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A Dark-Dominated Universe
Two different numbers speak to new physics
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The dark content 
is unknown 

η = nbaryon/nphoton = (6.12 ± 0.04) × 10−10

[Planck, 2020; PDG, 2022]

a baryon excess: 

N.B. primordial D/H abundance…



Observational Evidence for Dark Matter 
ranges from “local” to cosmic scales

 Rotation Curve of our Milky Way with Gaia DR3!   
Jiao et al., A&A, 2023

The observed circular speed does 
not track the luminous mass. Most of the cosmic energy budget is of  

an unknown form!3

[PDG, 
RPP, 
2017]

Jiao, Y., et al.: A&A 678, A208 (2023)

Table 3. Measurements of the Circular Velocity of the Milky Way.

R Vc �Vc

[kpc] [km s�1] [km s�1]

9.5 221.75 3.17
10.5 223.32 3.02
11.5 220.72 3.47
12.5 222.92 3.19
13.5 224.16 3.48
14.5 221.60 4.20
15.5 218.79 4.75
16.5 216.38 4.96
17.5 213.48 6.13
18.5 209.17 4.42
19.5 206.25 4.63
20.5 202.54 4.40
21.5 197.56 4.62
22.5 197.00 3.81
23.5 191.62 12.95
24.5 187.12 8.06
25.5 181.44 19.58
26.5 175.68 24.68

4. Results

4.1. Measurement of the rotation curve and comparison with
Ou et al. (2023)

We report our final circular velocity in Table 3. Figure 5 shows
our final circular velocity curve and one of our best fits with
n = 0.43, h = 11.41 kpc, and ⇢0 = 0.01992 M� pc�3 (see first
line of Table 4). In our study, as well as in Ou et al. (2023), error
bars account for systematic uncertainties. For R � 13 kpc, the
two RCs are in reasonably good agreement except for one point
at about 23 kpc (see Fig. 1). We suspect that this discrepancy is
caused by the disagreement over the radial velocity component at
R ⇠ 23 kpc, for which the top panel of Fig. 3 of Ou et al. (2023)

shows a large deviation on
q
hv2

R
i. In the range of R = 9�13 kpc,

our RC points are slightly lower than those of Ou et al. (2023),
which is discussed in Appendix A.

The largest discrepancy between the RC of this paper and
that of Ou et al. (2023) is perhaps related to the amplitude of the
error bars, which are larger in this latter study (compare Fig. 4
with Fig. 5 of Ou et al. 2023).

Both RCs show a significant decline with increasing radius,
which can be well approximated by a linear function (see
Fig. 2):

Vc(R) = V(R�) + �(R � R�), (10)

where R� is the distance between the Sun and the Galactic
centre3. We find that the slope of our declining RC is � =
�(2.18 ± 0.23) km s�1 kpc�1, which is similar to the value of
� = �(2.22 ± 0.20) km s�1 kpc�1 obtained by Ou et al. (2023)4.

Wang et al. (2023a) also split the Galactic region into two,
one with galactic latitude b > 0� and the other with b < 0� (or

3 We note that R� = 8.34 kpc for this RC and 8.178 kpc for RC of
Ou et al. (2023).
4 In the present study, we accounted for the systematic uncertainties
of Ou et al. (2023, see their Fig. 5) when deriving parameters from the
corresponding RC. The values that cannot be seen in their Fig. 5 have
been chosen to be 0.14.

Fig. 5. Circular velocity of the Milky Way. The red data points are
the measurements computed in this work; error bars include systematic
uncertainties. The black solid line represents the sum of the baryonic
and dark matter components: the baryonic model B2 (blue-dashed line),
including its decomposition into baryonic components (bulge, disc, gas,
and dust) and the best fit of the Einasto dark matter profile (red-dashed
line).

one with z > 0 kpc and the other with z < 0 kpc) and found an
uncertainty on the slope of RC of ⇠20%.

4.2. Comparison with Zhou et al. (2023)

Figure 1 shows that the RC from Zhou et al. (2023) indicates
larger velocities at the MW disc outskirts. In Appendix B, we
compare the distances adopted by the present study to those
adopted in other estimates (see Fig. B.1), which leads us to sus-
pect that the distances by Zhou et al. (2023) are overestimated.
After correcting for this, it appears that the Zhou et al. (2023)
RC is consistent with both the RC of the present study and that
from Ou et al. (2023). We also notice that Zhou et al. (2023) did
not consider the impact of the cross-term when analysing sys-
tematic uncertainties. For consistency, we have not considered
this study in the following.

4.3. Estimated range for the dynamical mass of the Milky
Way

Using a Bayesian analysis, one can determine the poste-
rior distribution of the model parameters based on the given
data. In the present study, we applied the Markov chain
Monte Carlo (MCMC) a�ne invariant sampler EMCEE5

(Foreman-Mackey et al. 2013) to test the parameter space of the
Einasto profile using flat priors; that is, M0 = 4⇡h3⇢0, h, and
1/n, from 1010 to 1014

M�, from 0 to 20, and from 0 to 5, respec-
tively. Following previous studies, the sum of the logarithm of
the likelihood for the observed RC can be derived as:

lnL = �1
2

X

i

 
vmod,i � vobs,i

�i

!2

(11)

where the summation i is done over all the data points, vmod is
the theoretical circular velocity from the MW models, vobs is the
measured circular velocity, and � is the statistical uncertainty of
the measurement (see Sect. 2.2).

5 https://github.com/dfm/emcee

A208, page 5 of 13
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A Vast Range of Dark Matter Candidates
Particle Masses

“WIMPs” “Exotics’’“Fuzzy DM”

Fits in Galaxy
Elementary

 Particle

nDM λdB3 >> 1 nDM λdB3 << 1 “Black  
Holes”!

1HZ�,GHDV�LQ�'DUN�0DWWHU

&RVPLF�3UREHV
$VWURSK\VLFV�SURYLGHV�WKH�RQO\�UREXVW��SRVLWLYH�PHDVXUHPHQW�RI�GDUN�

PDWWHU�DQG�ERXQGV�WKH�PDVV�UDQJH�RI�GDUN�PDWWHU�FDQGLGDWHV

KWWSV���DU[LY�RUJ�DEV������������

&
RV
P
LF
�3
UR
EH
V &

RVP
LF�3UREHV

Phenomenology controlled by deBroglie λ 

at the Sun’s location:  

Wave-like! Particle-like!

ULDM

DM direct detection experiments assume 

a “Standard Halo Model” (& steady state)
Cosmic small-scale structure not known! [Bechtol et al., arXiv:2203.07354] 

Non-steady-state effects exist! [Widrow, SG, Yanny, Dodelson, & Chen, 2012; 
Yanny & SG, 2013…; SG, Hinkel, Yanny, 2020]

Motivates DM (and more) searches at accelerators!



Coupling 
to SM 

particles

5

New Particle Discovery Space 

Is Vast 

𝒪(1)

Tiny

MW Energy

Probed

Big

Usually assumed
∼ g2/M2

new

Here consider direct searches 

for new particles of a (weakly 

coupled) hidden sector 
— DM, mediators, … !



Hidden-Sector Portals
Different Connectors are Possible 


Ldim4 = B
µ⌫
Vµ⌫ �H

†
H(AS + �S

2)� YNLHN

[Batell, Pospelov, and Ritz, 2009; Le Dall, Pospelov, Ritz, 2015]

Enter the dark photon ΄and its field strength tensor A′ 
μ Vμν

N.B. hidden sector particles

With “kinetic mixing” of visible & hidden sectors, e.g. 

ℒ = −
1
4

FμνFμν −
1
4

VμνVμν +
1
2

m2
A′ 

A′ 
2

−∑
f

qfe(Aμ + εA′ μ)f̄γμ f − gXA′ μX̄γμX + … for  MA′ 
≪ MZ

[Feng, Smolinsky, Tanedo, “dark sunshine”, 2016]

dark matter



• U(1)Y or U(1)em  : enter the dark photon and 
 mixing [Holdom, 1986…]

• U(1)Y  with an extended Higgs sector : now mixing 
with both the photon and Z occurs – enter the Zd


• U(1)B but not anomaly free [Nelson & Tetradis, 1989; Tulin, 2014; 
Dobrescu & Frugiuele, 2014…]

• U(1)B-L  [Feng et al., 2017…]

• U(1)μ-τ [Altsmannshofer, Gori, Pospelov, & Yavin, 2014]

A − A′ 

Gauge Theories of the Hidden Sector
There are many possible vector portals 


– but only some are anomaly free

Typical to consider Abelian groups as Fμν is gauge invariant

[Davoudiasl, Lee, Marciano, 2014]

LB =
1

3
q̄�µqBµ

LB0 = guB0 ū�µuB0
µ + gdB0 d̄�µdB0

µ + ...



8

target& shield& pair&spectrometer&

High&energy&&
&
Proton&beam&

π0,η A’&

l+#

l- 

Resonance(produc-on(

γ

η
µ+ 
µ- 

p"

p’ 
l+"

l%"

Dark Photon Searches
Searches for displaced vertices 


or “bump hunts” to sample  phase space 
(ε, MA′ 
)

[cf. Bjorken, Essig, Schuster, and Toro (“BEST”), 2009]

Can look for scalars and more…. 

[SG, Holt, Tadepalli, 2015]
[Bluemlein and Brunner, 2011 & 2013][Batell, Pospelov, and Ritz, 2009; Gninenko, 2011]

[Liu & Reimer, Fermilab E906/SeaQuest]
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Special Opportunities at an EIC
for light, weak coupled particle searches


• favor particles with couplings to first-generation 
fermions (& can access weaker couplings) 


• gives a  signal boost via coherent production 

• can probe “visible” or “invisible” final states 

• sensitivity to particles at the MeV-GeV scale….

Z2

The EIC is a high-intensity electron-ion collider; its 
planned detector can also detect forward particles 

[N.B. https://www.jlab.org/conference/EPIC]

Thus, BSM searches at the EIC…

[Davoudiasl, Marcarelli, & Neil, 2023; Balkin et al., 2024; Davoudiasl & Liu, 2025…]

https://www.jlab.org/conference/EPIC
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“Light” New Physics Searches

ℒS = ge
Vϕēe + gχ

Sϕχ̄χ

ℒV = ge
Vϕμēγμe + gχ

Vϕμχ̄γμχ

mχ < mϕ/2 “invisible” final states

possible!  

— some possibilities —

Scalars:

Vectors:

The QCD axion, or axion-like particles (ALPs)….

[N.B. many papers!]

[Davoudiasl & Liu, 2025]
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The QCD Axion 
Converting a problem into an experimental opportunity  

QCD could have included a P, T (CP) odd term

through  — but the experimental limits

on  constrains its appearance severely!

GG̃
dn

Why does it not appear?
One solution: there is a Peccei-Quinn symmetry.


If it is spontaneously broken, then the

axion can appear, and we have 


  “the strong CP problem is washed away”


Couplings to fermions, photons also can appear

N.B. many new schemes to detect them!

θ →
a
fa

[e.g., with phonons: Mitridate, Trickle, Zhang, Zurek, 2020; 
with magnetized media: Berlin & Trickle, 2023; ALPHA: Millar et al., 2023]

[Peccei & Quinn, 1977]

[Weinberg, 1978; Wilczek, 1978]

[Baluni, 1979; 
Crewther et al., 1979]
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Constraints on axion-photon couplings

[Snowmass white paper 2203.14923; update (June, 2025),  
Ciaran O’Hare, https://cajohare.github.io/AxionLimits/docs/ap.html]

ℒem
axion = −

gaγγ

4
aFF̃

Pale red  

shaded 

regions

are 

forecasts

Assuming (astro) it is all of the dark matter  

QCD 

axion

10 MeV



  
[Ciaran O’Hare, https://cajohare.github.io/AxionLimits/docs/ap.html]
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ALP production studies at the EIC

1
2

(∂μa)2 −
1
2

m2
aa2 −

gaγγ

4
aFμνF̃μν

Focus thus far on axion-photon coupling constraints  

[Liu & Yan, 2021; N.B. PDG notation]

Prepared for Chinese Physics C LA-UR-21-31766

q

e� e�

qq

e� e�

q
�

�

a

�

�

�

�

�

�

(a) (b)

Fig. 1. Feynman diagrams of the parton process e�q! e�j��.

2 The production of ALP

The ALP could be produced through s-channel and t-channel photon fusion scattering at the EIC †; see Fig. 1. The
production rate of the signal depends on the coupling strength ga�� , ALP mass ma and branching ratio BR(a! ��),
i.e.

�(e�p! e���j)= g2
a���s(ma)⇥BR(a! ��)+g4

a���t(ma), (2)

where �s,t denotes the cross section from the s-channel and t-channel, respectively. The narrow width approximation
has been applied for the s-channel scattering since the decay width �a ⌧ma [54]. We checked the interference e↵ects
between the signal and background is negligible and can be ignored in our analysis. For simplicity, we take the
branching ratio BR(a! ��)= 1 in this work.

Below, we utilize the MadGraph5 [55] to calculate the signal cross section with electron and proton energy
Ee =20 GeV and Ep =250 GeV at the leading order with NNPDF sets [56]. The factorization and renormalization
scales in our calculation have been chosen as the default scale in the MadGraph5, i.e. the transverse mass. To avoid
the soft and collinear divergence, the following kinematic cuts for the final states have been applied,

pj,e,�
T > 5 GeV, |⌘j,e,� |< 5,

�R(e,j)> 0.4, �R(�,�)> 0.4,

�R(e,�)> 0.4, �R(j,�)> 0.4, (3)

where pm
T and ⌘m with m= j,e,� denotes the transverse momentum and pseudorapidity of particle m, respectively.

The cone distance�R(m,n)=
p

(⌘m�⌘n)2+(�m��n)2 with �m denoting the azimuthal angle of particlem. Figure 2
displays the production rates for the processes e�p! e���j (red dashed line), e�p! e�a(! ��)j (blue dashed line)
and e�p! e�aj (green dashed line) without any kinematic cuts for the photons in the final state. It clearly shows
that the cross section of the signal is dominantly determined by the s-channel scattering and the contribution from
t-channel is negligible, because of the suppression of the phase space. In addition, the narrow width approximation
for the s-channel production works very well in this process. In the same figure, the solid cyan and black lines show
the cross sections from e�p! e���j and e�p! e�a(! ��)j after we impose the kinematic cuts in Eq. (3) for the
photons, respectively. We note that the kinematic cuts of the photons will decrease the cross section significantly
when ALP mass ma < 40 GeV. It arises from the fact that the invariant mass of photon pair from an on-shell ALP
decay is given by m2

a =m2
�� ' p�1

T p�2
T �R(�1,�2), where p�1,�2

T denotes the transverse momentum of the photons. For
a heavy ALP, the kinematic cuts could be satisfied automatically, while there is a phase space suppression e↵ect for
a light ALP which is induced by the kinematic cuts of the photons (see Eq. (3)). Such e↵ect will also generate a
peak around ma ⇠ 16 GeV for the production rate distributions of the processes with the cuts on the photons (see
cyan and black lines).

3 Collider Simulation

Next we perform a detailed Monte Carlo simulation to explore the potential of probing the ALP at the EIC. The
major irreducible backgrounds come from the processes e�p! e���j and e�p! e���jj. The cross sections after
we including the kinematic cuts in Eq. (3) are �(e�p ! e���j) = 46.9 fb and �(e�p ! e���jj) = 6.4 fb. We also
take into account the possibility that an electron or jet is misidentified to be a photon in this study. The reducible
backgrounds could be from the processes e�p! e��j (18.66 pb) and e�p! e��jj (2.22 pb). The numbers shown
inside the bracket denote the production cross section after imposing the cuts in Eq. (3). The other backgrounds
involving multi-electrons and jets, e.g. e�p ! e�e�e+j and e�p ! e�jj(j) are negligible when we consider the

†The gauge-invariant operators can generate the e↵ective couplings a��, aZ� and aZZ at the same time, but the contributions from
aZ� and aZZ will be highly suppressed by the propagator of Z boson and can be ignored.

2

for …e−q → e−jγγ

 

            Set  (Strong CP?!)

𝒪(g2
aγγ)(Br(a → γγ))

= 1
𝒪(g4

aγγ)
Still need to detect  !γγ
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Prepared for Chinese Physics C LA-UR-21-31766

ma=11 GeV
ma=21 GeV
ma=46 GeV
ma=56 GeV
epeγγj
epeγγjj

0 10 20 30 40 50 60 70
0.0

0.1

0.2

0.3

0.4

0.5

mγγ (GeV)
Fig. 3. The normalized invariant mass distribution of the photon pair from the signal process e�p! e���j and the

SM backgrounds e�p! e���j, e�p! e���jj and e�p! e��j(j) after the preselection in Eq. (4).

ma(GeV) 11 21 31 41 51 61

✏(signal) 0.394 0.542 0.712 0.746 0.703 0.742

✏(e���j) 0.066 0.100 0.046 0.011 1.1⇤10�3
1.7⇤10�4

✏(e���jj) 0.070 0.098 0.033 0.005 1.9⇤10�4
3.9⇤10�5

✏(e��j) 0.0004 0.0007 0.0005 0.0003 0.0002 0.0001

✏(e��jj) 0.0003 0.0004 0.0003 0.0001 6.6⇤10�5
5.7⇤10�5

Table 1. Cut e�ciencies for the signal process with the benchmark ALP mass ma and the corresponding SM

backgrounds at the EIC.

Owing to the kinematic cuts in Eq. (4) could be satisfied automatically for a heavy ALP, the cut e�ciency for the
signal tends to be a constant when ma > 40 GeV.

Equipped with the signal and backgrounds production cross sections and the collider simulation e�ciencies, the
upper limit on the e↵ective coupling ga�� at 2� confidence level can be obtained in terms of [65]

s

�2


nb ln

✓
ns+nb

nb

◆
�ns

�
=2, (6)

where ns and nb are the numbers of the signal and background events, respectively. Given the integrated luminosity
of 300 fb�1, the upper limit on the e↵ective coupling ga�� is presented in Fig. 4 (orange region). It shows that the
ga�� could be constrained to be ⇠ 0.2 TeV�1 at 2� confidence level by assuming null result of directly searching
of ALP with ma < 40 GeV at the EIC. This result could be further improved if we consider the nucleus beam at
the EIC, because of the cross section could be enhanced by the atomic weight A= Z+N , where Z and N are the
numbers of proton and neutron in nucleus [53]. To roughly estimate the upper limit of the ga�� from nucleus beam,
we use lead (Pb) as an example. The cross sections of signal and backgrounds from Pb beam could be obtained by
properly rescaling the cross sections at electron-proton collision, i.e. �e�Pb ' A�e�P, with A = 208 for Pb beam ‡.
Although the mixing of protons and neutrons in nucleus will change the total density for up and down quarks in the
nuclear PDFs relative to the proton ones, the total e↵ects will mildly modify the total cross sections and kinematic
distributions [66], which do not alter the conclusion remarkably in this study. Under this approximation, we obtain
the e↵ective coupling ga�� from Pb beam could be improved by few times compared to the proton beam; see the gray
region of Fig. 4 .

‡Note that the photon fusion scattering in this work is di↵erent from the Light-by-Light scattering in Ref. [53]. The photon flux for
our case is proportional to the atom number, while it depends on the charge of the beam for the Light-by-Light scattering.

4

ALP production studies at the EIC

After 

kinematic 

cuts

[Liu & Yan, 2021]

"Bump hunts”
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Prepared for Chinese Physics C LA-UR-21-31766

Ligh t-by-ligh tû LHC 300 fb-1

LEP off Z pole

EIC 300 fb-1

EIC 3000 fb-1

Ligh
t-b

y-li
gh tû

Pb-
Pb

20 40 60 80 100

10-2

10-1

100

ma HGeVL

g a
gg
HTe
V
-
1 L

Fig. 4. Upper limit on the e↵ective coupling ga�� from the EIC with proton beam (orange region) and Pb beam

(gray region), Light-by-Light scattering with p-p collision with center-of-mass energy
p
s = 13 TeV (pink region,

projected sensitivity) and Pb-Pb collision with
p
s=5.02 TeV (blue region), o↵ Z-pole at the LEP (green region)

and Z! �a (yellow region). The excluded regions from other colliders are extracted from Ref. [41].

5

ALP production studies at the EIC

[Liu & Yan, 2021; N.B. PDG notation]

/4 proton
lead

Prompt

Decay

Bkgds

computed

(Bump hunts)
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pNkN

Figure 1. Left panel: Feynman diagram of photon fusion production of an ALP at the EIC. Right
panel: various cross sections as a function of the final state diphoton mass. The solid curves show the
cross sections of both the signal (Λ = 1TeV) and backgrounds after applying all the cuts discussed
in section 3.2. The inclusive ALP production cross section is plotted in dashed (dotted) black for
Λ = 1TeV using the full 2 → 3 (EPA) calculation. For the backgrounds ω ≈ 4∆mγγdω/dmγγ is
plotted, where ∆mγγ is the invariant mass resolution, which is given in table 2.

and the angle

cos ε ≡ (#kN × #pN ) · (#ke × #pe)
|#kN × #pN ||#ke × #pe|

, (3.4)

where ε is defined in the rest frame of the outgoing a + N system. It can be understood
as the angle between the planes spanned by {#kN , #pN} and by {#ke, #pe}. From the above
definitions, we identify te as the electron-transferred momentum and tN as the ion-transferred
momentum. The differential cross section is

dω2→3
a

dtedtNdm2
aNdε

= 1
(2π)4

1
4
√
λ(s,m2

e,m
2
N )

1
4
√
λ(m2

aN ,m2
N , te)

|M2→3
a |2

4[(ke · kN )2 − m2
em

2
N ]1/2 ,

(3.5)

where |M2→3
a |2 ∝ (Z2e4)/(t2et2NΛ2

a) is the e−N → e−Na matrix element squared and
λ(a, b, c) ≡ a2 + b2 + c2 − 2ab − 2ac − 2bc. More details on the calculation of the matrix
element are given in appendix A. The phase space integration follows the method in ref. [80].

Due to the double pole structure of the amplitude, the cross section is dominated by
regions in parameter space where |te| and |tN | are minimized. The minimal momentum
transfers are constrained by kinematics, and in the me, ma ≃ mN ≃

√
s limit they are

given approximately by

|te|min ≈ 1.9 × 10−14 GeV2
(

ma

1.0 GeV

)2 ( mN

193 GeV

)2( √
s

1.2 TeV

)−4
,

|tN |min ≈ 1.8 × 10−8 GeV2
(

ma

1.0 GeV

)4 ( mN

193 GeV

)2( √
s

1.2 TeV

)−4
. (3.6)

– 4 –

ALP production studies at the EIC

[Belkin et al., 2024]

Study of -channel axion production  s

Assumes 
Br(a → γγ) ≈ 100 %
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Figure 7. The EIC projections from the ALP searches with Ee = 18GeV and EPb = 20TeV. The
solid (dashed) red lines show the prompt search results with 10 (100) fb−1 integrated luminosity. The
solid (dashed) blue lines show the displaced search results with Sa = 3 (Sa = 100) with 100 fb−1

integrated luminosity, assuming the diphoton spatial resolution LR = 10 cm and the distance between
the interaction point and the EM calorimeter LEM = 100 cm.

that the EIC, under reasonable assumptions, would be in a unique position to probe large
unexplored regions of the ALP-photon-coupling parameter space, as summarized in figure 7.
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gaγγ ≡ 1/Λ
ALP production studies at the EIC

[Belkin et al., 2024]

What if the axion decays invisibly?
100 MeV
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ALP production studies at the EIC
New possibilities using QCD + QED factorization 


See Justin Cammarota’s talk  
at this workshop (yesterday)!

• Refines computations of DIS and SIDIS cross 
sections & their kinematic variations


• Cross-section shapes can be modified in     
via “invisible” axion emission 


• Limits on axion-fermion couplings also possible

𝒪(g2
aγγ)

Thus far, the factorization analysis assumes real photon 
emission…
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ALP production studies at the EIC
e.g., in DIS with QCD + QED factorization

J. Cammarota, W&M 2025

Joint QCD and QED Factorization for DIS

● No “1-photon” approximation necessary

● Hard Part counts in powers of both   

14

[Liu et al., 2021;
Cammorata et al., 2024]

PDFs / LDFs 

are blended 


QCD+QED objects

Can add, e.g.,

The axion can 

be “invisible”

γ* → γa to any charged fermion line

a
γγ*

and can add a direct 

coupling to fermion 

 with the precise


weighting to depend 

on the model….

f
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ALPs & QCD+QED factorization
ALP models: input couplings at  + RNG flow!   Λ

ℓ

ℓ′ 

f

ℓ

ℓ′ 

f

ℓ

ℓ′ 

f

a

a

a
Impacts LDF/PDF evolution!

no  threshold!ma

N.B. changes of shape!
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Coda: Probes of MeV-Scale Axions 
via rare  meson decays 
η

However, we can also consider , 

though the axion must decay promptly enough

to be detected as in, e.g., 

a → e+e−

η(η′ ) → ππ(a → e+e−)

Beam dump experiments offer strong 

constraints on  gaγγ

Possible if axion-pion mixing is suppressed…. 

[Alves & Weiner, 2018; Alves, 2021; Hostert & Pospelov, 2023]

In these searches the axion decays “visibly”!

[Alves & Gonzalez-Solis, 2024]
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8 90. Axions and Other Similar Particles
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Figure 90.2: Exclusion plot for ALP-electron coupling as described in the text. Figure courtesy of
Ciaran O’Hare [61], contains data from refs. [168,217,219–228]. The hadronic QCD axion-electron
coupling arises at one loop and is given in Eq. (90.9); varying E/N between 5/3 and 44/3 gives
the indicated hadronic axion band. The KSVZ axion has E/N = 0, while the DFSZ axion-electron
coupling has the tree-level coupling given in Eq. (90.10) that depends on the unknown but bounded
value of tan — (see text for details).

which is the number of observed HB branch stars to RG branch stars in a GC. Measurements of
the R-parameter in a large sample of 39 Galactic GCs

give a weak indication of non-standard losses which may be accounted by Primako�-like axion
emission, if the photon coupling is in the range |ga““ | = (2.9 ± 1.8) ◊ 10≠11 GeV≠1 [122,229]. Still,
the upper bound found in this analysis,

|ga““ | < 6.6 ◊ 10≠11 GeV≠1 (95% CL), (90.16)

represents one of the strongest limits on ga““ for a wide mass range. More recently, the R2-
parameter has emerged as a potentially more sensitive probe of axions; the R2-parameter is defined
as the ratio of the asymptotic giant branch (AGB) stars to the HB stars in a GC. AGB stars have
more e�cient Primako� production than HB stars, meaning that R2 is expected to decrease for
increasing |ga““ |. Ref. [123] used an R2 measurement based o� of 48 GCs as observed by the Hubble
Space Telescope [230] to constrain

|ga““ | < 4.7 ◊ 10≠11 GeV≠1 (95% CL) . (90.17)

The constraint above on ga““ may be translated to fa > 4.8 ◊ 107 GeV (ma < 0.12 eV) , using
E/N = 0 as in the KSVZ model, or to fa > 1.8 ◊ 107 GeV (ma < 0.32 eV) , for the DFSZ axion
model, with E/N = 8/3, see Fig. 90.1.

1st December, 2023

Axion Constraints

keV MeVℒa ⊃ − igaeaēγ5e

[PDG axion review,  2024; 
Ciaran  O’Hare; note also 
Berlin et al., 2024]]     
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Summary

• Prompt and displaced vertex studies of visible   
axions-like particles have been made 


• The combined QCD+QED factorization framework 
opens new windows on such searches, as the ALP so 
can decay invisibly & still be probed (via PDF/LDF 
shapes!)


• Potentially models with different axion-fermion 
couplings can be probed simultaneously….

We have considered new searches for axion-
like particles at the EIC (as an example)

I thank Justin Cammarota for discussions!



Backup Slides  
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Figure 19. Left: flavor bounds on ALP couplings to gluons with all other Wilson coefficients set
to zero at Λ = 4πf and f = 1TeV. Right: comparison of the same flavor constraints (light gray)
with the constraints on Z → aγ decays from the LEP measurement of the Z boson width (violet),
contours of constant Br(h→ aa) = 10−1, 10−2 and 10−3, depicted as red dotted, dashed and solid
lines, and contours of constant Br(h→ Za) = 10−1, 10−2 and 10−3, shown as blue dotted, dashed
and solid lines, respectively.

As a consequence, the strongest bounds for ma < mπ and small cGG arise from the
NA62 constraint on Br(K+ → π+X), where X either decays invisibly or escapes the
detector, which constrains ALPs long-lived enough to escape the NA62 detector before
decaying [125]. The parameter space excluded by this constraint is shown in pink in
figure 19 and corresponds to values of cGG/f ! 0.072/TeV. Constraints from the neutral
mode KL → π0a are considerably weaker, because of the suppression of the CP conserving
part in (3.6) by ϵ = 2.228 × 10−3. The parameter space ruled out by the KOTO [126]
search for KL → π0X is shown in yellow. Other searches for invisible final states lead to
weaker constraints. Constraints from B meson decays with missing energy We show the
excluded parameter space from the limit on the B → K∗νν̄ from Belle [140] in light blue.
In [140], the momentum of the final state K∗ is used as a variable in a multivariate analysis,
which is therefore difficult to interpret robustly in terms of our two-body final state. These
issues are neglected when finding the excluded ALP parameter space shown here. However,
limits obtained on the same process from BaBar, that also provide limits on the charged
modeB+ → K∗+νν̄ and the missing energy distribution, are only slightly weaker [139]. The
Babar limits have also been discussed in [30] and dedicated projections for the reach of
Belle II in ALP searches in B meson decays have been published in [181] We also show the
constraint from π+ → ae+νe decays obtained by the PIENU collaboration in dark blue [150].
For larger ALP masses, decays into photons become relevant and constraints from searches
for K+ → π+γγ and K0 → π0γγ performed at E949, NA48, NA62 and KTeV exclude the
parameter space for larger values of cGG/f [127–130]. The corresponding parameter space

– 53 –

Model: glue only at f = 4π(1 TeV)
[Bauer, Neubert, Renner, Schnubel, Thamm, 2022]

Flavor Probes of ALP Couplings 
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Fig. 7 Bayesian exclusion limits on bosonic DM couplings to electrons obtained from Gerda Phase II and Phase II+ data
(light blue line). The limits were deduced by converting the upper count strength limits into physics constraints including
in the interaction rate both the photoelectric-like absorption and the dark Compton scattering processes, see Eq. (15). The
regions around identified ω-lines (see Table 3 and numerical data in Supplemental Material [38]) have been omitted. Left:
Bayesian constraints at 90% CI on the kinetic mixing strength of DPs. Right: Bayesian constraints at 90% CI on the coupling
strength of ALPs to electrons. Results from other direct detection experiments [39–43] are shown, as well as the previous
Gerda limits [2]. Note that in the COSINE-100 paper [43] the previous numerical factors of 1.2 and 4 have been used in eqs.
4 and 5. The dashed, dark red line indicates the region below which the interpretation as a DM candidate being stable on the
scale of the age of the Universe is valid without further assumptions [9]. Indirect constraints from X-ray and ω-ray observations
taken from Refs. [9,44] are indicated by the dot-dashed, brown line. Constraints derived from red giant (RG, dot-dashed, gold
line) and horizontal branch (HB, dot-dashed, purple line) star energy losses are discussed in [45]

due to the higher background level in our low energy
range and the lower exposure.

5.2 Nucleon decays

A lower constraint on the nucleon lifetime based on
the observed upper limit on the event number Nup,n is
calculated as

ωlow = εn · Ne! ·
NA

Nup,n
· E ·

f76Ge

Mtot
(19)

where εn is the e!ciency to tag a coincident electron-
photon pair (see Table 2 in Sect. 3), Ne! is the e”ec-
tive number of particles which can undergo the consid-
ered decay, and NA is the Avogadro’s constant. Mtot

(kg/mol) and f76Ge are given in Sect. 5.1, while the
exposure E = 105.5 kg yr is taken from Table 1. As
described in Sect. 2.2, only one specific branch of the
inclusive nucleon decay is considered, i.e. the one in
which the nucleon decays from one of the most exter-
nal nuclear shells with the de-excitation of the daughter
nucleus by ϑ-emission only, without subsequent emis-
sion of other particles. Hence, it is necessary to know
the e”ective number of decaying neutrons (protons) in-
side the parent 76Ge nuclei, whose decay could produce
the specific daughter nucleus 75Ge (75Ga). Following
Refs. [46–49], the e”ective number Ne! = 16 (14) for

neutrons (protons) was obtained by using the single-
particle shell model with a modified Woods-Saxon po-
tential [50, 51], and the set of parameters adjusted for
76Ge. The calculations were done with the shell-model
codes KSHELL [52] and CoSMo [53] comparing, where
possible, our full range of the sub-shell nucleon binding
energies with the values obtained in Refs. [54, 55].

In the Bayesian framework a best fit of 6.8 counts was
obtained, with a significance of 1.1ϖ (see Fig. 8). The
90% CI upper limit is equal to Nup,n = 16.5 counts, and
the median sensitivity is estimated to be Ns,n = 10.5
counts. In the Frequentist approach, the best-fit signal
strength is 4.2 counts, corresponding to a significance of
0.7ϖ. This leads to a count limit of Nup,n = 15.2 counts
with a median sensitivity estimate of Ns,n = 9.8 counts.
The respective limits on the nucleon lifetimes estimated
through Eq. (19) are shown in Table 4. The lifetime
limit for Ne! = 1 is provided both as a measure of the
inclusive nuclear decay rate and for comparison with
other published limits, where di”erent e”ective num-
bers of nucleons were used depending on the specific
isotopes under consideration.

For a comparison with the results of previous nu-
cleon disappearance studies see the detailed compila-
tion of the Particle Data Group ‘p Mean Life’ [56].
For inclusive decays of neutrons and protons bound
in 129,136Xe [46, 47] , 127I [48] and 130Te [49, 57] mean
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FIG. 1: Existing constraints on the axion-electron coupling for our specific axion variant. The
red curves illustrate the ma vs. |Qe|/fa relation for di↵erent values of |Qe|. The black dashed
lines are contours of the axion’s lifetime. The shaded gray regions are excluded by beam dump
experiments [127–129], and the shaded orange and green regions are excluded by BaBar [130] and
KLOE [131] searches for dark photons, respectively. Constraints from the electron’s anomalous
magnetic moment are model dependent and therefore not shown in this plot (see Sec. VII B for
details).

A. Beam dump constraints

In the 80’s, several beam dump experiments have specifically targeted the QCD axion.

Since the results of these searches require no re-interpretation, we refer the reader to the

original papers for details on production and detection mechanisms. In this subsection, we

compile the most significant contraints in the region of parameter space of interest.

Constraints from beam dumps can be avoided if axions are su�ciently short-lived so as

to decay in the earth shielding, before reaching the detectors. Moreover, in order to remain

experimentally viable, invisible decay modes of the axion must be subdominant by at least

O(10�4) in order to avoid stringent constraints from K
+
! ⇡

+(a ! invisible). In order to

fulfill these requirements, the axion must be heavier than a few MeV and couple significantly

to electrons.

In Fig. 1, we show contours of the axion lifetime as a function of the axion mass and

coupling to electrons, Qe/fa. We also show the most relevant beam dump constraints as

30

× ma ⟹ gae

[Alves & Weiner, 2018]

[GERDA, 2405.15954]

DD constraints

are more sensitive;

could 

not be prompt? 

a → e+e−



 Ultralight Axion-like Dark Matter 
Can be compatible with our cosmic history if DM 

“overproduction” is erased by inflation 
Current CMB observations


(B mode polarization) 

are compatible with this


[Ade et al., 2016
(BICEP2 + Keck + Planck)]
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[cf. Lee & Weinberg, 1977]

A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R ¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).

C. ABEL et al. PHYS. REV. X 7, 041034 (2017)

041034-6

[Abel et al., PRX, 2017]

from
aGG̃

 

Hadronic matrix element 

can be estimated



dn(t) ≈ 2.4 × 10−16 CGa0

fa
cos(mat) e cm

[Crewther et al., 1979]

[Graham & Rajendran, 2011;
also CASPer experiment, 

Budker et al., 2014]



A0 with ! * 10!4 and mass above"200 MeV, particularly
in sectors with multiple light states [41–45]. Their reach in
! is limited by luminosity and irreducible backgrounds.
However, an A0 can also be produced through bremsstrah-
lung off an electron beam incident on a fixed target [43].
This approach has several virtues over colliding-beam
searches: much larger luminosities, of Oð1 ab!1=dayÞ,
can be achieved, scattering cross sections are enhanced
by nuclear charge coherence, and the resulting boosted
final states can be observed with compact special-purpose
detectors.

Past electron ‘‘beam-dump’’ experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain * 10 cm
vertex displacements and ! * 10!7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ! and mA0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled ‘‘A’’ through ‘‘E’’ in
Fig. 1 (right) require different approaches to these chal-
lenges, discussed in Sec. IV. We have estimated the reach
of each scenario, summarized in Fig. 1 (right), in the
context of electron beams with 1–6 GeV energies, nA–
"A average beam currents, and run times "106 s. Such
beams can be found, for example, at the Thomas Jefferson
National Accelerator Facility (JLab), the SLAC National
Accelerator Laboratory, the electron accelerator ELSA,
and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump ex-
periments. Low-mass, high-! regions (e.g. B and C)
produce boosted A0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy—a limiting fac-
tor. At still higher !, no displaced vertices are resolvable
and one must take full advantage of the kinematic proper-
ties of the signal and background processes, including the
recoiling electron, using either the forward geometries of B
and C or a wider-angle spectrometer (e.g. for point D).
Spectrometers operating at various laboratories appear
capable of probing this final region. Table I summarizes
the various experimental scenarios.
We focus on the case where the A0 decays directly to

standard model fermions, but the past experiments and
proposed scenarios are also sensitive (with different ex-
clusions) if the A0 decays to lighter Uð1Þ0-charged scalars,
and to direct production of axionlike states.

B. Outline

In Sec. II, we summarize the properties of A0 production
through bremsstrahlung in fixed-target collisions.
Constraints from past experiments and from neutrino emis-
sion by SN 1987A are presented in Sec. III. In Sec. IV, we
describe the five new experimental scenarios and estimate
the limiting backgrounds. We conclude in Sec. V with a
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FIG. 1 (color online). Left: Existing constraints on an A0. Shown are constraints from electron and muon anomalous magnetic
moment measurements, ae and a", the BABAR search for !ð3SÞ ! #"þ"!, three beam-dump experiments, E137, E141, and E774,

and supernova cooling (SN). These constraints are discussed further in Sec. III. Right: Existing constraints are shown in gray, while the
various lines—light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green (lower) solid—show
estimates of the regions that can be explored with the experimental scenarios discussed in Secs. IVA, IVB, IVC, IVD, and IVE,
respectively. The discussion in Sec. IV focuses on the five points labeled ‘‘A’’ through ‘‘E.’’ The orange stripe denotes the ‘‘D-term’’
region introduced in Sec. II A, in which simple models of dark matter interacting with the A0 can explain the annual modulation signal
reported by DAMA/LIBRA. Along the thin black line, the A0 proper lifetime c$ ¼ 80 "m, which is approximately the $ proper
lifetime—see Eq. (11).

BJORKEN et al. PHYSICAL REVIEW D 80, 075018 (2009)

075018-2

Dark Photon Parameter Space is Vast  
Different experimental strategies for different regions


[Bjorken, Essig, Schuster, and Toro (“BEST”), 2009]

“Beam dump” (displaced production & detection 
vertices in matter) studies yield powerful constraints


