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Why? - theory

2

Charged fermion masses seem to 
come from the Higgs mechanism

Higgs mechanism: unique prediction 
for charged fermions

But for neutrinos:
1) New particles required (e.g. RH ν)
2) Additional freedom

mν: only lab-based evidence of BSM...



Why? - experiment
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Neutrino experiments inherently have 
very special setups

1) High intensities
2) Enormous detectors
3) Oscillations: quantum
4) Weak cross sections



Some thoughts before we go in detail
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Neutrino matter effects

να να

Matter Matter
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Measuring the matter potential at 1% level is 
probing the several TeV scale

in a very nontrivial way



Some thoughts before we go in detail
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Neutrino masses live below the eV 
scale but could be a consequence of 
physics living from eV to 1013 GeV

There is no reason to believe that the 
neutrino mass mechanism is minimal,

and it lives at the highest possible scale
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mω → y2v2

mN
?



Some thoughts before we go in detail
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Weak interactions are 
a blessing and a curse

It makes experiments much harder
It makes neutrinos excellent probes 

in astrophysics and cosmology

On what follows, I'll show you two examples 
of how neutrinos can probe BSM scenarios 
from the 10-20 eV all the way up to 1013 eV 

(range could be larger, but no time!)
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Let's explore an extremely weakly interacting scenario:
ultralight dark matter coupling to neutrinos



Ultralight Dark Matter
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Dark matter could be so light that
its de Broglie wavelength would be the size of the galaxy

There are many candidates for that: axions, ultralight pseudo-Nambu-
Goldstone bosons, vector bosons, ...

Let's start with an ultralight scalar that couples to neutrinos



Ultralight Dark Matter
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Very light scalar DM (<< eV):
- very high occupation number
- classical field

Klein-Gordon
friction

Φ’’ << 3 H Φ’: slow roll regime

Later times: coherent oscillations
Energy stored:

(@2
t + 3H@t +m

2
�)� = 0

⇢� =
m2

��
2

2

Φ

V(Φ)

Damped harmonic oscillator

Local field value

What if this field couples to neutrinos?

Berlin 2017



Ultralight Dark Matter
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Very light scalar DM (<< eV):
- very high occupation number
- classical field

Energy stored: ⇢� =
m2

��
2

2

Φ

V(Φ)

Local field value

(e.g.,                                                  )

Modulation amplitude (set y = 1):

⌘� ⌘

q
2⇢��

⇤m�
= 2.2

 
⇢��

0.3 GeV/cm3

!✓
TeV

⇤

◆✓
10�15 eV

m�

◆

Toy model



Ultralight Dark Matter
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mν = mν(t)
Δm2 and θij modulate! 

Modulation period ⌧� ⌘ 2⇡

m�
⇠ 10 min

✓
7⇥ 10�18 eV

m�

◆

Krnjaic M Necib 2017



Ultralight Dark Matter
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Modulation period
Longer than experiment running time: constant parameters
Shorter than neutrino time of flight: parameters average
Anything between those: striking effects on neutrino oscillations!

~ 10 years
 i n t e r e s t i n g     r e g i o n 

~ 10-12 eV ~ 10-23 eV

2.7 msec

Krnjaic M Necib 2017

mν = mν(t)
Δm2 and θij modulate! 



Ultralight Dark Matter
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Two flavor framework:

Mass splittings

Δm2(t) smears Pαβ

Better Eν resolution = stronger constraints

Averaged out regime

Krnjaic M Necib 2017



Ultralight Dark Matter
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Time modulation signatures

Dev M Mirave 2020



Ultralight Dark Matter
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Ultralight Dark Matter
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This scenario can also be mapped on neutrino oscillation decoherence cases

It is a bit technical, but this is the first time I have seen 
a connection between decoherence effective parameters and a UV complete model

Airoldi Alves M Vander-Griend 2026



Ultralight Dark Matter
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This field couples to the neutrino spin like a magnetic field

Spin-flip for Majorana neutrinos = neutrino to antineutrino conversion 

The math gets a little involved, but here is a neat gif

What if the ultralight field is a gauge boson?
Let's take an ultralight B-L gauge boson  

Berlin Capdevilla Cheng Hostert M 2605.06777 



Ultralight Dark Matter
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Ultralight Dark Matter
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Two main probes

Solar neutrinos
Only produce neutrinos, any 

antineutrino would be a sign of new 
physics

Supernova neutrinos
Temperature between neutrinos and 

antineutrinos should be different, 
identical spectra would be new physics

Berlin Capdevilla Cheng Hostert M 2605.06777 
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Let's move to the complete opposite scenario:
strongly interacting physics



Neutrino Masses and New Physics
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Two possibilities for neutrino masses

Dirac                                      Majorana

Gravity effect could break global symmetries

This Planck correction is ruled out by 6 orders of magnitude

<latexit sha1_base64="ih0ZVj44LoKCe+EllBMLXl+/0Ds="></latexit>
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Neutrino Masses and New Physics
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For Majorana neutrinos, there is no experimental indication of 
what should be the neutrino mass mechanism

We know it must involve the Higgs

But we don't know much more...

××

××

××

■■●●

●● ■■

●● ■■

��-� ��-� ��-� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���� ���� ����

������� ���� [��]

�������� ����� ������� ���� ��������
���������

��������

����

���

�� �����

���

����

�������

������



Neutrino Masses and New Physics
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What if neutrino masses come from a composite sector?

Standard
Model

Composite
Sector
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*We describe the connection with an unparticle framework
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MINERvA sensitivities within the composite model, together with predictions for the

photon energy, angular, multiplicity, and transverse-momentum distributions relevant

to short-baseline searches.

This paper is organized as follows. Section 2 reviews the inverse seesaw mechanism

with partial compositeness and establishes our notation. Section 3 derives the transition

and direct dipole moment operators from the UV theory and develops the production

and decay formalism. Section 4 describes the event-level simulation and presents the

resulting parameter space in comparison with current experimental, cosmological, as-

trophysical, and collider constraints. Section 5 discusses the kinematic signatures and

how liquid-argon time projection chambers can probe them. We conclude in Section 6

with a summary and outlook for future investigations.

2 Inverse See-Saw Model with Partial Compositeness

Following Ref. [37], we adopt a framework in which neutrinos obtain their masses

through partial compositeness. We briefly review the framework of Ref. [37] before

laying out the new dipole operators considered here. The strong dynamics is modelled

as a near-conformal field theory that confines at a scale !, generating composite fermion

pairs N and N
c with masses MN → !. The connection to the Standard Model is

established through a higher-dimensional operator in the UV theory:

LUV ↑
ω̂

M
!N→3/2
UV

LHON + h.c. , (2.1)

where L and H are the SM lepton and Higgs doublets, ON is a composite operator with

scaling dimension ”N, and ω̂ is a dimensionless coupling of order unity.

Unitarity requires ”N ↓ 3/2 for fermionic operators. We further restrict to 3/2 ↔

”N < 5/2 because the fermionic unparticle propagator admits a spectral representation

∫
d
4
x e

ipx
↗0|T

[
ON(x)O

†

N(0)
]
|0↘ =

∫
↑

0

dM
2
ε(M2)

i ϑ
µ
pµ

p2 ≃M2 + iϖ
,

with a spectral density scaling as ε(M2) ⇐ (M2)!N→5/2. For ”N ↓ 5/2, the integral

over large M2 diverges, and once ON couples to SM fields these UV divergences require

additional counterterms involving SM operators alone, since the divergent contributions

arise from the high-M2 tail of the spectral integral after closing the CFT legs. Restrict-

ing to ”N < 5/2 avoids these extra operators and keeps the portal EFT self-contained

and calculable.
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Within this range, the two-point function of ON takes the form
∫

d
4
x e

ipx
→0|T

[
ON(x)O

†

N(0)
]
|0↑ =

A!N→1/2

2i cos(!Nω)

ε
µ
pµ

(↓ p2 ↓ iϑ)5/2→!N
, (2.2)

where the coe”cient A!N→1/2 follows from Georgi’s fractional-phase-space construction

for n-body phase space with non-integer n [39]:

A!N→1/2 =
16ω5/2

(2ω) 2!N→1

#(!N)

#(!N ↓ 3/2)#(2!N ↓ 1)
. (2.3)

This normalization determines the matching onto low-energy observables. At the con-

finement scale, the UV operator flows to

LIR ↔ ϖLHN + h.c. , (2.4)

where

ϖ ↗ Cω ϖ̂

(
$

MUV

)!N→3/2

, Cω =
(4ω)3/2→!N

#(!N ↓ 3/2)

√
ω

(!N ↓ 3/2) cos(!Nω)
. (2.5)

Lepton number violation enters via a scalar operator O2Nc with scaling dimension

!2Nc ,

LUV ↔
µ̂
c

M
!2Nc→4
UV

O2Nc + h.c., (2.6)

where µ̂
c is an O(1) dimensionless coe”cient. Unitarity requires !2Nc ↘ 1 for scalars.

For 1 ≃ !2Nc < 2, the standard unparticle normalization applies,
∫

d
4
xe

ipx
→0|T

[
O

†

2Nc(x)O2Nc(0)
]
|0↑ = ↓

A!2Nc

2i sin (!2Ncω)

1

(↓p2 ↓ iϑ)2→!2Nc
, (2.7)

where A!2Nc follows an expression similar to Eq. (2.3).

However, for !2Nc ↘ 2, the two-point function develops UV divergences and must

be regulated. The divergence is polynomial in p
2, so it can be removed by subtractions

at an o%-shell reference momentum p
2
0 < 0, as in the standard unparticle treatment of

scalar operators [37–39]. For 2 ≃ !2Nc < 3, a constant divergence appears, and a single

subtraction can be done [37, 50],

&S(p
2)↓ &S(p

2
0) = ↓

A!2Nc

2i sin(!2Ncω)

[
(↓p

2
↓ iϑ)!2Nc→2

↓ (↓p
2
0 ↓ iϑ)!2Nc→2

]
, (2.8)

with &S(p20) treated as a renormalized parameter that encodes the short-distance CFT

physics. For 3 ≃ !2Nc < 4, the UV behaviour contains both a constant and a term

– 5 –

proportional to (p2→p
2
0), so one would need an additional subtraction (or, equivalently,

one more local CFT counterterm), and this pattern continues for larger !2Nc [37].

Thus, this pure CFT operator can be renormalized for arbitrarily large !2Nc > 1. 1

The operator O2Nc generates a Majorana mass at low energies,

LIR ↑
µ
c

2
(N c)2 + h.c., (2.9)

with IR coe”cients,

µ
c
↓ Cµµ̂

c #

(
#

MUV

)!2Nc→4

, Cµ =
(4ω)2→!2Nc

$(!2Nc → 1)

√
1

!2Nc → 1
. (2.10)

Integrating out the heavy states yields light neutrino masses via the inverse seesaw, as

pointed out in Ref. [37]. In this setup the composite singlet mass satisfies MN ↓ #, so

that

mω ↓ µ
c

(
εvEW

MN

)2

↓ #

[
Cµµ̂

c

(
#

MUV

)!2Nc→4
][

Cεε̂

(
vEW

#

)(
#

MUV

)!N→3/2
]2

.

(2.11)

We can further define ϑ ↔ #/MUV, and the expression above simplifies to

mω ↓ O(1)↗ #
(
vEW

#

)2

↗ ϑ
!2Nc+2!N→7

, (2.12)

and therefore neutrino masses are parametrically small as long as the sum of anomalous

dimensions satisfy !2Nc + 2!N > 7. The scaling dimensions !N and !2Nc provide

natural suppression of neutrino masses. For the inverse seesaw formula to be valid, we

require µ
c ↭ #, which implies

↘
mωMN

vEW
↭ ε ↭ MN

vEW
. (2.13)

For multiple generations, we have pairs Nϑ, N
c
ϑ with flavor-dependent couplings εiϑ.

After diagonalizing the mass matrices, SM neutrinos mix with mass eigenstates Nϑ via

UNωϖi =
εiϑ vEW

MNω

. (2.14)

1We thank Zackaria Chacko for explaining this argument to us.
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Anomalous dimension: 
tells you about degree of compositeness

Composite operator ~N Composite operator ~NNc

Sit tight and calculate

Eventually arrive at

Chacko et al 2020 Λ: infrared scale (e.g. mass of RH neutrinos)



Figure 2: Feynman diagram for the radiative decay N → ωε via the transition dipole

moment operator.

3.3 Transition from Unparticles to Particles

The spectral decomposition in Eq. (3.15) resolves the unparticle into a discrete state at

MU = µIR and a continuum with MU ↑ 3µIR. At confinement, each component frag-

ments into on-shell RH neutrinos. Conservation of fermionic quantum numbers requires

an odd multiplicity n. The discrete component has MU = µIR and produces n = 1 ex-

actly. For the continuum, the allowed multiplicities are odd integers in {3, 5, . . . , nmax},

with nmax = ↓MU/µIR↔ rounded to the nearest odd integer.

The fragmentation dynamics of the continuum are not calculable from first princi-

ples, analogously to fragmentation functions in QCD. We parametrize this uncertainty

through the conditional probability P (n |MU) of producing n RH neutrinos from an

unparticle of invariant mass MU . We adopt a phase-space-weighted model in which P

is proportional to the n-body phase-space volume near threshold,

Ppsw(n |MU) ↗
(MU ↘ nµIR)2n→4

(n↘ 1)! (n↘ 2)!
, n ↑ 3 , (3.18)

normalized to unity over the allowed odd multiplicities. The factorial denominators

disfavor high multiplicities when MU is close to nµIR.

Once n is sampled, the n-body phase space is generated by recursive 1 → 2 split-

tings in the rest frame of the unparticle with isotropic angular distributions. Each RH

neutrino then decays independently as N → ωε. Once produced, the heavy composite

neutrino N decays primarily through the radiative channel N → ωε mediated by the

dipole operator. The Feynman diagram for this process is shown in Fig. 2. For a single

heavy neutrino mode with fixed mass MN , the decay amplitude is

Mdecay = i dµN ū(pN) ϑ
µω
PL u(pω) ϖµ(q) qω , (3.19)

– 12 –

Neutrino Masses and New Physics
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3 Neutrino Dipole Moments from Compositeness

Composite neutrino models generically lead to electromagnetic dipole-moment opera-

tors at dimension-5 in the low-energy e!ective theory. Unlike minimal neutrino-mass

constructions, where such operators arise only at loop level and are extremely sup-

pressed, compositeness provides e!ective tree-level contributions that can be signifi-

cantly enhanced compared to the simplest realizations. The composite structure of the

heavy neutrinos N permits direct couplings to electromagnetic fields through operators

in the conformal sector, which flow to observable dipole interactions after confinement.

3.1 Transition Dipole Moments

In the infrared e!ective theory below the compositeness scale ”, the dipole moment

operator takes the form

LIR →
cD

”2
LHF

µω
ωµωN + h.c. , (3.1)

where Fµω is the photon field strength tensor and cD is a dimensionless Wilson coe#cient

encoding the strength of this interaction. This operator describes a transition dipole

moment between the active neutrinos in L and the heavy states N , generated when

the Higgs obtains its vacuum expectation value. After electroweak symmetry breaking,

this term yields a coupling proportional to cDvEW/”2, providing a characteristic dipole

interaction scale.

This operator originates from higher-dimensional interactions in the UV theory

involving composite CFT operators. The transition dipole arises from

LUV →
ĉD

M
!N+1/2
UV

LHF
µω
ωµωON + h.c. , (3.2)

where ĉD is a dimensionless coupling and ON is the fermionic composite operator in-

troduced in Section 2. The power of MUV in the denominator is fixed by dimensional

analysis. The operator ON here is the same composite operator of the neutrino-mass

mechanism in Eq. (2.1), no additional CFT structure is introduced. Since ON has scal-

ing dimension $N and LHF
µω
ωµω has canonical dimension 9/2, the combined operator

has dimension $N +9/2, fixing the suppression scale in Eq. (3.2) by requiring M
!N+1/2
UV

in the denominator to yield a dimension-4 Lagrangian term.

This operator represents the coupling of an electromagnetic field strength to a

mixed SM-composite current, providing a portal through which the photon can probe

the internal structure of the composite neutrinos. The matching from UV to IR pro-

ceeds through the standard RG flow, with the low-energy Wilson coe#cient given by

cD ↑ CDĉD

(
”

MUV

)!N+1/2

, CD =
(4ε)3/2→!N

%($N ↓ 3/2)

√
ε

($N ↓ 3/2) cos($Nε)
. (3.3)
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Transition dipole operator

Figure 1: Feynman diagram for dipole-mediated production of unparticle U via the

process ωX → UX.

3.2 Production via Dipole Scattering

We consider the upscattering process ωX → U X, where the active neutrino interacts

with a target particle X of charge Z through photon exchange mediated by the tran-

sition dipole operator. In this work, we will focus on neutrino-nucleus coherent elastic

scattering. The diagram for this process is shown in Fig. 1. The amplitude is given by

Mprod = iĉDeZF (q2)
vEW

M
!N+1/2
UV

g
µω

q2
q
ε (ūXεµuX) (ūUϑωεPLuω) , (3.12)

where q is the momentum exchange, t = q
2 is the Mandelstam variable, F is a nuclear

form factor [51], e is the electric charge, and PL = (1↑ε5)/2 is the left-handed projector.

This amplitude encodes the coupling of the electromagnetic current of the target to the

mixed neutrino-dipole vertex.

The cross-section for this process depends crucially on the phase space available to

the unparticle state U . Since U is a composite object emerging from the near-conformal

sector, its phase space di!ers from that of an elementary particle. In the UV theory,

the phase space for the composite operator ON takes the unparticle form

d”O =
A!N→1/2

(2ϖ)4
ϱ(p0

U
) ϱ(p2

U
↑ µ

2
IR)

(
p
2
U
↑ µ

2
IR

)!N→5/2
d
4
pU , (3.13)

where µIR ↓ # is an infrared cuto! reflecting the scale at which conformal symmetry

breaks. This phase space factor di!ers from the ordinary ς(p2 ↑M
2) constraint of an

– 10 –

"jet" of RH neutrinos

N
N

N

Travel, decay to photons



Neutrino Masses and New Physics

27Assi M to appear

BN
B 
DA
TA
 :
 R
UN
 5
37
0 
EV
EN
T 
72
27
. 
MA
RC
H 
10
, 
20
16
.



Neutrino Masses and New Physics

28Assi M to appear

BN
B 
DA
TA
 :
 R
UN
 5
37
0 
EV
EN
T 
72
27
. 
MA
RC
H 
10
, 
20
16
.

BN
B 
DA
TA
 :
 R
UN
 5
37
0 
EV
EN
T 
72
27
. 
MA
RC
H 
10
, 
20
16
.

BNB
 DA

TA 
: R

UN 
537

0 E
VEN

T 7
227

. M
ARC

H 1
0, 

201
6.

BN
B 
DA
TA
 :
 R
UN
 5
37
0 
EV
EN
T 
72
27
. 
MA
RC
H 
10
, 
20
16
.



Neutrino Masses and New Physics

29Assi M to appear
Figure 5: Photon energy distribution for composite heavy neutrino events for bench-

mark A (left) and benchmark B (right). The harder spectrum of benchmark B reflects

its larger heavy-neutrino mass.

approximation every event contains a single N inheriting essentially the full neutrino

energy. More importantly, creating a 500 MeV state coherently requires the minimum

momentum transfer, qmin → M
2
U
/2Eω , which converts the compositeness scale into an

e!ective flux threshold of Eω ↭ 2 GeV: only the energetic tail of the flux contributes at

all. Together with the five-times-larger rest-frame photon energy, this yields a broad

plateau between ↑ 0.2 and 0.8 GeV.

5.3 Angular Distribution of Photons

The angular distribution of the leading photon with respect to the beam direction,

shown in Figure 6, is controlled entirely by the decay boost. Coherent production keeps

the momentum transfer below the inverse nuclear size, so the heavy neutrino emerges

collinear with the beam, and folding the isotropic rest-frame decay with the boost of the

parent yields a forward cone of characteristic opening ωε → MN/EN . Since the decay

shares the parent energy as EN → 2Eε on average, this scale correlates directly with the

spectra of Figure 5: for benchmark A a 100 MeV state against photon energies of a few

hundred MeV peaks the distribution at ωε ↑ 3–5→, while for benchmark B the five-times-

larger mass is compensated by its correspondingly harder spectrum, displacing the peak

only to ↑ 5–8→, with a broader tail from the rare low-boost events. The collimation is

generic rather than an accident of the benchmarks: light states are strongly boosted

by any flux able to produce them, while heavy states are produced only above the

coherence threshold.
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Figure 7: Distribution of Eωω
2
ω for the leading photon for benchmark A (left) and

benchmark B (right). The dashed line marks the kinematic boundary of neutrino–

electron elastic scattering, Eω
2 = 2me. Note the logarithmic horizontal scale.

angular distributions, as well as for the Eω
2 discriminant against the neutrino–electron

background.

For the benchmark scenarios studied here the observed radiative decays are pre-

dominantly single-photon, so the resulting event topology superficially resembles that

of elementary models. The composite dynamics nevertheless leaves an imprint on the

single-photon sample itself: fragmentation into several heavy neutrinos, of which only

one decays inside the detector, softens the photon energy spectrum relative to a point-

like heavy neutral lepton of the same mass. The genuinely multi-photon final states,

with odd multiplicities nω → 3 set by fermion-number conservation, become accessi-

ble only once the unparticle continuum at MU → 3µIR is populated, which requires

lighter compositeness scales or harder production spectra than those probed here. Our

benchmark parameters produce event characteristics broadly compatible with existing

accelerator-neutrino data, though whether composite neutrinos bear on the reported

short-baseline anomalies or face tension with astrophysical constraints requires further

study.

These signatures are accessible to any neutrino experiment with single-photon re-

construction capabilities, and the multiplicity, energy, and angular distributions pre-

sented above provide concrete targets for such searches. The natural next step is

toward higher energies, where harder fluxes populate the multi-body continuum and

reach heavier compositeness scales. DUNE with its intense multi-GeV beam, FASERε

and the LHC forward-physics program with TeV-scale collider neutrinos, and IceCube

with atmospheric and astrophysical fluxes would progressively open the multi-photon

regime as a qualitatively new probe of the composite dynamics.

– 24 –

Figure 4: Photon multiplicity distribution for composite heavy neutrino decays N →

ω + nε for benchmark A (left) and benchmark B (right).

P
2
dec, and is therefore suppressed quadratically relative to the already small single-decay

probability.

For heavier states, around the 500 MeV scale, the M
3
N growth of the width could

make the decays prompt. Nevertheless, the Booster Neutrino Beam does not o!er

enough energy for multi-N production, as the flux peaks near Eω ↑ 800 MeV and is

strongly suppressed beyond ↑ 2 GeV. The multi-body continuum of Eq. (3.15) is rarely

populated and the up-scattered state is almost always the discrete single-N component

at MU = µIR.

5.2 Photon Energy Spectrum

The photon energy distribution, shown in Figure 5, is the most directly measured of the

observables considered here. In the N rest frame the radiative decay is monochromatic,

E
ε
ϑ = MN/2; boosting to the lab frame spreads this line roughly uniformly between

zero and EN , so the photon carries on average half the heavy-neutrino energy. For

benchmark A the energy is degraded twice over. With µIR = 100 MeV the entire flux

is above production threshold, and the multi-body continuum at MU ↓ 3µIR is readily

populated, so a sizable fraction of the observed events come from fragmentation into

three heavy neutrinos, of which the one decaying in the detector carries only about

a third of the available energy. The resulting photon retains roughly a sixth of the

incoming neutrino energy, and the spectrum peaks near Eϑ ↑ 0.15 GeV, well below the

peak of the flux.

Benchmark B spectrum is visibly harder, and for the opposite reason. There the

production step, rather than the decay, sets the energy scale. The heavier µIR =

500 MeV closes the multi-body continuum for the Booster Neutrino Beam, so to a good
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Figure 5: Photon energy distribution for composite heavy neutrino events for bench-

mark A (left) and benchmark B (right). The harder spectrum of benchmark B reflects

its larger heavy-neutrino mass.

approximation every event contains a single N inheriting essentially the full neutrino

energy. More importantly, creating a 500 MeV state coherently requires the minimum

momentum transfer, qmin → M
2
U
/2Eω , which converts the compositeness scale into an

e!ective flux threshold of Eω ↭ 2 GeV: only the energetic tail of the flux contributes at

all. Together with the five-times-larger rest-frame photon energy, this yields a broad

plateau between ↑ 0.2 and 0.8 GeV.

5.3 Angular Distribution of Photons

The angular distribution of the leading photon with respect to the beam direction,

shown in Figure 6, is controlled entirely by the decay boost. Coherent production keeps

the momentum transfer below the inverse nuclear size, so the heavy neutrino emerges

collinear with the beam, and folding the isotropic rest-frame decay with the boost of the

parent yields a forward cone of characteristic opening ωε → MN/EN . Since the decay

shares the parent energy as EN → 2Eε on average, this scale correlates directly with the

spectra of Figure 5: for benchmark A a 100 MeV state against photon energies of a few

hundred MeV peaks the distribution at ωε ↑ 3–5→, while for benchmark B the five-times-

larger mass is compensated by its correspondingly harder spectrum, displacing the peak

only to ↑ 5–8→, with a broader tail from the rare low-boost events. The collimation is

generic rather than an accident of the benchmarks: light states are strongly boosted

by any flux able to produce them, while heavy states are produced only above the

coherence threshold.
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Figure 7: Distribution of Eωω
2
ω for the leading photon for benchmark A (left) and

benchmark B (right). The dashed line marks the kinematic boundary of neutrino–

electron elastic scattering, Eω
2 = 2me. Note the logarithmic horizontal scale.

angular distributions, as well as for the Eω
2 discriminant against the neutrino–electron

background.

For the benchmark scenarios studied here the observed radiative decays are pre-

dominantly single-photon, so the resulting event topology superficially resembles that

of elementary models. The composite dynamics nevertheless leaves an imprint on the

single-photon sample itself: fragmentation into several heavy neutrinos, of which only

one decays inside the detector, softens the photon energy spectrum relative to a point-

like heavy neutral lepton of the same mass. The genuinely multi-photon final states,

with odd multiplicities nω → 3 set by fermion-number conservation, become accessi-

ble only once the unparticle continuum at MU → 3µIR is populated, which requires

lighter compositeness scales or harder production spectra than those probed here. Our

benchmark parameters produce event characteristics broadly compatible with existing

accelerator-neutrino data, though whether composite neutrinos bear on the reported

short-baseline anomalies or face tension with astrophysical constraints requires further

study.

These signatures are accessible to any neutrino experiment with single-photon re-

construction capabilities, and the multiplicity, energy, and angular distributions pre-

sented above provide concrete targets for such searches. The natural next step is

toward higher energies, where harder fluxes populate the multi-body continuum and

reach heavier compositeness scales. DUNE with its intense multi-GeV beam, FASERε

and the LHC forward-physics program with TeV-scale collider neutrinos, and IceCube

with atmospheric and astrophysical fluxes would progressively open the multi-photon

regime as a qualitatively new probe of the composite dynamics.
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Figure 4: Photon multiplicity distribution for composite heavy neutrino decays N →

ω + nε for benchmark A (left) and benchmark B (right).

P
2
dec, and is therefore suppressed quadratically relative to the already small single-decay

probability.

For heavier states, around the 500 MeV scale, the M
3
N growth of the width could

make the decays prompt. Nevertheless, the Booster Neutrino Beam does not o!er

enough energy for multi-N production, as the flux peaks near Eω ↑ 800 MeV and is

strongly suppressed beyond ↑ 2 GeV. The multi-body continuum of Eq. (3.15) is rarely

populated and the up-scattered state is almost always the discrete single-N component

at MU = µIR.

5.2 Photon Energy Spectrum

The photon energy distribution, shown in Figure 5, is the most directly measured of the

observables considered here. In the N rest frame the radiative decay is monochromatic,

E
ε
ϑ = MN/2; boosting to the lab frame spreads this line roughly uniformly between

zero and EN , so the photon carries on average half the heavy-neutrino energy. For

benchmark A the energy is degraded twice over. With µIR = 100 MeV the entire flux

is above production threshold, and the multi-body continuum at MU ↓ 3µIR is readily

populated, so a sizable fraction of the observed events come from fragmentation into

three heavy neutrinos, of which the one decaying in the detector carries only about

a third of the available energy. The resulting photon retains roughly a sixth of the

incoming neutrino energy, and the spectrum peaks near Eϑ ↑ 0.15 GeV, well below the

peak of the flux.

Benchmark B spectrum is visibly harder, and for the opposite reason. There the

production step, rather than the decay, sets the energy scale. The heavier µIR =

500 MeV closes the multi-body continuum for the Booster Neutrino Beam, so to a good
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Figure 3: E!ective dipole coupling dµN as a function of the heavy neutrino mass

mN → ”, for #N = 2.4 (left) and #N = 2.0 (right). In each panel, the gray curves

show the theoretical upper envelope obtained by setting ĉD = 1, for MUV = 0.5, 1, and

2 TeV (solid, dashed, dotted respectively). The MiniBooNE and MINERvA estimated

sensitivities (solid lines) are computed within our model from the simulated production-

and-decay event yields, corresponding to 100 signal events for MiniBooNE and 150 for

MINERvA; for MINERvA we show both the NuMI low-energy (LE) and medium-

energy (ME) beam configurations. The CHARM-II and NOMAD shaded regions are

model-independent ωµe ↑ ωµeε limits, and the SN1987A bound is taken from the

literature. The star markers denote benchmark points from Table 1, with benchmark B

(A) corresponding to the #N = 2.0 (#N = 2.4) scenario.

resulting MiniBooNE and MINERvA curves are therefore estimated sensitivities rather

than rigorous exclusion limits.

For MiniBooNE we use the Booster Neutrino Beam ωµ flux in neutrino mode [53]

and an exposure of 1.875↓ 1021 POT, the full neutrino-mode dataset of Ref. [54]. The

production volume comprises ↔ 400 m of dirt spanning 50–446 m from the target,

modeled as a silicon proxy with Z = 14, A = 28 and atomic density 3.87↓ 1022 cm→3;

a 4 m air gap in front of the cryostat, a nitrogen proxy with Z = 7, A = 14 and

density 5.27 ↓ 1019 cm→3; and the mineral-oil detector approximated as carbon with

nC = 4.27 ↓ 1022 cm→3. The fiducial decay volume is a box of transverse half-width

4.05 m spanning 450–458 m from the target, containing Ntgt = 2.3↓1031 carbon nuclei.

For MINERvA we consider both NuMI beam configurations: the low-energy (LE)

flux in forward-horn-current ωµ mode [55] with an exposure of 4 ↓ 1020 POT, and

the medium-energy (ME) flux [56] with 1.16 ↓ 1021 POT. The two beams share the

same detector and production geometry, di!ering only in the flux shape and exposure.

– 15 –



Conclusions

32

Neutrino experiments can probe exciting new physics

It requires creativity to extract the most out of experiments

Detectable BSM could live in a very wide range of scales, 
strongly (but secluded) or weakly coupled

Liquid argon time projection chambers like DUNE or the Short Baseline 
Neutrino detectors offer a new window to new physics in the neutrino sector


