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The axion and the Strong CP problem
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ℒ ⊃ −
θg2
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32π2
GG̃ − (ūLMuuR + d̄LMddR + h . c . )

• CP violating phase ~ 1.2 radian

• QCD induced CP violating phase

θQCD = θ + arg [det [MuMd]]
• Invariant under quark chiral rotation 


• According to neutron EDM experiment

θQCD ≲ 1.3 × 10−10 radian

• The CKM matrix 

dn
EDM ∼ θ × 10−16 e cm

dn
exp < 10−26 e cm
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Axion: the Strong CP problem and Dark Matter
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• At QCD scale ~ O(1) GeV,


• Potential from Chiral Lagrangian explicitly breaks 
the symmetry leads to massive axion


• Energy stored in coherent oscillation of axion field


• When mass ~ Hubble, becoming cold dark matter


• QCD vacuum picks 

• Global U(1)PQ symmetry


• Spontaneous broken leads to massless goldstone 
(Axion)

Θ = θQCD + ξ⟨a⟩/fa = 0
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Motivation for axion and axion-like particles

• Strong CP problem


• Dark Matter


• Stellar cooling/ TeV transparency
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Experimental approaches
• Dark Matter Axion: haloscopes …


• Axion independent searches:


• Rare meson decays


• Stellar cooling


• Supernova


• Helioscopes: solar axion (CAST, IAXO, or DM 
direct detection searches)


• Light shining through walls 


• Polarization


• Fifth force


• Etc..
5
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Helioscope: solar axion production
• The axion produced in the Sun via photon, electron or 

nucleon interactions
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Axions with masses in the multi-meV mass range can play a noticeable role in stellar
evolution, in particular in the cooling of compact objects such as red-giant cores [27, 28],
white dwarfs [29–32], supernova cores [34–37] and neutron stars [38, 39]. In fact, the most
restrictive limits on the axion couplings to nucleons, photons and electrons come from the
reasonable agreement of astronomical observations with standard stellar-cooling mechanisms:
photon surface cooling and neutrino emission from dense cores. Axion emission can speed
up enormously stellar cooling and spoil badly this agreement — hence the strong and robust
bounds — but it can also be used to reduce slight discrepancies between observations and
predictions. Such are the cases for white dwarfs [32, 40, 41] and red-giant stars in the
globular cluster M5 [28], where small discrepancies can be mitigated by introducing axions
with a Yukawa coupling to electrons gae ∼ 10−13, a natural value for meV-mass axions. Let
us recall that in all mentioned cases, the preference for anomalous cooling is statistically not
very significant and might be due to unaccounted systematics or neglected standard effects.
Clearly, the situation will benefit from direct experimental verification and here, the Sun and
IAXO might be our best allies.

A prime theoretical input for helioscopes is the solar axion flux. The solar interior
is a well-understood weakly coupled plasma which permits relatively precise calculations
of axion production reactions. The most important parameters that determine the axion
flux are the axion-two-photon coupling and the axion-electron coupling. The first drives
the Primakoff production of axions in photon collisions with charged particles of the solar
plasma, γ + q → a + q, and has been thoroughly studied [71–73]. The Primakoff flux is
dominant in hadronic axion models such as the KSVZ [6, 7] where the axion-electron coupling
is absent at tree level. In generic models, the axion-electron coupling can appear at tree level,
and in grand unified theories (GUTs) is unavoidable. The axion-electron coupling drives a
number of reactions of comparable importance that completely overshadow the Primakoff
flux in non-hadronic axion models. The most important are the ABC reactions: Atomic
axio-recombination [74–76] and Atomic axio-deexcitation, axio-Bremsstrahlung in electron-
Ion [72, 77, 78] or electron-electron collisions [72], Compton scattering [79–81], see figure 1
for a sample of Feynman diagrams.
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Figure 1. ABC reactions responsible for the solar axion flux in non-hadronic axion models.

The axion flux from ABC processes has received less attention than the Primakoff. After
its identification by Krauss, Moody and Wilczek [78] it became clear that electron-Ion (mostly
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Solar axion production
• The axion produced in the Sun via photon, electron or 

nucleon interactions
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Solar axion detection
• Axio-electric effect

• keV axions are absorbed  by electrons 
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The results from axio-electric effect
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• Confronting stellar cooling constraints

g2
ae × g2

aγ
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Inverse Primakoff effect
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a
γ

Xe Xe

γ
Fa(q2) = Zk2/(r02 + q2)Form factor:

Screening effect: r−1
0 = 4 keV
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Photon and electron signal in xenon
• keV photon ionizes Xe. 


• XENON can hardly distinguish keV photon signal from Electron Recoil
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Inverse Primakoff effect should be included!
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3

Figure 2. Fit to electronic recoil energy spectrum with ga�
only (top) and both ga� and gae allowed (bottom).

axion-electron coupling a↵ects the white dwarf luminos-
ity function (WDLF) and constrain gae . 2.8⇥10�13 [59].
The same cooling argument on RGB yields a constraint
of gae . 4.3⇥ 10�13 [60]. The global fit of the solar data
constrained ga� < 4.1⇥ 10�10 GeV�1 [61]. In Fig. 3, we
also show the favored gae � ga� parameter region to ex-
plain the exotic stellar cooling that hints at a new cooling
mechanism beyond the neutrino emission [22, 62].

On the terrestrial experiments side, the axion
searches from LUX [63] using axioelectric e↵ect suggest
gae < 3.5 ⇥ 10�12. Similar constraint is also shown by
PandaX [64]. The CAST experiment [65] constrains
light axions with ga� < 6.6 ⇥ 10�11 GeV�1. But this
bound can be significantly weakened if the axion mass is
about & 1 eV.

Results.— In this section, we first present our fit to the
XENON1T excess and compare it with the astrophysical
constraints, as shown in Fig. 3. We scan two parame-
ters gae, ga� , and apply the method of least squares to
the XENON1T data to find the 90% C.L. contours with
(solid red) and without (dashed red) including the in-
verse Primako↵ process. In comparison, we also show the
constraints (95% C.L.) from astrophysical observables in-
cluding WDLF, the tip of RGB, and the R-parameter
(with two models), as well as the constraints from the
global fit of the solar data and the direct search at LUX.

From Fig. 3, we see that the inclusion of the inverse-

10-13 10-12 10-11
10-12

10-11

10-10

10-9

10-8

gae

g a
�[G
eV

-1
]

Solar excl.

LUX excl.

PandaX
excl.

RGB excl.

WDLF excl.

Stellar Cooling

R-parameter
excl.

Xenon1T

without invPrim

with invPrim

Figure 3. The 2D axion couplings parameter fit for the
Xenon1T excess after including the inverse Primako↵ process.
Our best fit (90% C.L.) to the XENON1T excess is shown in
the red shaded region with the solid boundary. In compar-
ison, a “XENON-like” analysis with only the electron recoil
included as the signal yields a fit shown in the region with the
dashed boundary. The main di↵erence is that the inclusion
of the inverse Primako↵ process allows for a region in which
ga� is relatively large while gae can be very small, reducing
the tension with the astrophysical data. Also included are
the constraints (95% C.L.) from astrophysical observables in-
cluding WDLF [59], the tip of RGB [60] and the R-parameter
(with two models) [58], as well as the constraints from the
global fit of the solar data [61], LUX [63], and PandaX [64],
with arrows denoting excluded regions. The shaded green re-
gion contains 1 � to 4 � contours favored by the anomalous
stellar cooling [22, 62].

Primako↵ process has a significant impact on the
parameter region preferred by the XENON1T data. In
particular, it opens up a parameter region in which
ga� � gae and the inverse Primako↵ process gives rise
to the observed signal. Moreover, it prefers a ga� which
is in the region of a few⇥10�10, one order of magnitude
smaller than the preferred ga� without the inclusion of
the inverse Primako↵ process, satisfying the constraints
from the global fit of the solar data, and significantly
reducing the tension with the stellar cooling bound.

Possible extensions.— From the previous discussion,
we see that even though the inclusion of the inverse Pri-
mako↵ process can significantly improve the prospect of
explaining the XENON1T excess with the solar axion,
it is still in tension with the stellar cooling bound. If
the excess is indeed completely due to new physics, there
remains three possibilities. It could certainly come from
other new physics instead of the solar axion, in which case
a new explanation of the keV scale needs to be found. It
is also possible that there is additional uncertainty in the

2006.14598 Gao, JL, Wang, Wang, Xue, Zhong 
see also 2006.15118 Dent, Dutta, Newstead, Thompson
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The effect of Inverse Primakoff effect
• An important effect should not be missed


• Alleviated the stellar constraints
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R-parameter constraints:  
Discrepancy exceeds 19 σ,  

but if with inverse Primakoff, 
  decreased to 8 σ.

PRL 125, 131804


Luzio, Fedele, Giannotti, Mescia, and Nardi


Solar Axions Cannot Explain the XENON1T Excess

End of the story?

4

FIG. 2. XENON1T 90% C.L. fit (blue region). 3� exclu-
sion limit from solar data (grey hatched region). 2� LUX
limit (grey dashed line) and CAST limits for ma < 20meV
and ma < 0.7 eV (green lines). Individual 2� limits from R-
parameter, TRGB, WDLF, WDVs (grey lines) and 2� global
bound from astrophysics (red region).

Observable Measured Expected Tension

R-parameter 1.39± 0.03  0.83 (ge13 = 9) 19�?

MLMC
I,TRGB [mag] �4.047± 0.045  �4.92 (ge13 = 9) 19�?

gWDLF
e13  2.8 (3�) 29.7± 4.8 5.6�

⇧̇
(113)
L19�2 3.0± 0.6 57± 16 3.4�

⇧̇
(192)
L19�2 3.0± 0.6 95± 27 3.4�

⇧̇PG1351+489 200± 90 19620± 5730 3.4�

⇧̇G117�B15A 4.2± 0.7 113± 33 3.3�

⇧̇R548 3.3± 1.1 87± 25 3.3�

TABLE I. Measured values of astrophysic observables and
expected ranges, for gae, ga� falling within the 1� region of
the XENON1T fit (ge13 2 [28, 35]). ⇧̇WDi are in units of
[10�15s/s]. For R and MI,TRGB the expected regions and
tensions correspond to ge13 = ge13(ga� = 0) � 9 (see text).

parametrized by means of an e↵ective coupling [13]

g4e13 = g2e13(g
2

e13 + 200g2�10) . (5)

The 90% C.L. (68% C.L.) region of XENON1T is then
well represented by the range ge13 2 [26, 37] (ge13 2

[28, 35]). Varying gae and ga� with the constraint that
ge13 remains within this range, we estimate the range of
values for the astrophysical observables implied by the
XENON1T data, and we confront them with the mea-
sured values. Our results are collected in Table I. For
each observable, the tension given in the fourth column

is evaluated by dividing the di↵erence between the value
implied by the XENON1T data and the astrophysical
determination, by the total uncertainty. Given that the
statistical distributions are at best only approximately
known, these results are only indicative, and have no rig-
orous Gaussian meaning. It is apparent that the large gae
required to fit the XENON1T excess are in strong conflict
with all the astrophysical observables. The discrepancy is
at the level of⇠ 3.4� for the WDVs cooling rates (last five
rows in the Table), and reaches ⇠ 6� for the WDLF in
the third row. As regards the first two rows, the expected
values of Rtheo and of M theo

I,TRGB
reported in the table are

obtained respectively from Eq. (3) and Eq. (2) by setting
ge13 = 9, rather than by inserting the much larger values
ge13 ⇠ 30 needed to account for the XENON1T data.
This is a precautionary procedure that we have adopted
to avoid estrapolating Eqs. (2) and (3) to values of gae
for which the quantitative accuracy of these parametriza-
tions cannot be easily assessed. We have then marked
with a ? the corresponding tensions. We expect that val-
ues of the observables in agreement with the XENON1T
solar axion fit would result in much larger tensions. For
example, already for ge13 ⇡ 15 Eq. (3) would yield R ⇡ 0,
corresponding to a complete depopulation of the HB, and
46� away from observations.

Conclusions. In this work, we have explained why as-
trophysical observations firmly exclude that solar axions
could account for the XENON1T excess. Other explana-
tions based on solar production of new light particles or
on modifications of neutrino properties (such as a neu-
trino magnetic moment) are also prone to severe astro-
physical constraints, and as long as the corresponding
new physics processes would also occur in RG, HB and
WD stellar cores, they can likewise be excluded.3

If it will be eventually found that the tritium back-
ground or other systematic e↵ects [42, 43] are not respon-
sible for the excess, other mechanisms involving either
absorption or scattering of new particles of non-solar ori-
gin o↵ target electrons [44–48], although less compelling
than the QCD axion, might still provide viable explana-
tions for the XENON1T data.

Note added. After completing this letter, Refs. [49, 50]
appeared claiming that besides the axio-electric e↵ect,
also the inverse Primako↵ process can contribute to the
detection of solar axions by XENON1T. This would re-
lax the best fit region towards lower values of gae at
the cost of increasing ga� . This can relax the tension
with astrophysical bounds, however, using the results of
Ref. [49, 50] we have verified that the discrepancy with
the R-parameter remains at least at the level of 8�.

3 Astrophysical constraints could only be evaded in exotic models
in which the couplings strongly depend on the stellar environ-
ment, like the core density and temperature, see e.g. [41].
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The R-parameter
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R ≡ NHB/NRGB ≃ τHB/τRGB
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The R-parameter
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R ≡ NHB/NRGB ≃ τHB/τRGB

• Used state-of-art stellar evolution models 


• Primakoff process emitting axion will 
decrease R


• sensitive to He abundance Y


• He abundance measurement is challenging


• Choosing observed R from 39 clusters out 
of 57, biased Robs ?

1406.6053, Ayala, Dominguez, Giannotti, Mirizzi, Straniero

3

evolutionary sequences of stellar models, from the pre-
main-sequence to the asymptotic giant branch, with dif-
ferent initial mass (M), RGB mass loss rate, metallic-
ity (Z), helium mass fraction (Y) and axion coupling
(gaγ). The models were computed by means of FUNS
(FUll Network Stellar evolution), an hydrostatic 1D stel-
lar evolution code [41–43]. Axion effects have been intro-
duced as an additional energy sink following the proce-
dure in [27] which includes the effects of electron degen-
eracy and of non-zero plasma frequency, relevant for the
evolution during the RGB phase.
Besides axion induced effects, proportional to g2aγ , vari-

ations of R may be caused by changes of the parameters
characterizing the cluster, such as age, metallicity or He
content. Our numerical analysis shows negligible varia-
tions of R for initial stellar masses in the range 0.82 ≤

M/M! ≤ 0.84 and metallicities in 0.0002 ≤ Z ≤ 0.001,
which correspond to cluster ages between 11.1 and 13.3
Gyr and −1.9 ≤ [M/H] ≤ −1.1, respectively. On the
other hand, we find a linear dependence of R on the He
mass fraction of the cluster. The relation

Rth(gaγ , Y ) = 6.26 Y − 0.41 g210 − 0.12 , (1)

describes very well our numerical results and shows the
mentioned degeneracy between Y and gaγ . Evidently, an
accurate determination of the He mass fraction in GCs
is necessary to appropriately constrain the axion-photon
coupling. As mentioned above measurements of helium
abundance in GC stars are challenging. Indeed, ultra-
violet data are needed to perform He abundance analy-
sis in stars, a spectroscopic window not achievable from
Earth. In addition, convection, rotational induced mix-
ings and other secular phenomena, such as gravitational
settling, modify the He abundance in the atmospheres of
these stars. For this reason, the primordial He is often
adopted for GC stars. Actually, Yp represents a lower
bound for the GC He mass fraction. For our purpose, we
prefer to use direct measurements of Y in low metallicity
environments which may be considered representative of
the chemical composition of the early Galaxy. In this
context, optical spectra of low-metallicity H II regions
show several He I lines which allow a quite accurate He
abundance determination. The most recent independent
studies of low-metallicity H II regions are those published
by Izotov et al. [37] and by Aver et al. [44]. These two
groups use very similar procedures and tools, but differ-
ent datasets. In particular, Aver et al. use high accu-
racy spectra of 16 Blue Compact Dwarfs Galaxies with
1.5 <O/H(×105) < 13. Note that this range of O/H is
approximately the same of the 39 GCs we have used to
derive the R parameter. The 111 H II regions used by
Izotov et al. [37] extend to larger metallicity, even though
most of them have O/H is in the same range as Aver et
al. [44]. In spite of the different datasets, the resulting
weighted average values for the He abundance are very
similar, namely: Y=0.2535±0.0036 and 0.255±0.003 for

FIG. 1: R parameter constraints to Y and gaγ . The vertical
lines indicate respectively the 1σ (short-dotted curves) and
2σ (long-dotted curves) of Y. The dot-dashed vertical line
indicate the preferred value of Y!. The other bent curves
correspond to the determination of gaγ as function of Y from
Rth [Eq. (1)]. Specifically, the continuous curve corresponds
to Rth = Rave, while the short and long-dashed lines indi-
cate, respectively, the 1σ and the 2σ ranges. The star rep-
resents the best fits for Y= 0.254. The shaded area delim-
its the combined 68% CL (dark) and 95% CL (light) for Y
and Rth. The vertical rectangles indicate the 68% CL (dark)
and 95% CL (light) for gaγ . Previous bounds from HB life-
time [27], from the Cepheids observation [34], from CAST for
light ALPs [25, 26] and for QCD axions [23] are also shown.

Aver et al. [44] and Izotov et al. [37], respectively 5. Since
the result obtained by Izotov et al. could be slightly
higher, because of the few high Z H II regions included
in their dataset, in the following we will use the weighted
average value reported by Aver et al. [44] for the same
metallicity range of the 39 GCs of our sample.

The new bound for the axion-photon coupling.— In
order to constrain the axion-photon coupling, we com-
pare the average value of R (Rave) with the theoretical
prediction (Rth). Assuming that the Rmeasurements are
distributed as Gaussian variables, one can determine con-
fidence levels for the different quantities. Our results are
shown in Fig. 1. The vertical lines indicate, respectively,
68% CL (short-dotted curves) and 95 % CL (long-dashed
curves) uncertainties of Y. The other bent curves corre-
spond to the determination of gaγ as function of Y from
Rth [Eq. (1)]. In particular, the solid black curve has
been obtained with Rth = Rave, while the short-dashed
and the long-dashed black lines indicate, respectively, the

5 These average values shouldn’t be confused with the extrapolated
values at 0 metallicity calculated by both groups, which represent
an estimation of the primordial He.
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Summary

• The inverse Primakoff effect is important for solar axion


• The stellar cooling tension can be alleviated


• May further alleviate the tension via environment 
dependent mass (see 2006.15112) 


• The uncertainties in the stellar cooling calculation should 
be checked


• Future experiments like XENONnT, PandaX and LZ can 
further explore the solar axion properties
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Thank you!
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Backup slides
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2006.15118 Dent, Dutta, Newstead, Thompson


