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Motivations

axion-like-particles 
(ALPs) 

one of the best motivated Standard Model (SM) extensions

are the pseudo Nambu-Goldstone bosons (pNGB) of any theory with a
spontaneously broken global symmetry

⇒

rich phenomenology

⇒ masses and SM couplings range 
over many orders of magnitude

⇒ dark matter/portal

Examples

→ QCD axion (breaking of Peccei-Quinn symmetry) 

→ Familons (flavor symmetry)

→ Leptophilic ALPs

→ Majoron couple only to charged leptons and photons at tree-level

dynamical generation of right-handed neutrino masses ⇒
majorona active neutrino 

masses via see-saw

+ ?
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Theoretical Framework · Leptophilic ALPs
• Interaction between ℓALPs and charged leptons

flavor fields

vector axial
axion

• Coupling to photons

EM field strength

𝐸! = 1
we fix

• We neglect couplings to quarks since they are suppressed

breaking scale
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Theoretical Framework · Majorons
• Tree-level coupling to neutrinos

Majoron

~

very suppressed!!

matrix K given by

Dirac neutrino mass matrix

• Couplings at 1-loop order

charged leptons

quarks induce interactions with mesons and nucleons ⇒

• Couplings with other SM states emerge at two-loop level
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Theoretical Framework

ℓALP – Majoron Dictionary

• We assume degeneracy among the diagonal and off-diagonal coupling elements

MajoronLeptophilic ALP

free-parameters: , free-parameters: ,, ,
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The ArgoNeuT detector

• Purpose: Test LArTPC (Liquid Argon Time Projection Chamber) technology and measure 𝜈Ar cross-section 

• Location: 100m underground in the NuMI (Neutrino at the Main Injector) ‘low energy’ beam-line at Fermilab

NYMM BIEQ

120 GIV TVSXSRW HEHVSR AFWSVFIV
X

715 Q

1033 Q

40\47\90 GQ

very small 
volume!!

(neutrino energies between 0.5-10 GeV)

• Data collection: 2009-2010
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The ArgoNeuT detector

Heavy Neutral Lepton search

• Idea: due to their 𝑓 suppressed couplings, the ALPs are typically long-lived, 
and hence can propagate and decay into a muon pair inside the detector

• Even with a small size the ArgoNeuT detector was already used to place new constraints in new physics! 
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Systematic Uncertainty Impact (%)
HNL flux 20.8

Reconstruction e↵ects 0.5
Selection e�ciency 3.3

Instrumented volume 2.2
POT counting 1.0

Total 21.2

TABLE I. Systematic uncertainty impact on the sensitivity.
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FIG. 5. Constraints on the parameter space at 90% CL from
1.25 ⇥ 1020 POT at ArgoNeuT (solid black), assuming pro-
duction from ⌧± decays. The dashed black lines show the
uncertainty on the expected constraint at ±1�. The existing
limits from CHARM [42] and DELPHI [43] are also shown in
purple and blue, respectively.

instrumented volume originating from uncertainty in the
electron drift velocity [29] and a 1% uncertainty in the
number of collected POT [34].

Results.— The selection has been applied to the full
ArgoNeuT 1.25⇥ 1020 POT anti-neutrino mode data-set.
In total zero events pass, consistent with the expected
background rate of 0.4± 0.2 events. Figure 5 shows our
exclusion of parameter space at 90% confidence level with
1.25⇥1020 POT at ArgoNeuT, assuming production from
⌧± decays. The limit is evaluated using a Bayesian ap-
proach with a uniform prior [41]. The ±1� uncertainty
on the expected constraint includes both the uncertainty
on the background expectation and the 21.2% systematic
uncertainty on the signal production, combined conserva-
tively. The existing limits from CHARM [42] and DEL-
PHI [43] are also shown in purple and blue, respectively.
Our result leads to a significant increase in the exclu-
sion region on the mixing angle |U⌧N |

2 of tau-coupled
Dirac HNLs with masses mN = 280 - 970MeV, assum-

ing |UeN |
2 =

��UµN

��2 = 0. Other scenarios are considered
in the Supplemental Material [44].

Conclusions.— We have presented the first search for
HNLs decaying with the signature N ! ⌫µ+µ� in a
LArTPC detector. Applying a novel technique to iden-

tify pairs of overlapping highly forward-going muons, we
have searched for tau-coupled Dirac HNLs produced in
the NuMI beam and decaying in the ArgoNeuT detector
or in the upstream cavern. In the data, corresponding
to an exposure to 1.25⇥ 1020 POT, zero passing events
are observed consistent with the expected background.
The results of this search lead to a significant increase in
the exclusion region on the mixing angle |U⌧N |

2 of tau-
coupled Dirac HNLs with masses mN = 280 - 970MeV,

assuming |UeN |
2 =

��UµN

��2 = 0. The analysis techniques
we developed could be applied in future HNL searches
performed in larger mass LArTPC experiments.
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negligible for most of our parameter space. The angular
deflection may become of order the typical spatial resolu-
tion only for ✏ ⇠ 10�1 and thus can affect the limit only
for m� above 2 GeV. In this region, the direction from
which the mCPs arrive is broadened to the order of a few
meters around the target, leading to a slight increase in
background. We estimate that within the systematic un-
certainty, the limit is unaffected below 2 GeV and can be
degraded by at most 15% for the highest mCP masses, of
order the width of the blue line in Fig. 5.

The expected number of mCPs traversing ArgoNeuT
and their energy distribution for a given mCP mass and
charge are simulated with Pythia 8 [24], as detailed in
Ref. [11]. The mean free path for every mCP is computed
through equation (1) following the procedure in [11],
giving a probability to deposit a double hit event. We
then set limits using a CLs method [25] without subtract-
ing background. Figure 5 shows our limits on mCPs as
a function of their mass and charge. We put constraints
at the 95% confidence level on mCP parameters that do
not produce more than 4.7 events for one observed signal
event. To account for the uncertainty in detector orienta-
tion discussed above, we also draw a limit on parameters
that lead to more than 10.5 events, corresponding to five
observed signal events, and draw a band between these
two cases. We note that the limits in both these cases
are very close. These upper limits on the number of ex-
pected events correspond to the conservative assumption
that the background cannot be subtracted. The results
of previous experiments [13–17] are shown for compar-
ison. Our result is a significant increase in the exclusion
region in the range of millicharged masses > 0.1 GeV
and charge < 10�1e.

We have set new constraints from a search for mil-
licharged particles in the ArgoNeuT LArTPC experiment
at Fermilab. For a detector exposure of 1.0 ⇥ 1020 POT,
one candidate event has been observed, compatible with
the expected background. ArgoNeuT has probed the re-
gion of Q� = 10�1e � 10�3e for masses in the range
m� = 0.1�3 GeV, unexplored by previous experiments.
This analysis represents the first search for millicharged
particles in a LArTPC neutrino detector, performed with
a novel search method using a cluster doublet aligned
with the beam target location. The analysis techniques
used in this search can be applied to future larger mass
LArTPC experiments and motivate new searches.
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FIG. 5. ArgoNeuT limits (blue) in the m� � ✏ plane for mil-
licharged particles at 95% C.L., where ✏ ⌘ Q�/e. The limit
is drawn where mCPs are unlikely to produce more than the
observed number of events. The thickness of the blue band
accounts for the systematic uncertainty in detector placement.
Existing experimental limits from SLAC MilliQ [13] are shown
in dark gray within a solid line. Other limits using results from
the LSND and MiniBooNE neutrino experiments [12] and col-
lider experiments [14–17] are shown in light gray within bro-
ken lines.
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signal: muon pair
production: 𝜏 decays

zero observed events⇒

we can put a bound in the ALP
parameter space by reproducing their
analysis



9

Signal Simulation

• Production

   16

● Main production chain:

Production & Decays

● Detected decay:

solid ℓALP and Majoron
dashed only Majorons

• we normalized the plot to 

Total number of produced ALPs
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Signal Simulation

• Decay

ALP Decay Widths
solid ℓALP and Majoron
dashed only Majorons

• we normalized the plot to 

solid orange ℓALP
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Signal Simulation
• The number of ALPs events inside ArgoNeuT is given by 

where
= probability that is produced at target/absorber

produced
ALPs

decay
probability

detector geometrical 
acceptance

detection efficiency

probability that the ALP decays inside the detector volume

and the decay probability is 

(~0.6)branching ratio

decay length
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Signal Simulation

MadGraph + MadDumpPYTHIA8

Meson Production Calculation of decay probability 
and geometrical acceptance

MadDump source code

• we include the specific geometry of the ArgoNeuT detector

• we apply the necessary kinematic cuts

• we introduced an external python code to
compute the ALP decays, including all channels.

• we consider 3 different decay topologies
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Results

Most stringent bounds 
on the 2 𝑚( ≲ 𝑚 ≲ 𝑚)

mass region!

• Exclusion at 95% confidence level

Region excluded by the ArgoNeut data 
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Thank you for your 
kind attention!
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BACKUP
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Kinematics · Muons
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Kinematics · ALPs
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Efficiency

Heavy Neutral 
Lepton search

R. Acciarri et al., Phys. Rev. Lett. 127, 121801 (2021) 
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Majoron

generations. Armed with this complete set of couplings we
then discuss various phenomenological consequences and
constraints on the parameters. This includes a discussion of
Majorons as dark matter (DM).
The rest of this article is structured as follows: in Sec. II

we introduce the singlet Majoron model and reproduce the
known tree-level and one-loop couplings. In Sec. III we
present results of our novel two-loop calculations necessary
for the Majoron couplings to gauge bosons and to quarks of
different generations. The phenomenological aspects of all
these couplings are discussed in Sec. IV. Finally, we
conclude in Sec. V.

II. MAJORON COUPLINGS AT TREE LEVEL
AND ONE LOOP

In this article we consider the minimal singlet Majoron
model [3],

L ¼ −L̄yNRH −
1

2
N̄c

RλNRσ þ H:c: − VðH; σÞ; ð1Þ

which introduces three right-handed neutrinos NR coupled
to the SM lepton doublets L and Higgs doublet H, and one
SM singlet complex scalar σ carrying lepton number
L ¼ −2, minimally coupled to the right-handed neutrinos
proportional to the Yukawa matrices y and λ. We do not
specify the scalar potential VðH; σÞ but simply assume that
σ ¼ ðf þ σ0 þ iJÞ=

ffiffiffi
2

p
obtains a vacuum expectation value

f, which then gives rise to the right-handed Majorana mass
matrixMR ¼ fλ=

ffiffiffi
2

p
. J is the Majoron, σ0 is a massiveCP-

even scalar with mass around f, assumed to be inaccessibly
heavy in the following. Both MR and the charged-lepton
mass matrix are chosen to be diagonal without loss of
generality, effectively shifting all mixing parameters into y.
Electroweak symmetry breaking via hHi ¼ ðv=

ffiffiffi
2

p
; 0ÞT

yields the Dirac mass matrix MD ¼ yv=
ffiffiffi
2

p
. The full 6 ×

6 neutrino mass matrix in the basis ðνcL; NRÞ ¼ VnR is then

L ¼ −
1

2
n̄cRV

T

"
0 MD

MT
D MR

#
VnR þ H:c:

≡ −
1

2
n̄cRMnnR þ H:c:; ð2Þ

where V is the unitary 6 × 6 mixing matrix to the states nR,
which form the Majorana mass eigenstates n ¼ nR þ ncR.
The diagonal mass matrix Mn ¼ diagðm1;…; m6Þ consists
of the physical neutrino masses arranged in ascending
order. Throughout this article, we denote mass matrices
with capital letters Mx and individual mass eigenvalues
with small letters mi. In the mass eigenstate basis, the tree-
level neutrino couplings to J, Z, W−, and h take the form
[18,19]

LJ ¼ −
iJ
2f

X6

i;j¼1

n̄i½CijðmiPL −mjPRÞ

þ CjiðmjPL −miPRÞ þ δijγ5mi&nj;

LZ ¼ gw
4 cos θW

X6

i;j¼1

n̄i=Z½CijPL − CjiPR&nj;

LW ¼ gwffiffiffi
2

p
X6

j¼1

X3

α¼1

ðl̄αBαj=W−PLnj þ n̄jB'
αj=W

þPLlαÞ;

Lh ¼ −
h
2v

X6

i;j¼1

n̄i½CijðmiPL þmjPRÞ

þ CjiðmjPL þmiPRÞ&nj; ð3Þ

where gw ¼ e= sin θW with Weinberg angle θW and

Cij ≡
X3

k¼1

VkiV'
kj; Bαj ≡

X3

k¼1

Vl
αkV

'
kj ¼ V'

αj: ð4Þ

In the last equation we used Vl
αk ¼ 1αk since we work in the

basis where the charged-lepton mass matrix is diagonal.
The 6 × 6 matrix C and the 3 × 6 matrix B satisfy a

number of identities [20,21] that are particularly important
in order to establish ultraviolet (UV) finiteness of ampli-
tudes involving neutrino loops:

C ¼ C† ¼ CC;

BB† ¼ 1; CMnCT ¼ 0;

B†B ¼ C; BMnCT ¼ 0;

BC ¼ B; BMnBT ¼ 0: ð5Þ

So far we have not made any assumption about the scale
of MR. In the following we will work in the seesaw limit
MD ≪ MR, resulting in a split neutrino spectrum with three
heavy neutrinos with mass matrix MR and three light
neutrinos with seesaw mass matrix Mν ≃ −MDM−1

R MT
D,

naturally suppressed compared to the electroweak scale v.
This hierarchy permits an expansion of all relevant matrices
in terms of the small 3 × 3 matrix A≡ U†MDM−1

R , where
U is the unitary 3 × 3 Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix. Parametrically this corresponds to an
expansion in the scale hierarchy v ≪ f which we refer
to as the seesaw expansion. To leading order, the matrices
take the form

C ≃
"
1 − AA† A

A† A†A

#
;

B ≃
"
Uð1 − 1

2AA
†ÞUA

#
;

Mn ≃
"−AMRAT 0

0 MR

#
: ð6Þ
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where

RH Majorana

Dirac
mass matrix

where

[PHYSICAL REVIEW D 100, 095015 (2019)] 
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Decay into pions arXiv:1708.00443v2 [hep-ph] 
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