach based on the collision of
two counter-propagating beams of highly relativistic protons
(LHC/FCC) and ultra-high brilliance FEL X-rays. The extremely high
luminosity achievable by such a Hadron-Photon Collider (HPC) of
about 10°® cm~2 s~ can compensate for the low efficiency of the
pion/muon photoproduction. There are two crucial aspects in such
a collision scheme. The first is the much higher energy of the X-ray
photons observed by the proton in its own rest frame: this enables
pion photoproduction above the threshold with maximum effi-
ciency, despite the keV energy of the colliding photon. The second
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deals with the proton carrying almost the total momentum of the
system, which makes it the source of highly Lorentz boosted
secondary beams collimated within a narrow forward angle of the
same order of the proton beam diffraction angle given by its
transverse emittance (tens of mm mrads). We considered two
examples of TeV proton beams: an upgraded LHC [5| beam car-
rying up to 2-10'! protons per bunch at 7 TeV energy focused down
to 7pm at the interaction point with a normalized transverse
emittance ¢,, = 1.4 mm mrad and an FCC [6] expected beam at the
same bunch intensity with 50 TeV energy, a spot size of 1.6 ym and
e = 2.2mmmrad, both with a repetition rate up to 40 MHz.
Photon beams at energies ranging between 3 keV and 20 keV and
more than 10'3 photons per pulse at MHz repetition rate can be
obtained with SC-CW Linac based FELs, in saturation regime for
the energies lower than few keV and in the tapering mode for
larger energies [7,8]. In the next section we go through the details
of the muon photoproduction, while the flux of the emitted par-
ticles is discussed in the dedicated section.

2. Pion/muon photoproduction

Let us consider the collision between a proton and a counter-
propagating photon of energy respectively E, and hv in the la-
boratory frame (LAB). The energy hv' of the colliding photon in the
proton rest frame is given by (relativistic Doppler effect)

hv' = hoy(1 - B-e) 1)

where g is the velocity of the proton, g, is the direction of
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Table 1
Particles properties (case LHC). Values of momenta in [GeV/c], angles in [prad].

Particle pMt [Gevic]  py'™ [GeV/el  py™ [GeV[c] ™ [urad]
Proton ~7000 7000 0.187 27

Photon 20 keV 20 kev 0 0

Pion 260 2540 038 145
Neutron 4450 6740 038 27

Muon 149 2500 0.38 147
Neutrino 0 1080 0.16 <500

propagation of the photon, y = E,/M,, and M, = 938 MeV/c?. For an
ultra-relativistic proton colliding head-on with a photon, the for-
mula simplifies in hy’ ~ 2yhv. The energy Eq, available in the
center of mass (CM) of the proton-photon system is

Eey = P = JZEPh” - Z(Bp'k) * M‘% @

where P = (E, + hy, 1_)p + k}. Assuming hy«Ep.

Eé?” E,+

Tom = e
Eau — J4E v + M} 3)

Once we define the parameter representing the recoil of the pro-
ton in the collision as 4, = 4yhu[M,, we can write Eqy ~ M), /1 + 4,

and y,, ~ rly1+4,. We discuss in the following the pion photo-
production and its decay into muon and neutrino and the direct
muon pair photoproduction by showing some of the results ob-
tained by a home made event generator. Natural units ¢ =7 =1
have been adopted and . denotes the particles’ momenta and
energies in their CM reference frame.
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Fig. 1. Pions (a), neutrons (b), muons (c) and neutrinos (d) longitudinal momentum [GeV/c] as a function of 6 [urad] (case LHC).
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2.1. Muon production through pion production

The threshold for the p+ hv — z*+n reaction is set by
p;=p; =0, corresponding to A} = (M, + M*/M; — 1 =0.324
(since Efy = M,\/1 + 4l
ergy h™ = M |4y ~ 76[MeV1/y, equivalent to h" = 152 MeV
seen by the proton. In order to evaluate the emittance of the

generated pion beam it is useful to consider the first order beha-
vior of momentum in CM just above threshold, i.e.

=M, + M,) and a photon minimum en-

(M? - M) -
A
(M2 + M2 4)

sth

M,
i T
2

Jh
p=p;"
The transverse momenta are invariant to Lorentz transformations
along the perpendicular direction from CM to LAB frames, there-
fore the normalized transverse emittance of the pion beam at the
interaction point is

X —
€n” =

J_ @ J (5)

where EX =p, /M, the average is performed over the phase space
distribution area and ¢, is the proton beam spot size at the in-
teraction point. The factor 1/+/2 represents the emitted beams rms
spot size decrease: in this case we assumed a perfect overlap of the
two Gaussian colliding beams with the same spot size ¢,. The
thermal normalized emittance of the pion beam, due to the col-

lision transverse temperature, is
2.25 oy
o= 0 A —0.324
€n_cath /3 J2 14 (6)

assuming a uniform distribution of momenta in the transverse
phase space. By evaluating the difference between maximum
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Fig. 2. Features of the y— beam at different values of the photon energy hv = 2.5 (a), 2.3 (b) and 2.2053 (c) keV, without considering the emittance of the proton beam at

Ep=50TeV.

p, ("= 0) and minimum p© =) pion momentum in LAB, we
derive the rms energy spread of the pion beam as
My — My)*
1 T M [4, - 0324
for a uniform longitudinal momentum distribution.
The mean life-time of a pion at rest in the laboratory frame is
7,=2.6-10"%s to decay into a muon and a neutrino according to
z* = u* + y,. In our case the pion mean life-time is y,-z,, which im-
plies pions propagating over long distances (hundred meters to sev-
eral kms). In the following we will populate the phase space volumes
of the generated pion and muon beams neglecting effects coming
from this long range pion propagation: the reason for this assumption
is to focus the present analysis on the secondary beam generation
process and leaving to a future work the study about matching the
generated beams into a further storage/acceleration stage.

We create an event-generator code to simulate the
p+h -z +nand 7" - u* +y reactions. As an example we

A M
v, 2V3M,

@)

report the results obtained for E,=7TeV and hv = 20 keV (case
LHC): the protons are distributed in a circle of 10 pm radius
(6p = 7 um) and the scattering angle ¢ in LAB is taken with respect
to the mean direction of the proton beam propagation. The FEL
photon beam diffraction has been disregarded and we supposed
an optimal space-time overlap between the two colliding beams at
the IP, i.e. oy = oy, . We take into account the effect of the proton
beam transverse emittance, which spreads the protons transverse

momentum in phase space according to equation
o, =M, /(ﬁ—z> = Mpeﬁ*/ao, where ¢, is the rms proton beam
Px VP Px

transverse momentum. The minimum and maximum value of the
longitudinal momentum, the maximum value of p, and of ¢ are
reported in Table 1 and the angle-energy dependence is shown in
Fig. 1 for all the kind of particles involved in the reaction. The pion
beam transverse emittance is 3.88 mm mrad while the muons’ is
4,14 mm mrad. As we see in Fig. 1, at the same angle in the la-
boratory frame we can find the same kind of particle at very dif-
ferent energies, therefore an eventual selection has to be per-
formed in the terms of energy.
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Fig. 3. Graph a): Simulated emittance of x~ beam (dots) and Formula (8) (squares)
as a function of hv [keV]. Graph b): Relative energy spread of u— beam [%] (dots)
and Formula (9) (squares) vs photon energy [keV]. No proton beam emittance.
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Fig. 4. Total cross section ¢y, in [barn] as a function of the photon energy h.’ [MeV]
for different reactions: electron/positron (solid thin line), pion (dashed line), in-

verse Compton scattering (dotted line) and muon pair (solid thick line) photo-
production [9,10].

Table 2
Number of particles [5‘1] at E, =50TeV and hv [keV] values reported in table.

E, [TeV] hv [keV] N, [s71] N, s N, [57]
50 1.43 (#th) 1.86-10'0 0 45.102
50 2.2053 (uth) 3.72.10'° 1.25-10% 5.1012
50 3 6.5-10'° 4.10° 54.10"

2.2. Direct muon pair production

Let us now consider the direct muon pair production via
p+hv— p +pu ut. Fig. 2 shows the phase spaces of the muon
produced by the collision of protons at E, = 50 TeV and photons at
different energies around the threshold value.

The thermal normalized emittance of the muon beams, due to
the collision transverse temperature, can be written as

' 1 o M2 2
eil—cath < \/§ /g \/4Mp2( 1+ AD - ]) -1 ®)
i

where ¢, is the proton beam spot size at the interaction point
(assuming a uniform distribution of momenta in the transverse
phase space of the muon beams). The values of the normalized
transverse emittance for E, = 50 TeV and several photon energies
are reported in Fig. 3a): the emittance in this cases is purely
thermal (no proton beam emittance). The simulated values (dots)
are compared to the ones given by Formula (8) (squares). In case
the proton beam emittance is considered, the total transverse
normalized emittance ¢* is such that ¢ <e) <e where

= 2 "2 _ P
€ = \J(€h ) + (b)) and e =¢€4_ . +eh’. We can evaluate the

rms energy spread of the muon beams as

2
Ay 1 M; 2
oo 2 ([T+4, -1) - 1.
v, V3 J“Mﬁ( =) ©
The simulated relative energy spread values are reported in
Fig. 3b) (dots) in comparison to the values of the analytical ex-

pression (9) (squares).

3. Luminosity and flux

At each collision, the number of a certain kind of particle pro-
duced can be calculated as

NN, r
N=L£=Jﬁ}z
4ra; (10)

where X is the total cross section for the considered reaction, £ is
the proton-photon collider luminosity, N, is the number of col-
liding protons in the bunch, N,, is the number of photons carried
by the radiation pulse, r the repetition rate of the collisions and ¢,
the effective spot size at the IP. Since the interaction does not
produce beam-beam effects, we can assume that the geometrical
luminosity considered in Eq. (10) is a good assumption as far as the
hour-glass effects are negligible. Concerning the maximum re-
petition rate achievable in collisions, LHC can be operated up to
40 MHz and FCC is expected to match it, while XFEL based on SC
CW Linacs are aimed at achieving 1 MHz, but the upgrade to
10 MHz is considered feasible by adopting Energy Recovery Linacs
schemes. Besides the pion and the direct muon pair photo-
production, the main reactions in the energy range
100 MeV < hy' < 400 MeV are electron-positron pair production
and inverse Compton scattering. The total cross sections are
summarized in Fig. 4. Considering an FCC beam of N, = 10"" and

op= 1.6 pm, Ny, = 10'* and r = 10 MHz, we obtain a luminosity of
£=3110®¥cm™?s"! and the expected number of events

per second are specified in Table 2.
4. Conclusion

The combined operation of LHC/FCC with a X-ray Free Electron
Laser, although not easy nor inexpensive to be implemented in
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reality, offers the great opportunity of conceiving a hybrid HPC, at
an unprecedented luminosity exceeding 10° s™! cm™2. The HPC is
actually aimed not at producing events to study, but to generate
secondary beams of unique characteristics, via a highly boosted
Lorentz frame corresponding to a very relativistic moving center of
mass reference frame. The phase space distributions of the sec-
ondary beam generated, in particular pions, have outstanding
properties of low transverse emittance (in the range
3 — 5.5 mm mrad) and are collimated within very narrow forward
angles (less than 150 prad for a 7 TeV colliding proton beam as for
LHC and less 10 prad for a 50 TeV proton beam as for FCC) with
energies attaining 2.5 TeV and 19.1 TeV respectively for the two
cases (LHC and FCC) [11,12]. The opportunity consists in conceiv-
ing a beam manipulation of charged pions of both signs, generated
in the HPC, capable to let them decay into muons and neutrino
beams of similar characteristics in the phase space: the challenge
is the large energy spread of the pion beams (an energy selection
will have to be implemented first) and the long range distance
travelled by them before decay, at this energy. The potentialities in
terms of muon and neutrino beams obtainable are impressive:
although the number of muons and neutrinos per bunch would be
low (a few thousands) their phase space distributions would be
extremely high quality thanks to the large Lorentz boost of the
primary proton-photon collision, giving rise to very small diver-
gence angles for these beams. Another way to obtain muon beams
is the direct muon pair production: despite the very low cross
section value, the critical steps represented by the production of
charged pions of both signs and the storage and selection of the
pions would be overcome. A possibility to partially compensate for
the low efficiency of the process would be to collide lead ions in

order to have a factor ~670 gain on the number of produced
muons: around 10® muon pairs per second. In both scenarios, the
long life of the high energy generated muons (in excess of 10 ms)
may offer the opportunity to accumulate them in a storage ring so
to achieve muon collider requested bunch intensities.
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