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Abstract

The aim of the proposed CERN Gamma Factory is to produce ~ 107 photons per second
with energies up to 400 MeV. The photon beam intensity is expected to be a factor of O(107)
larger than that of the presently available photon beams in the MeV energy range. In this work,
we explore its potential to probe physics beyond the Standard Model. In particular, we discuss
searches for axion like particles (ALPs) with dominant couplings to photons and consider various
production scenarios — fixed target, photon-photon collision, and conversion by a magnetic field
— and detection schemes — via decay to photons or back-conversion. We find that the Gamma
Factory in a fixed target mode can probe ALPs with mass m, < O(100 MeV) and decay constants
larger than 107 GeV, improving by an order of magnitude the discovery potential of previous beam
dump experiments.

1 Introduction

Physics beyond the Standard Model (BSM) is well motivated both by experimental evidence and by
theoretical arguments; see [1] for recent discussions. One of the target goals of the Gamma Factory
initiative [2, 3] is to produce photon beams, in the energy range O(1 — 400) MeV, by colliding
partially stripped ion beams stored in the LHC with laser pulses. If the HE-LHC project [4] is
realized, this energy range can be extended in the future to 1.6 GeV. The Gamma Factory can
provide a leap both in the photon beam intensity (by up to 7 orders of magnitude) and energy (by
up to two orders of magnitude) with respect to the existing photon sources. The large photon flux in
the Gamma Factory provides a unique opportunity to search for new particles with extremely weak
couplings to the photon. Here we propose to use the Gamma Factory for probing weakly coupled,
light pseudoscalars, which are collectively referred to as axions or axion-like-particles (ALPs). For
a recent study of dark photons at the Gamma Factory see [5].

ALPs are found in many well-motivated BSM models. One notable type of ALP is the so-called
QCD axion, which was predicted as part of the Peccei-Quinn solution for the strong CP problem [6—
9]. ALPs also appear in solutions to various hierarchy problems in the Standard Model [10-14]. In
some cases, ALPs can be viable dark matter candidates [15-17] or act as portals to dark sectors [18—
21]. For relevant reviews see [22-26], while for recent studies of ALPs with ~MeV-GeV masses,
see [27-45].

ALPs are commonly realized as pseudo Nambu-Goldstone bosons (pNGB). Thus, the mass of
the ALP, m,, is generated as a result of a small explicit breaking of a global symmetry, which is
also spontaneously broken at some UV scale A, with A > m,. An additional consequence of their
pNGB nature is the fact that ALPs are often pseudoscalars (i.e. odd under CP). Here, we consider
an ALP a which couples predominantly to the photon,
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In this minimal setup, the lifetime of the ALP is determined by its decay width to two photons,
given by
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Once the ALP is produced, its lifetime in the lab frame (which takes into account also the boost fac-
tor) is crucially important when considering possible detection schemes. In particular, a promptly
decaying ALP (on the scale of the lab) may be identified by detecting the two photons, while a
long-lived ALP must first be converted back to a photon (e.g., by the inverse of the ALP production
process). We note that an ALP-electron coupling will allow an additional visible decay channel
that can increase the detection probability by decreasing the ALP lifetime; we leave this analysis
for future work.

The goal of this paper is to provide an initial assessment of the ALP discovery potential in the
Gamma Factory by studying multiple production and detection strategies. For ALP production,
we consider the following possibilities (see also Fig. 1):

1. Fized target mode - In this production mode, the Gamma Factory photons (which we denote
by vgr) are collided with a high Z target, labeled N. The axions are then produced via a
Primakoff-like process, yap N — a N. This coherent process allows the production of axions
with masses < 100 MeV.

2. B-field conversion mode - conversion of ygr’s into axions in a strong magnetic field.

3. Photon-photon collider mode - The ~gr’s are collided with either another vgr or a laser
photon originating from a Fabry-Perot (FP) cavity, denoted as ypp.

4. Photon-Ultra-relativistic-ion collider mode - collisions of ygr with highly boosted high Z ions
such as lead, yqgr Pb — a Pb.

On the detection side, we consider
(a) ALP decays to two photons (in a beam-dump like setup),
(b) ALP conversion to photons in a strong magnetic field, or
(¢c) ALP conversion to photons by the inverse Primakoff process,

see also Fig. 2.

2 Fixed target mode

2.1 ALP production rate

In this section we consider a fixed-target mode, where the Gamma Factory photons are collided
with a fixed target, N. The ALPs are produced via a Primakoff-like process

Yyer N = aN, (3)
see Fig. 1. The elastic differential cross section is given by (e.g. in Ref. [40])

da’y N—a N

& = aZ?F*()T 4y H(my, ma, 5,1) (4)

with
4 m2t (m?\, + s) —mim3, —t ((m?\, - 3)2 + st)

m
H(my, ma, s, 1) = 1287 — 5 5 , (5)
my t2 (m3% — s)” (t —4m%)

where Z is the atomic charge, my is the nucleus mass, ¢t and s are the usual Mandelstam variables
and F(t) is the atomic form factor, e.g. [46-48].

The integrated luminosity of yar — NV collisions of IV, photons with a thick target material can
be expressed as [49]
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where mg = 1.661 x 10~2% g is the nucleon mass and pNn, Ay and X are the target density, mass
number and radiation length respectively. The benchmark values representing the target parameters
are for lead (Pb) and were taken from [48]. The benchmark number of photons corresponds to the
expected Gamma Factory rate of dN,, /dt ~ 10'7 ygp/ sec, at the energy of 200 MeV, multiplied by
the effective running time of 1 year ~ 107 sec.
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Figure 1: The Feynman diagrams for the different ALP production modes at the Gamma Factory:
(left) Primakoff production relevant for fixed target 1 and ultra-relativistic ion collision modes 4,
(middle) photon conversion in a strong magnetic field 2 and (right) photon-photon collider mode 3.

Figure 2:
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(left) ALP decay into two photons a, (middle) ALP conversion into photon in a strong

magnetic field b, and (right) ALP conversion into photons by the inverse Primakoff process c.

The total number of ALP events is given by (assuming a monochromatic spectrum for the vgr
for simplicity)

No =~ LFT 0y N—a N €det 5 (7)

where €qet, is the detection probability (including the angular acceptance when considering ALP de-
cay to photons). Below we consider two detection schemes. First, via ALP decay into two photons,
a — 7, see Section (2.2); second, via inverse Primakoff process, aN — yN | see Section (2.3).

2.2 Detection via ALP decays, a — vy

In this detection scheme the target is followed by a shield (which can be of the same material or
other), such that the total target and shield length is Lg = 20m. This shield is followed by the
ALP decay volume of radius Rp = 2m and length Lp = 20m. The photon detector of radius
Rp = 2m is located just behind the decay volume. The detection probability can be estimated as

6a~>'y'y = (6_LS/La — 6_(LD+LS)/LQ> A(mmA,pa)
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where L, = pa/(mql'a—~~) is the flight distance of the ALP in the lab frame and p, ~ /E2__ —m2

YGF

is the ALP momentum in the lab frame (in the collinear approximation). A is the angular accep-
tance of having the two final photons inside the radius of Rp. In the second line of Eq. (8) we use
L, > Lp + Lg, which is relevant to our benchmarks below. A shielding of 20m is expected to
block all Gamma Factory photons as well as background from secondary production of SM particles
inside the nuclei target. Thus, we consider a background free search, and the estimated projections
are evaluated by requiring N, = 3.

We estimate the reach in the ALP parameter space for three benchmark scenarios, varying the
energy and the flux of the Gamma Factory photons such that the photon beam power, limited by
the RF power of the LHC cavities [2], is constant. The benchmarks are

dN,

(A): E,yp = 1.6GeV, = 10*%sec™,
dN.

(B): Eyp = 0.2GeV, d—; =10"sec™t, (9)
dN.

(C): Eygp = 0.02GeV, d—; =10"%sec™,
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Figure 3: Projected sensitivity of the Gamma Factory in the m,-A plane in the fixed target production
mode. The black, red and orange solid curves correspond to benchmark points (A), (B) and (C),
respectively, in the detection scheme a — 7y considered in Section 2.2. The corresponding dashed
lines are the projected sensitivities in the limit of ideal angular acceptance A — 1. The blue and
purple curves correspond to benchmark points (B) and (C), respectively, in the detection scheme
a — 7 considered in Section 2.3. The benchmark points are defined in Eq. (9). The grey regions
are current laboratory experimental bounds from LEP [30,33,50], PRIMEX [40,51], NA64 [52, 53],
Belle-1II [54], BaBar [27,55] (invisible), and beam-dumps experiments [56-58]. The light green region
is the astrophysical bound from stellar cooling of HB stars [59]. The dark green line is the projected
sensitivity of Belle-2 from the process ee — y+Missing energy [27].

where the effective running time is assumed to be 107 sec. In Fig. 3, we show the projected
sensitivity of the Gamma Factory in the m,-A plane. We compare to the current bounds from
laboratory experiments such as LEP [30, 33, 50], PRIMEX [40, 51], NA64 [52, 53], Belle-IT [54],
BaBar [27,55] (invisible), and beam-dumps experiments [56-58]. We also plot the astrophysical
bounds from stellar cooling of horizontal branch (HB) stars [59]. Note we chose to exclude the
supernova cooling bound from SN 1987 [60], as its robustness is still under debate [61]. As evident
from Fig. 3, the Gamma Factory has the potential to probe previously unexplored ALP parameter
space, e.g. it can probe decay constants larger by a factor of up to O(10) compared to previous
beam dump experiments such as E 137 [56].

2.3 Detection via inverse Primakoff process a N — v N

The second scheme for ALP detection is via the inverse Primakoff process, a N — « N. This
configuration resembles the so-called light-shining-thorough-wall (LSW) setup, where the photons
are essentially converted to ALPs (via the Primakoff process in this case) and converted back to
photons (via the inverse process). The strong magnetic field in the typical LSW setup is replaced
in this case by a high Z nucleus target. This setup works as follows. The Gamma Factory photons
collide with a nuclei target N, which is much thicker than a radiation length, and are converted
to ALPs. After a shielding of length Lg, there is an instrumented target of length A. This target
fulfils two purposes; it is responsible for the back-conversation of the ALPs propagating inside it
and it acts as a detector for the back-converted photons. A sandwich of lead plates interleaved
with scintillator plates is the simplest example of such an instrumented target.



The above ALP detection scheme is illustrated in Fig. 2. This detection scheme is independent
of the ALP lifetime, as long as it can reach the detection region in the target and thus can probe
much lighter ALPs than the first method of Section 2.2, similar to ALP invisible decays for example
in B-factories [27,55].

The detection probability is given by
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where A =~ 1 is the angular acceptance, and the inverse Primakoff cross section is given by

OaN—~yN
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In Fig. 3, we show the projected sensitivity of the Gamma Factory in the m,-A plane for this ALP-
detection for benchmarks (B) and (C), as defined in Eq. (9) and A = 4m (about 720 radiation
length of lead). As expected (and in contrast to the setup considered in the previous subsection), the
projected sensitivity is mass-independent at lower masses and extends to arbitrarily small masses,
where the ALP is effectively stable at the scale of the experiment and thus can hardly be detected
by observing ALP decays. The phase space covered by this setup is comparable to the invisible
search suggested in Belle-2 [27]. Contrary to searches for indirect signals of invisible particles, which
cannot be associated directly to a specific model of a hidden sector, the direct observation of the
conversion of the ALP particles to photons offers an unambiguous interpretation of the observed
signal.

3 B-field conversion mode

3.1 Production

A photon with energy w propagating in vacuum a distance L through a perpendicular magnetic
field of magnitude B has the conversion probability to ALPs of [62]

2wB 2 . mgL
P, yo(w,B,L) ~ (m2A) sin? <4w> . (13)

This results neglects the ALP width, i.e. I';L < 1, which we justify below for our scheme.

3.2 Detection

In this scenario we consider ALP detection through the inverse process of converting the axion
back to a photon via a strong magnetic field. The back-conversion probability is identical. Thus,
the total number of events (assuming ideal detection efficiency) is

2wB\* . , (miL
Nevents = N'yP'y—>a(w7 By, Ll)Pa—w(wa B, LZ) ~ N'y WzA S Ao ) (14)
where for simplicity we set the parameters of both production and detection systems to be identical,
namely B; = B, = B and Ly = Lo = L. The number of events depends critically on the mass of

the axion. We define the decoupling mass mdes = \/47“’ and note that

a =
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We find that for m, < md°® the number of events is saturated and mass-independent, while for
me > mi> the conversion probability starts oscillating with an amplitude which decreases like
oc (m2A)~%. For the system we are considering, e.g. for benchmark point (B), the decoupling mass
is given by

1/2
dec. w 1/2 (4.15m
mg’ =1.6eV (0'2 GeV) < T . (16)



At masses below md°® we can approximate the number of events by

N, B \'( L \'[10®Gev\"
Nevents ~ 1.95 <1024> (8 TeSla) (4 - 15 m> ( A ) . (17)

Lastly, let us justify our previous assumption of I';L < 1. For the edge case of m, ~ m2*> and

A ~ 103 GeV, one finds T', L = % ~6-10718 |

The Gamma Factory sensitivity of A < 10% GeV is an O(1) improvement compared to existing
bound from laboratory experiments such as PVLAS [63], OSQAR [64] and ALPS-I [65] (see [25]
for a summary). Importantly, these traditional LSW experiments, which make use of relatively
low energy cavity photons, have a decoupling mass of O(1073)eV. Thus, the Gamma Factory in
the LSW configuration covers a region in parameter space, namely in the mass range 1073 eV <
mg < 1eV, which is not covered by experiments based on terrestrial sources for photons. However,
this region is covered by helioscope experiments like CAST [66], which benefit from the abundance
of high-energy photons originating from the Sun. Therefore, these experiments are able to probe
larger values of the UV scale, i.e. A > 10'° GeV, with a similar value for the decoupling mass, i.e.

O(1)eV.

4 Photon-photon collider mode

In this section, we estimate the reach in the m,-A plane for a configuration in which two beams of
on-shell photons are collided. The total cross-section for 7y — a can be well approximated using
the narrow width approximation

2
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The energy spectra of the photon beams produced by the Gamma Factory in collisions of partially
stripped ions with the laser pulses depends upon the ion spin and the polarisation of the laser
photons [2]. In the following we shall assume the simplest case of unpolarised laser photons col-
liding with spin-0 ions. The energy spectrum of such a beam is flat and extends over the range
between the laser photon energy, Fj..., and the maximal energy of E_ ., = 47%E1aser, where yr,
is the Lorentz factor of the ion beams. The FE),., and «y values can be selected within a wide
range — optimised for the requisite ALP mass range. The s-dependent integrated luminosity can be
expressed as L(s) = Lint X P(s), where P(s) is the normalised s-dependent luminosity distribution,
obtained by folding the energy spectra of the colliding photon beams, and L;, is the integrated
luminosity. The total number of events is then given by integrating over all possible values of s,
namely Neyents = Lint fds 0(8)yy—aP(s), which can be easily evaluated using the narrow width
approximation. Below we consider two possible configurations.

Broadband mode: In this configuration two colliding high-energy Gamma Factory photon beams
have the maximal photon energy of E, .. = 200 MeV providing collisions of photons in the broad
range of the centre of mass energies, extended up to the value of spax = (2Emax)2. We estimate
the total number of events by

1672T, \ 108 (‘“) Lin 103 GeV )
Nbroad — oo ( e ) ( m) <34 (1034 C:n_2> < N ) (ma < 400MeV), (19)
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where the maximum is achieved for m, ~ 0.61,/5n.x. Note that we have normalized the integrated
luminosity to the Gamma Factory-reachable value £ ~ 10" cm~2sec™!. If all produced axions are
detected then this search may be able to provide a modest improvement in sensitivity relative to
current constraints of A ~ 103 GeV for 50 MeV < m, < 400 MeV (see Fig. 3). Note that for these
masses and couplings the axions will decay promptly, at distances less than the mm scale relative to
the production sights, and most of the decay photons will be at angles well away from the photon
beam directions, since the axions are not significantly boosted even for the lowest axion masses
relevant for this search. The dominant backgrounds are from 7° production and light-by-light
scattering. The ¥ production cross-section is larger by a few orders of magnitude relative to the
axion production cross-section, across the relevant axion mass range and for A ~ 102 GeV, though
the 7% decay products should reconstruct to the pion mass and thus these events should be easily
vetoed. The light-by-light cross-section is smaller than the axion production cross-section for low




axion masses, though it may be relevant for axion masses ~400 MeV. However, as the invariant
mass of the photons from axion decay will reconstruct the axion mass, the photons from axion
decay should be distinguishable from the light-by-light photons, though for high axion masses the
search may not be background free. In addition, we note that these region of the parameter space
can be probe by Belle-2 [27], PRIMEX and GLUEX [40,51]. We leave a careful investigation of the
projected sensitivity of this search strategy to future work.

Broadband+Narrowband mode: In this configuration a Gamma Factory photon (with the
same flat energy distribution as above) collides with a high-intensity, low-energy laser photon (e.g.
from a FP cavity). We simplify the calculation by assuming that the energy distribution of the
laser beam is approximated by a delta-function energy distribution at Ey ~ 1eV. We estimate the
total number of events by

n 16720, 1 Lin 2108 GeV”
N:vtnts = Eint ’ ( mS > ( ) S 2.3 (1044 CI;—Q) ( A ) (ma SJ 30 kev) N (20)
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For this mode the laser photon flux can be boosted by colliding the Gamma Factory photon beam,
directly at its production zone, with the intense, 20 MHz repetition rate laser pulses stacked in
the Fabry-Perot cavity. As a consequence, a significantly higher value of £ ~ 10%cm~2sec™! can
be delivered by the Gamma Factory in this collision mode. However, we emphasize that Eq. (20)
only provides an estimate of the number of produced axions — the axions still must decay or be
converted in order to be detected. At these large A ~ 10® GeV, the detection efficiencies are small
(see, e.g. Eq. (8)). Thus, we conclude that the previously-described search strategies with the
Gamma Factory will be more sensitivite relative to this search strategy in the low mass region
accessible in this collision mode.

5 Photon-ultra-relativistic-ion collider mode

ALPs can be produced via a Primakoff process in which the high-energy photon collides with
lead ions. The differential cross section is given in Eq. (4) above. The center of mass energy for
ultra-relativistic ions is given by

w Ax Ey 193.7GeV \?

m3; + m3 =1+133 (0.2GeV) <208><3TeV> ( my ) ’ (1)

where A is the atomic mass number, FEy is the energy per nucleon in the lab frame and w is

the energy of the photon in the lab frame. The ALP production is kinematically allowed when

s > (mx + mg)?. Naively, this implies an upper limit on the produced ALP mass of m, <

w(AEN) — mpy ~ 540 GeV, where we use the parameters in Eq. (21). However, the process is

effectively cutoff at large momenta exchange due to the atomic factor F(t), which leads to a lower

upper limit on the produced ALP mass. At the qualitative level, we can treat the form factor as a

step function which cuts off when the transferred momentum is at the order of the inverse of the
nucleus size, i.e. ¢ ~ O(fm™'). Thus, for lead we have

[t] < —tmax ~ (0.03GeV)?, (22)
where we use the charge density parameterization and values from [67]. This upper limit implies
an upper limit on the produced ALP mass. The maximal ALP mass can be calculated by solving

4
toox = — (kem + pcm) , which is the maximal allowed ¢, where kcm (Pem) is the photon (ALP)
momentum in the center of mass frame. In the limit of |tmax\ < mN < s, we find that

—1, dwAEN—
2xs o R WALNY o (8.8GeV)? (coherence upper limit), (23)
my myn

where in the last step we used the same input parameters as in Eq. (21). The total cross section
is calculated by integrating over all scattering angles encoded in ¢. Approximating the nuclear
form factor F(t) as a step function which cuts integration at t,,., the total cross section can be
approximated (to leading order in m%/s) as

2072 1 tonax 2022 1 Ma
OPby—Pba & (M) X 1—610g (t : ) =~ (/\2) ~log (m ) . (24)
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Figure 4: Total production cross section opy,—ppq in units of 2?52. The blue curve is the numerical
result of the integrated differential cross section of Eq. (4). The dashed black curve is the analytical
approximation for the total cross section, given in Eq. (24).

We illustrate the total cross section as a function of the axion mass in Fig. 4. The analytical approx-
imation describes the full numerical result up to small O(1%) corrections. The approximation only
breaks down near the threshold region m, ~ m,, where the leading log vanishes and sub-leading
corrections begin to dominate. A similar estimation for m> of Eq. (23) can be done by using the
equivalent photon approximation [68,69].

In it interesting to compare our setup to the setup suggested in Ref. [33], where ALPs are
produced in collisions of the two counter-propagating ion beams. Assuming the same energy per
nucleon Eny = 3 TeV (as opposed to the 5.5 TeV considered in Ref. [33]), the (equivalent) photons
have a maximal energy of wy.. = 27/Ra, where v = AExN/mpy is the boost factor of the ion in
the lab frame and R4 = 0.028 GeV/(A/208)'/3 is the nuclear radius. Thus, the heaviest axion that
can be produced from the effective 2-photon system originating from Pb-Pb collision is

2 2 2’7 2 2AE‘N ? 2 ..
My S Smax = 2Wmax)” = | 5= | = ~ (180 GeV)* (Pb-Pb collisions) . (25)
RA mNRA

Therefore, the lead-lead collision are capable of producing axions there are roughly an order of
magnitude heavier.!

Let us estimate the reach of this setup, assuming for simplicity ideal detection efficiency and
zero background. The total number of axions produced is given by

2022 c 101 GeV\?
Nevents = L (A2> =38 (1034cm_2year_l) ( A ) . 2

The projected sensitivity of A ~ 10* GeV would be comparable to but stronger, potentially by
around an order of magnitude, than existing experimental bounds at these axion masses (see
Fig. 3). In particular, this search strategy may have an improved reach, both in A and m,, relative
to the photon-photon collider mode discussed in Sec. 4. However, more work is needed to assess
possible backgrounds and detection efficiencies.

6 Outlook

In this work we demonstrate that the Gamma Factory has the potential to probe unexplored regions
of ALP parameter space. In particular, the fixed target mode is sensitive to decay constants, for
ALPs with mass m, < O(100MeV), that are up to O(10) larger compared to those probed by
existing beam dump experiments. The heavy ion and photon-photon collider modes may also
improve upon existing bounds, though the LSW mode appear less promising at present accounting
for current laboratory and astrophysical constraints.

! Another notable difference is that the cross-section for the Pb-Pb collision is a factor aZ? ~ 50 enhanced with
respect to the Pb-v cross-section, which can potentially increase the sensitivity to A with respect to our setup. However,
when comparing the total number of events, this enhancement is partially cancelled by the lower luminosity expected in
Pb-Pb collision Lpp_p, ~ 1 nb™! /year [33] compared to our benchmark luminosity of £, ~ 10 nb™! /year.



In the above study, we focus on a minimal model where the ALP couples dominantly to photons.
However, one can go beyond and consider coupling to leptons, quark and gluons as well. For
example, if the ALP couples to gluons, it can be produced or detected via vector meson-photon
mixing and vector meson exchange in the t-channel [40]. We leave this and other non-minimal
coupling scenarios for future work.
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